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Editorial

See corresponding article on page 960.

Soybeans or soymilk: does it make a difference for cardiovascular
protection? Does it even matter?1,2

Francene M Steinberg

The effect of dietary soy on cardiovascular disease risk factors
has been a topic of intense scientific and public interest over the
past 10 or more years—a topic that was brought to the forefront
by Anderson’s 1995 meta-analysis that highlighted clinical stud-
ies from the previous 20 y (1). The originally reported magnitude
of the hypocholesterolemic effect of soy protein (9.3% decrease
in total cholesterol and 12.9% decrease in LDL cholesterol) was
criticized as being overstated because of the inclusion criteria
used in the analysis, and it is difficult to reconcile with the current
results of metabolic studies. Of interest, changes in serum cho-
lesterol concentrations from the first and second quartiles of
initial cholesterol values representing normo- and modest hyper-
cholesterolemia are closer in magnitude to the changes reported
in recent investigations, which suggests that the large response to
soy is not driven by the amount of dietary soy but rather by the
initial blood cholesterol concentration (2). Subsequently, the
Food and Drug Administration (FDA) approved a health claim in
1999 that food products containing soy protein protect against
heart disease (3). The American Heart Association published a
statement on soy in 2000 in which it was deemed “prudent” to
recommend inclusion of soy protein in the diet for cardiovascular
disease protection (4). On consideration of current research, this
position was recently revised to state that soy protein and isofla-
vones do not appear to have clinically significant effects that are
superior to those of other proteins for heart health, but that soy
products in general are beneficial because of their overall nutrient
profile (5).

The soy hypothesis for lipid lowering and cardiovascular dis-
ease risk reduction has focused mainly on the isoflavone content
of soy, but uncertainty still exists regarding the bioactive com-
ponent responsible for the physiologic response to soy. Tech-
niques for processing soy food can alter the isoflavone content
and many other naturally occurring components. The use of
different products in clinical trials and different study designs has
contributed to much of the variability in study results. In an effort
to make sense of the large body of research on soy and cholesterol
lowering, a number of recent meta-analyses have examined
study results since 1995 and reported a modest cholesterol low-
ering potential of soy. Weggemans and Trautwein (6) analyzed
10 studies (1995–2002) that compared soy protein with control
protein (often casein) and found an average decrease of 4% in
LDL cholesterol associated with the daily consumption of 36 g
soy protein and 52 mg isoflavones but found no independent
effect of soy-associated isoflavones. Zhuo et al (7) analyzed 8

studies that compared the effects of high with low isoflavones in
subjects with identical soy-protein intakes. They found that soy-
associated isoflavones have LDL cholesterol–lowering effects
independent of soy protein, yet no linear relation exists in relation
to the intakes of soy protein or isoflavones. Zhan and Ho (8)
likewise concluded from a meta-analysis of 23 studies that soy
protein containing isoflavones was associated with a 3.77% de-
crease in serum total cholesterol and a 5.25% decrease in LDL
cholesterol, but no dose-response relation was observed. A 2006
comprehensive analysis of 41 trials conducted since 1966 con-
cluded that a slight dose-response relation exists between soy
protein, isoflavones, and net reductions in serum lipids (9). Lipid
lowering is not the only proposed cardiovascular benefit of di-
etary soy, and results are limited and equivocal with regard to
promoting vascular endothelial function and antioxidant protec-
tion and inhibiting platelet reactivity.

Taken together, the meta-analyses and recent critical reviews
of the field agree that soy protein and associated isoflavones have
modest hypocholesterolemic effects, ie, are associated with re-
ductions in LDL cholesterol of 3–5% (2, 10). A realistic assess-
ment of the efficacy of soy is that it is not a “magic bullet” and that
its effects are small relative to those associated with pharmaco-
logic management with statins but still useful in promoting
healthy eating patterns for cardiovascular health. Interest in elu-
cidating protective mechanisms at the cellular and organism
level with the goal of maximizing the utility of dietary soy either
in food product formulations, in specific patient populations, or
in individuals who may respond differently to soy (such as equol
producers) remains high. Actively being pursued are a number of
research avenues that address the putative active components in
soy, the mechanisms by which they act, and the effect that food
matrices may have on the bioavailability and clinical effective-
ness of such components.

The article in this issue of the journal by Matthan et al (11)
addressed this latter issue in a well-controlled randomized trial that
compared the effects of soy proteins from differently processed
productsandrelative toanimalproteinonavarietyofcardiovascular
disease risk factors (lipids, lipoproteins, apolipoproteins, C-reactive
protein, blood pressure, and endothelial function). A strength of this
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article is that the diets used were carefully equalized with respect to
macronutrients, cholesterol, fattyacids, and fiber andwereprovided
to hypercholesterolemic subjects in a randomized crossover design.
Commercially available soy products were used in constructing the
diets. Soymilk-based products (soymilk, yogurt, and tofu) were
compared with soyflour products (textured vegetable protein),
whole soybeans, and animal protein from chicken, meat, and dairy.
Although the isoflavone content was not strictly adjusted for, the net
result was that the 3 soy diets did not differ significantly in total or
individual isoflavones. The authors showed that soy provided at
�1.5 times (37.5g/d) theamountof theFDA-approvedhealthclaim
had no significant statistical or clinical effect on the cardiovascular
disease risk factors measured at the end of each dietary phase, with
the exception of blood lipids. However, when the change from
baseline was examined, all groups had a substantial improvement in
lipid values. This study reinforced the findings of other studies that
soy has no effect on blood pressure and only a limited effect on
endothelial function as measured by changes in flow-mediated di-
lation; however, the field includes as many studies showing a slight
effect on this outcome measurement as not. To compare the effect of
soy itself without regard to processing method, the authors analyzed
thesoygroupsaveraged togetherand found that the soygroupswere
not significantly different from the animal-protein groups when
compared across endpoint values at the end of each dietary phase.

When examined separately, the soymilk-based diet had sig-
nificantly greater lipid-modulating effects than did the other ex-
perimental diets relative to the animal-protein diet (4% decrease
in LDL cholesterol), but had no significant change on vascular
function. The reason for the difference in serum lipids could not
be determined from the study design, particularly because blood
isoflavone concentrations were not measured. Cassidy et al (12)
recently compared the pharmacokinetics of isoflavones from
soymilk (liquid matrix) with those of textured vegetable protein
(solid matrix) and found that soymilk yielded higher maximal
plasma isoflavone concentrations and total areas under the curve,
despite equivalent doses per kilogram body weight, which im-
plied food matrix or compositional effects. Whether this phe-
nomenon occurred in the present study, in which the soymilk-
based diet contained soymilk, yogurt, tofu, and other mixed
foods and resulted in the significantly different change in blood
lipids, is unknown.

The finding of statistical significance, however, does not nec-
essarily mean that clinical significance was achieved. It is doubt-
ful that the small difference between the lipid outcomes from the
soymilk diet and from the other soy-product diets would result in
clinically significant differences in atherosclerosis. An area of
continuing controversy is the question of whether the correct
biomarkers for cardiovascular disease risk are being investi-
gated. Additional proteomic and metabolomic approaches are
needed to investigate clinically relevant sensitive and specific
biomarkers and surrogate markers for cardiovascular disease
risk.

An important contribution made by Matthen et al is that they
addressed the issue of whether different clinically significant

effects result from the consumption of differently processed soy
products and whether these differences justify the recommenda-
tion of one type of soy product over another. The results of this
study do not support this view. It also provides good evidence
that soy protein can elicit a hypocholesterolemic effect similar to
that of animal protein when the dietary components are held
constant. Of practical importance is that many individuals who
choose to include soy in their diet will do so to displace animal
protein, which will result in reductions in total fat, saturated fat,
and cholesterol. Soy consumption is one of a variety of dietary
tools that can reduce the risk of cardiovascular disease and that
may be a useful adjunct to pharmacologic strategies. As more
research expands our knowledge of the bioactive components of
soy and its efficacy with regard to cardiovascular disease pro-
tection and other aspects of health, such as protection against
osteoporosis, we will be able to make more specific recommen-
dations about dietary soy.

The author had no conflict of interest to report.
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Editorial

See corresponding articles on pages 1103 and 1142.

The importance of fish and docosahexaenoic acid in Alzheimer
disease1,2

William E Connor and Sonja L Connor

Alzheimer disease is devastating both to the afflicted person
and to that person’s family. Capable persons become helpless
and must be cared for by the family and by the community. This
common problem of aging will expand in the near future because
people are living longer. It is estimated that 20–40% of the
population now over the age of 85 y may have Alzheimer disease
(1). A further daunting statistic is that, once Alzheimer disease is
identified as the cause of cognitive decline, the patient may live
for many years with a high yearly cost of care. Are there potential
and safe measures that would prevent this slide into cognitive
failure? Fish and fish oil contain 2 fatty acids, docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), that may have
promise. The major dietary sources of these 2 fatty acids are fish
and shellfish, from both salt water and fresh water. DHA can also
be synthesized in the body from the n�3 fatty acid �-linolenic
acid (18:3), which is present in some vegetable oils and some nuts
and seeds. However, this synthetic step is relatively inefficient.

DHA is 22 carbons long and has 6 double bonds with the n�3
configuration. It is the most prominent fatty acid in the brain,
retina, and spermatozoa (2) and is necessary for vision, cogni-
tion, and sperm motility. DHA is especially rich in the neurons
and synaptosomes of the cerebral cortex, where it occupies the
no. 2 position of membrane phospholipids. In premature infants
whose formula contained DHA balanced with n�6 arachidonic
acid, vocabulary and motor performance increased and vision
improved (3). Monkeys deficient in dietary n�3 fatty acids have
reduced vision, abnormal electroretinograms, and greater
amounts of stereotypic behavior and polydypsia. Of interest also
is the fact that dietary DHA can be incorporated into monkey
brain phosophilipids later in life as well as during development
(4). However, the brains of Alzheimer disease patients have a
lower content of DHA in the gray matter of the frontal lobe and
hippocampus than do the brains of persons without Alzheimer
disease (5). The brains of persons with Alzheimer disease have an
amyloid protein complex and an inflammatory component.

With this background, a logical question is: “Would fish con-
sumption retard the decline in cognitive function that might oth-
erwise occur in an elderly population, which is subject to Alz-
heimer disease? ” Fish and fish oil have a high content of DHA
and its 20-carbon precursor EPA. Studies to answer this question
were begun in the 1990s. In a typical study, the investigators
estimated the amount of fish in the diet or measured the compo-
sition of the plasma fatty acids at baseline, which provided an
index of fish consumption. Cognition was estimated at baseline

with a follow-up years later to correlate any change in cognition
with the baseline fish consumption, plasma fatty acids, or both.
In the past, some studies were positive and some were negative.
A recent report from the Framingham Heart Study showed that
persons with plasma phosphatidylcholine DHA in the top quar-
tile of values had a significantly (47%) lower risk of developing
all-cause dementia than did those in the bottom quartile (6).
Significantly (P � 0.04) greater protection was obtained from
consuming 2.9 fish meals per week than from consuming 1.3 fish
meals per week. Two additional positive studies are described in
this issue of the Journal (7, 8).

In the Zutphen Elderly Study (7), initial data were obtained
from 210 men aged 70–89 y. Fish consumption and cognitive
function were measured in 1990 and 1995, and fish consumers
had less cognitive decline than did fish nonconsumers. A linear
relation was found between the estimated intake of DHA and
EPA (DHA�EPA) and the prevention of cognitive decline. A
DHA�EPA intake of �380 mg/d seemed to prevent cognitive
decline. This amount of DHA�EPA would be found in 20 g
Chinook salmon or in 100 g cod. Two to three meals of fish per
week would supply �380 mg EPA�DHA/d.

The Minneapolis study of 2251 white men and women began
in 1987–89 with analyses of plasma fatty acids in cholesterol
esters and phospholipids (8). Three neuropsychological tests
were given at baseline and again between 1990 and 1992 and
between 1996 and 1998. The risk of decreased global cognition
was greater with higher concentrations of palmitic acid and
arachidonic acid (20:4n�6) in both cholesterol esters and phos-
pholipids. In contrast, the risk of cognitive decline was lower
with a higher concentration of linoleic acid (18:2n�6). Cogni-
tive decline was associated with lower plasma n�3 fatty acids
(DHA�EPA) in the subgroup of subjects with hypertension and
dyslipidemia, but this association was not found for the entire
group.

In each of these studies, the n�3 fatty acids retarded the
decline in cognition over time. One mechanism for the positive

1 From the Division of Endocrinology, Diabetes and Clinical Nutrition,
Department of Medicine, Oregon Health & Science University, Portland,
OR.

2 Reprints not available. Address correspondence to WE Connor, Division
of Endocrinology, Diabetes and Clinical Nutrition, Department of Medicine,
L465, Oregon Health & Science University, Portland, OR 97239-3098.
E-mail: connorw@ohsu.edu.
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effect could be the antithrombotic and antiinflammatory proper-
ties of EPA (9). Moreover, the entrance of DHA into the brain
could correct DHA deficiency in membrane phospholipids in the
cerebral cortex in patients with Alzheimer disease (5), and EPA
would counter the proinflammatory action of arachidonic acid,
which is a precursor of cytokine and proinflammatory eico-
sanoids that may be associated with greater cognitive decline.
The association of palmitic acid in the plasma cholesterol esters
and phospholipids is of interest. This 16-carbon saturate is asso-
ciated with thrombosis and the elevation of plasma LDL choles-
terol that can lead to atherosclerotic obstruction. Both of these
conditions could increase the tendency to develop dementia.

Along with numerous previous studies, the Zutphen and Min-
neapolis studies provide the rationale for a future clinical trial of
fish, fish oil, or both in elderly patients prone to the development
of Alzheimer disease. Such a trial would involve blood measure-
ments of fatty acids in the plasma and in the red blood cells (red
blood cells are more representative of tissue fatty acid composi-
tion than is plasma) and tests of cognition at baseline and at a
future time, perhaps after 5 y. Because there may be a vascular
component to Alzheimer disease, the background diet of any
fish-oil trial also should be low in saturated fat and cholesterol
(10). Alzheimer disease is so prevalent and so disastrous that
definitive clinical trials to delay or prevent it must be carried out.
In the meantime, because evidence exists that n�3 fatty acids
prevent episodes of sudden death, the American Heart Associa-
tion has already recommended that all adults consume 2 fish
meals per week (11). For people who are allergic to fish or who
cannot obtain fish, we suggest the consumption of one fish-oil
capsule (1000 mg) per day. The possibility that the fatty acids
DHA and EPA in fish and fish oil may delay the ravages of
Alzheimer disease is of great interest.

Neither author had a personal or financial conflict of interest with the 2
studies discussed or with the authors of those studies.
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Review Article

An overview of evidence for a causal relation between iron deficiency
during development and deficits in cognitive or behavioral function1–3

Joyce C McCann and Bruce N Ames

ABSTRACT
This review, intended for a broad scientific readership, summarizes
evidence relevant to whether a causal relation exists between dietary
iron deficiency with (ID�A) or without (ID-A) anemia during de-
velopment and deficits in subsequent cognitive or behavioral per-
formance. An overview of expert opinion and major evidence in
humans and animals is provided. Cognitive and behavioral effects
observed in humans with ID-A and in animals with ID�A are pro-
vided in tables. The degree to which 5 conditions of causality are
satisfied and whether deleterious effects of ID-A might be expected
to occur are discussed. On the basis of the existing literature, our
major conclusions are as follows. Although most of the 5 conditions
of causality (association, plausible biological mechanisms, dose re-
sponse, ability to manipulate the effect, and specificity of cause and
effect) are partially satisfied in humans, animals, or both, a causal
connection has not been clearly established. In animals, deficits in
motor activity are consistently associated with severe ID�A, but
adverse effects on performance in tests that target cognitive function
have not been clearly shown. Resistance to iron treatment was ob-
served in most trials of children �2 y of age with ID�A, but not in
older children. Similar observations were made in rodents when
ID�A occurred before rather than after weaning. In children �2 y of
age and in adolescents with ID-A, evidence suggests cognitive or
behavioral deficits; however, the surprisingly small number of stud-
ies conducted in either humans or animals prevents a thorough
assessment. Am J Clin Nutr 2007;85:931–45.

KEY WORDS Iron, anemia, iron deficiency, cognition, be-
havior, learning, memory, gestation, pregnancy, brain, neurology,
infants, childhood, rodent studies

INTRODUCTION

A large body of research suggests that an inadequate dietary
supply of any of a number of essential micronutrients can ad-
versely affect brain function (1–6). Some studies also suggest
positive effects of multivitamin and mineral supplementation on
cognitive function (7, 8). The brain is at its most vulnerable
during critical periods of development, including the last trimes-
ter of fetal life and the first 2 y of childhood—a period of rapid
brain growth termed the “brain growth spurt” (9). This review is
part of a series intended to provide critical summaries of the
available experimental evidence pertinent to whether causal
linkages exist between individual micronutrient deficiencies
during this critical period and subsequent brain function. We

recently reviewed evidence of a causal relation between cogni-
tive dysfunction and n�3 fatty acid deficiency (5) or choline
availability (6) during development.

A causal relation between micronutrient deficiencies and sub-
optimal brain function would have major public health implica-
tions. Large segments of the world (including the United States)
population, particularly the poor, are known to be undernour-
ished in a number of micronutrients (10–12). A major effort to
address micronutrient undernutrition as an adjunct to the various
programs underway to improve dietary habits, particularly of the
poor, will be well justified. One of us has discussed such an
approach as a relatively inexpensive and efficacious adjunct to
current public health programs (13, 14).

Dietary iron deficiency sufficient to cause anemia (ID�A) is
widespread in underdeveloped countries (15, 16). Even in coun-
tries such as the United States, the prevalence of ID�A is as high
as 29% among low-income pregnant women (17, 18); iron intake
is below the Estimated Average Requirement (EAR) for �16%
of menstruating women (19). The National Health and Nutrition
Examination Survey (NHANES) of 1999–2000 reported that,
among all age groups examined, the estimated prevalence of
ID�A was greatest in adolescent girls (9–16%) and in young
children during the period of the brain growth spurt (7%) (20, 21).
Worldwide, the economic effect of ID�A has been estimated to
be in the billions of dollars (22).

Although this review focuses on dietary iron deficiency, there
are other causes of iron deficiency in children. Infants subjected
to conditions of pregnancy resulting in intrauterine growth re-
striction (IUGR), infants who are small-for-gestational age
(SGA), infants of diabetic mothers (IDMs), or infants born of
preeclamptic mothers can also be iron deficient (23–27). The
reader is referred to a large body of literature describing cognitive
or behavioral deficits in such children; several reviews and ex-
amples are cited (28–34). Other factors associated with iron
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deficiency in infants are early umbilical cord clamping, prema-
turity, and fetal blood loss (35).

We present an overview of evidence relevant to establishing
whether a causal link exists between dietary iron deficiency
during development and subsequent cognitive or behavioral
function. The degree to which this evidence satisfies 5 causal
criteria, slightly modified from the original formulation (36), is
examined: 1) a consistent association, 2) a dose-response rela-
tion, 3) ability to manipulate the effect, 4) specificity of cause and
effect, and 5) a plausible biological rationale. To address these
criteria, it is essential to consider evidence from both human and
animal systems. Animal studies provide important corroborative
evidence and other information that is difficult or impossible to
obtain in human studies. For example, some types of experiments
cannot be done in humans, such as mechanistic studies that cor-
relate changes in biochemical indicators of brain function to
performance deficits on cognitive or behavioral tests. Also, much
greater flexibility of design is possible in animal experiments,
which avoids some serious confounders in human studies. Thus,
this review addresses an issue of importance to pediatrics by
taking into account the full array of relevant scientific evidence
from both human and animal systems.

An in-depth methodologic review of this large body of evi-
dence is beyond the scope of this review; systematic critical
reviews were relied on to the extent possible. There are several
such reviews of human studies (1, 37, 40), but, to our knowledge,
a systematic critical review of cognitive and behavioral studies in
iron-deficient animals has not been conducted. We searched the
literature using a combination of techniques, including key word
and author searches, using the National Library of Medicine’s
PUBMED and Science Citation Index Cited References data-
bases; we also surveyed citations included in recent research and
review articles. Abstracts were not included.

Background

Iron is required for many essential bodily functions, including
oxygen transport, ATP production, DNA synthesis, mitochon-
drial function, and protection of cells from oxidative damage, as
discussed in many reviews (41–44). The average concentration
of iron in the brain is far higher than that of all other metals,
except zinc (45). As widely reviewed (1, 46–49), iron is required
by enzymes involved in specific brain functions, including my-
elination (50–52) and synthesis of the neurotransmitters seroto-
nin (tryptophan hydroxylase) (53) and dopamine (tyrosine hy-
droxylase), a precursor to epinephrine and norepinephrine (54).

Accretion of iron by the brain

Accumulation of iron by the human fetus begins early in preg-
nancy (55), increases dramatically in the third trimester (56, 57),
and continues after birth up to 30–50 y of age (58, 59). Unless
maternal iron deficiency is severe, term infants are generally
considered to be protected from ID�A through the first few
months of life (60–62), but as iron stores are used up, a sharp
decline occurs in serum ferritin (63, 64) and the infant becomes
vulnerable to deficiency if the supply of dietary iron is not adequate.
Because preterm infants have only 40–70% as much total body iron
at birth as do term infants (56), they are more vulnerable to early iron
deficiency (65, 66). Studies in rats indicate a similar pattern of
accumulation of iron in the fetal and postnatal brain (67–69). Once
in the brain, iron is sequestered, with very low turnover, in contrast
with the rapid turnover of iron in plasma (70, 71).

Performance tests

Standardized tests that screen broadly for cognitive and related
functions, particularly the Bayley Scales of Infant Development
(72), have been most commonly used in children �2 y of age,
although some tests that target cognitive function more specifi-
cally, such as the Fagan Test of Infant Intelligence (73), have also
been used. In older children, a broader range of tests have been
used, including the Stanford-Binet Intelligence Scale (74), the
Wechsler Intelligence Scale for Children (WISC) (75), several
attentional tests (eg, 76), and school achievement tests. A few
human experiments also used electrophysiologic measures (77–
79). For a detailed listing of tests used in many human studies, the
reader is referred to the excellent review of Grantham-McGregor
and Ani (38).

In the 2 nonhuman primate studies identified, a wide range of
neurobehavioral assessments were used, some of which are sim-
ilar to human tests, such as an adaptation (80) of the Fagan Test
of Infant Intelligence (73). In rodents, motor or exploratory ac-
tivity was most frequently measured, using activity monitors, the
hole board, or home orientation and open-field tests. However,
some methods that target cognitive functions, such as learning
and memory, more directly, such as the Morris water maze (81)
and passive or active avoidance tests (82), were also used. For
further examples and discussion of rodent performance tests, see
the article by Metz et al (83).

Definition of iron deficiency with and without anemia

Sensitivity to iron-restrictive conditions depends on the sever-
ity of dietary restriction but also on the stage of development
during which iron deficiency occurs and the duration of dietary
restriction (84–87). Dietary iron deficiency results in biochem-
ical changes in the blood and reduced concentrations of iron in
tissues. ID-A is generally considered to correspond to a degree of
dietary iron deficiency sufficient to deplete ferritin stores and to
decrease iron concentrations in some tissues, but not sufficient to
reduce serum hemoglobin to the point of anemia. Individuals
with depleted iron stores and serum hemoglobin concentrations
below the 98th percentile of a normally distributed population are
generally considered to be iron deficient anemic (ID�A) (15,
44). Hemoglobin cutoff values varied somewhat among human
studies, as noted by reviewers (38).

HUMAN STUDIES

Many studies in humans have examined possible linkages
between iron deficiency (primarily ID�A) and concurrent or
subsequent cognitive or behavioral outcomes; most of these stud-
ies have been thoroughly reviewed (1, 37–40, 88–98). Although
concurrent effects may reflect neurochemical changes resulting
from iron deficiency at the time of testing, demonstration that a
permanent developmental change has occurred requires evi-
dence of effects in formerly iron-deficient children (40).

Reviewers emphasize the importance of making causal infer-
ences only from studies with designs that minimize potential
confounding (1, 38–40, 84, 99). For example, the anemia that ac-
companies ID�A can be a potentially serious confounder in case-
control studies that examine concurrent effects of ID�A. Complex
relations between cognitive or behavioral outcomes and socioeco-
nomic factorsarealsoverydifficult tocompletelycontrol for.As the
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least potentially confounded study designs, double-blind placebo-
controlled (DBRCT) preventive and therapeutic iron-treatment tri-
als are the most informative from a causal perspective; see several
reviews for discussion (38, 40, 99). Unless otherwise noted, repre-
sentative studies cited below had a DBRCT design; the reader is
referred to reviews cited for additional references.

Cognitive or behavioral performance of children with
iron deficiency sufficient to cause anemia

Collectively, expert reviewers discussed �40 studies of var-
ious experimental designs that examined the performance of
children or adolescents with ID�A in cognitive or behavioral
tests (1, 37–40, 88–97); �60% of the tests were conducted in
children with ID�A who were �2 y of age. Cognitive or behav-
ioral tests administered at the beginning of iron-treatment trials
provide an indication of the performance of children while ID�A
(100–103). For such children, reviewers agreed that there was a
consistent association between ID�A and poor performance
relative to control subjects (1, 37–40, 90–97). Two comprehen-
sive critical reviews of studies involving children identified as
ID�A at ages �2 y (38, 89) also concluded that, in most cases,
performance was poorer, at least on some tests (104–106).

As widely discussed (1, 84, 107–110), it is difficult to link iron
deficiency per se to poor test performance. Interpretation is lim-
ited, not only by potential confounding due to unaccounted so-
cioeconomic factors, but by the potential confounding factor of
anemia that accompanies the iron deficiency of ID�A. In rats,
anemia per se does not result in biochemical brain effects asso-
ciated with ID�A (111). However, it cannot be excluded that the
poor performance of ID�A children (or animals) on cognitive or
behavioral tests is confounded by generalized effects of anemia
on physical energy levels (49, 112–116) as opposed to specific
effects of iron deficiency in the brain.

Cognitive or behavioral outcomes in formerly anemic
children

Effect of iron treatment on cognition or behavior in children
with ID�A

A critical question motivating a great deal of research in the
field is whether and how long the effects of ID�A on cognitive
or behavioral function persist after children are no longer iron
deficient (1, 38, 40, 108). The 2 extensive reviews cited above (1,
38) critically assessed �20 iron-treatment trials involving chil-
dren with ID�A, most of which had a DBRCT design.

These and other reviewers (1, 37, 38, 117) concluded that, in
general, poorer test performance of children with ID�A tended
to improve with iron treatment in children �2 y of age (104, 118,
119) but was more resistant to improvement in children �2 y of
age (101–103). As investigators discussed, this observation is
compatible with damage from iron deficiency during brain de-
velopment being irreversible. Reviewers also pointed out uncer-
tainties associated with this conclusion, such as the limited sta-
tistical power of studies that did not observe a treatment effect
and an insufficient number of longer-term randomized treatment
trials. Only 2 longer-term (2–4 mo) trials reviewed were
DBRCTs (120, 121), and 1 of these (120) observed that perfor-
mance deficits improved with treatment.

The finding that the cognitive performance of children with
ID�A at an early age is resistant to improvement with iron
treatment is supported by several long-term follow-up studies

(38). We point particularly to the widely cited longitudinal ob-
servational study of Lozoff et al (40, 122, 123), who followed a
group of Costa Rican children for �10 y. In this study, children
who formerly had ID�A (initially treated for 3 mo with iron)
performed less well than did control subjects when tested at 5 and
11–14 y of age. Extensive test batteries included measures of
intelligence quotient, verbal and quantitative learning, memory,
and attention. As discussed by the lead investigator (40, 100, 124)
and other reviewers (37, 38, 99), although this study provides
important evidence, it cannot be considered definitive because it
was not a DBRCT and did not have a placebo control group.

Auditory evoked potentials

An outcome measure that avoids the potentially confounding
factors of anemia and socioeconomic conditions uses auditory
evoked potentials, which are noninvasive electrophysiologic
measures of how long it takes the acoustic nerve to transmit
sound from the ear to the brain. This time is inversely related to
the degree of myelination; the technique is commonly used to
detect hypomyelination associated with various diseases (77).
Four laboratories used auditory evoked potentials to compare the
rate of myelination in control children and children with ID�A
(125–130). The results are briefly summarized below.

The most commonly cited of these studies is that of Lozoff et
al (125, 126). In this experiment, conduction times were mea-
sured over a 4-y period in Chilean children with ID�A and
control subjects. Children were identified as having ID�A or as
control subjects at 5–6 mo of age, and all children received iron
supplements for 1.5 y. Although results at later time points sug-
gested that the formerly ID�A group was gradually catching up
to control subjects, conduction times remained slower at all time
points examined. Shankar et al (129) observed a significant cor-
relation between the severity of anemia and conduction time in a
group of children with ID�A ranging in age from 3 to 11 y.
Several other reports that measured auditory evoked potentials
were either inconclusive (130), positive but unavailable for anal-
ysis (128), or negative but of uncertain significance because only
group means were reported and ages varied within groups across
a wide range (7–24 mo) (127).

Preventive trials

Preventive trials aim to determine whether the development of
ID�A and developmental deficits can be prevented in hemato-
logically normal children if they are supplemented with iron. The
difficulty in obtaining sufficient power in such trials to detect
significant effects has been discussed by reviewers (38, 39), who
concluded that the few trials conducted provided only limited
evidence of benefit.

Two recent trials are noted (131, 132). Friel et al (132) con-
ducted a small (n � 77) DBRCT of a group of breastfed children
supplemented with iron or placebo from ages 1 to 6 mo. At 12–18
mo of age, higher visual acuity scores and improved performance
on the Bayley Psychomotor Development Index (but not on the
Mental Development Index) were observed (132), which led
investigators to conclude that supplementation might have ben-
eficial developmental effects. As noted by others (133), the study
requires replication with larger group sizes before any definitive
conclusionscanbemade.Asecondmuch largerbutnonrandomized
trial (n � 1000), which examined children at 1 y of age after 6 mo of
iron supplementation, did not observe an effect on Psychomotor
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Development Indexscores (131).However, longer looking times (P
� 0.01) and other evidence of developmental behavioral deficits in
the nonsupplemented group were observed (131).

Iron deficiency without anemia

Given the significant public health consequences if there are
effects of ID-A on cognition or behavior (109, 134), it is surpris-
ing that so few studies have focused on this topic. Some 17
investigations in children or adolescents, most of which were
conducted �15 y ago (102, 103, 105, 106, 118, 120, 134–144),
are listed in Table 1.

As shown, most of the studies were iron-treatment trials that
measured cognitive or behavioral performance before and after
periods of iron treatment ranging from 1 wk to 6 mo. As discussed
by reviewers (38, 94, 145), if there is an effect of ID-A on
cognitive or behavioral performance in children �2 y of age, the
effect appears to be small. As shown in Table 1, 4 of the 8
treatment trials listed involving children �2 y of age observed
deficits in ID-A groups compared with control groups (135–137,
144). However, 3 of these 4 trials (136, 137, 144) were not
randomized, and all 4 were quite small. Three of these trials
(135–137) were critiqued by some reviewers (38) on other design
or quality-control issues. As discussed (93), the 4 trials that
observed no differences between ID-A groups and control sub-
jects (102, 103, 120, 138) were also somewhat limited in statis-
tical power, leaving open the possibility that weak effects may
occur. As shown in Table 1, a recent report involving newborns
(134) is consistent with this possibility. Also suggesting a weak
but significant effect of ID-A are all but 1 (105) of the 8 studies
listed in Table 1 involving children �2 y of age or adolescents
(105, 106, 118, 139–143).

ANIMAL STUDIES

The great strength of animal studies is that they afford the
opportunity for more flexibility in design and ability to control
experimental variables than can be achieved in human studies.
However, important differences exist between animals and hu-
mans that must be taken into account in evaluating the implica-
tions of results for humans (146). For example, in rats and mice,
offspring are born at an earlier stage of development than are
humans, with the period of the brain growth spurt generally
considered to begin at birth and extend up to weaning (usually
postnatal day 21). In humans, the brain growth spurt begins in the
last trimester of pregnancy and extends through the first 2 y of
life. Another important difference between rodents and humans
is that rats have a greater requirement for dietary iron during
development than do humans because the rate of development is
relatively much more rapid (147). Also, in the great majority of
the studies discussed below, the dietary supply of iron was much
more severely restricted than in human studies. Thus, species and
dosimetry differences must be considered when results in ani-
mals are extrapolated to humans.

As for human studies, potential confounders are essential to
consider in the design and interpretation of these experiments. In
severe iron deficiency experiments, anemia (148, 149) and
growth restriction (146, 150, 151) are important potential con-
founders. These are discussed further in conjunction with spe-
cific results below.

Effects on cognitive, behavioral, or motor activity in
rodents and monkeys

On the basis of citations in expert reviews (1, 47, 49, 50, 97,
152–167) and on an independent literature search, 20 rodent (48,
85, 168–185) and 2 monkey (186–188) studies that examined
cognitive, behavioral, or motor activity in iron-restricted animals
were identified (Table 2). As shown, all of these studies reported
statistically significant differences between iron-restricted and
control groups on at least some tests.

For several variables, the results were surveyed to determine
whether differential responses (in degree or type) could be dis-
cerned with respect to 1) severe or less-severe iron restriction, 2)
dose-response effects, 3) dietary restriction before or after wean-
ing, 4) type of performance test administered, and 5) influence of
a period of iron repletion on the test outcome.

Severe compared with less-severe iron restriction

As shown in Table 2, all but 4 of the rodent studies (177–180)
used restrictive diets that were �90% iron-depleted for at least
part of the experimental period (48, 85, 168–176, 179, 181–185).
Almost all of these latter experiments included the results of perfor-
mance tests conducted while the animals were anemic (Table 2,
column3).Possibleconfoundingdue tosecondaryeffectsofanemia
cannot be excluded in these experiments, particularly when animals
were severely anemic (Table 2). As also shown in Table 2, animals
with ID�A weighed significantly less than did controls (usually
15–20% less). It is known that early malnutrition in rodents can alter
later performance on affective and some cognitive tasks (189). It is
not clear whether undernutrition in the experiments shown in Table
2, which was relatively modest in most cases, could account for
the observed results (146). To minimize potential confound-
ing due to undernutrition, a few investigators used weight
controls (169 –171, 183) or included body weight as a covari-
ate in statistical analyses (177, 178).

As shown in Table 2, regardless of the degree to which animals
were iron-restricted, regardless of whether they were ID�A or
ID-A at the time of testing and regardless of the degree of un-
dernutrition or whether it was controlled for, changes in activity
or behavior compared with that in controls were reported on at
least some tests in all studies.

In our opinion, none of the rodent studies cited above that used
somewhat less restrictive dietary conditions (177–180) provide
evidence that motor, cognitive, or behavioral deficits result from
ID-A (Table 2). Although offspring had normal hematocrit read-
ings at the time of testing by Kwik-Uribe et al (177, 178), they
were more severely iron-restricted during gestation, as evi-
denced by the 50% decrease in hemoglobin on postnatal day 21
and by significant reductions in both body and organ weights,
including the brain. As shown in Table 2, the results are mixed
and difficult to interpret in the activity study of Hunt et al (179),
and hemoglobin decreased �40% at the time of testing in the
experiment by Massaro and Widmayer (180).

As pointed out by the investigators, in 1 of the 2 monkey
studies (186, 187), half of the 8 monkeys in the iron-restricted
group were anemic at the only time point that showed a statisti-
cally significant (P � 0.05) decrease in spontaneous activity.
Also, as shown in Table 2, the group restricted in both zinc and
iron scored better on one outcome measure on an attentional task
and worse on another, which makes interpretation of the results
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TABLE 1
Cognitive, behavioral, and electrophysiologic tests in children and adolescents who are iron deficient without anemia (ID-A)1

Reference Study type2/treatment duration ID-A group size3/age4 Outcome measures Results reported by investigator5

Children �2 y of age
Akman et al, 2004 (144) Treatment trial6,12/3 mo 407/6–30 mo DDST, Bayley Lower test scores than control subjects before or

without treatment (DDST-II, MDI) but not after
treatment

Deinard et al, 1986 (135) Treatment trial/6 mo 457/1.5–5 y MDI, SB-IQ, Likert,
neuropsych

Increase in MDI/SB-IQ scores in control subjects
tended to be greater than in the ID-A group, with or
without treatment8

Deinard et al, 1981 (138) Cross-sectional study/NA 34 or 219/11–13 mo Bayley, U/HSPD,
habituation

No significant differences between ID-A and control
groups

Idjradinata and Pollitt, 1993 (120) Treatment trial/4 mo 297,10/12–18 mo Bayley No significant differences between ID-A and control
groups at baseline

Lozoff et al, 1987 (102) Treatment trial/1 wk and 3 mo 38, 21, 457,11/12–23 mo Bayley No significant differences between ID-A and control
groups

Oski et al, 1983 (137) Treatment trial12/7 d 2813/9–12 mo Bayley Greater increase in MDI scores in more severely iron-
deficient groups8

Wachs et al, 2005 (134) Correlational/NA —14/newborns Temperament Several measures of temperament were correlated with
hemoglobin or serum iron across a range of severity
of iron deficiency that included an unspecified
number of ID-A infants

Walter et al, 1989 (103) Treatment trial/10 d and 3 mo 127/1 y Bayley No significant differences between ID-A and control
groups

Walter et al, 1983 (136) Treatment trial12/15 d 12 or 157,15/15 mo Bayley ID-A group scores not significantly different from
control subjects before or after treatment; improved
MDI scores in an ID-A subgroup8,16

Older children or adolescents
Bruner et al, 1996 (106) Treatment trial/8 wk 8117/13–18 y BTA, SDMT, VSAT,

HVLT
Greater improvement in HVLT scores after iron

treatment in a group of ID-A adolescent girls than in
placebo-treated ID-A control subjects

Groner et al, 1986 (118) Treatment trial/1 mo18 38/14–24 y WAIS or WISC, CT,
RAVLT

Increases in the scores on the arithmetic and digit
symbol tests were greater for the ID-A group than
for the control subjects8,19

Halterman et al, 2001 (139) NHANES survey/NA 142/6–16 y WISC-R, WRAT-R20 Lower math scores
Otero et al, 1999 (141) Cross-sectional/NA 33/6–12 y EEG, WISC-R, DEL Lower WISC-R scores; slower activity of EEG power

spectrum
Otero et al, 2004 (142) Cross-sectional21/NR 2822/8–10 y ERP (oddball) Altered ERP pattern compared with control subjects;

fewer correct answers to oddball paradigm before
but not after treatment

Pollitt et al, 1983 (143) Treatment trial/3 mo 1523/3–6 y SB-IQ, Disc Lrn, Odd Lrn,
Short-term recall

Greater number of trials to reach criterion in Disc Lrn
for iron-deficient group before treatment

Pollitt et al, 1989 (140) Treatment trial/16 wk 477/9–11 y Raven C, Educ Lower scores on language test than iron-
replete controls subjects24

Soewondo et al, 1989 (105) Treatment trial/8 wk 577,25/4.5 y (avg) PPVT, Disc Lrn, Odd Lrn No differences between ID-A and iron-replete control
subjects

1 Bayley, Bayley Scales of Infant Development [includes both the Psychomotor Development Index (PDI) and the Mental Development Index (MDI)]; BTA, Brief Test of Attention; CT,

Consonant Trigrams, a test for attention deficits; DDST, Denver Developmental Screening Test; DEL, Dynamic Evaluatioin of Learning, a computerized learning test; Disc Lrn, Two-choice

discrimination learning; Educ, educational achievement tests; EEG, electroencephalogram; ERP, event-related potential, an electrophysiologic measure; HVLT, Hopkins Verbal Learning Test;

Likert, Likert Behavioral Rating Scale; Neuropsych, overall neuropsychologic assessment; NHANES, National Health and Nutrition Examination Survey; Odd Lrn, Oddity Learning; PPVT,

Peabody Picture Vocabulary Test; Raven C, Raven Colored Progressive Matrices; RCT, randomized controlled trial; RAVLT, Rey Auditory Verbal Learning Test, a test of attention deficits; SDMT,

Symbol Digits Modalities Test; SB-IQ, Stanford Binet Intelligence Quotient Scale; U/HSPD, Uzgiris and Hunt Ordinal Scales (I, II, and V) of Psychological Development; VSAT, Visual Search

and Attention; WISC-R, Wechsler Intelligence Scale for Children, revised; WAIS, 4 subsets (digit span, digit symbol, arithmetic, and vocabulary) of the Wechsler Adult Intelligence Scale;

WRAT-R, Wide-Range Achievement Test, revised.
2 Treatment trials are double-blind, placebo-controlled, randomized trials unless otherwise noted.
3 Studies that also included ID�A groups are indicated in the table.
4 Age at beginning of the treatment period.
5 All results shown are for comparisons between ID-A groups and non-iron-deficient control subjects.
6 Not placebo-controlled.
7 ID-A groups in a larger study.
8 Study critiqued by some reviewers (38).
9 Groups divided according to serum ferritin concentrations: 	9 ng/mL (n � 34) and 10–19 ng/mL (n � 21)); no groups were anemic (hematocrit �34%). This method of allocation was critiqued (94).

10 15 ID-A children received a placebo during the treatment trial. Reviewers noted the small size of the ID-A group (38).
11 Increasing severity of iron deficiency without frank anemia in the 3 groups. In the most severely affected of the 3 groups (n � 45), hemoglobin values were 10.6–11.9 g/dL.
12 No randomization.
13 Consisted of 3 groups with increasing severity of iron deficiency without frank anemia.
14 148 newborns with iron-status measures ranging from normal to ID�A; the number of ID-A infants was not specified.
15 Text indicates n � 12 or 15.
16 The P value was based on a one-tailed t test.
17 73 Girls completed the trial; 36 received a placebo.
18 Hematocrit values were �30%; all subjects were in the first 16 wk of pregnancy.
19 Description of results in text and table do not match. Results based on one-tailed t tests.
20 WISC-R tests were digit span and block design subtests; WRAT-R tests were math and reading.
21 Subjects were also supplemented with iron and compared with an unsupplemented control group.
22 10 Children completed a period of iron treatment and were retested.
23 Children were identified as mildly iron deficient on the basis of a post hoc procedure based on response to iron therapy.
24 No treatment effects observed; results based on averages of pre- and posttreatment scores.
25 24 Subjects were treated with iron; 33 received a placebo.
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TABLE 2
Cognitive, behavioral, and motor performance tests in animals that are iron deficient anemic (ID�A) or nonanemic (ID-A)1

References
Diet (% of control)/duration of

iron deficiency Sex/strain

At time of testing:
age/iron status (% of

control)2
Body weight reduction

(% of control)3

Experimental results for iron-
deficient groups compared with

controls4
Other brain-related

experimental measures

Beard et al, 2002 (48) 3 mg/kg (8.5%)/PND 21–49 ��/SD PND 49/35% (�), 41%
(�)

60% (�), 85% (�) Light-dark box: more rapid
movement into the dark*

Brain iron, dopamine
receptor and
transporter density

Activity: decreased
locomotion***, slower rate of
habituation*, fewer repeated
movements***, less time spent
in the center**

Beard et al, 2006 (184) 4 mg/kg (10%)(ED 5–PND 7)
followed by 10 mg/kg (25%)
to PND 20)/ED 5–PND 20

��/SD PND 6, 9, 12, 15, 18, 21,
24/54% (PND 10, 25)

PND 10, 85%; PND 25,
77% (��)

Developmental battery: delayed
auditory startle, surface right-
ing, negative geotaxis5; bar
holding* (PNDs 6, 9, 12, 15);
bilateral forelimb placing*
(PNDs 6, 9, 12, 15, 18, 21);
vibrissae-stimulated forelimb
placing* (PNDs 12, 15, 18,
21, 24)

Brain iron,
monoamines,
dopamine D2
receptor, dopamine
and serotonin
transporters

PND 15,25 Open field: fewer sectors entered
(PND 25)5

Ben-Shachar et al, 1986
(183)

NR/PND 21–49 NR/SD PNDs 28, 35, 42, 49, 63,
70, 77/60–80%6

Food intake of controls
restricted to keep
weights similar

Activity � apomorphine: fewer
movements: PND 35**,
49***, 63* (PND 21–49)

Brain iron, dopamine
receptor density

/PND 10–24 PNDs 24, 66 PND 24***, 66*
Felt and Lozoff, 1996

(85)
2–4 mg/kg (1%)/PG10–G10,

G0–21, G10-PND 10, PND
0–21

��/SD PNDs 8, 12, 16/47% (G
10-PND 10)

At delivery: G 0–21 and
G 10-PND 10 were
less***; at PND 21:
G 10-PND 10 and
PND 0– 21 were
less***; at PND 90:
NS (��)

Home orientation: smaller % to
reach home: PND 8 (PG 10-G
10*, G 0–21*, G 10-PND 10*,
PND 0–21*) Fewer no. of
octants entered: PND 8, 12
(PG 10-G 10*, G 0–21*,

Brain iron

G 10-PND 10*, PND 0–21*)
PNDs 75–90/� 107%

(G 0–21, PND 0–21)
Open field: less defecation: PG

10-G 10**, G 10-PND 10**
Activity wheel: NS
Morris water maze: greater swim

distance: G 0–21, G 10-PND
108

Felt et al, 2006 (185) 4 mg/kg (10%)(ED 5-PND 7)
followed by 10 mg/kg (25%)
to PND 20)/ED 5-PND 20

��/SD PNDs 24–110/9 PND 10, 85%; PND 25,
75%; �PND 34,
NS10

Sensorimotor function (PNDs
24–90): vibrissae-stimulated
forelimb placing*** (PNDs
24, 27), sticker test (PND 35,
NS; PND 70**), naturalistic
grooming* (PND 90);
Activity: activity monitor (less
rearing*) (PND 70); water
maze (PND 35): more days to
criteria*, longer path
length***, greater % of path
length close to wall***;

Brain iron,
monoamines,
dopamine D2
receptor, dopamine
and serotonin
transporters

Response to novelty (PND 35–
40), NS; spatial alternation
(PND 70–110), NS.

Glover and Jacobs, 1972
(176)

(a) iron free; (b) partially
repleted/post-weaning11

�/Wistar rats NR/34% (a); 82% (b) 85% Activity: less activity12

Golub et al, 1999, (186),
2000 (187)

10 mg/kg (10%)/30–37 mo of
age13

�/rhesus
monkeys

30 mo/103%; 34
mo/103%; 37 mo/97%

NS Spontaneous activity: less
spontaneous activity: 37 mo*

Continuous performance
attentional test: smaller % of
sessions initiated: 34 mo*;
greater % of correct rejections:
34 mo*

Delayed nonmatch-to-sample
test14: longer latency to choice:
34 mo*

Golub et al, 2006 (188) 10 mg/kg (10%)/�G, �PND
1–4 mo

��/rhesus
monkeys

1 wk–7 mo/15 NS �G: reduced spontaneous
activity (Fig 10)*16; lower
inhibitory response to novel
environment (Fig 6)*; more
weekly behavioral changes
(Fig 4)*17; less fearful (Fig
9)**; novelty preference test,
NS. �PND: poorer
performance on an object
permanence task (Fig 5)*;
more tense*; novelty
preference test, NS

Hunt et al, 1994 (179) ID�A: 4.6 mg/kg (4.2%),
ID-A: 19.9 mg/kg (18%)/
�PND 28–84

�/SD PNDs 42–8418/(a) 32%,
(b) 95%

ID�A (86%); ID-A
(NS)19

Activity (10 outcome measures):
ID�A, less activity (all
measures but movement
speed)*20; ID-A, dark cycle:
less distance traveled*, more
stereotypy time*; light cycle:
more distance traveled*, less
vertical movement time*, less
stereotypy time*

(Continued)
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TABLE 2 (Continued)

References
Diet (% of control)/duration of

iron deficiency Sex/strain

At time of testing:
age/iron status (% of

control)2
Body weight reduction

(% of control)3

Experimental results for iron-
deficient groups compared with

controls4
Other brain-related

experimental measures

Kwik-Uribe et al, 2000
(177)

14 mg/kg (19%)/�63G21-PND
21; �63G-PND 75

��/SW mice PNDs 30,45,6022/PND 21
(�50%); PND 75, NS

Weights significantly
less* (�, PND 28–
49; �, PND
28–70)23; body
weight used as a
covariate

Grip strength24: lower forelimb
grip strength, �63G-PND 21:
(PNDs 30, 45, 60)*; �63G-
PND 75, NS; lower hindlimb
grip strength �63G -PND 21:
(�, PND 30)*, �63G-PND75
(�, PND30)*; Auditory startle
response: lower startle
response, �63G-PND 21 (�,
PND 30, 45, 1 of 5 trial
blocks)*, �63G-PND 75
(PND 30, 1 of 5 trial blocks)*;

Brain iron

PND 50 (� only)25/NR Morris water maze: escape
latency (ANOVA, NS); probe
trial, NS26

Kwik-Uribe et al, 1999
(178)

12.5 mg/kg (17%)/�56G-PND
6027

��/SW mice PNDs 30, 40, 50/PND 60,
NS (hematocrit)28

PND 21: 74%(�);
82%(�); PND 60:
83% (�); 93% (�)

Neurobehavioral battery: less
forelimb grip strength29: �*,
� (PNDs 30, 50)*; less
hindlimb grip strength29: �*,
� (PNDs 30, 40)*

Brain iron, lipid
oxidation (TBARS)

Massaro and Widmayer,
1981 (180)

7 mg/kg (19%)/4030 �/Wistar 31/Phases 2 and 3 (�60%) Day 1: 91%; day 40:
NS

Transfer learning test: deficits in
ability to transfer a learned
association from a visual to an
auditory stimulus**

Pinero et al, 2001 (168) 3 mg/kg (7.7%)/PND 10–35,
PND 10–21, PND 21–35

��/SD PNDs 14, 17, 20, 27, 34/
PND 21: 69% (PND
10–21); PND 35: 38%
(PND 21–35), 24%
(PND 10–35)

PND 10–21: 79% at
PND 21, 91% at
PND 35; PND 21–
35: 82% at PND 35;
PND 10–35: 54% at
PND 35

Activity: shorter distance
traveled: PND 10–35 (PNDs
20, 27, 34)**; PND 21–35
(PND 34)**; PND 10–21
(PND20*, PND 34**), slower
rate of habituation: PND 10–
21 (PND 20)*; PND 10–35
(PND 34)*; fewer repeated
movements: PND10–35 (PNDs
27, 34)**; PND21–35
(PND34)*;

Brain iron

Weinberg et al, 1980
(169)

iron deleted/PND 1–28 ��/rats PNDs 26–28/32%
(hematocrit)

70–71% (��) Open field32: more rearing*; less
freezing*;

Brain iron, cytochrome
oxidase33

70–71% (��) Hole board32: less ambulation on
first test day*; head-dipping,
NS

Weight-control group
included

Passive shock avoidance32:
habituation day: longer latency
to reenter chamber (males)**;
test day: longer latency to
reenter on first trial after
shock**

Weinberg et al, 1979
(170)

iron deleted/PND 1–28 ��/SD PNDs 65–70/NS �70% (PND 28); NS
(PND 60)

Hole board: NS Brain iron

Weight-control group
included

Active avoidance: more total
responses (males)**

Passive avoidance: longer latency
to reenter on first trial after
shock*

Williamson and Ng, 1980
(181)

2–3 mg/kg (�3.5%)/PND 90–
174

��/Wistar PNDs 104, 146, 17434/
�86%

NR Taste aversion memory test35:
poorer recall with immediate
conditioning: PND 104*; better
recall with delayed
conditioning: PND 146**,
PND 174*

Brain iron

Williamson and Ng, 1980
(182)

2–3 mg/kg (�3.5%)/PND 90–
174

��/Wistar PNDs 104, 146, 174/PND
104, 146 (88%); PND
174 (NS)

NR T-maze: PND 104: fewer trials to
criterion*, fewer errors**;
PND 146: longer time to
complete the maze**; PND
174; less time to complete the
maze*

Yehuda et al, 1991 (171) 5.3 mg/kg (2.7%)/PND 42–69 �/SD PND 69/NR; after
repletion: �PND 9036/
NR

Significant weight
differences (PND 70,
91)37; body weight
used as a covariate

Water Y-maze � electric shock:
�electric shock: More trials to
reach criterion (PND 69*,
90**), more errors (PND
69)**; �electric shock: fewer
errors (PND 69)**

Yehuda et al, 1986 (172) Iron free PND 42–69 �/SD PNDs 42, 49, 56, 63, 7038/
67% (PND 56), 58%
(PND 63), 40% (PND
70); after repletion: 63,
70, 77, 84, 9139/NS

82% (PND 70) Water Y-maze: more trials to
reach criterion (before** and
after*** repletion), errors**,
and longer escape latencies**
(PNDs 49, 56, 63, 70); duration
of iron deficiency40**

Youdim et al, 1981 (173) Iron free/28-d period (age NS;
wt � 100–150 g)

�/SD 41/47%42 Beginning of
experiment, NS

Activity � d-amphetamine: light:
increased activity; dark:
reduced activity
(�amphetamine*,
�amphetamine**)

Brain iron, body
temperature

Stereotypic behavior �
apomorphine: light: more
stereotypic behavior**; dark:
less stereotypic behavior*;
after 1 wk repletion: NS43

(Continued)
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TABLE 2 (Continued)

References
Diet (% of control)/duration of

iron deficiency Sex/strain

At time of testing:
age/iron status (% of

control)2
Body weight reduction

(% of control)3

Experimental results for iron-
deficient groups compared with

controls4
Other brain-related

experimental measures

Youdim et al, 1980 (174);
Youdim and Green,
1977 (175)

Low iron/35-d period (age NS;
wt � 80 g)

�/SD 44/39% NR Activity � (a) � L-tryptophan; (b)
� L-DOPA; (c) � 5-methoxy N,
N-dimethyl-tryptamine; (d) �
methamphetamine or
apomorphine: after period of
iron deficiency: less
hyperactivity (a**, b*, c**,
d**); after 8-d period of
repletion: NS (a, b)

5-HT, dopamine,
noradrenaline,
tryptophan
hydroxylase,
aldehyde
dehydrogenase,
adenylate cyclase,
protein synthesis

1 All experiments used rodents unless otherwise specified: PG, prior to mating; G, gestation; PND, postnatal day; SD, Sprague-Dawley rats; SW, Swiss-Webster mice; ED, embryonic day;

5-HT, 5-hydroxytryptamine; L-DOPA, levatory 3,4-dihydroxy-L-phenylalanine.
2 Iron status based on hemoglobin concentration unless otherwise indicated; the only values shown are those that were significantly different from controls. Values are at the time of testing

unless otherwise indicated.
3 Values are at the time of testing unless otherwise specified.
4 *P � 0.05, **P � 0.01, ***P � 0.001. When an interaction involving diet was reported, the P value is assumed to be the procedure-wise error rate used for post hoc tests. When an interaction

involving diet was reported but post hoc test results were not reported, the main effect of diet is presented in parentheses. Groups are shown by period of iron deficiency. When multiple tests were

conducted, results for tests that did not show statistically significant differences between iron-deficient and control animals are not shown.
5 No P value provided.
6 Estimated from Figure 1 of the cited reference.
7 Quantitative results not provided.
8 Results not shown. No significant group differences for escape latency or swimming velocity; statistically significant differences observed only for individual trials.
9 Investigators state that after 2 wk of an iron-sufficient diet (ie, at PND 34), hematology did not differ significantly from that of controls. Values are not provided for PNDs before PND 34.

10 Authors indicate that after 2 wk of the iron-sufficient diet, the weight of experimental and control animals did not differ significantly; data are provided only for weights at PND 120.
11 Duration not reported.
12 No statistical analysis was conducted, but group differences were large. Diurnal pattern appeared to be reversed in both ID�A and ID-A groups compared with controls.
13 One-half of the iron-restricted group was supplemented with iron from 34 to 37 mo of age. Test results for this group at 37 mo of age were not significantly different from those of the controls or

iron-restricted unsupplemented groups. Diets of iron-restricted groups were also restricted for zinc.
14 The delayed nonmatch-to-sample test is part of the Cambridge Neuropsychological Test Automated Batteries test program.
15 Investigators indicate that dams were ID�A in the third trimester and infants were born with compromised iron and hematologic status; at 1 and 4 mo of age, hematologic status was normal.
16 The large number of statistical tests in this study, the fact that all but one result considered positive were only weakly significant (P � 0.05), and the apparent lack of a consistent pattern of effect

suggest the need for caution when interpreting the results.
17 The text indicates P � 0.04; the legend in Figure 4 indicates P � 0.01.
18 Continuous activity monitor recorded 10 activity measurements.
19 It is indicated that body weights are “final body weights.”
20 P values indicate differences between the control group and each iron-deficient group in regression models constructed for each activity measure over the 8-wk period of the experiment.
21 9 wk before mating.
22 The same animals were tested on all 3 d.
23 Data presented in a figure; differences appear to be �10–15%.
24 Statistical significance indicated was after adjustment for body weight differences by including body weight as a covariate in the analysis.
25 Animals tested in the Morris maze were naı̈ve.
26 Results of significant post hoc tests conducted after a nonsignificant ANOVA are uncertain.
27 Dams were also subjected to tail bleeds.
28 Iron status not reported on other PNDs.
29 Results were adjusted for effects of weight differences between iron-deficient and control offspring.
30 Age not specified; animals weighed 90 g at the beginning of the study period.
31 Habituation (the first of 3 phases of the experiment) took place during the first 28 d; the last 2 phases occupied the remainder of the 40-d experimental period.
32 Offspring used in the 3 tests (open field, hole board, passive shock avoidance) were naı̈ve but from the same litters.
33 Results for these endpoints were obtained in a separate experiment.
34 Animals tested at each time point were naı̈ve.
35 Activity levels are also reported, but methods are not described.
36 After initial testing, each group was fed the control diet (200 mg Fe/kg) for 3 wk and then retested.
37 Actual weights not reported.
38 Separate groups of rats were tested at each time period.
39 After initial testing, each group was fed the control diet (220 mg Fe/kg) for 3 wk and then retested.
40 Trials to reach criterion increase with duration of iron deficiency.
41 End of the period of iron deficiency and after a 1-wk repletion period.
42 End of 28-d period of iron deficiency.
43 Data not shown.
44 End of period of iron deficiency and after an 8-d repletion period.

938 MCCANN AND AMES



uncertain. In a recent experiment from this group (188), the
hematologic status of the offspring was normal at the time of
testing, but, at birth, the dams and infants of the prenatally iron-
restricted group were ID�A. The postnatally restricted group
had lower ferritin concentrations than did the controls but evi-
dently did not develop anemia.

Dose-response analysis

The only study that compared groups with different degrees of
iron restriction (179) used an activity monitor to compare 10
outcome measures over a period of �6 wk. Detailed results were
reported for distance traveled, movement speed, vertical move-
ment, and time spent in repetitive movements. Whereas there
were statistically significant differences in most outcome mea-
sures for both severe and marginally iron-restricted groups and
controls, as shown in Table 2, the pattern of effect was not
consistent.

Pre- compared with postweaning iron restriction

As shown in Table 2, dietary intake of iron was restricted either
during gestation or before weaning (85, 168–170, 177, 178, 184,
185) or after weaning (48, 168, 171–176, 179–182). In all cases,
statistically significant performance differences between iron-
restricted and control groups on at least some performance tests
were reported.

Test specificity

Twelve of the studies listed in Table 2, from 6 different labo-
ratories, included performance tests that measured endpoints
involving learning or memory (85, 169–172, 177, 180–182,
185–188), and 13 studies included tests that measured motor,
exploratory or homing behavior, or physical measures of devel-
opment such as grip strength and balance (48, 85, 168–170, 173,
174, 177–179, 181, 184–188). As shown, the most commonly
measured endpoint was activity, and several independent groups
reported decreased activity in iron-restricted animals (48, 168,
169, 174–176, 185–188).

The only test that involved cognitive endpoints that was used
by more than one independent group (85, 177, 185) was the
Morris water maze, a spatial learning test (81, 190). Two labo-
ratories reported that iron-restricted groups performed less well
than did controls. In rats, Felt and Lozoff (85) tested 10–12-wk-
old formerly ID�A offspring after 7–10 wk or 15 d (185) of
repletion. For the older animals (85), no significant differences in
escape latencies were observed, although swimming distances
were greater for some iron-restricted groups in some trials (85).
Younger formerly ID�A animals, however, showed consis-
tently longer escape latencies than did controls (185). In mice
(177), the significance of poorer performance by formerly ID�A
offspring relied on statistical tests conducted for individual test-
ing days after a nonsignificant ANOVA.

As shown in Table 2, other cognitive or behavioral tests were
also used (169–172, 180–182, 185–188). Although deficits in
performance were reported in most of these studies, the results
are either not clear-cut or are difficult to interpret, as indicated in
part in the table. For example, in 2 passive avoidance tests in
ID�A rats conducted by the same research group (169, 170),
ID�A groups were more hesitant than were controls to reenter
the chamber in which they received a shock, which, as investi-
gators suggest, could be consistent with better learning or with

greater wariness. In another study that used a water Y-maze
(171), the ID�A group made more errors compared with con-
trols unless an electric shock was introduced, in which case they
made fewer errors. In another case, results appeared to vary, as
shown in Table 2 (181, 182). In our opinion, although all inves-
tigators discussed possible interpretations that could explain
their results, the body of data taken together does not present a
consistent or clear picture.

Repletion

As shown in Table 2, in all studies that examined performance
in iron-repleted animals that had been iron-restricted during ges-
tation or before weaning, performance was significantly below
that of controls in at least some tests (85, 168, 170, 177, 184–
187). One research group examined performance after repletion
of animals that had been iron-restricted after weaning or as adults
(172–175). Although normal motor activity was restored after
iron repletion (173–175), performance in a water Y-maze was
not (172).

ARE CAUSAL CRITERIA SATISFIED?

There has been considerable discussion in the published liter-
ature of causation relevant to dietary iron deficiency and cogni-
tive or behavioral performance; several examples are cited (1, 38,
84, 99, 109, 191). Most discussion has focused on effects in
humans, particularly on difficulties in designing treatment trials
due to ethical prohibitions against including placebo control
groups, on potential confounders such as clinical effects of ane-
mia that do not directly involve the brain, or on socioeconomic or
nutritional disparities between comparison groups. Discussion
of the 5 causal criteria below includes these and other consider-
ations in brief summary and also reflects the importance of taking
into account results from animal studies in making overall judg-
ments about causality.

Consistent associations

As indicated in the body of the review, associations between
ID�A and deficits in cognitive or behavioral performance in
children are consistently observed (1, 37–39, 90, 91, 93–96, 142,
192, 193). In animals, though decreased motor activity is con-
sistently associated with ID�A, performance in cognitive or
related tests has been less widely studied, and independently
replicated results are not yet available (see text and Table 2).

Dose-response relations

In humans there is limited evidence of dose-response effects.
Performance deficits increased with increasing severity of
ID�A in experiments that used either the Bayley scales in chil-
dren �2 y old (102) or intelligence quotient and school tests in
older children (194). A significant correlation was also observed
between the severity of anemia and conduction time in a test
measuring auditory evoked potentials (129). In addition, scores
on performance tests by children with ID�A were consistently
lower than those of children with ID-A in most studies that
directly compared both groups (102, 120, 134, 136, 144). It is
also noted that, although not clearly relevant to the effects of iron
deficiency on the brain, a dose-response relation between vary-
ing degrees of ID�A and work performance has consistently
been observed (49, 112–116).
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The rodent model provides an excellent opportunity to deter-
mine the shape and character of dose-response relations and to
establish threshold levels of iron deficiency above which effects
might not be expected to occur. This information is essential to
determine which effects of iron deficiency might be expected
under less-severe conditions. However, surprisingly few dose-
response studies have been carried out (147, 179, 195, 196), only
2 of which included measurements related to possible effects on
the brain (179, 196). One of these studies (196) observed a de-
crease in brain succinate dehydrogenase and cytochrome oxidase
activities when animals were fed diets containing 2 mg Fe/kg but
not when diets contained 6 mg Fe/kg, both of which resulted in
severe ID�A. In the other experiment (179), motor activity was
altered in both the ID�A and ID-A animals (see Table 2 and
Discussion in the text). Clearly, more work is needed.

Ability to manipulate the effect

As discussed above, in most cases, performance deficits in
children with ID�A �2 y of age were ameliorated by iron treat-
ment, thus providing important evidence of ability to manipulate
the effect (104, 118, 119). This finding is supported by the re-
versibility by iron treatment of motor activity (173–175), brain
iron concentration (183, 197), and dopamine D2 receptor density
(183, 198) in rodents when the period of iron restriction occurred
after weaning.

In contrast, performance deficits were generally more difficult
to reverse in children �2 y of age (102, 103, 117). Several
possible explanations for this observation have been discussed
(117), as indicated in the text. However, it is of interest that
similar observations were consistently made in the rodent model,
where groups differed only in dietary iron availability. In rodents,
when the period of iron restriction occurred during gestation or
before weaning, deficits in motor activity (85, 87, 168, 170, 177,
186, 187, 199), brain iron concentration (85, 170, 183, 200–202),
and D2 receptor density (86, 183, 203) were all more resistant to
reversal by iron treatment than when restriction occurred after
weaning. As in the human studies discussed above, these obser-
vations are compatible with more severe effects of iron defi-
ciency occurring during early development.

Specificity of cause and effect

As pointed out by many reviewers (38, 84, 91, 191), the spec-
ificity of cause in human observational and treatment trials in-
volving children with ID�A is potentially confounded by nutri-
tional and socioeconomic factors that could theoretically have
influenced outcomes. Preventive trials provide the opportunity to
better establish specificity of cause. However, as indicated in the
text, results of the small number of preventive trials that have
been conducted are not definitive. Rodent studies more easily
satisfy this criterion because the only difference between con-
trols and test animals is the amount of dietary iron available.

The criterion of specificity of effect is difficult to satisfy in
both systems. Even relatively mild iron deficiency has been re-
ported to affect general energy levels in both humans (204, 205)
and rodents (148, 149), which could affect performance on ac-
tivity as well as many cognitive and behavioral tests. In addition,
because the degree of iron restriction in most rodent studies is
severe, potential confounding due to undernutrition is also a
potential confounding factor (146, 150, 151, 206). Rodent ex-
periments in which deficits in performance and other brain ef-
fects occurred in the same animals, such as decreases in brain iron

(48, 85, 168, 170, 173, 177, 178, 181) and dopamine D2 receptor
density (48, 174), provide evidence consistent with a specificity
of effect, as do experiments that used weight controls (169–171,
183) or included weight as a covariate (177, 178).

Plausible biological mechanisms

Slower myelination and decreased activity of associated en-
zymes (50–52, 207), reduction in the density and affinity of
dopamine D2 receptors, and other effects on monoamine neuro-
transmitter systems (47, 153, 167, 184, 185, 203, 208, 209) are
associated with iron restriction in rodents and have been widely
discussed as possibly responsible for the observed effects on
motor and cognitive or behavioral performance (1, 49, 152, 153,
155, 165). Other biochemical and morphologic changes in the
brain have also been observed after severe iron restriction in
rodents, including decreased activity or concentration of proteins
involved in energy metabolism (cytochrome C oxidase and cy-
tochrome c) (146, 163, 164, 210, 211), slower dendritic growth
(201), and alterations in neural metabolites in the hippocampus
(202). Recently, Yehuda and Mostofsky (212) suggested that the
primary effects of iron restriction might be on signaling mole-
cules generated peripheral to the central nervous system and that
these might in turn influence dopamine D2 receptor density. The
concentration of heme is reduced in cells grown in vitro under
conditions of iron restriction (164). Atamna et al (213) showed
that heme deficiency causes the mitochondria to release oxi-
dants, which could jeopardize a variety of cellular functions in
the brain. The reader is referred to additional expert reviews for
general discussion of possible mechanisms (1, 49, 97, 153–156,
161, 166).

DO COGNITIVE OR BEHAVIORAL DEFICITS RESULT
FROM IRON DEFICIENCY WITHOUT ANEMIA?

Expert reviewers suggest that this question is unresolved (38,
47, 49, 90, 109, 134, 163). However, despite an unfortunately
small number of studies involving ID-A, some evidence, both
direct and indirect, does suggest that cognitive or behavioral
performance and brain function could be affected, particularly if
deficiency occurs during critical stages of development. As dis-
cussed in the text, direct evidence from a relatively small number
of human studies is suggestive but limited (Table 1).

Indirect evidence cited by expert reviewers in discussions of
ID-A include 1) sensitivity of the brain to iron deficiency during
early development (1, 38, 46, 47, 49, 90, 146, 156, 163, 214), 2)
variable sensitivity to iron deficiency of different brain regions
and enzymes (1, 46, 47, 49, 163, ), 3)effects on some enzymes
before anemia in iron-restricted rodents (147), and 4) prioritiza-
tion of tissue iron to red blood cell formation during development
without a decrease in hemoglobin, such as occurs after fetal
hypoxia (27, 97, 163).

Two additional points should be noted. First, the relation be-
tween dietary iron deficiency and functional brain iron is essen-
tially unknown because such a high percentage of brain iron is
stored in ferritin or is associated with hemosiderin or transferrin
(47, 58, 215, 216) that assays are not sensitive enough to detect
relatively small changes in the concentration of functional iron.
Thus, the kinetics of region-specific decreases in functional iron
and the regional availability of stored iron for functional needs
are unknown. Second, in rodents, effects on brain function oc-
curred when brain iron (storage iron) was �30% depleted (169,
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170, 177, 178, 183, 199, 217–219), which could suggest either
that functional deficits occurred before the depletion of iron
stores in the brain or that a significant percentage of stored brain
iron was not available to all brain regions and functions under
iron-restrictive conditions. Of relevance are observations that
most iron stored in the brain is located in only a few brain regions
(220), and no correlation was observed between loss of brain iron
and cytochrome oxidase activity when values were determined
across individual brain regions (163, 221).

Thus, although direct evidence demonstrating an effect of
ID-A on cognitive, behavioral, or other brain functions is
limited, until shown otherwise, as some have suggested (97,
163), it seems prudent to assume that a gradation of effects of
iron deficiency occurs in the brain, with milder anemia and
ID-A resulting in perhaps more subtle but still potentially
adverse brain effects, particularly if they occur during sensi-
tive periods of development.

RESEARCH NEEDS

Areas in which further research is needed have been discussed
by investigators: 1) critical periods of development that are par-
ticularly sensitive to iron deficiency (1, 91, 161, 184); 2) regional
differences in brain sensitivity to iron deficiency (1, 160, 184); 3)
effects in high-risk persons, such as low-birth-weight or prema-
ture infants (27, 38); 4) effects of maternal iron deficiency during
the prenatal period on pregnancy outcome (eg, prematurity; 222)
and maternal nurturing (223, 224); 5) effects in persons with
multiple deficiencies (91); 6) uncertainties in extrapolating re-
sults from animals to humans (49); and 7) effects in longitudinal
and long-term follow-up studies (38, 84) and in studies of suffi-
cient statistical power to detect weak but possibly meaningful
effects (37, 38).

Expert reviewers have also commented on the need to develop
more sensitive and specific cognitive tests (1, 44, 84, 162, 163).
In this regard, we note that there are many well-established and
widely used tests in rodents that target various aspects of learn-
ing, memory, attention, and emotion. For a general review, see
the article by Whishaw and Kolb (225) and our recent reviews (5,
6), which include references to methods for a wide variety of
performance tests. It is striking that so few of these tests have
been used to examine effects in iron-restricted animals.

The almost complete absence of dose-response analysis in this
field is striking. Rodents are an ideal system for such studies,
which are needed to understand the range of iron-restrictive
conditions over which effects occur. In addition, it is clear that
much is still to be learned about the relation of storage iron and
functional iron in the brain, particularly on a regional basis. We
also note the dearth of studies that have directly examined brain
iron in humans during development and under conditions of iron
deficiency. Noninvasive techniques are now available that could
be applied to discern developmental patterns of iron accumula-
tion in the iron-deficient developing human brain (226).

CONCLUSIONS

Although most causal criteria are supported by at least some
evidence from either human or animal studies, significant gaps
suggest that it would be premature to conclude that a causal
connection exists between iron deficiency per se during devel-
opment and subsequent cognitive or behavioral performance. In

humans, although several causal criteria have been at least par-
tially satisfied, the specificity of both cause and effect has not
been clearly established. Animal studies provide important sup-
port for results in humans and also supply information that cannot
be obtained in human studies. In the rodent experiments dis-
cussed here, plausible biological rationales have been identified,
the specificity of cause has been better established than in hu-
mans, an association between deficits in motor activity and se-
vere ID�A have consistently been observed, and the reversibil-
ity or irreversibility of effects of iron treatment parallel
observations in humans. However, the specificity of effect has
not established in animal studies, relatively few cognitive and
behavioral tests have been conducted, results have not been in-
dependently replicated, and dose-response relations have essen-
tially not been investigated.

Although there is some logical support for and suggestive
evidence from a few human studies of the possible effects of
ID-A on cognitive or behavioral development, the literature is
surprisingly uninformative on this extremely important topic,
primarily because so few studies have been conducted. Because
2 billion women and children are iron deficient worldwide, and
the greatest prevalence of ID�A in the United States is among
adolescent girls (9–16%) and children during the brain growth
spurt (7%) (16, 18, 20, 21, 44), further studies are clearly needed.
It should be noted that results are just beginning to appear from
a multilaboratory cross-species research effort aimed at address-
ing some of the issues discussed in this review (184, 188).
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Commentary

Consideration of betaine and one-carbon sources of N5-methyl-
tetrahydrofolate for use in homocystinuria and neural tube defects1,2

Norlin J Benevenga

ABSTRACT
A major focus in attempts to ameliorate homocystinuria and neural
tube defects is supplementation of the diet with B vitamins. The
metabolic defect in these cases may be due in part to a deficiency of
methyl groups. B vitamin supplementation supports the need for
enzyme cofactors but cannot provide substrate in the form of methyl
groups. L-Methionine is an essential amino acid and is required for
protein synthesis, but it also plays a unique role in metabolism as
S-adenosylmethionine, which is the primary methyl donor in me-
tabolism. The observation that L-homocysteine, which is produced
in the metabolism of L-methionine, is remethylated 2–4 times before
it is destroyed is key to understanding the possibility of a methyl
group deficiency. This suggests that the requirement for methyl
groups (ie, S-adenosylmethionine) may be 2– 4 times that for
methionine in support of protein synthesis. L-Homocysteine can
be remethylated to form L-methionine by betaine or N5-
methyltetrahydrofolate. Betaine and one-carbon sources that lead to
the production of N5-methyltetrahydrofolate and the remethylation
of L-homocysteine to form L-methionine should be considered along
with B vitamin supplementation in the treatment of homocystinuria
and neural tube defects. Am J Clin Nutr 2007;85:946–9.

KEY WORDS Betaine, methyltetrahydrofolate, homocystin-
uria, neural tube defects

INTRODUCTION

The negative effects of homocystinuria and neural tube defects
(NTDs) may be lessened by supplements of preformed methyl
groups from betaine or enhanced methyl group production in the
form of N5-methyltetrahydrofolate (N5-MTHF) obtained from
the folate system. Some reports concerned with homocystinuria
still focus on B vitamin supplementation alone (1, 2). Vitamins
can provide the enzyme cofactors that are essential for mainte-
nance of substrate flux but not the methyl group substrate that can
aid in the ultimate removal of homocysteine. Elevated plasma
L-homocysteine is thought to be a causal agent for arteriosclero-
sis and related problems. Folic acid is the dietary supplement
suggested for lessening the incidence of NTDs.

Some unique aspects of the metabolism of L-methionine must
be considered before specific dietary supplements are suggested.
The 2 known pathways for catabolism of methionine (ie, trans-
sulfuration and transamination) are shown in Figure 1. Also

shown are the 2 routes by which L-homocysteine can be re-
methylated to form L-methionine. One source of preformed
methyl groups is betaine; the other is N5-MTHF. The unique
metabolites produced in the metabolism of methionine by the
transamination pathway (ie, �-keto-�-methiolbutyrate,
3-methylthiopropionate, and methanethiol) are shown.

Studies of L-methionine metabolism in humans reported by
Mudd and Poole (3) and Mudd et al (4) provided tentative esti-
mates of rates of utilization of S-adenosylmethionine (AdoMet)
by humans. These estimates were thought to be minimal because
it was not certain that all reactions consuming AdoMet had been
taken into account, and because, despite studies using a patient
with a partial defect in sarcosine catabolism, it was not possible
to make a definite estimate of the rate of choline biosynthesis.
The advantage in using this patient was the patient’s near-total
urinary excretion of a sarcosine load, which suggested a similar
total excretion of metabolically formed sarcosine.

The first and most important observation made by Mudd et al
that, in the metabolism of L-methionine, on average,
L-homocysteine is remethylated between 2 and 4 times before it
is irreversibly removed by formation of cystathionine (see Figure
1). The degree to which L-homocysteine is remethylated appears
to be dependent on the ingestion of dietary L-methionine. Con-
sumption of “normal” amounts of L-methionine (ie, �7.1
mmol/d) resulted in the remethylation of L-homocysteine on
average �2 times. Limiting consumption of L-methionine to
approximately one-half of the “normal” amounts (ie, 3.3
mmol/d) resulted in a doubling of L-homocysteine remethylation
to �4 times. Raising dietary L-methionine intake to 17.2 mmol/d
resulted in halving L-homocysteine remethylation to �1 time.
Others have used tracer methods in human volunteers to assess
the remethylation of L-homocysteine in response to supplemen-
tal betaine—a provider of methyl groups through the action of
betaine-homocysteine methyltransferase (EC 2.1.1.5) and one-
carbon units via the folate system (5)—or with adequate
L-methionine or limited L-methionine with added cysteine (6).
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Results of these tracer method studies are difficult to interpret
because the betaine effect was not consistent and because
limiting L-methionine consumption to 20% with added cysteine
resulted in a calculated reduction of remethylation to one-half,
which would be unexpected on the basis of reports by Mudd and
various coauthors. The reports of Mudd and Poole (3) and Mudd
et al (4) and findings by others (7–9) in patients with genetically
determined defects in the tetrahydrofolate-dependent methyl-
ation of L-homocysteine make it clear that remethylation of
L-homocysteine is a normal and variable feature of L-methionine
metabolism. That methyl flux through AdoMet may exceed 4
times the dietary L-methionine intake suggests that the formation
of AdoMet plays a critical role in the overall metabolism of
L-methionine. Betaine and the folate one-carbon system are the
only sources of the methyl groups used in the reformation of
L-methionine and thus AdoMet, which is the primary methyl
donor in metabolism.

One can create a competition for one-carbon sources and thus
develop a methyl deficiency in chickens by feeding a high-
protein or high-amino-acid diet (10–12). Because nitrogen ex-
cretion in the chicken is via uric acid and because uric acid
biosynthesis requires 2 folate one-carbon intermediates (10-
formyl-tetrahydrofolate and N5-N10methenyltetrahydrofolate)
for its biosynthesis, a competition for folate one-carbon interme-
diates can result in a deficiency of methyl carbons. Feeding twice
the required amount of amino acid increased the choline (a
methyl donor via betaine) requirement by 34% (10). Increasing
dietary protein from 13% to 64% tripled the choline requirement
(11). The growth depression caused by increasing soy from 25%
to 50% of the diet was reversed by adding choline, and the growth
depression caused by adding 15% L-glutamic acid to a 25% soy

diet was reversed by adding betaine (12). In general, a metabolic
deficiency of methyl groups would be expected to result in
serious complications. A decrease in the remethylation of
L-homocysteine to form L-methionine would reduce the meta-
bolic availability of L-methionine and other essential metabo-
lites, such as AdoMet, spermidine and spermine, choline, carni-
tine, creatine, and methylhistidine and would be expected to
result in undermethylated or abnormally methylated DNA. A
metabolic methyl deficiency can lead to liver cancer, possibly
due to undermethylation, abnormal DNA methylation, or both
(13, 14).

It seems that a dietary supplement of methyl groups should be
considered, because supplemental folate, vitamin B-6, and cya-
nocobalamin provide cofactors for metabolism and not the one-
carbon substrates that are needed. Published reviews focused
more on B vitamin supplements and did not consider the possi-
bility of a metabolic deficiency of methyl groups. A review of
homocysteine metabolism (2) focused on the role of the B vita-
mins in the metabolism of homocsyteine in homocystinemia and
homocystinuria. In another review, the potential beneficial effect
of betaine supplementation in the treatment of homocystinuria
was not covered (15). Another review of sulfur amino acid me-
tabolism covered many aspects of L-methionine and cysteine
metabolism but did not address the potential role of AdoMet-
independent pathways (ie, transamination; see Figure 1) of
L-methionine catabolism (16). A pathway for L-methionine ca-
tabolism that does not reform L-homocysteine is a crucial ele-
ment in the role of betaine therapy for homocystinemia and
homocystinuria that are due to a cystathionine �-synthase (EC
4.2.1.22) deficiency (17). For betaine to have a long-term effect
of lowering blood L-homocysteine concentrations in patients

FIGURE 1. Potential pathways of methionine catabolism showing the familiar transsulfuration pathway on the right and the transamination pathway on the
left. Structures of some of the intermediates in the transamination pathway are shown. The 2 pathways for remethylation of L-homocysteine to form L-methionine
by using betaine or N5-methyltetrahydrofolate are also shown. TCA, tricarboxylic acid cycle.
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with a cystathionine �-synthase deficiency, a route or routes of
L-methionine catabolism other than the transsulfuration pathway
must be available. In these patients, metabolism of L-methionine
by the transsulfuration pathway results in the reformation of
L-homocysteine and not in its removal. An alternative pathway for
L-methioninecatabolisminvolvingtransaminationwasproposedby
Steele and Benevenga (17). In the metabolism of L-methionine by
the transaminative pathway (see Figure 1 in 17), �-keto-�-
methiolbutyrate is produced, and this is converted into a unique
intermediate 3-methylthiopropionate (probably as the coenzyme A
form). The unique intermediate, 3-methylthiopropionate, was iso-
lated and identified. Production of carbon dioxide from the methyl
carbon of methionine via the transaminative pathway was not de-
pendent on the production of AdoMet.

A series of reports (18–21) showed that, in patients with hyper-
methioninemia due to inadequate activity of methionine adenosyl-
transferase or with homocystinuria due to cystathionine �-synthase
deficiency, the intermediate products of the transaminative pathway
(�-keto-�-methiolbutyrate, 3-methylthiopropionate, methanethiol,
and products of methanethiol metabolism) became of quantitative
importance only after the plasma concentration of methionine ex-
ceeded 300–350 �mol/L. Gahl et al (20) and Blom et al (21) studied
a patient who was apparently homozygous for a mutation of methi-
onineadenosyltransferase 1A, as later described by Hazelwood et al
(22), but who possessed a functional methionineadenosyltrans-
ferase II. With a dietary intake of 11.2 mmol L-methionine/d, this
patientwasestimated to form�14.9mmolAdoMet/d.The intakeof
L-methionine sulfur was balanced by daily urinary excretions of 2.3
mmol of intermediates of the transamination pathway (ie, 20% of
the L-methionine intake), 2.7 mmol methionine and methionine
sulfoxide, and 6.2 mmol inorganic sulfate (20). How much of the
sulfate was formed via the transsulfuration pathway and how much
via transamination and possibly other pathways remains an open
question. Is it possible that the unknown pathway(s) identified in
3-methylthiopropionate dilution studies described below may be of
significance in man?

Dilution studies reported in Figure 2 of the report by Steele and
Benevenga (17) found that the addition of 3-methylthiopropionate
at concentrations varying from 2.5 to 25 mmol/L resulted in sup-
pressed conversion of the methyl carbon of L-methionine to carbon
dioxide to 15% and 55% of the activity of the controls in rat and
monkey liver homogenates, respectively. Thus, it seems that the
contribution of the transaminative pathway to L-methionine methyl
group catabolism, based on 3-methylthiopropionate inhibition of
carbon dioxide production from L-methionine methyl, varied by
animal and may vary because of other effectors. Because the inhib-
itory effect of 3-methylthiopropionate was constant from 2.5 to 20
mmol/L and from 7.5 to 20 mmol/L in rat and monkey in vitro liver
homogenate systems, respectively, it appears, on the basis of the
inability to completely inhibit carbon dioxide production from the
methyl carbon of L-methionine, that yet another pathway (ie, in
addition to transamination) exists for the conversion of the
L-methionine methyl to carbon dioxide. The interpretation of the
effects of a diluting pool of 3-methylthiopropionate here is the same
as that used by Christensen (23) in studies of the identification of
separate amino acid transporters with the use of specific structural
amino acid inhibitors. Could this residual capacity account in man
for L-methionine catabolism that is not due to the transaminative
pathway?

A review of the recent literature on dietary folate supplemen-
tation to reduce plasma L-homocysteine concentrations found a

diminishing-returns response to graded amounts of supplemental
folate (0.2, 0.4, or 0.8 mg/d) (24). A maximum reduction of 23%
was seen at a folic acid supplementation of 0.8 mg/d. The addi-
tion of vitamin B-12 to folic acid supplementation resulted in an
additional reduction of 7%. The addition of vitamin B-6 to folate
and vitamin B-12 did not result in a further reduction of plasma
L-homocysteine. I suggest that supplemental betaine or one-
carbon sources such as dimethylglycine, sarcosine, L-serine, or
glycine, which are precursors of methyl groups via N5-MTHF,
should be considered for patients with any of the 3 major forms
of homocystinuria. Betaine is known to be a specific methyl
donor in the conversion of L-homocysteine to L-methionine. As
seen above, supplemental B vitamins provide enzyme cofactors
and will not alone provide the methyl-carbon substrates required
for remethylation of L-homocysteine to form L-methionine.

Betaine supplementation results in 2 positive changes—first,
a lowering of L-homocysteine and, second, the production of
L-methionine, which may be in short supply. High-dose dietary
betaine supplements have been shown to be successful (25) and
are listed by the Physicians Desk Reference–Health (26) as an
effective treatment for all 3 forms of homocystinuria. Wilcken
and Wilcken (27) concluded that betaine supplementation of
homocystinuric patients “effectively lowers circulating homo-
cyst(e)ine, even to suboptimal levels, markedly reduces cardio-
vascular risk in patients with cystathionine �-synthase defi-
ciency, and � contributes importantly to this in pryidoxine-
nonresponsive patients. Betaine as additional therapy is safe and
effective for at least 16 y.”

With respect to NTDs, I suggest that their occurrence may
result from the deficiency in a methyl group or methionine. As
suggested earlier, B vitamin supplements (folate and vitamins
B-6 and B-12) can be converted into enzyme cofactors and may
increase the metabolic ability to provide one-carbon or methyl
units (or both), but B vitamin supplementation cannot overcome
a substrate deficiency. Because it is the fetus who is affected, I
assume that all supplemental B vitamins and methyl group
sources have to pass through the placenta to be of use to the
developing neonate.

Two reviews of the clinical manifestation of a N5-10-MTHF
reductase deficiency showed elevated L-homocysteine in blood
and urine along with plasma L-methionine concentrations that
were �50% of those in controls (7, 28). This folate system defect
results in a one-carbon deficiency that affects the remethylation
of L-homocysteine and hence results metabolically in a defi-
ciency in methyl group or methionine (or both) and clinically in
abnormal brain function, as shown by motor and gait abnormal-
ities. In one of these reviews (7), it was found that autopsy of
these patients showed dilated cerebral ventricles, internal hydro-
cephalus, low brain weight, and demyelination. Mental retarda-
tion was mentioned in relation to �75% of the patients (7). Both
of these reviews indicated that supplemental betaine had the
advantage of reducing circulating L-homocysteine and raising
the concentration of L-methionine (7, 28). Thus, the clinical and
metabolic consequences of the inherited disorder, a N5-10-MTHF
reductase deficiency, result in a deficiency in methyl group or
methionine (or both) that can be corrected by betaine supple-
ments. Additional evidence of the importance of L-methionine in
brain development is found in studies with cultured rat embryos
(29, 30), in which neural tubes failed to close in rat embryos
cultured in cow serum unless L-methionine was supplemented at
a concentration of 25 �g/mL in media. These observations may
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in part be due to the lower concentration of methionine in cow
serum (�1/3 that of rat serum). Supplemental choline has also
been shown to result in partial closure of the neural tube (28). In
a report using the chick embryo as a model, Afman et al (31)
showed that inhibition of transmethylation delayed neural tube
closure. One wonders whether, during embryo development, the
requirement for methionine, methyl groups, or sulfur (or all 3) is
higher in brain than in other organs and whether a tissue-specific
deficiency of methyl groups occurs.

In their reevaluation of the benefits of the folic acid–
supplementation program in the United States, Gross et al (32)
presented dose-response data indicating that 100 and 200 �g
folic acid/d would be expected to decrease NTDs by 13–22%
and 23–41%, respectively. In a review of folic acid supplemen-
tation and birth defects, Green (33) found that preconception
folic acid supplementation resulted in a 50–70% reduction in the
incidence of NTDs. Daly et al (34) projected that folic acid
supplementation at 400 and 1000 �g/d would reduce the inci-
dence by 48% and 53%, respectively. Whereas folic acid sup-
plementation has clearly decreased the incidence of NTDs, folic
acid supplementation alone does not appear to lower the inci-
dence by more than one-half. Recently, Blom et al (35) came to
essentially the same conclusion: “Biochemical, genetic and ep-
idemiologic observations have led to the development of the
methylation hypothesis, which suggests that folic acid prevents
neural tube defects by stimulating cellular methylation reac-
tions.” Therefore, my take-home message is that betaine or one-
carbon sources (eg, dimethylglycine, sarcosine, L-serine, or gly-
cine) that lead to the production of N5-MTHF should be
considered along with folate as part of dietary supplementation
when the possible occurrence of NTDs is of concern.

The author had no personal or financial conflict of interest.

REFERENCES
1. Strain JJ, Dowey L, Ward M, Pentieva K, H McNulty. B-vitamins,

homocysteine metabolism and CVD. Proc Nutr Soc 2004;63:597–603.
2. Selhub J. Homocysteine metabolism. Annu Rev Nutr 1999;19:217–46.
3. Mudd SH, Poole JR. Labile methyl balances for normal humans on

various dietary regimens. Metabolism 1975;24:721–35.
4. Mudd SH, Ebert MH, Scriver CR. Labile methyl group balances in the

human: the role of sarcosine. Metabolism 1980;29:707–20.
5. Storch KJ, Wagner DA, Young VR. Methionine kinetics in adult men:

effects of dietary betaine on L-[2H3-methyl-1-13C]methionine. Am J
Clin Nutr 1991;54:386–94.

6. Di Buono M, Wykes LK, Cole DCE, Ball RO, Pencharz PB. Regulation
of sulfur amino acid metabolism in men in response to changes in sulfur
amino acid intakes. J Nutr 2003;133:733–9.

7. Erbe RW. Inborn errors of folate metabolism. In: Blakley RL, VM
Whitehead VM, eds. Folates and pterins. Vol 3. New York, NY: John
Wiley & Sons, 1986:413–65.

8. Rosenblatt DS, Fenton WA. Inherited disorders of folate and cobalamin
transport and metabolism. In: Scriver CR, Beaudet AL, Sly WS, Valle D,
eds. The metabolic and molecular basis of inherited disease. 8th ed. New
York, NY: McGraw-Hill Inc, 2001:3897–933.

9. Schwahn BC, Laryea MD, Chen Z, et al. Betaine rescue of an animal
model with methylenetetrahydorfolate reductase deficiency. Biochem J
2004;382:831–40.

10. Molitoris BA, Baker DH. Choline utilization in the chick as influenced
by levels of dietary protein and methionine. J Nutr 1976;106:412–8.

11. Ketola HG, Nesheim MC. Influence of dietary protein and methionine

levels on the requirement for choline by chickens. J Nutr 1974;104:
1484–9.

12. Pesti GM, Benevenga NJ, Harper AE, Sunde ML. The effects of high
dietary protein and nitrogen levels on the preformed methyl group re-
quirement and methionine-induced growth depression in chicks. Poultry
Sci 1981;60:425–32.

13. Poirier LA. The effects of diet, genetics and chemicals on toxicity and
aberrant DNA methylation: an introduction. J Nutr 2002;132:2336S–9S.

14. Niculescu MD, Zeisel SH. Diet, methyl donors and DNA methylation:
interactions between dietary folate, methionine and choline. J Nutr 2002;
132:2333S–5S.

15. Smolin LA, Benevenga NJ, Berlow S. The use of betaine for the treat-
ment of homocystinuria. Pediatrics 1981;99:467–72.

16. Stipanuk MH. Sulfur amino acid metabolism: pathways for production
and removal of homocysteine and cysteine. Annu Rev Nutr 2004;24:
539–77.

17. Steele RD, Benevenga NJ. Identification of 3-methyl-thiopropionic acid
as an intermediate in mammalian methionine metabolism in vitro. J Biol
Chem 1978;253:7844–9.

18. Mudd SH, Levy HL, Tangerman A, et al. Isolated persistent hyperme-
thioninemia. Am J Hum Genet 1995;57:882–92.

19. Tangerman A, Wilcken B, Levy HL, Boers GHJ, Mudd SH. Methionine
transamination in patients with homocystinuria due to cystathionine
�-synthase deficiency. Metabolism 2000;49:1071–7.

20. Gahl WA, Bernarini I, Finkelstein JD, et al. Transsulfuration in an adult
with hepatic methionine adenosyltransferase deficiency. J Clin Invest
1988;81:390–7.

21. Blom HJ, Boers GHJ, Van Den Elzen JPAM, Gahl WA, Tangerman A.
Transamination of methionine in humans. Clin Sci 1989;76:43–9.

22. Hazelwood S, Bernardini I, Shotelersuk V, et al. Normal brain myeli-
nation in a patient homozygous for a mutation that encodes a severely
truncated methionine adenosyltransferase I/III. Am J Med Genet 1998;
75:395–400.

23. Christensen HN. Methods for distinguishing amino acid transport sys-
tems of a given cell or tissue. Fed Proc 1966;25:850–3.

24. Bailey LB. Do low doses of folic acid result in maximum lowering of
homocysteine? Am J Clin Nutr 2005;82:717–8.

25. Berlow S, Bachman RP, Berry GT, et al. Betaine therapy in homo-
cystinemia. Brain Dysfunct 1989;2:10–24.

26. PDR–Health. Internet: http://www.pdrhealth.com/drug_info/nmdrug
profiles/nutsupdrugs/bet_0331.shtml (accessed 17 April 2006).

27. Wilcken DEL, Wilcken B. The natural history of vascular disease in
homocystinuria and the effects of treatment. J Inher Metab Dis 1997;
20:295–300.

28. Rosenblatt DS. Inherited disorders of folate transport and metabolism In:
Scriver CR, Beaudet AL, Sly WS, Valle D. eds. The metabolic basis of
inherited disease. 6th ed. New York, NY: McGraw-Hill Inc, 1989:2049–
64.

29. Coelho CND, Weber JA, Klein NW, Daniels WG, Hogland TA. Whole
rat embryos require methionine for neural tube closure when cultured on
cow serum. J Nutr 1989;119:1716–25.

30. Coelho CND, Klein NW. Methionine and neural tube closure in cultured
rat embryos: morphological and biochemical analyses. Teratology 1990;
42:437–51.

31. Afman LA, Blom HJ, Drittij M-J, Brouns MR, van Straaten HWM.
Inhibition of transmethylation disturbs neurulation in chick embryos.
Dev Brain Res 2005;158:59–65.

32. Gross SD, Waitzman NJ, Romano PS, Mulinare J. Reevaluating the
benefits of folic acid fortification in the United States: economic anal-
ysis, regulation and public health. Am J Public Health 2005;95:1917–22.

33. Green NS. Folic acid supplementation and prevention of birth defects. J
Nutr 2002;132(suppl):2356S–60S.

34. Daly LE, Kirke PN, Molloy A, Weir DG, Scott JM. Folate levels and
neural tube defects: implications for prevention. JAMA 1995;274:
1698–702.

35. Blom HJ, Shaw GM, den Heijer M, Finnell RH. Neural tube defects and
folate: case far from closed. Nat Rev Neurosci 2006;7:724–31.

BETAINE AND HOMOCYSTINURIA AND NEURAL TUBE DEFECTS 949



Original Research Communications

Effect of the melanocortin-3 receptor C17A and G241A variants on
weight loss in childhood obesity1–3
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ABSTRACT
Background: The central melanocortin system is critical for the
long-term regulation of energy homeostasis. Melanocortin-3 recep-
tor (MC3R) knock-out mice, despite being hypophagic, have in-
creased fat mass and higher feed efficiency than do their wild-type
littermates.
Objective: The aim was to evaluate whether, in childhood obesity,
MC3R variants are associated with changes in fatness reduction as a
consequence of a weight-reduction program.
Design: Molecular screening of the MC3R coding region in 184
obese children, 77 girls and 107 boys [x� (�SEM) body mass index
(BMI; in kg/m2) z score: 3.3 � 2.3; age 9.2 � 2 y], was performed.
BMI was evaluated at baseline and after 6 and 12 mo of the weight
loss program.
Results: No new mutations were found. Two previously described
polymorphisms, C17A (Thr6Lys) and G241A (Val81Ile), were ob-
served in 20 patients in almost complete linkage disequilibrium. No
significant differences in BMI z scores were observed at baseline of
the weight-loss program between the genotypes; however, at follow-
up, heterozygotes showed a significantly higher BMI z score (P �
0.03). When the patients were divided according to the amount of
weight lost, a higher prevalence of heterozygotes was observed
among subjects who lowered their BMI z score �1.5 (P � 0.03).
Conclusion: These results suggest a gene-diet interaction between
the MC3R C17A and G241A variants and a weight loss program for
the ability to lose weight in childhood obesity. Am J Clin Nutr
2007;85:950–3.

KEY WORDS MC3R gene, polymorphism, childhood obe-
sity, weight loss, BMI z score

INTRODUCTION

Obesity is a major pediatric problem in Western countries (1).
In an effort to find new therapeutic strategies, research on genetic
factors predisposing to obesity has been encouraged. Starting
from leptin gene cloning, several mechanisms that underlie the
central control of feeding behavior and energy expenditure have
been highlighted (2).

Five receptors belonging to the melanocortin receptor (MCR)
family have been cloned. Two of them, melanocortin-3 receptor
(MC3R) and MC4R, are involved in body-weight regulation (2).

Both are receptors for �-melanocyte stimulating hormone, a
bioactive peptide derived from the prohormone proopiomelano-
cortin (3). Several MC4R mutations have been found and func-
tionally characterized in obese humans (4, 5). The clinical char-
acteristics of subjects who carry these kind of mutations are early
onset of obesity, accelerated height velocity, advanced bone age,
and hyperinsulinemia (5). Heterozygous patients show an inter-
mediate phenotype between the wild-type homozygotes and mu-
tated allele homozygotes, suggesting a gene dose effect for
MC4R mutations (5). MC3R seems to have an important role in
the regulation of energy storage and differs fom MC4R, which is
primarily involved in food intake regulation. Remarkably, de-
spite the increased adiposity seen in MC3R knock-out mice
(mc3r-/-), these animals do not exhibit increased food intake,
which suggests increased feed efficiency and defective energy
partitioning as causes of fat mass accumulation (6–8).

Linkages between markers on chromosome 20q13, where
MC3R maps, and type 2 diabetes, plasma insulin concentrations,
and increased fat mass have been reported (9–12). Molecular
screenings performed on obese or diabetic patients showed the
presence of two MC3R common variants, which were in almost
complete linkage disequilibrium (C17A and G241A) (13–16).
Recently, it has been shown that obese children homozygous for
the MC3R allele, ie, carrying both variants, are more prone to
become obese than are subjects who carry the wild-type allele or
those who are heterozygotes (17). However, longitudinal studies
to assess the influence of these MC3R variants on the individual
capability in losing weight after a weight loss program have not
been performed. Therefore, we studied the potential gene-diet
interaction between MC3R gene variants and a weight loss pro-
gram on the ability to lose weight during a 1-y follow-up inter-
vention in a group of obese children.
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SUBJECTS AND METHODS

One hundred eighty-four unrelated Italian obese children and
adolescents, 77 females and 107 males [x� (�SEM) body mass
index (BMI) z score: 3.3 � 2.3; x� age: 9.2 � 2 y] of 630 obese
children referred to the Department of Pediatrics of the Second
University of Naples between January 1998 and December 2002
for a weight loss program, were enrolled in the study. They
represented the subgroup of patients who completed the 12-mo
follow-up for the weight loss program, whereas the other 446
children dropped out during the follow-up and, for this reason,
were not included in the study. The procedures followed were in
accordance with the Helsinki Declaration of 1975 as revised in
1983. Informed consent was obtained from the parents. The
ethical committee of the Second University of Study of Naples
approved the study.

The subjects were evaluated at 0800 after an overnight fast.
Height was measured by a Harpenden stadiometer, and weight
was assessed by a balance beam scale. These measurements were
recorded by the same operator and repeated in duplicate. Obesity
was defined when BMI exceeded the 97th percentile for sex and
age according to reference values; zeta scores for BMI (BMI z
scores) were calculated (18, 19). Pubertal stage was assessed by
using the Tanner criteria (20).

The subjects were submitted to a weight loss program. They
consumed a nutritionally balanced (50% of energy as carbohy-
drate, 30% of energy as fat, and 20% of energy as protein)
self-selected diet of common foods (60% of the recommended
dietary energy allowances for age and sex). All subjects under-
went lifestyle modifications. They followed a program based on
physical exercise and behavioral therapy, including individual
psychological care of the child and his or her family. The habitual
level of physical activity during the program was assessed by a
standardized questionnaire (21). Information was obtained on
the number of hours of exercise and other leisure time activities.
The number of hours of physical activity per week were summed
and expressed as a score (21). Measurements were repeated after
6 and 12 mo.

Genomic DNA was collected from nucleated white blood
cells. The MC3R coding region was PCR-amplified by using 2
couples of primers to generate overlapping fragments: MC3RaF
(5�-CCCTCCCCATCCTTTTATTC-3�) and MC3RaR (5�-
GACGCCGCAGCAGACCCAGA-3�) to amplify a 684-base

pair (bp) fragment and MC3RbF (5�-CTACCACAGCA-
TCATGACCG-3�) and MC3RbR (5�-CCTCACGTTGGAT-
GGAAAGT-3�) to amplify a 582-bp fragment. Reactions were
carried out by using the following conditions: denaturation at
95 °C for 5 min followed by 35 cycles of 30 s at 94 °C, 30 s at
58 °C, and 30 s at 72 °C for both fragments. Amplification prod-
ucts were analyzed by bidirectional sequencing with the use of
Big Dye terminator (Applera, Foster City, CA) and electropho-
resed on an automatic sequencer (ABI PRISM 310; Perkin
Elmer, Foster City, CA). One hundred sex- and age-matched
nonobese control subjects were screened. This group of controls
was recruited as previously reported (22).

A chi-square test was performed to assess whether the ob-
served genotype frequencies were in Hardy-Weinberg equilib-
rium and to test the differences in allele frequency between the
obese subjects and the lean controls. Linkage disequilibrium
between markers was assessed as previously described (23). Data
are expressed as means � SDs. Mean BMI z score of the subjects
who were homozygous for the wild allele and heterozygous for
the mutated allele at baseline, 6 mo, and 12 mo were compared by
using analysis of variance (ANOVA). ANOVA for repeated
measures was used where appropriate. Patients were divided into
2 groups according to the degree of BMI z score reductions; one
group was composed of subjects who lowered their BMI z score
�1.5 (which represents the mean of the reduction in BMI z scores
of the overall population investigated) and another group was
made up of children who lowered their BMI z score �1.5. The
prevalence of the genotypes among the 2 groups of patients was
evaluated by a chi-square test. All statistical analyses were per-
formed with the SAS Statistical Software Package version 8.2
(SAS Institute, Cary, NC).

RESULTS

One hundred fifty-one (82%) of the patients were prepubertal
(83 males). The clinical features of the study population before
the weight-loss program are shown in Table 1.

Molecular screening did not show any new mutation in the
MC3R coding region in either the obese children or the lean
controls. Two previously described polymorphisms were de-
tected: C17A (Thr6Lys) and G241A (Val81Ile). Because these
polymorphisms were in almost complete linkage disequilibrium

TABLE 1
Clinical features of the subjects at baseline according to sex and MC3R polymorphism1

Wild type
(n � 164)

Heterozygous
(n � 20)

P for interaction2
Males

(n � 98)
Females
(n � 66)

Males
(n � 9)

Females
(n � 11)

Age (y) 9.0 � 2.03 9.2 � 2.1 9.5 � 1.8 9.4 � 2.0 0.8
Weight (kg) 56.3 � 15.1 53.8 � 19.0 54.0 � 16.1 56.1 � 15.0 0.8
Height (cm) 136.2 � 15.0 136.9 � 17.7 138.0 � 14.0 137.5 � 17.4 0.9
BMI (kg/m2) 29.9 � 4.2 29.3 � 3.9 28.4 � 4.0 29.5 � 4.1 0.6
BMI z score 3.4 � 2.2 3.3 � 2.1 3.1 � 2.3 3.2 � 2.5 0.9

1 Anthropometric features of the subjects homozygous for the MC3R wild-type allele and heterozygotes (both C17A and G241A) were compared by using
2-factor ANOVA with interaction. When the main effect of genotype or sex was evaluated, no statistically significant differences in age, weight, height, BMI,
and BMI z score were observed either between wild-type homozygotes and heterozygotes or between the males and females.

2 Two-factor ANOVA.
3 x� � SD (all such values).
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(D� � 1.0, R2 � 0.93) and therefore all heterozygous children had
both mutations, only the C17A variant was used to test for asso-
ciation studies. Twenty obese children (10.8%; 11 girls) and 12
controls (12%; 4 girls) were heterozygous for the rare allele. Rare
allele homozygotes were not found. The allelic frequencies were
not significantly different between the obese and control subjects
(chi-square: 0.5; P � 0.1). At baseline, there was no statistically
significant difference (P � 0.1) in mean age, as well as in weight,
height, and BMI, between the subjects who were homozygous for
the wild allele and those who were heterozygous for the rare
allele (Table 1). During the weight-loss program, the level of
habitual physical activity, expressed as a score, was not signifi-
cantly different (P � 0.1) between the groups. After 12 mo, the
obese children who carried the rare allele lowered their BMI z
score less than did the wild-type allele homozygotes, indepen-
dent of sex (Table 2). After a 12-mo follow-up, 88 (5 heterozy-
gotes) subjects reduced their BMI z score �1.5 and 96 (15 het-
erozygotes) reduced their BMI z score �1.5. Therefore, when the
obese subjects were divided according to the BMI z score reduc-
tion after 1 y follow-up, a statistically significant higher preva-
lence of heterozygotes was observed among the group of subjects
who lowered their BMI z score �1.5 (chi-square: 4.3; P � 0.03)
(Figure 1).

DISCUSSION

The melanocortin system has been proposed to play a pivotal
role in the regulation of body weight. Several studies in animal
models suggest that MC4R and MC3R are essential in the regu-
lation of feeding and energy homeostasis, respectively (2). Mo-
lecular screenings on obese children did not show that MC3R
mutations were a major cause of obesity or type 2 diabetes (9–
12). Accordingly, the absence of mutations in our population of
obese children support these data. We observed 2 precedingly
described polymorphisms, C17A (Thr6Lys) and G241A
(Val81Ile), which were in almost complete linkage disequilib-
rium; their allelic frequency was the same in the obese subjects
and in the lean controls.

Interestingly, we found that the copresence of both polymor-
phisms on the same allele was associated with changes in the
reduction of BMI that occurred during a weight-loss program. In
particular, heterozygotes showed a major difficulty in losing
weight compared with wild type homozygotes.

Recently, in vitro studies conducted by Feng et al (17) showed
that double homozygosity for MC3R sequence variants C17A
and G241A affected melanocortin receptor function. The double
mutant, in fact, showed a reduced total binding capacity despite
a preserved binding affinity (17). Homozygosity for these se-
quence variants appeared more frequently in African Americans
than in whites, among whom the frequency of the sequence
variants was rare, and was associated with increased adiposity
and insulin concentrations (17). Because our sample was com-
posed exclusively of white children, we did not find, as expected,
rare allele homozygotes. Moreover, consistent with the previous
report, we did not observe significant differences in fatness be-
tween the wild type homozygotes and the heterozygotes at base-
line of the weight-loss program. This suggests, therefore, that the
co-occurrence of the 2 variants in heterozygotes may influence
the ability of an individual to lose weight more so than does the
predisposition of an individual to become obese. Consistent with
the MC4R mutation, a dose-dependent effect (24) may also be
hypothesized for MC3R gene variants, but this effect is evident
only when a greater feed efficiency is required, such as during a
weight-loss program. The mechanism through which the co-
occurrence of these 2 variants can affect the ability of an indi-
vidual to lose weight is suggested by results obtained in animal
studies. In fact, it has been speculated that the increased fatness
of mc3r-/- mice may be a consequence of a defect in energy
partitioning (8, 25). It has been shown that mc3r �/�-mice have
a lower respiratory quotient when fed a low-fat feed and a higher
respiratory quotient when fed a high-fat feed than do their wild-
type littermates, which suggests a transient reduction in the ratio
of fatty acid to carbohydrate oxidation despite increased fat in-
take (8). Consistent with these data, a recent report showed that

TABLE 2
Change in BMI z score according to MC3R polymorphism1

Wild type
(n � 164)

Heterozygous
(n � 20)

x� � SD Change2 x� � SD Change2

% %
BMI z score

Baseline 3.4 � 2.2 0 3.1 � 2.4 0
6 mo 2.1 � 1.4 �38 2.5 � 1.6 �20
12 mo 1.7 � 1.1 �50 2.2 � 1.93 �30

1 A 3-factor repeated-measures ANOVA with sex and genotype as
between-subjects factors and time (baseline, 6 mo, and 12 mo) as a within-
subject factor was used to analyze the linear trend of BMI z score depending
on MC3R genotype. This analysis showed a significant effect of time (P �
0.001) and genotype (P � 0.03) on BMI z score, whereas no significant effect
of sex (P � 0.2) was observed. A significant genotype � time interaction was
observed.

2 Calculated as baseline BMI z score minus BMI z score at each time
period) � 100/baseline BMI z score.

3 Statistically significantly different from the wild-type MC3R genotype
after 12 mo, P � 0.03 (one-factor ANOVA).
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FIGURE 1. Differences in melanocortin-3 receptor (MC3R) genotype
prevalence among the groups obtained by dividing the number of subjects
subjected to a weight-loss program according to changes in BMI z score from
0 to 12 mo. Because of the significant (P � 0.03) genotype � change in BMI
z score interaction, the subjects were divided into 2 groups according to the
degree of reduction in BMI z score. One group was composed of those
subjects who lowered their BMI z score �1.5 (which represents the mean of
the BMI z score reduction of the overall population investigated), and the
other group was made up of those children who lowered their BMI z score
�1.5. Eighty-eight (5 heterozygotes) subjects reduced their BMI z score
�1.5, and 96 (15 heterozygotes) reduced their BMI z score �1.5. ■ , MC3R
heterozygotes (C17A and G241A); �, MC3R wild-type homozygotes. A
chi-square test was used to test the prevalence of heterozygotes in the 2
groups (chi-square: 4.3; P � 0.03).
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if these mice were submitted to a low-fat diet, fatty acid oxidation
in red oxidative muscle isolated from gastrocnemius was signif-
icantly reduced compared with wild-type mice (26).

Studies conducted in humans showed that an energy-
restrictive diet caused a shift in substrate metabolism associated
with an enhanced fatty acid utilization by skeletal muscle, prob-
ably, via the sympathetic system (26–29). During a weight-loss
program, the patients who carry the C17A and G241A MC3R
variants, being unable to adequately increase their feed efficiency
experience a greater difficulty in loosing weight, likely because of
their inability to adequately increase fatty acid oxidation. Examples
of gene polymorphisms that influence the phenotype only under
particular condition are known. For example the long allele of INS
VNTR has been shown to cause hyperinsulinaemia only in obese
subjects, in whom higher insulin secretion is required (30). In con-
clusion, these data showed that MC3R C17A and G241A variants
may play a crucial role in the ability of an obese child to lose
weight during a weight-loss program.
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Long-term weight losses associated with prescription of higher
physical activity goals. Are higher levels of physical activity
protective against weight regain?1–3

Deborah F Tate, Robert W Jeffery, Nancy E Sherwood, and Rena R Wing

ABSTRACT
Background: High levels of exercise may be necessary for long-
term maintenance of weight loss.
Objective: We aimed to determine in a randomized prospective
design whether encouraging 2500 kcal physical activity/wk pro-
duced greater 30-mo weight losses than did the standard 1000 kcal
physical activity/wk prescription.
Design: Overweight adults (n � 202) were randomly assigned to
either 18 mo of standard behavioral treatment (SBT) with an exercise
goal of 1000 kcal/wk or a high physical activity (HPA) treatment
with a goal of 2500 kcal/wk. The HPA treatment included all pro-
cedures in the SBT plus encouragement to recruit 1–3 exercise part-
ners and small-group counseling with an exercise coach. Participants
were followed for 30 mo.
Results: The HPA group achieved significantly greater exercise
levels and weight losses than did the SBT group at 12 and 18 mo (P �
0.01). Weight losses did not differ significantly at 30 mo: 0.90 � 8.9
and 2.86 � 8.6 kg for the SBT and HPA groups, respectively (P �
0.16). At 30 mo, average exercise levels no longer differed signifi-
cantly between groups (1390 and 1696 kcal/wk, respectively; P �
0.10). Participants sustaining high exercise levels (�2500 kcal/wk)
for 30 mo had significantly (P � 0.001) greater 30-mo weight
loss than did those exercising less (12 � 8.8 and 0.8 � 8.1 kg,
respectively).
Conclusions: Although participants in the HPA group sustained the
2500-kcal activity goal during the 18-mo treatment, activity declined
once treatment ended, which resulted in no between-group differ-
ences in activity or weight loss at 2.5 y. Participants who reported
continuing to engage in high levels of exercise maintained a signif-
icantly larger weight loss. Am J Clin Nutr 2007;85:954–9.

KEY WORDS Adults, long-term weight loss, weight mainte-
nance, physical activity, clinical trial, obesity

INTRODUCTION

Standard physical activity recommendations in weight-
control programs have been 1000 kcal/wk, which is approxi-
mately equal to the energy expended in walking 30 min/d and
which corresponds to the general physical activity recommen-
dations from the Centers for Disease Control and Prevention for
health promotion (1). In 2002, the Institute of Medicine released
a report recommending 60 min moderate activity/d for weight
loss (2), and the 2005 Dietary Guidelines now include a similar
goal of 60 min activity/d for weight loss (3). Sixty minutes of

moderate activity corresponds to �2100 kcal activity/wk, or
roughly twice that typically recommended in behavioral weight-
control programs (4).

Recognition that more exercise may be necessary for promot-
ing long-term weight control after weight loss has emerged dur-
ing the past decade. Several weight control studies examining
weight loss in participants achieving high or low activity levels
have found better long-term weight loss among high exercisers
(5–8). Further evidence of the role of high levels of exercise in
long-term weight maintenance has been accumulating from a
large cross-sectional study of long-term weight maintainers, the
National Weight Control Registry (NWCR). Successful weight
losers in the NWCR report an activity level of �2800 kcal/wk, an
amount almost 3 times that once recommended during weight
loss treatment (9).

The current study was designed to determine, in a randomized
prospective design, whether encouraging high levels of physical
activity—ie, 2500 kcal/wk—during a behavioral weight-loss
program would result in greater short-term (12–18 mo) and long-
term (30-mo) weight losses than were seen in a group receiving
standard behavior therapy—ie, 1000 kcal/wk. It was hypothe-
sized that participants in the high physical activity (HPA) group
would achieve higher levels of physical activity than those in the
standard behavior therapy (SBT) group and also that the HPA
group would achieve greater short- and long-term weight losses.

The short-term weight losses during the 18-mo treatment
phase of this study were reported previously (10). The subjects
randomly assigned to the HPA treatment (2500 kcal/wk) re-
ported performing a significantly higher level of exercise at 6, 12,
and 18 mo than did those in the SBT group. Weight losses were
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also significantly (P � 0.05) greater in the HPA group than in the
SBT group at 12 and 18 mo, which indicated that recommending
higher levels of physical activity during treatment can improve
weight losses in the short term. This report focuses on the long-
term follow-up of physical activity and weight outcomes 30 mo
after randomization, or 1 y after the 18-mo treatment program
ended.

SUBJECTS AND METHODS

Subjects

A total of 202 subjects were recruited evenly between the
University of Minnesota School of Public Health (Minneapolis,
MN) and the Miriam Hospital (Brown University Medical
School, Providence, RI) through advertisements in local news-
papers. Participants were 25–50 y old, 14–32 kg overweight
according to actuarial norms, and free of serious medical or
psychological disorders. Participants were randomly assigned to
the SBT or HPA group. Both treatments involved behavior ther-
apy for obesity conducted in small groups (eg, 10–20 partici-
pants) that met weekly during the first 6 mo, biweekly during
months 7–12, and monthly during months 13–18. Groups were
led by nutritionists, exercise physiologists, or psychologists. Di-
etary goals were identical in the 2 treatments: 1000 or 1500
kcal/d, depending on initial body weight with �20% of calories
from fat.

The difference between the 2 treatments was the prescribed
physical activity goal. SBT involved recommendations to initiate
a regular physical activity program, gradually building up to an
energy expenditure (EE) of 1000 kcal/wk (eg, walking for
30 min/d). The HPA group’s exercise goal was 2.5 times that of
the SBT group, or an EE equivalent to 2500 kcal/wk (eg, walking
75 min/d). Several strategies were used to promote adherence to
the higher exercise goals. HPA group participants were encour-
aged to invite 1–3 social support partners to participate with
them, were assigned an exercise coach, and were given small
monetary incentives for achieving 2500 kcal of exercise in a
given week. Exercise coaches met with participants as an adjunct
to regular standard behavioral treatment for 15–20 min in small
groups. Participants in the HPA group were encouraged to reach
the 2500-kcal exercise goal by month 6 of the program.

There was no treatment contact with participants after the
18-mo program. All participants were recontacted at month 30
(1 y after the end of the treatment program) and asked to come to
the clinic for final assessments. Participants were paid $50 for
completing the 30-mo assessment.

Dependent measures

The primary dependent measure was change in body weight,
as measured in the clinic with the use of a calibrated scale
(Detecto, Webb City, MS) at baseline, 6, 12, 18, and 30 mo while
the subject wore light street clothes and no shoes. Height was
measured with a wall-mounted stadiometer (Perspective, Por-
tage, MI). Physical activity was measured by using a self-report
format of the Paffenbarger activity questionnaire (11) to provide
an estimate of total EE (in kcal) during the previous week. Di-
etary intake, used to estimate daily energy intake (EI), was mea-
sured by using the Block food-frequency questionnaire (12)
at each assessment and was analyzed by using DIETARY

ANALYSIS SYSTEM software (version 4.01; National Cancer
Institute, Bethesda, MD).

Statistical analysis

The primary comparisons of interest were between treatment
groups at 30 mo. Statistical analyses were performed with SPSS
software (version 13; SPSS Inc, Chicago, IL). Continuous de-
pendent variables (ie, weight, total EE, and total EI) were ana-
lyzed by using general linear modeling procedures for repeated
measurements. For intention-to-treat analyses, participants for
whom data were missing at any timepoint were assumed not to
have lost any weight, and an approach of carrying the baseline
forward was used. EE was not normally distributed, and the data
were log transformed before analysis. Between-group compari-
sons of baseline characteristics, weight change, or change in
calories (exercise or diet) at specific endpoints was analyzed by
using analysis of variance. Analyses of exercise subgroups con-
trolled for baseline weight and sex.

RESULTS

The participants (n � 202) had a mean (�SD) age of 42.2 �
6.4 y; 58% were female, 43% were college graduates, 80% were
white, and the average baseline body mass index (BMI; in kg/m2)
was 31.7 � 2.6 (range: 26–44). There were no significant
between-group differences in baseline characteristics (10). At 30
mo, retention of study participants as a proportion of those ran-
domly assigned was 79% (74 of 93) in the SBT group and 77%
(84 of 109) in the HPA group. Examination of the baseline
characteristics of study completers (n � 158) and study dropouts
(n � 44) at 30 mo found no significant differences in body
weight, BMI, sex, EI, or EE.

From baseline to 30 mo, weight losses in the SBT and HPA
groups were 0.90 � 8.9 and 2.86 � 8.6 kg, respectively. These
weight changes correspond to a loss of 1% and 3% of initial body
weight in the SBT and HPA groups, respectively, and these
losses did not differ significantly by treatment. Moreover, no
significant differences between groups were seen in weight re-
gain from 18 to 30 mo: the SBT group regained 5.3 � 7.0 kg, and
the HPA group regained 5.9 � 5.9 kg. At 30 mo, assuming no
weight loss for those missing at follow-up, 26% of those ran-
domly assigned achieved a total weight loss of �5%; 12%
achieved a total weight loss of �10%, and there was no signif-
icant difference by treatment.

The pattern of weight loss over time in those with data at all
timepoints (ie, 0, 6, 12, 18, and 30 mo) is shown in Figure 1.
Repeated-measures analysis of variance (ANOVA) found a sig-
nificant time effect (P � 0.001), but the treatment � time inter-
action was not significant (P � 0.21). The repeated-measures
ANOVA using an intent-to-treat approach, assuming no weight
change from baseline for those with missing data, found the same
pattern of significance.

Table 1 shows baseline and 30-mo means for dietary and
exercise variables by treatment condition. For those with dietary
data at baseline and 30 mo (n � 150), repeated-measures
ANOVA found a significant time effect (P � 0.001), but the
treatment � time interaction was not significant; the 2 groups
reported similar reductions in average daily EI over time (SBT
group: 338 � 822 kcal; HPA group: 378 � 917 kcal) and in daily
macronutrient intake over time. At baseline, both treatment
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groups reported EEs of �1200 to 1300 kcal/wk. Although phys-
ical activity increased during treatment and was significantly
higher in the HPA group than in the SBT group at 6, 12, and 18
mo (10), by 30 mo, exercise levels did not differ significantly
between treatment groups. Repeated-measures ANOVA of the
exercise data found a significant time effect (P � 0.04) but no

significant difference in the treatment � time interaction
(P � 0.15).

Association between amount of exercise at 30 mo and
weight loss

Because the treatment groups did not differ in physical activity
at 30 mo, data from both treatment groups were combined to
examine the associations between magnitude of physical activity
and long-term weight loss. Participants were grouped by the
amount of EE at 30 mo. Half (49%) of the participants were
exercising �1000 kcal/wk (n � 37 SBT, 40 HPA); 29% were
exercising 1000–2500 kcal/wk (n � 22 SBT, 24 HPA); and 22%
were exercising �2500 kcal/wk (n � 15 SBT, 20 HPA). Signif-
icant main effects of exercise group (P � 0.003) and sex (P �
0.04) on total weight loss were found, but the exercise group �
sex interaction was not significant (P � 0.29). Weight losses
from baseline to 30 mo were significantly greater in men (4.2 �
7.1 kg) than in women (0.29 � 9.5 kg). In addition, weight losses
from baseline to 30 mo were significantly greater in those who
reported �2500 kcal exercise/wk at month 30, and the differ-
ences between the other 2 groups (ie, weight losses of 0.4 � 8.3,
0.6 � 8.4, and 7.0 � 8.7 kg for those with �1000, 1000–2500,
and �2500 kcal activity/wk at month 30, respectively) were not
significant. Weight losses by activity group and sex � activity
group are presented in Figure 2. In addition, no differences in
weight regain between 18 and 30 mo were observed in those with
reported activity �1000 kcal/wk or between 1000 and 2500
kcal/wk; however, those with activity levels �2500 kcal/wk at
30 mo regained only 2.9 kg, whereas those with activity �1000
kcal/wk and between 1000 and 2500 kcal/wk regained �6 kg
(P � 0.0.05).
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FIGURE 1. Weight by randomized group. F, Standard behavior treatment group (n � 66); ■ , high physical activity group (n � 75). Time effect, P � 0.001;
treatment � time interaction, P � 0.21 (repeated-measures ANOVA).

TABLE 1
Behavioral outcomes by treatment group1

Baseline 30 mo P2

Energy intake (kcal/d)
SBT 2082 � 120 (74)3 1710 � 813 (67) �0.001
HPA 2146 � 1028 (84) 1780 � 1030 (82)

Protein (g/d)
SBT 85 � 47 (74) 77 � 38 (67) 0.09
HPA 87 � 36 (84) 82 � 47 (82)

Fat (g/d)
SBT 84 � 47 (74) 66 � 36 (67) �0.001
HPA 87 � 50 (84) 69 � 55 (82)

Carbohydrate (g/d)
SBT 239 � 149 (74) 198 � 100 (67) �0.001
HPA 244 � 115 (84) 204 � 108 (82)

Energy expenditure
(kcal/wk)

SBT 1273 � 1144 (74) 1380 � 1191 (73) �0.05
HPA 1243 � 1403 (84) 1696 � 1552 (84)

1 SBT, standard behavioral therapy; HPA, high physical activity.
Groups did not differ significantly at baseline.

2 Significant effect for time; nonsignificant effect for group and
group � time interaction as determined by repeated-measures ANOVA.

3 x� � SD; n in parentheses (all such values).
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Is consistently high exercise protective against weight
regain?

To examine the effect on weight maintenance of consistently
exercising at a high level, post hoc analyses were conducted in a
selected “high-adherence” exercise group. High adherence was
defined as achieving and sustaining the goal of 2500 kcal activ-
ity/wk. This analysis was undertaken to explore whether those
reporting high levels of activity at all follow-ups were protected
against weight regain. Thus, participants were classified as
achieving or not achieving �2500 kcal exercise/wk on the basis
of their responses on the Paffenbarger activity questionnaire (11)
at follow-up assessments (eg, 12, 18, and 30 mo). Participants
who achieved this goal at all follow-ups were considered the
high- adherence sample (n � 13; 3 SBT, 10 HPA; 3 F, 10 M) and
were compared with other participants (n � 141). A comparison
of this group sustaining high exercise with other participants with
respect to weight and other behavioral factors related to weight
loss is shown in Table 2. Weight losses over time are shown in
Figure 3. Total weight losses at 30 mo were significantly greater
in the group exercising at 2500 kcal (controlling for baseline
weight and sex) compared with the average weight loss achieved
by other participants (12 � 8.8 and 0.8 � 8.1 kg, respectively;
P � 0.001). These participants achieved high levels of physical
activity, lost significantly more initial weight than did other par-
ticipants, and regained 3.1 � 5.6 kg, whereas other participants
regained 5.9 � 6.4 kg (P � 0.13). An examination of weight
regain as a percentage of initial weight lost found that 62% of
participants reporting high adherence to exercise maintained
�75% of their initial weight loss. Only 24% of those reporting
less consistent exercise maintained 75% of their initial weight
loss. Table 2 shows that high exercisers reported not only the

maintenance of a substantially larger increase in exercise per
week at 30 mo than did other participants (2713 � 1804 and 78 �
1489 kcal, respectively) but also greater decreases in dietary
intake (828 � 791 and 315 � 869 kcal/d)—in particular, signif-
icantly greater changes in fat intake (P � 0.05).

FIGURE 2. Weight changes by exercise level at 30 mo. u, �1000 kcal
activity/wk (n � 26 M, 51 F); �, 1000–2500 kcal activity/wk (n � 16 M, 29
F); ■ , �2500 kcal activity/wk (n � 22 M, 13 F). Main effect of sex, P � 0.04;
main effect of exercise group, P � 0.003; sex � exercise group interaction,
P � 0.29 (NS). Error bars are � 1 SD.

TABLE 2
Comparison of consistently high exercisers with all others on weight and
behavioral variables

Baseline 30 mo P

Weight (kg)
�2500 (n � 13) 96.3 	 7.81 84.3 	 8.4 0.032

Others (n � 141) 90.1 	 10.1 89.2 	 12.7 �0.0013

Energy intake (kcal/d)
�2500 (n � 13) 2542 � 930 1710 � 813 0.033

Others (n � 133) 2042 � 1075 1747 � 967
Protein (g/d)

�2500 (n � 13) 92 � 24 79 � 30 NS
Others (n � 133) 84 � 43 80 � 44

Fat (g/d)
�2500 (n � 13) 96 � 33 58 � 24 0.053

Others (n � 133) 83 � 48 69 � 49
Carbohydrate (g/d)

�2500 277 � 95 211 � 90 0.0014

Others 235 � 135 199 � 106
Energy expenditure

(kcal/wk)
�2500 1776 � 1411 4490 � 1337 0.0033

Others 1188 � 1234 1227 � 1005

1 x� � SD (all such values).
2 Groups differed significantly at baseline.
3 Significant group � time interaction (repeated-measures ANOVA).
4 Significant main effect for time (repeated-measures ANOVA); non-

significant group effect.
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FIGURE 3. Weight for consistently high exercisers (Œ; n � 13) compared
with all other participants (F; n � 128). Treatment � time interaction, P �
0.001; time effect, P � 0.001 (repeated-measures ANOVA). Mean weight
losses differed significantly (P � 0.001) at 6, 12, 18, and 30 mo after control
for baseline weight and sex.
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DISCUSSION

This study examined the hypothesis that participants ran-
domly assigned to a behavioral weight-loss program that pre-
scribes 2500 kcal physical activity/wk would have better weight
loss and maintenance than would participants randomly assigned
to a program with the standard exercise prescription of 1000 kcal/
wk. Although this hypothesis was supported through 18 mo (10),
by 30 mo, weight losses did not differ significantly between the
groups. Participants in the HPA lost 3% of initial body weight
from baseline to 30 mo, whereas participants in the SBT group
lost 1%.

The failure to achieve greater long-term weight loss in the
HPA group at 30 mo likely relates to the failure to maintain
higher levels of physical activity 1 y after treatment ended. Al-
though participants randomly assigned to the HPA group were
able to sustain their higher exercise during treatment, once the 18
mo treatment ended, their exercise levels dropped. Strategies are
needed to help participants maintain high levels of activity over
the long-term. Lengthening weight-loss treatment has been
shown to improve adherence to prescribed behaviors and to result
in better overall weight losses (13–15). The current study in-
cluded an 18-mo treatment protocol, but even longer periods of
treatment in a chronic care model may be necessary to sustain the
behaviors necessary for long-term weight regulation. Physical
activity maintenance has been promoted through lower-intensity
strategies such as mailings and periodic phone calls (16); thus,
extending the treatment via print, phone, or e-mail contacts may
have helped to maintain the difference between treatment con-
ditions in physical activity and weight loss in the current study.
It is also possible that sustaining the long-term behavior changes
that are needed for behaviors such as physical activity will re-
quire changes to the larger social and environmental context in
which these behaviors occur (17).

Higher levels of physical activity were associated in the cur-
rent study with better long-term weight losses in both men and
women, which confirms several earlier studies that reported sig-
nificant associations between activity levels and weight-loss
maintenance (5, 7, 18). It is interesting that overall weight loss
from baseline to month 30 and weight regain from month 18 to
month 30 did not differ between participants who reported
�1000 kcal activity/wk and those reporting 1000–2500 kcal
activity/wk at 30 mo. Only exercise expenditures � 2500
kcal/wk were substantially better at promoting long-term weight
loss. Specifically, 2.5 y after baseline, participants reporting
�2500 kcal activity/wk lost an average of 7 kg from baseline
weight, whereas the other 2 groups had average weight losses of
� 1 kg. Moreover, those exercising � 2500 kcal/wk regained
only 3 kg from month 18 to month 30, whereas those exercising
� 250 kcal/wk lost �6 kg. These data suggest that there may be
a threshold for physical activity and support the recent Institute
of Medicine recommendations (2) for higher levels of physical
activity for weight loss maintenance.

Extension of this dose-response analysis to those persons who
reported consistently high levels of exercise at every follow-up
assessment found an even larger total weight loss (12%) in com-
parison with all other participants (1%). However, those partic-
ipants reported not only high physical activity levels but also
significant decreases in EI and dietary fat intake. Thus, their
successful weight loss probably relates to combined changes in
diet and activity, which is consistent with the findings from the

National Weight Control Registry, in which participants who are
most successful at long-term maintenance of weight loss are
maintaining high levels of exercise and following a diet low in
calories and fat (19).

Perhaps of greatest interest and concern is the finding that none
of the levels of activity attained in this study were effective in
totally preventing weight regain. Examination of the most suc-
cessful participants—those reporting �2500 kcal activity/wk at
6, 12, 18, and 30 mo—found that weight regain was still evident.
It should be noted that only 13 participants achieved those con-
sistently high levels of activity. On average, these consistently
high exercisers regained 2 kg during the year of follow-up, and
only 4 participants maintained their entire weight loss throughout
the year. However, the overall weight loss of 12% in these par-
ticipants is notable and would result in important improvements
in health. Furthermore, their regain is less than that in participants
with lower levels of activity or less consistent activity. The goal
of behavioral programs may thus have to be increasing the mag-
nitude of weight loss achieved during treatment, with acceptance
that, even with high activity levels, some weight regain is going
to occur.

The study has several major strengths. including the random-
ized design, multicenter intervention, objective weight data at all
follow-up points, long-term treatment and follow-up, and study
retention. Limitations include the self-reporting of the behavioral
measures. It is not possible to determine consistency of exercise
during the entire follow-up period by using any self-reported
measure of physical activity. Most self-reported measures and
even interviewer-administered recalls capture the activity of the
previous week, which may or may not have been typical of weeks
between the assessment visits. In addition, we did not consider
differences in body composition that could result from different
exercise levels.

Taken together, the short- and long-term data have important
implications for behavioral weight control programs. The short-
term data (10) suggest that behavioral weight control programs
can extend weight losses to 18 mo by increasing the exercise
recommendations to �60 min/d and providing the support that
participants need to achieve this goal. The long-term data suggest
that few participants will continue to follow these recommenda-
tions once treatment ends. However, those who continue with a
high level of activity (�2500 kcal/wk) and a low-fat diet will
achieve the best long-term outcomes.

We are indebted to study coordinators Renee Bright and Carolyn Thorsen
and to the study participants.
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Effect of soy protein from differently processed products on
cardiovascular disease risk factors and vascular endothelial function
in hypercholesterolemic subjects1–4

Nirupa R Matthan, Susan M Jalbert, Lynne M Ausman, Jeffrey T Kuvin, Richard H Karas, and Alice H Lichtenstein

ABSTRACT
Background: The magnitude of the effect of soy protein on lipopro-
tein concentrations is variable. This discordance is likely attributable
to the various forms of soy protein used and to unrecognized shifts
in dietary fatty acid, cholesterol, and fiber.
Objective: The objective was to evaluate the effect of soybean
processing as well as soy consumption relative to animal protein,
independent of alterations in major dietary variables, on cardiovas-
cular disease risk factors and vascular endothelial function.
Design: Twenty-eight hypercholesterolemic subjects (LDL choles-
terol �3.36 mmol/L) aged �50 y consumed each of 4 diets for 6-wk
periods according to a randomized crossover design. The diets [55%
of energy as carbohydrate, 30% of energy as fat, and 15% of energy
as protein—7.5% of energy as experimental protein (37.5 g/d)] were
designed to contain products made from either whole soybeans,
soyflour, or soymilk and were compared with a diet containing an
equivalent amount of animal protein (meat, chicken, and dairy prod-
ucts). The cholesterol, fiber, and fatty acid profiles of the diets were
equalized. All food and drink were provided, and body weight was
maintained throughout the study.
Results: No significant differences in blood pressure, vascular en-
dothelial function, or total cholesterol, VLDL-cholesterol, triacyl-
glycerol, apolipoprotein B, or C-reactive protein concentrations
were observed between the diets. Consumption of the soymilk diet
resulted in a modest decrease (4%) in LDL-cholesterol concentra-
tions compared with the animal-protein and soyflour diets (P � 0.05)
and higher HDL-cholesterol (1%) and apolipoprotein A-I (2%) con-
centrations compared with the soybean and soyflour diets (P �
0.05).
Conclusions: The results suggest that the consumption of differ-
ently processed soy-based products and different types of protein
(animal and soy) has little clinical effect on cardiovascular disease
risk factors, including peripheral endothelial function, when other
major dietary variables are held constant. Am J Clin Nutr 2007;
85:960–6.

KEY WORDS Soy protein, lipids, lipoproteins, apolipopro-
teins, cholesterol, endothelial function

INTRODUCTION

Considerable interest has been focused on the role of soy
protein and isoflavones in improving plasma lipoprotein profiles
and subsequent cardiovascular disease (CVD) risk. This interest
has stemmed from epidemiologic observations (1–4), data from

early metabolic studies (5–10), and the results of a meta-analysis
(11) showing that diets enriched in soy protein significantly
reduced plasma cholesterol concentrations by 3–30% when com-
pared with diets containing animal protein. In 1999, on the basis
of the evidence from the available literature, the Food and Drug
Administration approved a food label health claim of a reduced
risk of heart disease from the consumption of 4 daily servings of
foods containing �6.25 g soy protein or a total daily intake of 25
g/d (12).

Results from subsequent studies of soy protein and CVD risk
have not been completely supportive of the original work, show-
ing either a small or no plasma cholesterol reduction in normo- or
hypercholesterolemic subjects (13–28). Interestingly, an early
meta-analysis (11) concluded that the reduction in plasma cho-
lesterol observed was not dependent on the amount of soy
protein (8 –124 g/d), but was strongly correlated with an in-
dividual’s initial plasma cholesterol concentration. It is dif-
ficult to reconcile the earlier more pronounced effect of soy
protein on plasma lipid concentrations with the subsequent
data. One possible explanation is that a putative component of
the soybean rather than of soy protein itself may be involved
in the hypocholesterolemic effect and was unaccounted for in
earlier studies. One such component studied that initially
showed favorable effects on CVD risk factors was soybean
isoflavones (4, 29, 30). However, results from more recent
work do not support this hypothesis (28, 31, 32).

There are a variety of ways to process soybeans, and a large
number of products are made from the different components.
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Although alcohol extraction and acid precipitation reduce the
isoflavone content of the soy protein, other processing methods
can alter soybean fiber, fat, sugars, phytic acid, and saponin
content (33, 34). Consequently, the marked discordance in the
data may be related to dissimilar forms of soy protein used in
different studies. The aim of the present investigation was to
assess the effects of differently processed forms of soybeans
(whole soybean and products made thereof), of products derived
from soyflour (textured soy protein), and of products made from
soymilk (tofu and yogurt) between one another and relative to
animal protein, independent of potential additional changes in
the fatty acid, cholesterol, and fiber contents of the diet on CVD
risk factors, including lipoprotein, apolipoprotein, and inflam-
matory markers in moderately hypercholesterolemic subjects.
We also monitored peripheral vascular endothelial function as a
surrogate marker of atherosclerosis and an indicator of vascular
health and reactivity.

SUBJECTS AND METHODS

Subjects

Subjects who were �50 y of age with LDL-cholesterol con-
centrations �3.36 mmol/L at the time of screening, free of
chronic illness, and not taking medications known to affect lipid
metabolism (lipid-lowering drugs, �-blockers, fish-oil capsules,
cis-retinoic acid, ascorbic acid, vitamin E, diuretics, and hor-
mones) were recruited for this study from the greater Boston area.
Subjects reporting soy allergies, reporting the consumption of
�2 alcoholic drinks/d, or who smoked were excluded from par-
ticipation. All women were postmenopausal.

Twenty-one subjects initially recruited did not complete the
study because of the following reasons: time constraints (n � 9),
change in medical status (n � 3), noncompliance (n � 3), and
gastrointestinal issues with diet foods (n � 6). With the exception
of 2 subjects, all others terminated participation during phase 1
and were replaced. This high dropout rate was likely related to the
long study duration (24-wk controlled diet period) and the rela-
tively high level of daily soy protein (average intake: 37.5 g/d).
Twenty-eight subjects (26 women and 2 men) completed the
study and were included in the final statistical analysis. The
characteristics of these study subjects (n � 28) at the time of
screening are depicted in Table 1. The protocol was approved
by the Human Investigation Review Committee of the Tufts

University–New England Medical Center. All subjects gave
written informed consents.

Experimental design

The subjects were provided with each of 4 diets for 6-wk
periods, separated by 2- to 4-wk intervening periods, according
to a randomized crossover design. All food and drink were pre-
pared by our metabolic research unit (MRU) and were provided
to the subjects who reported to the MRU a minimum of 3 times/
wk, at which time they were weighed, had their blood pressure
recorded, and consumed one meal on site. The remaining food
was packaged for takeout. The subjects were not allowed to
supplement their diet with additional food or drink, with the
exception of noncaloric beverages. The Harris-Benedict equa-
tion was used to calculate initial energy requirements of the
subjects, and adjustments were made when necessary to maintain
body weight.

Diets

The animal-protein diet was designed to be consistent with
current dietary recommendations for CVD prevention (35) and
provided �55% of energy as carbohydrate, 15% of energy as
protein, and 30% of energy as fat (7% of energy as saturated fat,
10–15% of energy as monounsaturated fat, and 10% of energy as
polyunsaturated fat), 80 mg cholesterol/1000 kcal, and 12-15 g
fiber/1000 kcal. For the soy protein–based diets, 50% of the
protein was contributed by soy-based foods. This was accom-
plished by displacing animal protein–containing products
(meats, chicken, egg, and dairy products) with products made
with whole soybean, soyflour, or soymilk. The whole-soybean
phase contained whole organic soybeans (Westbrae Natural,
Hain Food Group Inc, Uniondale, NY), soynuts (Solnuts Inc,
Hudson, IA), defatted soyflakes (Cargill Inc, Cedar Rapids, IA),
soya granules (Fearn Natural Foods, Mequon, WI), and soynut
butter (Health Trip Co., Concord, MA). The soyflour phase con-
tained soy nutlettes (Dixie USA Inc, Tomball, TX), whole-grain
soyflour (Arrowhead Mills Inc, Hereford, TX), and textured
soy-protein products (Chicken-Not, Beef-Not, Turkey-Not;
Dixie USA Inc, Houston, TX). The soymilk phase contained tofu
(Nasoya-Vitasoy USA Inc, San Francisco, CA), plain soy yogurt
(Silk-Whitewave Food Co, Broomfield, CO), and plain soymilk
(Silk-Whitewave Food Co). The nutrient profiles of the soy-
based diets were balanced for carbohydrate, protein, fatty acid
profile, and dietary cholesterol through the addition of butter,
cream, and egg yolks so that the levels were equivalent to the
animal protein–based diet. The soy products used to formulate
the menus were chosen only from those commercially available
in local grocery stores, supermarkets, and health food stores and
had soy as the main ingredient. Provided in Table 2 are the
macronutrient, fatty acid, cholesterol, fiber, oxalate, folate, and
phytate contents (Covance Laboratories, Madison, WI); total
isoflavone content, as aglycones (University of Iowa, Ames, IA);
and total plant sterol concentrations (Cardiovascular Nutrition
Laboratory, Tufts University, Boston, MA) of the diets. A 3-d
rotating menu cycle was used during each phase, a sample of
which is provided in Appendix A.

Biochemical analyses

Three times during the sixth week of each of the 4 diet periods,
blood samples were collected after a 14-h fast into EDTA-
containing tubes. Plasma was separated by centrifugation at

TABLE 1
Baseline characteristics of the study participants1

Variables
Subjects

(n � 26 F, 2 M)

Age (y) 65 � 6
Weight (kg) 71 � 12
BMI (kg/m2) 27 � 3
Serum lipid and lipoproteins (mmol/L)

Total cholesterol 6.14 � 0.54
VLDL cholesterol 0.65 � 0.31
LDL cholesterol 3.99 � 0.52
HDL cholesterol 1.50 � 0.34
Triacylglycerol 1.42 � 0.68

1 All values are x� � SD. To convert values for cholesterol and triacyl-
glycerol to mg/dL, multiply by 38.67 and 88.54, respectively.
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1800 � g at 4 °C for 20 min. Total, HDL, and LDL cholesterol;
triacylglycerol; and high-sensitivity C-reactive protein (CRP)
concentrations were analyzed with a Hitachi 911 automated an-
alyzer with the use of Roche Diagnostics reagents (Indianapolis,
IN), and apolipoprotein (apo) A-I, and apo B were analyzed with
Wako Diagnostics (Richmond, VA) reagents. VLDL cholesterol
was calculated as the difference between total cholesterol and
LDL plus HDL cholesterol. HDL and the subfractions were de-
termined after selective precipitation with the use of a modified
dextran sulfate–magnesium chloride method, and the cholesterol
component was determined as previously described (22). Cho-
lesterol assays were standardized through the Lipid Standardiza-
tion Program of the Centers for Disease Control, Atlanta, GA.

Vascular endothelial function measurement

Peripheral vascular endothelial function was assessed with
high-resolution ultrasound of the brachial artery during reactive
hyperemia by standard methodology (36). Endothelial function
measurements were performed at the end of each dietary phase
by the same operator. Briefly, subjects were asked to lie down in
a quiet, temperature-controlled, darkened room, and pulse rate
and blood pressure were checked. Baseline measurements of the
brachial artery in its longitudinal dimension were taken. Forearm

ischemia was induced with a suprasystolic pressure cuff around
the upper portion of the arm. After exactly 5 min of occlusion,
reactive hyperemia ensued and the peak brachial artery diameter
was measured between 45 and 75 s. Percentage flow-mediated
dilation (FMD) was defined as the difference between the
maximal brachial artery diameter during reactive hyperemia
and the baseline brachial artery diameter divided by the base-
line brachial artery diameter (%FMD � maximal brachial
artery diameter � baseline brachial artery diameter/baseline
brachial artery diameter).

Statistical analyses

The 3 values obtained per subject per variable were averaged,
and this mean value was used in subsequent statistical analysis.
Before the statistical testing was done, data were checked for
normality, and appropriate transformations were performed
when necessary (PROC UNIVARIATE; SAS version 9.1; SAS
Institute Inc, Cary, NC). Variables log transformed included
triacylglycerol, CRP, and total, VLDL-, HDL2-, and HDL3-
cholesterol concentrations. An analysis of variance (PROC
GLM) with main effect of diet and subject as repeated measures
was carried out for each outcome measured, which was followed
by a Tukey’s honestly significant difference type of adjustment
for the pairwise comparisons between each of the 4 treatment
groups. Vascular endothelial function measurements were ana-
lyzed by using PROC GLM on rank-transformed data. Untrans-
formed data are presented in the text and tables as means � SD.

RESULTS

No significant differences in fasting plasma total, VLDL-
cholesterol, triacylglycerol, apo B, or CRP concentrations were
observed between the 4 diets (Table 3). LDL-cholesterol con-
centrations were lower after consumption of the soymilk diet
than after consumption of the animal protein and soyflour diets
(P � 0.05). HDL-cholesterol concentrations were higher after
consumption of the animal-protein diet compared with the soy-
flour diet and higher after the soymilk diet compared with both
the soybean and soyflour diets (P � 0.05 for all). These differ-
ences were attributable to changes in both the HDL2 and HDL3

subfractions. Apo A-I concentrations followed a pattern similar
to that of HDL cholesterol, ie, no significant difference was
observed between the animal-protein and soymilk diets, and
concentrations were higher with the soymilk than with the soy-
bean and soyflour diets (P � 0.05). The ratio of total cholesterol
to HDL cholesterol was most favorable during the soymilk
phase. No significant effect of the dietary perturbations in sys-
tolic or diastolic blood pressure or in peripheral endothelial func-
tion assessed by brachial artery FMD (Table 3) was observed.
Stratifying and analyzing the data on the basis of LDL-
cholesterol concentrations above (�3.80 mmol/L, n � 15) and
below (�3.80 mmol/L, n � 13) the median value and did not alter
the conclusions (data not shown). Likewise, analysis of the data
without the 2 male subjects did not change the conclusions.

The percentage differences in LDL-cholesterol concentra-
tions relative to the animal protein diet were �1.8%, 1.5%, and
�3.9% and in HDL-cholesterol concentrations were �4.3%,
�2.9%, and 0.7% after consumption of the soybean, soyflour,
and soymilk diets, respectively. However, only the changes seen
with the soymilk diet were statistically significant (Figure 1). No

TABLE 2
Composition of the 4 experimental diets1

Variables
Animal
protein Soybean Soyflour Soymilk

% of energy

Carbohydrate 54.5 57.0 58.0 55.8
Protein 16.9 14.9 14.9 15.8

Soy protein — 7.5 6.8 7.3
Arginine:lysine 0.8 1.1 1.2 1.1

Total fat2 28.4 28.0 27.2 28.6
SFA 7.0 7.3 6.7 6.9

12:0 0.4 0.5 0.4 0.4
14:0 0.6 0.7 0.6 0.6
16:0 3.9 4.1 3.6 3.8
18:0 1.7 1.5 1.4 1.5

MUFA 10.3 9.5 9.9 9.7
16:1 0.2 0.1 0.2 0.1
18:1 9.1 9.1 9.7 9.6

PUFA 9.9 10.0 9.2 10.6
18:2n�6 7.9 8.9 8.0 9.2
18:3n�3 1.3 1.4 1.4 1.6
20:4n�6 0.1 0.1 �0.1 �0.1

Cholesterol (mg/1000 kcal) 83.3 77.3 76.5 76.0
Fiber (g/1000 kcal) 14.2 16.4 13.8 13.0
Isoflavones (mg/1000 kcal) 10.4 66.0 55.4 50.8

Daidzein 0.6 15.4 14.3 15.3
Genistein 9.8 47.9 36.2 32.9
Glycitein 0.0 2.8 4.8 2.5

Total plant sterols (mg/1000 kcal)3 150.8 151.6 170.7 173.3
Oxalates (g/1000 kcal)3 0.09 0.09 0.11 0.08
Folates (mg/1000 kcal)3 0.11 0.18 0.28 0.19
Phytates (%)3 �0.2 �0.2 �0.2 �0.2

1 Mean of 2 values determined by chemical analysis; each value reflects
the amount provided in a 3-d rotating menu per dietary phase.

2 The difference between total fat (obtained by Soxhlet extraction) and
sum of fatty acids (determined by gas chromatography) is attributable to the
nonsaponifiable fraction of the lipid-soluble components.

3 Single determination by chemical analysis.
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significant differences were seen in total cholesterol, triacylglyc-
erol, and apo B concentrations (Figure 1) or in VLDL-cholesterol
and CRP concentrations (data not shown).

To compare the effects of animal versus soy protein per se,
data from the soybean, soyflour, and soymilk groups were com-
bined to form the average Soy group and compared with the
animal-protein diet. No significant effect of soy protein relative
to animal protein was observed in plasma total, LDL-, HDL-
cholesterol, triacylglycerol or total/HDL-cholesterol concentra-
tions (Figure 2) or in the other CVD risk factors measured (data
not shown).

DISCUSSION

Recent data suggest that the magnitude of the effect of soy
protein on lipoprotein profiles is variable and less dramatic than
originally reported (27, 28). This discrepancy may be due to the
presence or absence of specific components associated with the
soy-protein preparations or unaccounted shifts in the fatty acid,
cholesterol, or fiber content of the diets used in earlier studies.
The novel aspect of the present study was to directly compare the
effect of soy protein derived from differently processed products,

between each other and relative to animal protein, while simul-
taneously controlling for the macronutrient, fatty acid, choles-
terol, and fiber contents of the diet. The results showed that the
consumption of differently processed soy products or type of
protein (animal protein compared with soy protein), when pro-
vided at approximately 1.5 times (37.5 g/d) the minimum amount
on which the Food and Drug Administration–approved health
claim was predicated had little clinical effect on CVD risk factors
and vascular endothelial function.

The results of this intervention are consistent with the findings
of 2 recent comprehensive reviews on soy and measures of car-
diovascular health (28, 32). Both reports concluded that there
was a significant, albeit modest, effect of soy protein with isofla-
vones when consumed at relatively high levels compared with
milk or other proteins on LDL-cholesterol (�3% to �5%) but
not on HDL-cholesterol or triacylglycerol concentrations. The
evidence also favored soy protein rather than soy isoflavones as
the responsible nutrient. However, the authors of these reports
could not rule out the possibility of other soybean components as
the active factor. We addressed this issue by comparing the effect
of differently processed forms of soybean. Although the major

TABLE 3
Cardiovascular disease risk factors at the end of each dietary phase1

Variables Animal protein Soybean Soyflour Soymilk

Total cholesterol (mmol/L) 5.84 � 0.66 5.76 � 0.76 5.80 � 0.65 5.74 � 0.76
VLDL cholesterol (mmol/L)2 0.67 � 0.31 0.73 � 0.40 0.71 � 0.37 0.73 � 0.45
LDL cholesterol (mmol/L) 3.64 � 0.57a 3.55 � 0.60a,b 3.64 � 0.52a 3.48 � 0.59b

HDL cholesterol (mmol/L) 1.53 � 0.32a,b 1.47 � 0.36b,c 1.46 � 0.31c 1.54 � 0.31a

HDL2 cholesterol (mmol/L)2 0.59 � 0.23a 0.55 � 0.24a,b 0.52 � 0.20b 0.57 � 0.21a

HDL3 cholesterol (mmol/L)2 0.95 � 0.12a,b 0.92 � 0.15b 0.94 � 0.15a,b 0.96 � 0.14a

Triacylglycerol (mmol/L)2 1.47 � 0.68 1.60 � 0.87 1.54 � 0.80 1.59 � 0.98
Apolipoprotein B (mg/dL) 92.46 � 11.83 90.78 � 11.24 92.75 � 10.08 90.06 � 12.05
Apolipoprotein A-I (mg/dL) 123.22 � 14.59a,b 120.74 � 15.65b 120.35 � 12.94b 124.94 � 14.75a

Total:HDL cholesterol 3.96 � 0.87a,b 4.10 � 0.98a 4.13 � 0.90a 3.89 � 0.92b

CRP (mg/dL)2 2.88 � 3.23 3.89 � 5.19 2.91 � 3.01 2.44 � 2.13
Systolic BP (mm Hg) 119 � 11 121 � 12 120 � 10 120 � 12
Diastolic BP (mm Hg) 73 � 6 74 � 6 74 � 6 74 � 6
FMD (%)3 11.76 � 8.20 9.89 � 7.08 11.08 � 6.28 13.57 � 9.30

1 All values are x� � SD. FMD, flow-mediated dilation; BP, blood pressure. Values in the same row with different superscript letters are significantly
different, P � 0.05 (PROC GLM and Tukey’s honestly significant difference test).

2 Log10 normalized for analysis.
3 The analysis of FMD data was carried out by using PROC GLM on rank-transformed data.

FIGURE 1. Mean (�SE) percentage difference in lipid, lipoprotein, and
apolipoprotein profiles relative to the animal-protein diet. For each variable,
bars with different lowercase letters are significantly different, P � 0.05
(PROC GLM and Tukey’s honestly significant difference test). TC, total
cholesterol; C, cholesterol; apo, apolipoprotein; TG, triacylglycerol.

FIGURE 2. Mean (�SD) plasma lipid concentrations with the animal-
protein (AP) and soy-protein (Soy) diets. The average response to the 3 Soy
diets was compared with the response to the AP diet in a one-factor ANOVA
at P � 0.05 (PROC GLM and Tukey’s honestly significant difference test);
no significant differences between groups were observed. TC, total choles-
terol; C, cholesterol; TG, triacylglycerol.
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dietary variables in our diets were equalized, isoflavone and trace
components—such as plant sterols, folates, phytates, and ox-
alates—that could be altered by the processing method of the soy
product and that have been shown or hypothesized to influence
cholesterol concentrations were not equalized. Interestingly,
processing appeared to have had little effect because the analysis
of the final diets showed similar amounts of these components
between diets (Table 2), which suggests that these components
are not major contributing factors in the purported hypocholes-
terolemic effect of soy.

Our study also assessed the effect of soy consumption on other
CVD risk factors: CRP concentrations, blood pressure, and vas-
cular endothelial function. No significant differences were ob-
served between diets. This is consistent with published studies
evaluating the effect of soy consumption on CRP concentra-
tions (18, 37, 38) and, with one exception (39), most studies on
blood pressure (17, 18, 21, 24, 37). Similarly, most of the
studies that assessed vascular endothelial function, either by
increased brachial artery diameter (mm), FMD (%), flow (mL/
min), or decreased peak flow velocity (cm/s), showed no
effect or a slight improvement (18, 23, 40 – 43). Any benefi-
cial effect was frequently attributed to the isoflavone compo-
nent of the diet (23, 40, 41).

The reason for the more favorable plasma lipoprotein profile
after consumption of the soymilk and not the soybean- and
soyflour-enriched diets is unclear. Although no comparable stud-
ies were found in the literature, previous studies of soymilk have
reported an average 5–8% reduction in plasma total cholesterol
in normocholesterolemic subjects who consumed 350 mL
soymilk/d (14.5 g soy protein) (43) and in hypercholesterolemic
subjects who consumed 1 L soymilk/d (41.1 g soy protein) com-
pared with cow milk (44). However, because of the lack of a
control group fed an equivalent amount of protein (43), and
dissimilar carbohydrate, unsaturated fat, fiber, and cholesterol
contents of the diets (44), the hypocholesterolemic effect ob-
served in these studies cannot be solely attributed to the soymilk
supplementation.

It has been hypothesized that the specific amino acid profile of
the soy protein may be the active agent found in soy (45). Data
from animal experiments (46, 47) have shown that the amino
acids lysine and methionine tended to be hypercholesterolemic,
whereas arginine was hypocholesterolemic, which suggests that
the higher arginine to lysine and methionine amino acid profile of
soy protein might explain, at least in part, its hypocholester-
olemic effects. In the present study, despite the use of a variety of
soy products, the amino acid profiles of the 3 soy-based diets
were similar (ratios of arginine to lysine of 0.8, 1.1, 1.2, and 1.1
for the animal-protein, soybean, soyflour, and soymilk diets,
respectively). Whether the incorporation of even higher amounts
of the soy-based products would have sufficiently altered the
amino acid profile to elicit a greater hypocholesterolemic re-
sponse than observed is unknown. More recent studies (48, 49)
have shown that the 7S globulin protein present in soy can up-
regulate LDL receptors in vitro. The authors suggest that this
mechanism might explain the discordance in results because the
concentration of the 7S globulin differs among soy varieties and,
consequently, in products prepared thereof. Insufficient data ex-
ist to draw conclusions regarding this postulated mechanism in
the present study.

A limitation of the present work was the use of a high amount
of protein (7.5% of total protein intake) from a single source of

soy and its products, in contrast with the more likely real life
situation in which multiple animal and vegetable protein sources
are habitually consumed. However, this approach maximized
our ability to detect any potential beneficial effect were one
present. Another limitation is that we did not directly test the
effect of substituting each category of soy products for animal
protein–based products without controlling for the multiple
shifts in associated dietary variables. To do that would not have
allowed us to address our primary hypothesis, partitioning out the
independent effect of the soy-protein source, per se, on CVD risk
factors. For similar reasons we did not attempt to obtain isolated
subfractions of individual soybean components to assess the
effect of each on the outcome measures. A strength of this study
was that soy protein from differently processed but readily avail-
able products, and not from one type of soy protein isolate or
specialized preparation of soy protein, was assessed relative to
each other and animal protein. Another strength of the study was
that moderately hypercholesterolemic subjects served as study
subjects, the population most likely to benefit from alterations in
the diet to improve CVD risk factors.

In conclusion, relatively high intakes of differently processed
forms of soy protein derived from commonly available soy prod-
ucts appear to have little effect on CVD risk factors, either be-
tween each other or when substituted for animal protein. None-
theless, the use of foods containing soy protein to displace animal
protein, which would result in reductions in saturated fat and
cholesterol intakes, could be beneficial to overall CVD risk re-
duction.

We are indebted to the Metabolic Research Unit staff (the study volunteer
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APPENDIX A
Protocol menu for the 4 diets1

Dietary phase and meal Cycle 1 Cycle 2 Cycle 3

Animal protein

Breakfast Cranberry juice English muffin, jelly Bran muffin

Skim milk Butter Butter

Oatmeal, raisins Skim milk Strawberry, banana shake

Fruit mix Cereal (Total, All Bran)

Lunch Lettuce, fat-free Italian dressing Chicken fried rice Tomato soup

Wheat bread Carrots Wheat bread

Tuna salad Pear cobbler, nuts Grilled turkey breast

High-fiber cookies Fat-free yogurt, plain; canned peach

Dinner Turkey rice casserole Cube salad (cucumber, tomato) Beef tenderloin

Carrots Pasta with tomato sauce Roasted potato

Chocolate pudding Parmesan cheese Green beans

Apple juice Applesauce Strawberries, frozen

Fresh orange Skim milk Apple juice

Soybean

Breakfast Orange juice Fresh grapefruit Soy granule muffins

Skim milk White bread with butter Butter

Oatmeal, raisins Skim milk Strawberry banana shake

Fruit mix Toasted soy flake, cornflakes, raisins

Lunch Lettuce, fat-free Italian dressing Soybean fried rice Soybean chili

White bread Pear cobbler, soynuts Pita bread

Tuna salad Roasted soybeans Canned pears

Baked soybeans

Soynut fudge balls

Dinner Soybean rice casserole Cube salad (cucumber, tomato, soybean) Soybean loaf

Chocolate pudding Pasta with tomato sauce Green beans

Apple juice Parmesan cheese Applesauce

Fresh orange Cranberry juice

Soyflour

Breakfast Orange juice Fresh grapefruit SoyFlour Nutlette muffins

Skim milk Skim milk Butter

Oatmeal, raisins Cereal mix (Total, SoyFlour Nutlettes) Strawberry, banana shake

Fruit mix

Lunch Lettuce, raw carrots “Chicken Not” fried rice “Beef Not” stew

Fat-free Italian dressing Pear cobbler White bread

Pita bread “Chicken Not” salad Canned pear

Soyflour cookies

Dinner “Turkey Not” rice casserole Cube salad (cucumber, tomato, corn) Sweet and Sour ”Chicken Not”

Chocolate pudding Pasta with meat sauce White rice

Fresh orange Parmesan cheese Soyflour cookie

Applesauce

Soymilk

Breakfast Cranberry juice Strawberry tofu smoothie, soymilk Tofu blueberry muffin, butter

Soymilk Cereal (Total, All Bran) Soy yogurt, plain

Oatmeal, raisins Canned peach (heavy syrup)

Fruit mix All Bran cereal topping

Lunch Lettuce, fat-free Italian dressing Tofu, chicken fried rice Tofu tomato soup

Wheat bread Pear cobbler Wheat bread

Tofu, egg salad Grilled turkey breast

High-fiber cookies Mayonnaise

Dinner Tofu, turkey rice casserole Pasta Sweet and sour tofu

Soymilk chocolate pudding Tofu tomato sauce Brown rice

Apple juice Parmesan cheese Tofu bread pudding

Fresh orange Tofu, broccoli, baked potato

1 Chicken Not, Beef Not, and Turkey Not (Dixie USA Inc, Houston, TX); Total cereal (General Mills, Minneapolis, MN); All Bran cereal (Kellogg’s, Battle
Creek, MI); SoyFlour Nutlettes (Dixie USA Inc, Tomball, TX).
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Constitutional thinness and lean anorexia nervosa display opposite
concentrations of peptide YY, glucagon-like peptide 1, ghrelin,
and leptin1,2

Natacha Germain, Bogdan Galusca, Carel W Le Roux, Cecile Bossu, Mohammad A Ghatei, Francois Lang,
Stephen R Bloom, and Bruno Estour

ABSTRACT
Background: Food intake is controlled by the arcuate nucleus
through integration of peripheral hormonal signals such as leptin,
ghrelin, peptide YY (PYY), and glucagon-like peptide 1 (GLP-1).
The most common condition resulting in underweight young women
in the developed world is restrictive anorexia nervosa (AN). How-
ever, constitutional thinness (CT) is also known to exist in the
same low-weight range. Women with CT have normal menstrual
periods and do not have the psychological or hormonal features of
AN. Little is currently known about regulation of food intake in
subjects with CT.
Objective: We tested the hypothesis that concentrations of leptin,
ghrelin, PYY, and GLP-1 in persons with AN are significantly dif-
ferent from those in persons with CT.
Design: Concentrations of PYY, GLP-1, ghrelin, and leptin were
measured in 3 groups of young women: normal weight (n � 7), CT
(n � 10), and AN (n � 12). Samples were collected every 4 h for 24 h.
Results: PYY concentrations were significantly higher in CT sub-
jects than in AN or control subjects. GLP-1 concentrations were
significantly higher in AN than in CT subjects, whereas ghrelin was
significantly higher in AN subjects than in control and CT subjects.
CT subjects had the lowest ghrelin concentrations. Leptin concen-
trations were significantly lower in AN subjects. PYY and leptin
circadian variations were not significantly different between CT and
control subjects, whereas these profiles were blunted in AN subjects.
Conclusions: Orexigenic and anorexigenic hormones in CT con-
trast with an adaptative profile characterizing AN. The hormones
appear to be valuable biomarkers for distinguishing these 2 catego-
ries of severely underweight subjects. Am J Clin Nutr 2007;85:
967–71.

KEY WORDS Constitutional thinness, anorexia nervosa, pep-
tide YY, ghrelin, glucagon-like peptide 1, leptin

INTRODUCTION

Appetite is controlled by the arcuate nucleus through integra-
tion of peripheral hormonal and metabolic signals. Ghrelin, the
only orexigenic hormone, is secreted from the stomach (1) with
concentrations peaking preprandially. Ghrelin plays a role in
meal initiation by direct activation of medial arcuate nucleus
neurons (2). Peptide YY (PYY) is released from the L cells in the
distal gut (3). PYY has an anorexogenic effect, as evidenced by
a reduction in caloric intake in humans and other mammals after

the exogenous administration of PYY3-36 (4). Glucagon-like
peptide 1 (GLP-1), which is also released from the endocrine L
cells in the distal gut, acts as an incretin (5) and also reduces food
intake (6). Leptin is an adipose tissue–derived hormone that
suppresses appetite by inhibiting neuropeptide Y gene expres-
sion in the hypothalamic arcuate nucleus (7).

Fasting concentrations of ghrelin are decreased in obesity (8)
and increased in anorexia nervosa (AN) (8, 9). Ghrelin concen-
trations decrease after weight gain in patients with AN (9, 10) and
increase after weight loss in obese subjects (11). PYY is low in
obese subjects (12), but conflicting results have been reported
for PYY in AN (13–15). Circulating GLP-1 was found to be
low both in obesity and in AN (16). Leptin concentrations
correlate with adipocyte mass and are low in starvation and
elevated in obesity (17).

The World Health Organization has suggested 3 underweight
categories: grade 1 [mild underweight; body mass index (BMI; in
kg/m2): 17–18.5], grade 2 (moderate underweight; BMI: 16–
16.9), and grade 3 (severe underweight; BMI: � 16) (18). The
most common reason for young women in the developed world
to be underweight is restrictive AN (19). We have previously
defined a group of women with constitutional thinness (CT) who
satisfied the World Health Organization’s definition for
moderate-to-severe underweight (BMI: 13–16.9) (10). This
group of CT women does not have psychological or hormonal fea-
turesofANanddisplaysnormalmenstruation (20), thyroid function
(21), and insulin sensitivity (22). The body weight of persons with
CT has always been in the lower centiles for age, sex, and ethnicity.
Thus, patients with CT are a variant of normal (23).

We hypothesized that concentrations of appetite-regulating
hormones in CT subjects would be comparable with those of
normal-weight subjects, but different from those of patients with
AN. In this study, we measured PYY, GLP-1, ghrelin, and leptin
in 3 groups of young women, respectively, with CT, AN, and
normal BMI as control subjects.
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SUBJECTS AND METHODS

The local research and ethics committee of Saint Etienne,
France, approved the study. All subjects gave written informed
consent.

Subjects

The study included 3 age-matched groups of white women:
CT, AN, and control subjects. The CT and AN subjects were
matched for BMI.

Ten CT subjects were recruited from our outpatient clinic. We
used the following criteria: BMI between 14.5 and 16.5, stable
weight throughout the postpubertal period, presence of men-
strual periods without estroprogestative treatment, and the desire
to gain weight as the main reason for medical consultation.

Twelve AN subjects were recruited during initial hospitaliza-
tion before any therapeutic intervention. All patients met the
criteria for AN in the Diagnostic and Statistical Manual of
Mental Disorders (24) and had a BMI between 14.5 and 16.5.
None of the patients used oral contraceptives, and all presented
with secondary amenorrhea for �6 mo. Seven normal-weight
control subjects (mean BMI: 20.4 � 0.9) were matched by age
(18–27 y) with the AN and CT subjects.

In the CT and control subjects, all data were collected during
the follicular phase of the menstrual cycle. None of the subjects
had documented chronic or congenital disease, and none of them
were taking any medication.

Sampling

Venous blood samples were collected in dry glass tubes con-
taining EDTA and centrifuged (1500 � g for 10 min at 4 °C), and
plasma was divided into aliquots and kept frozen at �80 °C
before the assay. After an overnight fast, blood was obtained at
0800 for the measurement of serum insulin-like growth factor I
(IGF-I), 17�-estradiol, free triiodothyronine (T3), follicle-
stimulating hormone (FSH), luteinizing hormone (LH), total tes-
tosterone, sex hormone–binding globulin (SHBG), and dehy-
droepiandrosterone sulfate (DHEAS). Samples were collected
every 4 h for 24 h (0800, 1200, 1600, 2000, 2400, and 0400) to
measure PYY, GLP-1, ghrelin, leptin, growth hormone (GH),
and cortisol. Standardized meals were served at 0815, 1215, and
1900 (breakfast: 1600 kJ; lunch: 3300 kJ; dinner: 3300 kJ).

Assays

All samples were assayed simultaneously. PYY-like immu-
noreactivity was determined with the use of a specific and sen-
sitive radioimmunoassay as previously described (4). The assay
recognizes 2 biologically active forms of PYY (PYY3–36 and
PYY1–36). There was no cross-reactivity with pancreatic
polypeptide, neuropeptide Y, or other known gastrointestinal
hormones. GLP-1 immunoreactivity was measured with a spe-
cific and sensitive radioimmunoassay. The intraassay CV was
�10% (5). Plasma total (acylated and deacylated) ghrelin im-
munoreactivity was determined by radioimmunoassay (RK-031-
30; Phoenix Pharmaceuticals, Belmont, CA). Intraassay CV was
�5.3% (14).

Radioimmunoassay was used to measure plasma cortisol (in-
traassay CV: 7%; normal range: 107–310 nmol/L; Immunotech,
Prague, Czech Republic), DHEAS (normal range: 85–225 �g/
dL; Beckman-Coulter, San Diego, CA), 17�-estradiol (manu-
facturer’s reference range during the follicular phase: 30–50

ng/L; Dia Sorin, France), leptin [manufacturer’s reference range
for a normal BMI (18–25): 3.7–11.1 �g/L; Nichols Institute
Diagnostics, San Juan Capistrano, CA], and T3 (manufacturer’s
reference range: 2.5–5.8 pmol/L; Beckman-Coulter). Immuno-
radiometric assay was used to measure GH (manufacturer’s ref-
erence concentration: �5 mU/L; Beckman-Coulter), IGF-I (in-
traassay CV: 7%; manufacturer’s reference range: 107–310
�g/L; Beckman-Coulter), LH (manufacturer’s reference range
during the follicular phase: 0.5–5 UI/L; Beckman-Coulter), FSH
(manufacturer’s reference range during the follicular phase:
1.8–10.5 UI/L; Beckman-Coulter), and SHBG (manufacturer’s
reference range: 20–85 nmol/L; BioMérieux, Lyon, France).
Radioimmunoassay (Beckman-Coulter) extraction and chroma-
tography were used to measure testosterone (manufacturer’s ref-
erence range: 7–65 ng/dL). Free testosterone index was calcu-
lated as testosterone divided by SHBG.

Energy intake

The study estimated the food intake during a period of 4 d,
including 2 weekdays and a weekend. Dietary records were per-
formed with the use of a photographic reference book, which was
previously validated for the Supplementation en Vitamines et
Mineraux Antioxydants study (25, 26). A nutritionist met the
subjects twice, once to explain the collection of the data and the
second time to ensure the accuracy of the collected data.

Body-composition measurements

Dual-energy X-ray absorptiometry (Lunar DPX-L; Lunar
Corporation, Madison, WI; CV: �1%) measured the percentage
of total body fat mass (FM) and fat-free mass expressed in kilo-
grams (27, 28).

Statistical analysis

All values are presented as means � SEMs. Analysis of vari-
ance (ANOVA) was first used to perform a three-group analysis
for variables with a single assessment (BMI, FM, IGF-I, 17�-
estradiol, free T3, FSH, LH, total testosterone, SHBG, and
DHEAS). Two-factor (group and time) repeated-measures
ANOVA was used for PYY, ghrelin, GLP-1, leptin, GH, and
cortisol because 6 determinations within 24 h were performed to
evaluate the significance of the main effects of interactions for
group and group-by-time interactions. When ANOVA was sig-
nificant (P � 0.05), we performed post hoc ANOVA tests for
comparisons within all groups. One-factor (time) repeated-
measures ANOVA was performed to evaluate the circadian vari-
ation of appetite-regulating hormones within each group.
Adapted post hoc analysis (Tukey’s test) was performed with
P � 0.05. Pearsons’s correlation index was calculated to evaluate
the relation between appetite-regulating peptides and FM in the
overall group: CT � AN � control subjects. All statistical anal-
yses were performed with STATVIEW 4.5 software (Abacus
Concepts Inc, Palo Alto, CA).

RESULTS

Estimates of food intake, body weight composition, and base-
line hormone characteristics for the 3 groups are shown in
Table 1. Despite the significant differences in BMI (P � 0.001)
and percentage of FM (P � 0.05) between the CT and control
groups, no differences were observed in cortisol, GH, IGF-I, free
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T3, and 17�-estradiol. The caloric intake for the CT subjects
(7821 � 850 kJ/d) was not different from the control subjects
(8150 � 958 kJ/d) but was significantly higher than that of the
AN patients (4304 � 625 kJ/d; P � 0.05). The circadian profiles
of appetite-regulating hormones are shown in Figure 1. The
main effect of group within a 2-factor repeated-measures
ANOVA was significant (P � 0.05) for PYY, GLP-1, ghrelin,
and leptin. Post hoc analysis showed that PYY concentrations
were significantly higher in the CT subjects than in the control
and AN subjects. GLP-1 was significantly higher in the patients
with AN than in the patients with CT, whereas ghrelin was
significantly higher in the AN subjects than in the control and CT
subjects. The CT subjects had the lowest ghrelin concentrations.
The leptin circadian cycle was significantly lower in the AN
patients.

The CT and control subjects displayed significant intragroup
circadian variations for PYY and leptin concentrations (P �
0.05). Thus, in both groups leptin concentrations peaked at 0400
(P � 0.05 compared with values for 0800, 1200, 1600, and 2000)
and reached a nadir at 1200 (P � 0.05 compared with values at
0400, 2000, and 2400). PYY reached the lowest value at 0400
(P � 0.05 compared with values at 0800, 1600, and 2000) and the
highest at 1600 (P � 0.05 compared with values at 0400, 1200,
and 2400). Within the AN group, the circadian profiles for plasma
leptinandPYYwereblunted.Nosignificantcircadianvariationwas
found for ghrelin or GLP-1 in any of the groups. When relations
betweenappetite-regulatingpeptidesandFM(expressed inkgor%)
were evaluated in the 3 groups combined (CT � AN � control),
only leptin(r�0.70,P�0.001)andghrelin(r��0.40,P�0.001)
displayed a significant correlation.

DISCUSSION

CT is less prevalent among young underweight women in the
developed world because restrictive AN is a more common con-
dition, and the 2 diagnoses can be confused. Indeed, despite a low
BMI (14.5–16.5), CT females do not exhibit any abnormal clin-
ical features such as amenorrhea, fear of weight gain, or deranged
hormonal values, characteristic of AN patients. The current study
provides evidence on the differences of appetite-regulating hor-
mones between CT and AN. The CT subjects were characterized
by high PYY concentrations, low ghrelin concentrations, and
low-to-normal concentrations of GLP-1 and leptin.

These biological differences could be related to some behav-
ioral and physiologic aspects that contrast CT and AN, with
specific reference to their different food intake and psychological
profile. We recently showed that, although AN has a negative en-
ergy balance, CT subjects display an equilibrated energy metabo-
lism similar to that of control subjects. CT subjects attempt to gain
weight, whereas AN patients have a fear of gaining weight (29).

In this context we show for the first time an anorexigenic ratio
between PYY and ghrelin despite a normal caloric intake in
subjects with CT. Because the plasma ratio of orexigenic to
anorexigenic hormones and food intake display a reciprocal reg-
ulation (2, 4, 30), 2 possible scenarios could account for this
unusual combination. First, there may be a primary disturbance
in PYY and ghrelin secretion. In this regard, recent reports sug-
gest that PYY deficiency may contribute to the pathogenesis of
obesity (31, 32). By analogy we postulate that high PYY con-
centrations may contribute to CT steadiness. Low ghrelin could
also be considered pathophysiologic in CT as suggested by the
ghrelin knock-out mice model, which is protected from rapid

TABLE 1
Food intake estimates, body-weight composition, and hormones in subjects with anorexia nervosa (AN) or constitutional thinness (CT) and in control
subjects1

Subjects

P2
AN

(n � 12)
CT

(n � 10)
Control
(n � 7)

Age (y) 20.7 � 1.2 20.2 � 1.2 23 � 0.8 0.24
BMI (kg/m2) 15.2 � 0.4a 15.7 � 0.2a 20.4 � 0.3b � 0.001
Fat mass (%) 9.4 � 1.1a 19.9 � 1.9b 25.4 � 1.5c � 0.001
Food intake (kJ/d) 4304 � 625a 7821 � 850b 8150 � 958b � 0.001
PYY (pmol/L) 24.5 � 1.0a 31.1 � 1.3b 26.8 � 1.2a � 0.001
GLP-1 (pmol/L) 92.9 � 3.6a 73.2 � 4.8b 82.6 � 5.5a � 0.001
Ghrelin (pmol/L) 701 � 50a 324 � 24b 499 � 23c � 0.001
Leptin (�g/L) 1.9 � 0.1a 7.7 � 0.7b 9.3 � 0.5b � 0.001
Cortisol (nmol/L) 364 � 21a 212 � 13b 258 � 26b � 0.001
GH (mUI/L) 6.9 � 0.7a 5.3 � 1.3b 5.1 � 1.3b 0.004
IGF-I (�g/L) 163 � 16a 295 � 34b 283 � 20b � 0.001
Free T3 (pmol/L) 2.7 � 0.1a 4.0 � 0.1b 3.6 � 0.1b 0.01
17�-Estradiol (ng/L) 11.3 � 1.4a 73.1 � 8.6b 47.6 � 11.4b 0.02
FSH (UI/L) 3.0 � 0.6a 7.3 � 0.9b 5.3 � 1.0b 0.04
LH (UI/L) 1.0 � 0.2a 13.4 � 3.0b 7.1 � 1.7b 0.002
SHBG (nmol/L) 75 � 21.5 71 � 11.7 110 � 23.2 0.32
FTI 0.8 � 0.1 0.6 � 0.1 0.8 � 0.1 0.98

1 All values are x� � SEM. PYY, peptide YY; GLP-1, glucagon-like peptide 1; GH, growth hormone; IGF-I, insulin-like growth factor I; T3, triiodothy-
ronine; FSH, follicle-stimulating hormone; LH, luteining hormone; SHBG, sex hormone–binding globulin; FTI, free testosterone index. Values in a row with
different superscript letters are significantly different, P � 0.05 (ANOVA and Tukey’s test).

2 Calculated with the use of ANOVA.
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weight gain induced by early exposure to a high-fat diet (33).
This pathophysiologic mechanism should lead to a low-food
intake which is not the case in CT subjects. CT subjects often
overeat because of their desire to gain weight. Therefore, this
anorexigenic ratio could be interpreted as an appropriate re-
sponse to food intake considered normal when compared with
control subjects but abnormally high when related to body
weight. The anorexigenic profile of hormones involved in reg-
ulation of appetite in CT is biological evidence that can be used
to differentiate CT subjects from control subjects.

In the AN subjects, we found an association of low PYY, high
ghrelin, and low leptin concentrations that could represent an
orexigenic adaptative response of the appetite regulation net-
work to a low-food intake. Despite the orexigenic profile, food
intake is not increased, leading us to conclude that psychological
determinism is predominant in AN. In these subjects the associ-
ation between elevated ghrelin and low leptin concentrations was
reported by us (10) and others (8, 9, 17), whereas recent data on
the fasting PYY concentrations of AN patients are conflicting
(14, 15). Thus, Stock et al (14) described no differences between
AN and control subjects with overall mean plasma PYY values
�65 pg/mL. However, Misra et al (15) found PYY to be higher
in AN (17.5 pg/mL) than in control (4.3 pg/mL) subjects. Be-
cause both studies assessed total PYY, the discrepancies found
between these studies were probably due to differences in tech-
nique sensitivity. With the use of the same assessment technique,
our PYY concentrations in control subjects were similar to those

described by Batterham et al (4) and Stock et al (14). PYY
concentrations in AN tend to be lower than those of control
subjects in 6 determinations made throughout the day. These data
need further confirmation. Only one study assessed GLP-1 in
young AN patients and found fasting GLP-1 concentrations to be
low (16). In the present study, circadian GLP-1 concentrations in
the AN group were significantly higher than in the CT group and
tended to be higher than in the control subjects. To better char-
acterize the role of GLP-1 in these groups of lean subjects, it may be
of interest tostudyoxyntomodulin,anotherpeptideco-secretedwith
GLP-1, which is known to inhibit food intake in rodents and hu-
mans, exclusively through the GLP-1 receptor (34).

Physiologic gonadal activity is absent in AN and is undam-
aged in CT. Thus, high ghrelin concentrations and low leptin
concentrations, in association with abnormal corticotropin-
releasing hormone activity, mediate the suppression of the re-
productive system in AN, or in female athletes (35–37). The
relatively low concentrations of ghrelin and normal concentra-
tions of leptin and cortisol in CT are in concordance with normal
menstruation and normal estradiol concentrations. The variant of
AN without amenorrhea recently proposed (38) should be con-
sidered as a diagnosis only after excluding CT.

Our study had several limitations. First, total (acylated and
deacylated) ghrelin and total (1–36 and 3–36) PYY concentra-
tions were measured. Acylated ghrelin and PYY3-36, the iso-
forms responsible for appetite regulation, should be assessed to
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confirm our hypothesis on appetite control. Meanwhile, the re-
lation between PYY or ghrelin variations and those of hunger and
fullness remains to be confirmed (39). Conversely, the measure-
ment of total hormones appears sufficient to distinguish CT from
AN. Second, 4-h sampling intervals may be too infrequent to
precisely identify the peaks and nadirs in the 24-h ghrelin profile
(11). However, this method allowed us to detect circadian vari-
ations of leptin and PYY in the CT and control subjects and to
calculate 24-h averages of these hormones.

We conclude that all of the anorexigenic and orexigenic pep-
tides evaluated in our study (PYY, GLP-1, ghrelin, and leptin) are
useful tools for differentiating 2 categories of severe under-
weight, namely CT, an almost unknown entity, and AN. How-
ever, the observed abnormalities in hormonal profiles were in-
sufficient to explain the appetite regulation profile of CT. Further
dynamic studies, including food supplementation or PYY neu-
tralization or both, ghrelin enhancement, and consecutive hunger
and fullness evaluation, are required.

NG, BG, and BE designed the study. NG, CWLR, and MAG performed the
experiment. BG, CWLR, FL, and CB collected the data. NG, BG, MAG, and
BE analyzed the data. NG, BG, BE, CWLR, MAG, and SRB wrote the
manuscript. None of the authors had any financial support from or any
personal interest in any company or organization sponsoring the research,
including advisory board affiliations.
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Premenopausal overweight women do not lose bone during
moderate weight loss with adequate or higher calcium intake1–3

Claudia S Riedt, Yvette Schlussel, Nancy von Thun, Hasina Ambia-Sobhan, Theodore Stahl, M Paul Field,
Robert M Sherrell, and Sue A Shapses

ABSTRACT
Background: Weight loss is associated with bone loss, but this has
not been examined in overweight premenopausal women.
Objective: The aim of this study was to assess whether overweight
premenopausal women lose bone with moderate weight loss at rec-
ommended or higher than recommended calcium intakes.
Design: Overweight premenopausal women [n � 44; x� (�SD) age:
38 � 6.4 y; body mass index (BMI): 27.7 � 2.1 kg/m2] were ran-
domly assigned to either a normal (1 g/d) or high (1.8 g/d) calcium
intake during 6 mo of energy restriction [weight loss (WL) groups]
or were recruited for weight maintenance at 1 g Ca/d intake. Regional
bone mineral density and content were measured by dual-energy
X-ray absorptiometry, and markers of bone turnover were measured
before and after weight loss. True fractional calcium absorption
(TFCA) was measured at baseline and during caloric restriction by
using a dual-stable calcium isotope method.
Results: The WL groups lost 7.2 � 3.3% of initial body weight. No
significant decrease in BMD or rise in bone turnover was observed
with weight loss at normal or high calcium intake. The group that
consumed high calcium showed a strong relation (r � 0.71) between
increased femoral neck bone mineral density and increased serum
25-hydroxyvitamin D. No significant effect of weight loss on TFCA
was observed, and the total calcium absorbed was adequate at 238 �
81 and 310 � 91 mg/d for the normal- and high-calcium WL groups,
respectively.
Conclusion: Overweight premenopausal women do not lose bone
during weight loss at the recommended calcium intake, which may
be explained by sufficient amounts of absorbed calcium. Am J
Clin Nutr 2007;85:972–80.

KEY WORDS Bone, calcium absorption, hormones, pre-
menopausal women, weight loss

INTRODUCTION

There are a limited number of weight loss studies in premeno-
pausal women showing either bone loss (1–4) or no change (5).
A history of weight loss in premenopausal years has been asso-
ciated with an increase in hip fracture risk later in life (6). In
addition, a weight loss of 5–10% in postmenopausal women is
associated with a decrease in bone mass of �1–4% (7–12) and an
increase in bone resorption (7, 13). Further evidence from ob-
servational studies shows that a decrease in body weight in over-
weight [body mass index (BMI; in kg/m2) of 25 to 29.9] com-
pared with obese (BMI � 30 to 40) older women results in greater

bone loss (14). Compared with obese persons, overweight per-
sons may be more susceptible to bone loss due to reduced weight
bearing (9, 15, 16), diminished extraovarial estrogen synthesis
due to smaller fat depots (17, 18), and reduced calcium intake due
to lower energy requirements, especially during dieting (1, 5, 19).
To our knowledge, there have been no controlled weight loss
trials examining overweight premenopausal women to deter-
mine bone loss, nor has the influence of recommended or high
calcium intake been addressed. In addition, whether caloric re-
striction compromises calcium absorption in premenopausal
women, as has been observed in older women (20), was an
important goal in the present study. Our aims were to examine
bone turnover and mass in overweight premenopausal women
with weight reduction at recommended or high calcium intakes
and to determine the role of calcium absorption and hormonal
regulators.

SUBJECTS AND METHODS

Subjects

Sixty weight-stable (�3 mo), healthy, overweight, premeno-
pausal women were recruited to participate in a weight loss (WL)
or weight maintenance (WM) intervention, beginning either in
the spring or fall. Advertisement for recruitment was done in
local newspapers and radio stations every 6 mo between the years
2002 and 2004. Exclusion criteria included irregular menstrual
cycle, pregnancy or nursing a child within the past year, taking
oral contraceptives or other medications known to influence
bone metabolism, evidence of metabolic bone disease or other
diseases such as thyroid disorders, immune disease, heart attack
or stroke in the past 6 mo, kidney stones, diabetes, and active
cancers or cancer therapy within the past 12 mo. Before the
beginning of the study, the participants had to be weight stable for
�3 mo. The participants were instructed to maintain their weight
until the beginning of the study and not to change physical ac-
tivity levels. The study was approved by the Rutgers University
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Institutional Review Board, and all study participants signed an
informed consent form before entering the study.

Study design

The participants were asked to maintain their body weight and
stop taking any dietary supplements for �4 wk before the be-
ginning of the WL or WM intervention. During this stabilization
period, the participants were given a standard daily multivitamin
and mineral (MVi) supplement (Sentury-Vite Pharmavite Corp,
Mission Hills, CA), containing 200 mg Ca and 400 IU vitamin D.
After this 1-mo stabilization, baseline measurements were taken.
Thereafter, women adhered to 6 mo of weight loss or mainte-
nance followed by 1 additional month of weight stabilization, at
which time bone density measurements were taken. Hence, with
a month of stabilization before and after weight loss, the total
time commitment was 8 mo. To avoid the negative influence of
a low calcium diet on bone mass during dieting, all women in the
present study were supplemented with calcium, at either high
(1.8 g/d) or the recommended (1 g/d) levels. The group with
recommended or adequate calcium intake (1 g/d) was labeled
“normal” because it matched their usual intake and this label of
“normal” is consistent with our previous publications (12, 20).
The participants recruited for the WL group were randomly as-
signed in a double-blind manner to 1 of 2 interventions receiving
calcium supplements: 1) 1000 mg Ca [high calcium (HiCa); WL
HiCa group] or 2) 200 mg Ca [normal calcium (NLCa); WL
NLCa]. The supplement was given as calcium citrate (200 mg
Ca/tablet) and placebo tablets (gift from Mission Pharmacal, San
Antonio, TX). Women recruited for the WM group were as-
signed to 200 mg supplemental Ca intake (WM NLCa). Each
participant ingested 5 tablets/d (5 calcium tablets for the HiCa
groups or 1 calcium and 4 placebo tablets for the NLCa groups).
Pills were packaged in individual bags containing all 5 pills for
a day. The participants were instructed to take 2 pills in the
morning and 3 pills at night until completion of the study. The
participants were counseled to consume 600 mg dietary Ca/d,
and, if supplement compliance was 100%, total calcium intake
(calcium supplement � MVi � dietary calcium intake) would be
equivalent to 1800 mg/d and 1000 mg/d in the HiCa and NLCa
groups, respectively. Compliance was assessed by monthly pill
count, whereas dietary calcium intake was estimated from food
records. A registered dietitian provided weekly weight loss coun-
seling to the WL groups. Moderate energy restriction of 1200–
1500 kcal/d with the use of American Diabetic Association ex-
change list and behavior modification was used to achieve weight
loss or maintenance during the 6-mo study period. Weight was
measured weekly for the first 2 mo and every other week there-
after. Women who did not lose enough weight (�1.5 kg) after 7
wk of counseling were excluded from the WL group. Women on
weight maintenance were counseled to maintain weight and were
weighed at monthly meetings. All groups were counseled to keep
weekly 3-d food records to enhance weight loss counseling and
assess dietary compliance. Measurements of bone density and
hormones were taken before caloric restriction and after 6 mo of
weight loss. In a subset of the participants, a calcium absorption
test was performed and hormones were measured before and �6
wk after caloric restriction at the same time of their menstrual
cycle and at a time when we anticipated greatest adherence to
caloric restriction. In addition, serial measurements of bone turn-
over markers at baseline and during the intervention (weeks 1, 2,
4, 6, 10, 16, and 25) were collected.

Laboratory methods

Weight and height (measured with a balance beam scale and
stadiometer, respectively; Detecto, Webb City, MO) were mea-
sured to the nearest 0.25 kg and cm, respectively. Dual-energy
X-ray absorptiometry (DXA) (Lunar Prodigy Advanced; GE-
Lunar, Madison, WI; CV: � 1% for all sites) scans were per-
formed by using enCORE 2004 software (version 8.10.027; GE-
Lunar) before and 6 mo after caloric restriction or weight
maintenance. Bone mineral content (BMC) and bone mineral
density (BMD) at the femoral neck (FN), trochanter, total hip,
ultradistal radius, 33% radius, lumbar spine (LS), and total body,
as well as total body fat and lean mass, were determined.

Bone turnover markers were assessed in fasting urine and
serum samples. Pyridinoline (CV: �8%) and deoxypyridinoline
(CV: �10%) were measured in urine by reverse-phase HPLC
and fluorescence detection (21) and normalized for creatinine
excretion. Urinary calcium and creatinine were measured (no.
587 for calcium and no. 555 for creatinine; Sigma, St Louis, MO;
CVs: �3.2% and � 11%, respecively) in 24-h urine samples.
Serum osteocalcin was measured by radioimmunoassay (RIA)
(BTI, Stoughton, MA; CV: �9%). Serum N-telopeptide of type
I collagen (sNTx) was measured by enzyme-linked immunosor-
bent assay (Osteomark; OSTEX International Inc, Seattle, WA;
CV: �4.6%). Serum 25-hydroxyvitamin D [25(OH)D] was mea-
sured by 125I RIA (DiaSorin, Stillwater, MI; CV: �12.5%). Es-
tradiol, estrone, and cortisol were also measured by 125I RIA
(DSL, Webster, TX; CV: �9.4%). Intact parathyroid hormone
(PTH) was determined by immunoradiometric assay (DSL; CV:
�5.2%). In addition, 1,25-dihydroxyvitamin D [1,25(OH)2D]
was measured by 125I RIA after preliminary extraction procedure
and subsequent purification by using C18OH “Extra Clean” car-
tridges (DiaSorin, Stillwater, MI; CV: �11.3%) on the day of the
calcium absorption test.

Dual-stable isotope methods were used to determine true frac-
tional calcium absorption (TFCA) at both baseline and �1 mo
later. On the day of the calcium absorption test, the women were
admitted at 0700 after an overnight fast. After blood collection
(10 mL), participants were asked to void and then served a stan-
dard breakfast (170 mg Ca) to be consumed in its entirety. This
meal contained 43Ca that had been mixed in one-half cup milk
(150 mg Ca) and allowed to equilibrate for �12 h (overnight)
before the test. Immediately after breakfast, 42Ca was injected
intravenously over �3 min. Complete urine collection was mon-
itored in each participant for the following 24 h, and the ratio of
each isotope to 44Ca was determined in oxalate-precipitated ali-
quots of the pooled 24-h urine by using high-resolution induc-
tively coupled plasma–mass spectrometry (ICP-MS) to calculate
TFCA, as described previously (20, 22). The ICP-MS instrument
precision and accuracy for this method is � �1% and the day-
to-day CV is 1.2%.

Dietary intakes were estimated by analyzing food records (3-d
averages) at baseline and during the study period. Diets were
analyzed by using NUTRITIONIST PRO (version 1.3.36; First
DataBank Inc, San Bruno, CA).

Statistical analysis

Inclusion criteria for the WL groups (and exclusion criteria for
the WM groups) were weight loss �1.5% and 2.5% of initial
body weight after 6 wk and 6 mo, respectively. In comparisons of
small and unequal samples, nonparametric tests may be more
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powerful in detecting population differences when the normality
assumption is not satisfied. Therefore, we used nonparametric
tests (Wilcoxon’s Mann-Whitney U test) for comparisons of
bone mass and calcium absorption variables between the 3 in-
tervention groups. Analysis of covariance (ANCOVA) was used
to control for baseline differences. Additionally, a separate
intention-to-treat (ITT) analysis (n � 58) with and without the
use of success or failure of group assignment as a covariate
(ANCOVA), as well as a completers analysis (n � 49), was
performed for changes in bone mass. Subsequent post-hoc anal-
ysis with Tukey’s test was performed when Kruskal-Wallis test
results were P � 0.05. Repeated-measures analysis of variance
(ANOVA) was used to assess changes in pyridinoline and de-
oxypyridinoline cross-links, osteocalcin, and PTH between the
groups over time. Pearson’s product-moment correlations were
used to examine the relation between percentage changes in
weight and bone mass and markers of bone turnover and hor-
mones. To predict how weight loss influences bone mass and
calcium absorption, simple linear regressions were performed.
Stepwise multiple regression was performed on bone mass mea-
surements that changed significantly or as a trend from baseline

to final measurement, with percentage change in BMD and BMC
as the dependent variables; independent variables included per-
centage change in weight, PTH, 25(OH)D, estradiol, and corti-
sol, as well as bone area for evaluating BMC changes. Stepwise
regression was also performed by regressing calcium absorption
(TFCA) on the independent variables PTH, 1,25(OH)2D,
25(OH)D, and estradiol. Analyses were performed with SAS
software (version 9.1.3; SAS Institute Inc, Cary, NC). P values �
0.05 were considered statistically significant. Data are presented
as means � SDs, unless otherwise noted.

RESULTS

Study participants

For the present study, 288 participants were screened, result-
ing in 58 women who were randomly assigned to either HiCa or
NLCa intake (Figure 1). Nine women dropped out during the
study because of personal reasons (n � 7) or pregnancy (n � 2).
Four women assigned to the WL HiCa group who did not lose
weight after the first 2 mo were excluded from the study. One

FIGURE 1. Flow diagram of participants in study. Failure to lose weight was defined as weight loss of �2.5% of initial body weight. Low compliance was
defined as those who took �60% of the calcium supplement. HiCa, high calcium; NLCa, normal calcium; WL, weight loss; WM, weight maintenance.
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woman was excluded from analysis due to disclosure of an eating
disorder. Forty-four women completed the study. The women
assigned to the WM group had to remain within 2.5% of their
baseline body weight throughout the study period. Seven women
originally assigned to the WL NLCa group who didn’t lose
�2.5% body weight within the first 2 mo met the criteria for the
WM group and were allowed to continue in the study in this
group assignment. This design, in addition to ITT and completers
analysis, was important because we were interested in determin-
ing how weight loss affects bone, rather than who was successful
at weight loss. These participants were analyzed as part of the
WM group, and no baseline values were significantly different
between the groups in the ITT analysis. In total, 31 women
successfully completed the 6-mo weight loss program (24 white,
5 African American, 1 Hispanic, and 1 Asian), and 13 women (11
white, 1 African American, and 1 Asian) maintained their body
weight. True FCA measurements were performed in 43 women
at baseline and after 6 wk of caloric restriction. Nine samples
were invalid due to use of different lots of stable isotopes at
baseline and final measurements that were not compatible, and
therefore TFCA analysis is reported in 34 women.

Baseline characteristics

The baseline characteristics of women (age: 38.0 � 6.4 y,
range 24–49 y; BMI 27.7 � 2.1) included in the analysis are
presented in Table 1 and Table 2. Significant differences (P �

0.05) in lumbar spine BMD and BMC and FN BMC were ob-
served between the groups at baseline (Table 1). Due to a stabi-
lization period to adjust to intakes of 1.0 g Ca/d and 1.8 g Ca/d
before the beginning of weight loss, we observed significant
(P � 0.02) differences in TFCA and estimated amounts of cal-
cium absorbed between groups at baseline (Table 2). No other
baseline characteristics differed significantly among the entire
study group or the subset who participated in calcium absorption
measurements. Participants were recruited every 6 mo, which
resulted in different baseline variables depending on whether
participants were recruited in the early fall or late winter months.
Women who started weight loss in the early fall (n � 25) had
significantly lower (P � 0.03) deoxypyridinoline concentrations
(7.5 � 2.2 nmol/mmol) than did the women who started in the
late winter (n � 19; 9.4 � 2.7 nmol/mmol). During dieting, the
only variable that was significantly affected by the season of
recruitment was serum 25(OH)D (P � 0.001). Values of
25(OH)D were 73.4 � 22.2 nmol/L for groups beginning in late
winter and increased by 19.8 � 18.2% (P � 0.001) over 6 mo
compared with 82.1 � 20.5 nmol/L for groups beginning in the
fall that showed a change of 1.1 � 17.9%.

Weight and body-composition changes

Baseline body weight and changes after 6 mo are presented in
Table 1. Women in the WL groups lost 7.2 � 3.3% body weight
(5.5 � 3.2 kg) after 6 mo. No significant difference in weight loss

TABLE 1
Bone and body-composition measurements at baseline and percentage changes after 6 mo of weight maintenance (WM) or weight loss (WL) at 2 calcium
intakes1

WL high calcium
(n � 14)

WL normal calcium
(n � 17)

WM normal calcium
(n � 13)

P2Baseline
Percentage

change Baseline
Percentage

change Baseline
Percentage

change

Body weight (kg) 73.2 � 4.4 	8.1 � 4.03,4 71.4 � 6.7 	6.6 � 2.43,4 73.4 � 5.0 	0.1 � 2.3 � 0.0001
Lean mass (kg) 42.0 � 3.6 	2.0 � 2.43 40.8 � 4.4 	4.4 � 4.33,4 42.5 � 3.4 0.4 � 4.2 0.015
Fat mass (kg) 28.4 � 2.4 	17.9 � 10.23,4 28.1 � 4.2 	11.4 � 6.03,4 28.2 � 4.8 	0.6 � 4.9 � 0.0001
BMD (g/cm2)

Femoral neck 1.02 � 0.13 1.5 � 1.8 0.99 � 0.11 	0.5 � 3.3 0.97 � 0.14 1.0 � 4.0 0.087
Trochanter 0.85 � 0.10 1.2 � 2.2 0.80 � 0.01 0.2 � 2.6 0.81 � 0.12 1.5 � 4.1 0.660
Total hip 1.07 � 0.12 0.8 � 1.4 1.03 � 0.09 1.2 � 0.9 1.03 � 0.14 0.3 � 1.9 0.106
UD radius 0.42 � 0.04 	1.5 � 13.4 0.39 � 0.06 11.6 � 16.1 0.39 � 0.06 1.1 � 17.5 0.080
33% radius 0.71 � 0.06 2.2 � 3.33,5 0.70 � 0.06 	1.4 � 3.4 0.70 � 0.05 0.6 � 3.8 0.047
Lumbar spine6 1.33 � 0.19 	0.1 � 2.9 1.20 � 0.13 	1.0 � 4.3 1.20 � 0.12 	0.2 � 3.9 0.831
Total body 1.21 � 0.06 0.6 � 0.73 1.17 � 0.08 	0.2 � 1.5 1.20 � 0.07 	1.1 � 3.3 0.028

BMC (g)
Femoral neck6 4.94 � 0.65 1.6 � 5.5 4.35 � 0.43 5.8 � 9.5 4.51 � 0.65 3.8 � 7.6 0.314
Trochanter 9.23 � 1.43 3.3 � 6.7 8.79 � 1.37 	2.2 � 6.3 8.92 � 1.99 5.0 � 6.93,5 0.015
Total hip 31.8 � 4.0 1.5 � 2.0 29.7 � 2.5 1.1 � 2.1 29.9 � 4.1 0.8 � 3.1 0.721
UD radius 1.34 � 0.16 	1.5 � 13.5 1.30 � 0.16 	5.4 � 9.3 1.32 � 0.16 	3.3 � 6.1 0.586
33% radius 1.86 � 0.23 	4.5 � 4.23,5 1.71 � 0.21 4.8 � 8.93 1.81 � 0.25 	1.8 � 8.8 0.005
Lumbar spine6 56.0 � 9.0 0.8 � 3.6 49.4 � 8.1 0.4 � 3.6 49.4 � 6.2 1.2 � 6.0 0.978
Total body 2717 � 297 	1.3 � 2.4 2513 � 281 0.0 � 2.4 2565 � 232 	0.1 � 2.4 0.272

1 Normal calcium intake was 1.0 g/d; high calcium intake was 1.8 g/d. UD, ultradistal radius.
2 Comparison of percentage change between the 3 groups by nonparametric one-factor ANOVA.
3 Significantly different from baseline, P � 0.05.
4 Change was significantly different from WM group, P � 0.05.
5 Change was significantly different from WL normal-calcium group, P � 0.05.
6 There was a significant difference between the groups at baseline, P � 0.05.
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was observed between those consuming high calcium (	5.9 �
3.0 kg) and those consuming normal calcium (	4.7 � 1.8 kg) at
6 mo, but there was an interaction effect of calcium and time on
weight loss (P � 0.01) such that the high calcium group lost more
weight over the measured intervals. Women in the WM group
maintained weight (	0.1 � 1.7 kg) during the study period. As
expected, weight loss was largely due to a decrease in body fat
mass (	14.3 � 8.7%; P � 0.0001) and a small decrease in lean
body mass (	3.3 � 3.7%; P � 0.001).

Bone

Changes in BMD and BMC are shown in Table 1. Significant
differences (P � 0.05) in BMD changes at the 33% radius and
total body were observed between the groups, and a trend toward
a difference was observed at the FN and ultradistal radius (Table
1). Furthermore, BMC changes differed (P � 0.02) between all
groups at the trochanter and one-third radius.

Women who had lost weight and consumed high calcium
increased BMD (P � 0.05) at the one-third radius and total body
compared with baseline (Table 1). In addition, the FN BMD
increased in the high-calcium group (P � 0.05) compared with
baseline (not shown), although the overall P value was a trend.
The WM group showed no significant changes in BMD, but
increased trochanter BMC after 6 mo.

ITT and completers analysis, which included women who did
not lose weight in the WL groups, showed that the WL groups
differed from the WM group (P � 0.05) for changes in total hip
BMD and BMC and total body BMD (data not shown).

Nutrient intake

Nutrient intakes are shown in Table 3. Dietary intake of cal-
cium during the study period was 730 � 268 mg/d and supple-
ment compliance was 93 � 12%. Total calcium intake during the
study period was �1.1 and 1.8 g/d in the NL and HiCa groups,
respectively. No significant differences in other nutrient intakes
were observed between the groups at baseline. Compared with
prestabilization calcium intake, there was a 125 � 90% increase
in calcium intake (P � 0.001) in the HiCa group (Table 3). This
increase in calcium intake in the HiCa group was significantly
greater (P � 0.0001) than the NLCa groups that showed no
significant change during stabilization. The WL groups showed
reduced (P � 0.05) intake of calories and fat compared with
baseline.

Hormones, bone turnover, calcium absorption, and
urinary excretion

Changes in calcium absorption, hormones, and bone turnover
are shown in Table 2. Serum 25(OH)D concentrations increased
due to weight loss compared with baseline after 6 wk (P � 0.05),
and these changes tended to differ from the WM group (P �
0.06). In contrast, none of the groups showed a significant change
in serum 25(OH)D concentrations after 6 mo (Table 2). No sig-
nificant differences in any hormonal responses were observed
between the groups throughout the study period. Serial measures
of osteocalcin tended (P � 0.08) to decrease in the WL groups
and did not significantly change in the WM group after 6 mo.
Also, serial markers of bone resorption, serum NTx, urinary

TABLE 2
Baseline values and percentage changes after 6 wk and 6 mo due to weight loss (WL) or weight maintenance (WM) in premenopausal women at 2 calcium
intakes1

WL high calcium
(n � 14)

WL normal calcium
(n � 17)

WM normal calcium
(n � 13)

P2Baseline
Percentage

change Baseline
Percentage

change Baseline
Percentage

change

Calcium absorption, vitamin D, and PTH after
6 wk3

TFCA (%)4 27.1 � 6.2a,b 	30.6 � 22.05,6 27.0 � 5.7a 	11.6 � 22.6 33.6 � 5.6b 	9.2 � 13.3 0.049
Estimated

Calcium absorbed (mg/d)4 492 � 178a 	30.3 � 32.5 282 � 171b 	3.0 � 35.7 371 � 103a,b 	17.3 � 28.4 0.077
1,25(OH)2D (pmol/L) 118.3 � 19.5 	2.0 � 32.3 110.0 � 41.1 2.3 � 38.2 112.3 � 43.7 11.0 � 62.0 0.726
25(OH)D (nmol/L) 72.4 � 16.0 27.9 � 33.45 74.9 � 27.2 26.6 � 40.15 92.4 � 35.4 	0.5 � 29.7 0.058
PTH (pmol/L) 3.7 � 1.9 4.1 � 40.2 3.6 � 1.6 4.6 � 28.0 3.3 � 1.7 5.8 � 57.6 0.743

Hormones and bone markers after 6 mo
25(OH)D (nmol/L) 75.1 � 22.5 9.1 � 23.1 81.1 � 17.2 10.6 � 22.5 74.4 � 27.0 8.0 � 13.6 0.964
PTH (pmol/L) 3.5 � 1.4 21.8 � 41.1 3.4 � 1.4 	3.1 � 40.0 4.2 � 2.0 	3.6 � 25.5 0.238
Estradiol (pmol/L) 131.8 � 69.4 41.4 � 58.2 196.4 � 140.6 59.9 � 158.2 194.2 � 115.3 78.7 � 226.0 0.569
Cortisol (nmol/L) 295.2 � 85.5 22.6 � 39.0 306.2 � 104.8 16.4 � 54.1 322.8 � 113.1 14.8 � 43.4 0.730
Pyridinium:creatinine (nmol/mmol) 26.7 � 7.5 9.6 � 26.0 31.1 � 8.4 	2.7 � 26.4 27.8 � 6.6 7.9 � 29.2 0.329
Deoxypyridinoline:creatinine (nmol/mmol) 7.8 � 1.9 6.6 � 29.8 8.5 � 2.6 9.3 � 33.6 8.6 � 3.3 	3.7 � 17.2 0.988
sNTx (nmol BCE) 13.5 � 3.3 3.6 � 20.0 14.6 � 4.3 3.3 � 34.4 13.7 � 3.6 2.4 � 22.6 0.985
Osteocalcin (nmol/L) 1.3 � 0.2 	7.5 � 14.6 1.3 � 0.2 6.2 � 12.7 1.3 � 0.3 6.5 � 14.6 0.172

1 Normal calcium intake was 1.0 g/d; high calcium intake was 1.8 g/d. PTH, parathyroid hormone; TFCA, true fractional calcium absorption; 25(OH)D,
25-hydroxyvitamin D; 1,25(OH2)D, 1,25-dihydroxyvitamin D; sNTx, serum N-telopeptide; BCE, bone collagen equivalents.

2 Comparison of percentage changes between the 3 groups (nonparametric one-factor ANOVA).
3 For a subset: n � 9 in the WL high-calcium group; n � 15 in the WL normal-calcium group; and n � 10 in the WM normal-calcium group.
4 There was a significant difference between groups at baseline, P � 0.05. Values with different superscript letters are significantly different, P � 0.05.
5 Significantly different from baseline value, P � 0.05.
6 Significantly different from WM group, P � 0.05.
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pyridinoline and deoxypyridinoline, bone formation, and osteo-
calcin did not significantly differ between the groups or com-
pared with baseline.

After 6 wk of caloric restriction, TFCA decreased (P � 0.05)
during caloric restriction in the women who consumed high
calcium during weight loss compared with those who consumed
normal calcium during weight loss and compared with those
on weight maintenance. The estimated amounts of calcium
absorbed tended (P � 0.06) to be greater in the HiCa
group (309.8 � 91.4 mg/d) than in the WL NLCa group (238.4
� 81.3 mg/d), but not compared with the WM group (287.3
� 61.1 mg/d).

Women were stabilized at calcium intakes of 1.0 g/d or 1.8 g/d
�4 wk before the first 24-h urine collection and averaged
195.6 � 97.6 mg Ca/d for all women at baseline. As a result of
this calcium stabilization before baseline, urinary calcium ex-
cretion was not expected to and did not increase in any of the
groups at 6 mo. Furthermore, during normal intake of calcium,
urinary calcium excretion did not differ significantly in women
losing or maintaining weight. Creatinine excretion (24-h collec-
tion) was 1122 � 283 mg/d at baseline and did not change
significantly (1.2 � 34.5%) with weight loss, which is consistent
with the small decrease in lean mass.

Correlations: simple linear and stepwise multiple
regression

We analyzed changes in weight loss, body composition, mark-
ers of bone turnover, and hormones within each group. Most
correlations were found for the WL HiCa group, because this
group experienced the greatest changes in measurements.
Weight loss tended to be associated with a decrease in osteocal-
cin (r � 0.339, P � 0.07). The increase in 25(OH)D correlated

significantly (P � 0.005) with an increase in FN BMD (r �
0.705) and a decrease in sNTx (r � 	0.728) in the HiCa group,
but not in the WL group with normal calcium intake (r � 	0.232,
P � 0.386) (slopes tended to differ for FN BMD, P � 0.06;
Figure 2A). Furthermore, the change in serum PTH was nega-
tively associated with the changes in FN BMD during weight loss
and high calcium intake (r � 	0.681, P � 0.01, Figure 2B), but
not with NL calcium intake.

Significant results for stepwise multiple regression analysis
were found in the HiCa group. An increase in 25(OH)D (partial
R2 � 0.498, P � 0.005) and decrease in PTH (partial R2 � 0.189,
P � 0.05) together explained 68.6% of the variance in FN BMD.
Stepwise multiple regression analysis for TFCA across all 3
groups showed that 36% of the variance in the TFCA changes
was explained by calcium intake (r � 0.216, P � 0.01) and
estradiol changes (r � 0.145, P � 0.02).

DISCUSSION

The present study showed that there is no bone loss with
moderate weight reduction in healthy overweight premeno-
pausal women at either 1 g Ca/d or 1.8 g Ca/d intake. These
findings are important because there are numerous studies show-
ing bone loss with weight reduction, but the population is typi-
cally older and/or weight loss greater and more rapid. Few studies
have investigated the effects of weight loss on bone in premeno-
pausal women, and these studies show contradicting results (1–3,
5). Our goal in this 6-mo weight-loss trial was to specifically
address the overweight population because they have more re-
cently been defined as a population that should lose weight (14)
and who may be at greater risk of bone loss than are obese persons

TABLE 3
Nutrient intakes at baseline and percentage changes after 6 mo of weight maintenance (WM) or weight loss (WL) in premenopausal women at 2 calcium
intakes1

WL high calcium
(n � 14)

WL normal calcium
(n � 17)

WM normal calcium
(n � 13)

P2Baseline
Percentage

change Baseline
Percentage

change Baseline
Percentage

change

Energy (kcal) 1707 � 4613 	19.4 � 31.94 1885 � 587 	25.4 � 20.14,5 1708 � 461 	4.9 � 11.9 0.029
Protein (g) 66.4 � 18.0 	1.4 � 30.5 76.2 � 29.1 	12.9 � 31.5 76.9 � 21.9 	7.9 � 24.7 0.501
Fat (g) 64.5 � 26.1 	25.9 � 32.04 72.9 � 25.3 	38.1 � 23.04,5 66.2 � 34.5 	6.7 � 15.1 0.007
Carbohydrates (g) 212.6 � 65.7 	14.1 � 35.6 231.0 � 80.9 	18.7 � 23.6 205.2 � 42.4 	6.5 � 21.1 0.304
Calcium (mg)6 1821 � 366 4.0 � 14.7 1088 � 489 6.8 � 35.6 1156 � 397 0.4 � 18.2 0.799
Phosphorus (mg) 866 � 270 0.1 � 26.7 1037 � 502 	8.0 � 37.5 1036 � 427 0.8 � 23.2 0.669
Vitamin D (�g) 1.6 � 1.1 5.7 � 12.7 2.1 � 3.0 	0.2 � 16.4 2.4 � 1.7 	0.9 � 8.2 0.357
Magnesium (mg) 163.8 � 55.8 11.9 � 30.3 198.5 � 82.9 	3.4 � 20.9 244.9 � 163.7 	1.7 � 22.3 0.197
Sodium (mg) 2408 � 828 	2.0 � 33.1 2986 � 1338 	5.2 � 67.5 2487 � 826 	8.4 � 18.8 0.467
Vitamin K (�g) 38.8 � 40.9 8.4 � 65.2 51.0 � 45.0 10.5 � 68.7 51.9 � 33.3 54.1 � 161.1 0.436

1 Nutrient intake was estimated from 3-d food records at baseline and from two 3-d food records at 6 mo. Normal calcium intake was 1.0 g/d; high calcium
intake was 1.8 g/d. Includes 48 mg phosphorus, 10 �g vitamin D, 100 mg magnesium, or 10 �g vitamin K from multivitamin-minerals; does not include salt
from shaker. No significant differences were observed between the groups at baseline.

2 Comparison of percentage changes between the 3 groups (nonparametric one-factor ANOVA).
3 x� � SD (all such values).
4 Significantly different from baseline value, P � 0.05.
5 Significantly different from WM, P � 0.05.
6 Includes supplemental calcium at baseline and during study period of 0.4 g/d (normal calcium) and 1.2 g/d (high calcium). Mean (�SD) calcium intakes

before supplementation (prestabilization): WL high calcium: 951 � 334 mg/d; WL normal calcium; 1155 � 500 mg/d; and WM normal calcium; 1024 � 381
mg/d.
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due to weight reduction (14). Another goal was to examine cal-
cium intake at recommended or high levels and its role in pre-
venting bone loss due to weight reduction (1, 5, 7, 19). In our
recent publication (12), we found that 1 g Ca/d was not adequate
to prevent bone loss in overweight postmenopausal women dur-
ing weight loss. In the current study, intake of 1 g Ca/d was
adequate to prevent bone loss, and women who consumed 1.8 g
Ca/d showed a small increase in BMD at several sites.

In previous controlled weight loss trials in postmenopausal
women or mixed populations, we and others consistently find
bone loss due to weight reduction (11–13). However, results of
bone loss in premenopausal women are controversial. For exam-
ple, in a previous controlled weight loss trial conducted in obese
premenopausal women, we found no decrease in BMD and BMC
with or without calcium supplementation (5). However, in a 1.5 y
study of lean and overweight (BMI �25) women beginning at
47 y of age, a 5% weight loss resulted in a small but significant
loss of BMD at the hip (0.8% loss), but not the spine, compared
with weight-stable women (4). Weight loss trials without a con-
trol group and calcium supplementation conducted in premeno-
pausal women report different results. For example, Ramsdale et

al (1) found that a 5% weight loss reduced calcium intake to 866
mg/d and resulted in a slight decrease in BMD at the total body
(	0.7%) and lumbar spine (	0.5%) in women (aged 18–44 y).
A 3-mo very-low-energy diet and 910 mg Ca/d conducted by
Fogelholm et al (2) resulted in loss of BMD and BMC at various
sites (1–6%). Hence, a rapid 14.3% weight loss (�5%/mo) (2)
compared with slower weight loss in the current trial (�1.2%/
mo) may be responsible for the bone loss. Another short-term (15
wk) weight-loss trial conducted by Van Loan et al (3) reported a
decrease in total body BMD of 1.7% without corresponding
BMC changes in 14 women after �10% weight loss. Calcium
intake was not reported in this study (3), and the authors suggest
that the observed decrease in BMD in these women may be due
to measurement artifact. Because a complete bone remodeling
cycle, including activation, resorption, and formation, takes �6
mo in older individuals (23), it is possible that the observed small
changes in bone mass with the HiCa diet in the present study are
temporary due to the bone remodeling transient. Whether the
changes are, in fact, significant during weight loss should be ad-
dressed in a longer-term study. Nevertheless, others have exam-
ined weight-stable young women over 5 y and found that modest
increases in calcium intake can positively affect bone (24).

Calcium absorption has previously been shown to decrease
with weight loss (20, 25), and under conditions of adequate
vitamin D status we have found that estrogen is an important
predictor of calcium absorption. In the present study, an impor-
tant goal was to evaluate the effects of caloric restriction on
calcium absorption in estrogen-replete women. Calcium absorp-
tion decreased in all 3 groups over the 6-wk period, regardless of
weight change. We showed a greater decrease in TFCA in the
high than in the normal calcium group. This was unexpected,
because women were stabilized to high calcium intakes 3–4 wk
before their baseline measurement, which should have been suf-
ficient time to adapt to a new level of calcium intake (26). Heaney
(27) reported TFCA from observational studies in premeno-
pausal women to be �23% at 1 g Ca/d and �18% at higher
calcium intakes (�1.8 g Ca/d). Based on these data, one can
estimate that increasing calcium intake from 1.0 g/d to 1.8 g/d
results in a decrease in TFCA by about 22%, which is comparable
to the 30% decrease in TFCA observed in the present study. The
amount of total absorbed calcium is a key factor in attaining
calcium balance and thereby in the prevention of bone loss. In the
present study, it was estimated that the WL groups absorbed
238–310 mg Ca/d after 6 wk of weight loss. In women 35–50 y
of age (28), calcium balance may be attained if absorbed calcium
is above �230 mg/d. We did not measure calcium balance in the
present study, but considering the amounts of total calcium ab-
sorbed (all �238 mg/d), women in all 3 groups in this study
appear to have been in calcium balance, which is consistent with
our findings of no bone loss.

Another important goal in the current study was to determine
whether normal or high calcium intake would be sufficient to
suppress bone turnover during weight loss. Previous weight-loss
studies showed a greater increase in bone resorption than in
formation with intakes of 0.6–0.8 g Ca/d (5, 7, 13, 29, 30), but not
with higher calcium intakes (12, 30). The absence of any rise in
bone turnover is consistent with the higher calcium intake in the
present study (1.1–1.8 g/d) than those of previous trials. In the
present study, we observed a decrease in the bone formation
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FIGURE 2. Relation between changes in serum 25-hydroxyvitamin D
[25(OH)D] or parathyroid hormone (PTH) and femoral neck bone mineral
density (FN BMD) in the weight loss high calcium (WL HiCa) and the WL
normal calcium (NLCa) groups. The relation between 25(OH)D and FN
BMD was significant (r � 0.705, P � 0.005) for the WL HiCa group, but not
for the WL NLCa group (r � 	0.232, P � NS). A trend (P � 0.06) for a
difference in the slopes between the groups was observed. Changes in PTH
and FN BMD were observed only in the WL Hi-Ca group (WL HiCa: r �
	0.681, P � 0.01; and WL NLCa: r � 0.187, P � NS) without significant
differences between the slopes after 6 mo of weight loss. ■ and solid line, WL
HiCa group (n � 14), � and dashed line, WL NLCa group (n � 17). Stepwise
regression analysis was done with percentage change in BMD as the depen-
dent variable, and independent variables included percentage change in
weight, PTH, 25(OH)D, estradiol, and cortisol.
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marker, osteocalcin, with weight loss compared with weight-
stable women. Chronic food restriction has been shown to de-
crease circulating osteocalcin concentrations in clinical weight-
loss trials (13, 30). It is possible that the uncoupling of bone
formation from resorption with longer term weight-loss trials
could ultimately result in bone loss.

Hormones regulating bone changes have not been examined in
previous weight-loss trials in premenopausal women and were a
focus in the present study. We observed an increase in serum
vitamin D concentrations with weight loss after 6 wk, but not
after 6 mo. Others have found a rise in 25(OH)D with loss of
adipose tissue in rats (31, 32). The WL group that consumed high
calcium was the only group to show a strong correlation between
increased serum 25(OH)D and increased FN-BMD. It is possible
that a high calcium intake combined with an increase in vitamin
D concentrations is beneficial to bone mass. Two potential mech-
anisms may explain this finding. Higher serum concentrations of
vitamin D in the HiCa group were associated with a lower rate of
bone resorption and tended to decrease urinary calcium excre-
tion. Calcium may function in an enabling mode, permitting the
skeleton to respond to hormonal cues (33), which may have
contributed to the bone response in the HiCa group. Neverthe-
less, the relation between 25(OH)D and FN-BMD could also be
an artifact due to the small sample size. We hypothesized that
calcium requirements would be higher than those recommended
during weight loss, yet both an absence of bone loss and a higher
PTH and bone turnover suggest that our original hypothesis was
not true. In addition, even though we did not design the study to
examine the effect of calcium on body weight and fat and did not
find a significant weight difference between the HiCa and NLCa
groups after 6 mo, we did find that repeated measurements over
time showed the HiCa group lost more body weight than did the
NLCa group. This differs from our previous findings (12, 34),
and the literature examining calcium during weight loss remains
controversial on this subject (35, 36).

There are some limitations of the present study. There are
concerns about the validity of DXA measurements in heavier
people and in weight-loss studies because of size-related artifacts
(37–39). We suggest that measurement artifacts due to weight
were minimal in the current study, due to a lower baseline body
weight, no extremes in fat distribution because the BMI of the
women was within a narrow range (25 to 29.9), small tissue
changes with moderate weight loss (ie, of �7%), and most im-
portantly the inclusion of a weight-loss control group (10, 40–
42). Furthermore, we reported both BMD and BMC changes in
Table 1 to improve interpretation of bone changes. Nevertheless,
the DXA fan beam may overestimate true BMD changes due to
beam hardening (32). Also, because of higher variability of bone
changes at the radius than at other sites, despite the use of the
same machine and technician, we suggest that interpretation is
limited for this peripheral site. This is possibly due to the diffi-
culty in obtaining a standardized region of interest, less reliable
data for percentage change due to its low BMD and mass, or
variable trabecular content (43, 44). In one study, the diagnostic
validity proved to be substantially better at a highly trabecular
region of the distal radius (45).

In conclusion, we showed that dieting overweight premeno-
pausal women do not lose bone with intakes of 1.0 or 1.8 g Ca/d,
which may be explained by sufficient amounts of absorbed cal-
cium. Furthermore, bone turnover was not up-regulated, and the
calcium-PTH axis was not significantly increased because of

weight loss. We suggest that overweight premenopausal women
do not lose bone with moderate weight loss when consuming the
recommended intake for calcium.
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A controlled trial of reduced meal frequency without caloric
restriction in healthy, normal-weight, middle-aged adults1–3

Kim S Stote, David J Baer, Karen Spears, David R Paul, G Keith Harris, William V Rumpler, Pilar Strycula,
Samer S Najjar, Luigi Ferrucci, Donald K Ingram, Dan L Longo, and Mark P Mattson

ABSTRACT
Background: Although consumption of 3 meals/d is the most com-
mon pattern of eating in industrialized countries, a scientific ratio-
nale for this meal frequency with respect to optimal health is lacking.
A diet with less meal frequency can improve the health and extend
the lifespan of laboratory animals, but its effect on humans has never
been tested.
Objective: A pilot study was conducted to establish the effects of a
reduced-meal-frequency diet on health indicators in healthy,
normal-weight adults.
Design: The study was a randomized crossover design with two
8-wk treatment periods. During the treatment periods, subjects con-
sumed all of the calories needed for weight maintenance in either 3
meals/d or 1 meal/d.
Results: Subjects who completed the study maintained their body
weight within 2 kg of their initial weight throughout the 6-mo period.
There were no significant effects of meal frequency on heart rate,
body temperature, or most of the blood variables measured. How-
ever, when consuming 1 meal/d, subjects had a significant increase
in hunger; a significant modification of body composition, including
reductions in fat mass; significant increases in blood pressure and in
total, LDL-, and HDL-cholesterol concentrations; and a significant
decrease in concentrations of cortisol.
Conclusions: Normal-weight subjects are able to comply with a 1
meal/d diet. When meal frequency is decreased without a reduction
in overall calorie intake, modest changes occur in body composition,
some cardiovascular disease risk factors, and hematologic variables.
Diurnal variations may affect outcomes. Am J Clin Nutr 2007;
85:981–8.

KEY WORDS Caloric restriction, meal frequency, intermit-
tent fasting, cholesterol metabolism, blood pressure, controlled diet,
normal-weight adults

INTRODUCTION

Overeating is a major cause of morbidity and mortality in
humans, and, accordingly, caloric restriction has multiple health
benefits for the obese (1, 2). Caloric restriction may also improve
the health of persons who are not considered overweight (3).
Whereas nutrient-dense, low-calorie diets have numerous health
benefits, the influence of meal frequency on health has not been
established. However, studies of various laboratory animals
(4–6) and specifically of rodents (5, 7–9) have shown that di-
etary restriction (caloric restriction or intermittent fasting—

long-term intermittent fasting in the case of rodents) can increase
lifespan and protect against or suppress disease processes re-
sponsible for cardiovascular disease (CVD), cancer, diabetes,
and neurodegenerative disorders. The latter studies (5, 7–9)
showed beneficial effects of intermittent fasting on blood pres-
sure, glucose metabolism, and vulnerability of cardiac and brain
cells to injury. Despite a general perception among the public at
large that it is important to eat �3 meals/d, no controlled studies
have directly compared the effects of different meal frequencies
on human health. This knowledge gap has been identified by the
2005 Dietary Guidelines Advisory Committee Report as a future
research direction (10, 11).

Studies of rodents and monkeys have led to several hypotheses
concerning the cellular and molecular mechanisms whereby di-
etary restriction extends lifespan and protects against disease.
The oxidative stress hypothesis proposes that aging and age-
related diseases result from cumulative oxidative damage to pro-
teins, lipids, and nucleic acids; by decreasing the amount of
oxyradicals produced in mitochondria, dietary restriction retards
aging and disease (12). A second hypothesis is that dietary re-
striction is beneficial primarily because of its effects on energy
metabolism; ie, it increases insulin sensitivity (13). A third hy-
pothesis, which may have a particular relation to the beneficial
effects of reduced meal frequency/intermittent fasting, is that
dietary restriction induces a mild cellular stress response in
which cells up-regulate the expression of genes that enable
them to cope with severe stress (12). Several physiologic
variables have been shown to change in animals maintained on
caloric restriction or intermittent fasting regimens (or both),
including decreased plasma insulin and glucose concentra-
tions, decreased blood pressure and heart rate, and enhanced
immune function (8, 14 –16)
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The current pilot study was conducted to determine the feasi-
bility of controlled meal frequency in normal-weight, middle-
aged men and women. Several physiologic outcomes and
biomarkers of health were also investigated.

SUBJECTS AND METHODS

Subjects

Healthy men and women aged 40–50 y were recruited by
newspaper advertisement from the greater Washington, DC,
metropolitan area. Inclusion in the study was based on a body
mass index (BMI; in kg/m2) between 18 and 25 and a usual eating
pattern of 3 meals/d. Subjects were excluded if they reported
tobacco use, recent pregnancy or lactation, history of CVD or
medication use for CVD, hypertension, diabetes, psychiatric
condition, cancer, or employment in high-risk occupations (this
last exclusion criterion was due to the potential for dizziness or
weakness during the meal-skipping phase). Study entry was ap-
proved by a physician on the basis of medical history, blood and
urine test screening results, and a physical examination.

All subjects gave written informed consent. The experimental
protocolwasapprovedby theJohnsHopkinsUniversityBloomberg
School of Public Health Committee on Human Research and the
MedStar Research Institute Institutional Review Board. The sub-
jects were compensated for their participation in the study.

Study design

This study was a randomized crossover design with two 8-wk
treatment periods. During the treatment periods, subjects con-
sumed all of their calories for weight maintenance distributed in
either 3 meals/d (control diet) or 1 meal/d (experimental diet). An
11-wk washout period was included between treatments. The
control diet consisted of 3 meals/d (breakfast, lunch, and dinner)
and the experimental “meal-skipping” (or 1 meal/d) diet con-
sisted of the same daily allotment of food eaten within a 4-h
period in the early evening. The subjects were fed at an energy
intake that would maintain body weight so that meal frequency
would be the only major change in their diet during the course of
the study. The study was a collaborative effort between the US
Department of Agriculture, Beltsville Human Nutrition Re-
search Center (BHNRC; Beltsville, MD), and the National In-
stitute on Aging (NIA; Baltimore, MD).

Study diets

Each day, subjects consumed dinner at the BHNRC Human
Study Facility under the supervision of a registered dietitian. At
the end of dinner, subject meal trays were inspected to ensure
complete consumption of the food. All breakfasts and lunches
were packed for carry-out. Only foods provided by the Human
Study Facility were allowed to be consumed during the study. A
7-d menu cycle of typical American foods was formulated by
using NUTRITIONIST PRO software (version 1.3; Axxya Sys-
tems, Stafford TX).

During the first 2 wk of the study, subjects randomly assigned
to the 1 meal/d diet were fed 2 meals/d (lunch and dinner); for the
next 6 wk, all food was consumed between 1700 and 2100, which
created a minimum fast of 20 h/d. While maintaining the same
macronutrient distribution between experimental and control di-
ets, breakfast and lunch food items were substituted for tradi-
tional evening meal items. Energy-dense foods were chosen to
assist in reducing the volume of food to be consumed.

Subjects were allowed unlimited amounts of calorie-free
foods such as water, coffee (without sugar or milk), diet soft
drinks, salt, and pepper. A 2-d emergency supply of food that met
the study protocol was provided to each subject for use during
any inclement weather. Subjects were required to consume all of
the foods and only the foods provided by the Human Study
Facility at specified times during the controlled feeding periods.

Body weight was measured every day before the evening
meal, when subjects arrived at the facility. So that subjects could
maintain constant body weight during the study, energy intake
was adjusted in 200-kcal increments. Energy requirements for
weight maintenance were calculated by using the Harris-
Benedict formula, which estimates basal energy expenditure,
and multiplied by an activity factor of 1.3–1.5. This formula has
proven successful in estimating weight-maintenance energy re-
quirements at our facility. Subjects completed a daily question-
naire regarding their general health; any consumption of pre-
scription or over-the-counter medications; factors related to
dietary compliance; and exercise performed; the questionnaire
also gave subjects the opportunity to write in questions of their
own about the diet. Subjects were encouraged to maintain their
normal exercise routine throughout the study.

Physiologic measurements

Physiologic variables measured were blood pressure, heart
rate, body temperature, and body composition. These measure-
ments were collected at baseline, 4 wk, and at the end of each of
the 2 treatment periods. Briefly, subjects were seated in a quiet
room for �5 min, and blood pressure and heart rate were mea-
sured 3 times with a Dinamap Compact Monitor (Model TS;
Critikon, Tampa, FL). Body temperature was measured on either
a Dinamap or a portable oral digital thermometer (ADtempIII;
American Diagnostic Corp, Hauppauge, NY). Body composi-
tion was measured by using bioelectrical impedance analysis
(BIA) (model TBF-300A; Tanita, Arlington Heights, IL). Sub-
jects fasted and refrained from heavy exercise before these mea-
surements. Subjective satiety and hunger were assessed daily
before consumption of the evening meal, in both the experimen-
tal and control diets, by using 4 visual analogue scales (VASs)
that described hunger, desire to eat, the amount of food that could
be eaten, and stomach fullness. The VASs were all 100-mm long,
and they were anchored at either end with terms indicating op-
posite descriptors.

Biological sample collection and analysis

Blood was collected at baseline, 4 wk, and the end of each of
the 2 treatment periods after a minimum of 12 h of fasting. All of
the baseline samples were collected in the morning. The 4-wk
and end-of-treatment samples were collected in the morning
from subjects following the control diet and in the evening (be-
fore dinner) from subjects following the 1 meal/d diet. In addi-
tion, as a measure of compliance, blood samples were collected
at unannounced times on 3 occasions from the subjects when they
were consuming 1 meal/d and were analyzed for fasting blood
glucose and triacylglycerol concentrations. The collected blood
samples were used to prepare 0.8–2.0-mL aliquots of plasma,
serum, and red blood cells that were stored at �80 °C in
cryovials. Sample analyses included a lipid profile, a compre-
hensive metabolic panel, complete blood count (CBC), and cor-
tisol concentration. Analyses were performed at the Core Labo-
ratory of the NIA, National Institutes of Health (Baltimore, MD)
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and at Fairfax Medical Laboratory (Chantilly, VA) by using
standard procedures and quality-control measures from the Clin-
ical Laboratory Improvement Amendments [(CLIA) Internet:
http://www.cms.hhs.gov/clia (accessed 1 January 2006)].
Plasma total cholesterol, HDL cholesterol, and triacyglycerol
were measured enzymatically with commercial kits (Johnson &
Johnson/Ortho Clinical Diagnostics, Raritan, NJ) on a Vitros 250
analyzer (Johnson & Johnson/Ortho Clinical Diagnostics). LDL-
cholesterol concentrations were calculated by using the equation
of Friedewald et al (17). Serum cortisol concentrations were
analyzed on a chemiluminescence immunoassay analyzer
(IMMULITE 2000; Diagnostic Products Corp, Los Angeles,
CA) with intraassay and interassay CVs of 5.3% and 7.2%, re-
spectively.

Physical activity assessment

Physical activity monitoring (PAM) was assessed with the use
of the Actigraph accelerometer (MTI AM 7164–1.2; Manufac-
turing Technology Inc, Fort Walton Beach, FL) over the course
of 7 d to obtain the average daily and weekly activity counts.
Measurements were obtained during week 2 (baseline) and week
7 (end of treatment) of each treatment period. Subjects were
instructed to wear the activity monitor a long as possible every
day. The activity monitor, worn as a snugly fitting belt around the
waist with the manufacturer’s “notch” facing upward, was set to
read the data in 1-min segments. Subjects were asked to wear the
monitor on the right hip, unless they reported being unable to do
so. Regardless of the activity monitor placement, each subject
wore the monitor on the same side and at the same location
throughout the study. In addition to wearing the monitors, sub-
jects maintained a small daily log to detail the times when the
monitor was worn, the activities that were carried out when the
monitor was not worn (ie, sleeping or showering), and any ex-
ercise performed (whether the monitor was worn or not). In each
of the treatment periods, subjects were asked to wear the monitor
for 9 d, with the intention of obtaining 7 full days of data. If a
subject reported not wearing the activity monitor for a given day,
he or she was asked to wear the monitor an extra day. Physical
activity data obtained from the Actigraph accelerometer were
processed by using a procedure developed in our facility. Briefly,
most subjects typically remove the monitors periodically during
the day or at night for sleep (or both). Analyses from our labo-
ratory indicate that these missing data points can have a detri-
mental effect on the prediction of physical activity, so we devel-
oped a procedure that treats each monitoring day as a 24-h day no
matter how long the monitor was worn on any day. Monitor files
are scanned by a program that estimates the time spent sleeping
and imputes a constant value for those times. Other missing
strings of data �20 min long are “filled in” by imputation, on the
basis of the monitor removal times reported in the log. These data
processing procedures dramatically reduce the variability inher-
ent with activity monitor data.

Statistical analysis

An analysis of variance (ANOVA) appropriate for a 2-period
crossover study with repeated measures within period was used
to evaluate meal frequency effects on outcome variables using
the MIXED procedure in SAS software (version 9.0; SAS Insti-
tute, Cary NC). The statistical model included sequence, meal

frequency, period, time within period, and time � meal fre-
quency interaction as fixed effects. Period and time were mod-
eled as repeated measures. The factor subject nested in sequence
was included in the model as a random effect. The first observa-
tion within a period was included as a covariate. When the time
�meal frequency interaction was significant (P � 0.05), within-
time meal frequency effects were evaluated by using repeated-
measures ANOVA. If this interaction was not significant, the
main effect of meal frequency was evaluated. Data are presented
as means � SEMs.

RESULTS

Subject characteristics

Sixty-nine persons attended the study information meeting.
Thirty-five gave written informed consent, and 32 completed the
screening process. Twenty-one subjects (14 women, 7 men) ul-
timately were randomly assigned to the treatments. Fifteen sub-
jects (10 women, 5 men) completed the feeding phase of the
study. Complete data were analyzed and are presented for 15
subjects. In the 3 meal/d diet arm, 1 subject withdrew because of
food dislikes. During the 1 meal/d diet, 5 subjects withdrew
because of scheduling conflicts and health problems unrelated to
the study. Only 1 of the 5 subjects withdrew specifically because
of an unwillingness to consume the 1 meal/d diet. The mean BMI
indicated that subjects were within the normal range. The phys-
ical characteristics of the 15 subjects at baseline are presented in
Table 1.

Diets

The composition of the 2 diets is shown in Table 2. Subject
adherence to the controlled diets was judged to be excellent on
the basis of observed consumption of the meals in the facility and
review of the responses on the daily questionnaires. The random
fasting triacylglycerol and glucose concentrations indicated that
compliance with the 1 meal/d diet was acceptable. The mean
triacylglycerol and glucose concentrations were 64.4 � 5.7 and
79.7 � 1.9 mg/dL, respectively. Thirty of 1650 evening meals
(1.8%) provided during the entire study were packed for con-
sumption away from the facility. The average daily energy intake

TABLE 1
Subject characteristics before the start of the controlled feeding1

Value

Age (y) 45.0 � 0.7
Height (cm) 168.0 � 3.1
Weight (kg) 66.5 � 3.1
BMI (kg/m2) 23.4 � 0.5
Fat mass (kg) 16.2 � 1.2
Fat-free mass (kg) 50.1 � 2.9
Total body water (kg) 36.7 � 2.1
Total cholesterol (mg/dL) 182.0 � 8.5
LDL cholesterol (mg/dL) 109.1 � 8.6
HDL cholesterol (mg/dL) 53.5 � 3.9
Triacylglycerol (mg/dL) 97.1 � 8.6
Systolic blood pressure (mm Hg) 115.6 � 4.2
Diastolic blood pressure (mm Hg) 68.1 � 2.6
Heart rate (beats/min) 65.6 � 2.3
Body temperature (°C) 36.1 � 0.2

1 All values are x� � SEM; n � 15 (10 F, 5 M).
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across treatments was 2364 kcal in the 1 meal/d diet and 2429
kcal in the 3 meals/d diet. No significant differences were found
in the percentages of macronutrients, fatty acids, cholesterol, and
fiber between the 2 controlled diets.

Blood pressure

Systolic and diastolic blood pressures were significantly low-
ered by �6% during the period when subjects were consuming 3
meals/d than when they were consuming 1 meal/d. No significant
effect of time (measurements taken at week 4 and week 8) or of
treatment sequence on blood pressure was seen. No significant
differences in heart rate and body temperature were observed
between the 2 diet regimens (Table 3).

Visual analogue scales

There was a significant treatment effect between the 2 diets on
ratings of hunger, desire to eat, fullness, and prospective con-
sumption (ie, the amount of food subjects thought they could eat).
The 1 meal/d diet was significantly higher for hunger (P �
0.003), desire to eat (P � 0.004), and prospective consumption
(P � 0.006) than was the 3 meals/d diet. Feelings of fullness were
significantly (P � 0.001) lower in the 1 meal/d than in the 3
meals/d diet. In addition to the significant treatment effect by
diet, a significant time effect (day of study) was observed for
hunger, desire to eat, fullness, and prospective consumption.
Over time, hunger, desire to eat, and prospective consumption
were significantly higher in the 1 meal/d than in the 3 meals/d
diet. Fullness was significantly lower over time in the 1 meal/d
diet than in the 3 meals/d diet (Figure 1).

Body weight and composition

Subjects’ weight and body fat mass were lowered (1.4 and 2.1
kg, respectively) after consumption of the 1 meal/d diet but not
after consumption of the 3 meals/d diet. No significant differ-
ences in fat-free mass and total body water were observed be-
tween the diet groups (Table 3). Even with an 11-wk washout
period between the 2 diet protocols, no significant differences
from baseline were seen in body weight, fat mass, fat-free mass,
or total body water in either period of the study.

Physical activity

No evidence was found of a significant difference in physical
activity after consumption of the 1 meal/d or the 3 meals/d diet.

Biological samples

Consumption of 1 meal/d lowered blood urea nitrogen by
13.4%. The serum liver enzymes alkaline phosphatase, serum
glutamic pyruvic transaminase, and serum glutamic oxaloacetic
transaminase were higher 4.6%, 17.5%, and 16.0% higher, re-
spectively, when subjects consumed 1 meal/d than when they
consumed 3 meals/d. Serum albumin was 4.5% higher and cor-
tisol concentrations were 48.9% lower after consumption of 1
meal/d than after consumption of 3 meals/d. Total, LDL, and
HDL cholesterol were 11.7%, 16.8%, and 8.4% higher, respec-
tively, in subjects consuming 1 meal/d than in those consuming
3 meals/d. The hematologic variables that differed significantly
between the diet groups were those of hemoglobin, hematocrit
and red blood cells. Serum concentrations of creatinine, glucose,
total protein, uric acid, and all other metabolic variables were not
significantly affected by the diets (Table 4).

DISCUSSION

This study is among the first controlled randomized clinical
trials to evaluate the effects of controlled meal frequency on
normal-weight, middle-aged adults. We found that the consump-
tion of a meal-skipping diet (ie, 1 meal/d), rather than the tradi-
tional 3 meals/d diet, is feasible for a short duration.

Our study withdrawal rate was 28.6%. Typical rates of with-
drawal from human feeding studies at our facility are �4–7%
(18–20). We can hypothesize that subject withdrawals increased
because the subjects were asked to consume all food for the day
in 1 meal; however, only 1 subject specifically stated this reason
for withdrawing. Most subjects were able to consume all calories

TABLE 2
Composition of the controlled diets1

1 Meal/d 3 Meals/d

Protein (% of energy) 14.5 14.7
Fat (% of energy) 35.6 36.4
Carbohydrate (% of energy) 49.8 48.9
PUFA:MUFA:SFA 0.5:0.8:1.1 0.7:0.8:1.1
Cholesterol (mg/1000 kcal) 140 148
Dietary fiber (mg/1000 kcal) 7.4 8.9

1 Average daily intake for each subject in either diet was 2396.5 kcal.
PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids;
SFA, saturated fatty acids.

TABLE 3
Blood pressure and body composition of subjects after consumption of either 1 meal/d or 3 meals/d1

1 Meal/d 3 Meals/d P2

Systolic blood pressure (mm Hg) 116.1 � 1.93 109.5 � 1.9 0.02
Diastolic blood pressure (mm Hg) 69.8 � 1.3 66.0 � 1.3 0.04
Heart rate (beats/min) 70.3 � 1.6 67.8 � 1.7 0.30
Body temperature (°C) 36.3 � 0.2 35.9 � 0.2 0.53
Body weight (kg) 65.9 � 3.2 67.3 � 3.2 0.01
Fat mass (kg) 14.2 � 1.0 16.3 � 1.0 0.001
Fat-free mass (kg) 50.9 � 0.4 49.4 � 0.4 0.06
Total body water (kg) 37.2 � 0.4 36.1 � 0.4 0.05

1 n � 15 (10 F, 5 M).
2 Within-period repeated-measures ANOVA.
3 Least-squares x� � SEM (all such values).
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in the 1 meal/d diet. Study withdrawals were reported to be due
to subject scheduling conflicts and health problems that were
unrelated to the study.

Only a few experimental studies have tested the effect of meal
frequency on satiety measures. The results of the VASs suggest
that subjects did not become habituated to the 1 meal/d diet. Over
time, hunger, desire to eat, and prospective consumption in-
creased, whereas feelings of fullness decreased. Similarly, sub-
jects who followed an alternate-day-fast diet for 3 wk had a
significant increase in hunger and desire to eat on their fasting
days than at baseline, but they did not become habituated to the
alternate-day-fast diet, and they were just as hungry on their first
day of fasting as on the last day (21). Although subjective hunger
and satiety assessments were not made after the evening meal, in
comments during consumption of the 1 meal/d diet, most sub-
jects reported extreme fullness after the meal and had difficulty
finishing their food in the allotted time. Further research is re-
quired to gain a better understanding of subjective satiety on meal
frequency.

Although within normal values, both systolic and diastolic
blood pressures were higher than baseline during consumption of
the 1 meal/d diet. Experimental data for normal-weight men and

women on the effects of consumption of 1 meal/d rather than 3
meals/d on blood pressure have not previously been reported.
Overweight men and women showed that consumption of 1
meal/d, with caloric restriction, improved blood pressure and
heart rate after exercise (22). In animal models, intermittent
fasting without caloric restriction has been shown to decrease
blood pressure and heart rate (15). The observed increase in
blood pressure in our subject population consuming 1 meal/d
may be due to a circadian rhythm in blood pressure (23). Diurnal
changes may have occurred, because blood pressure measure-
ments were obtained in the late afternoon in the 1 meal/d diet
versus early morning in the 3 meals/d.

It is interesting that body weight and body fat decreased in the
1 meal/d diet, which may be partially explained by a slight deficit
of 65 kcal in daily energy intake. This change in body composi-
tion may also be influenced by the effect that eating patterns
could have on metabolic activity. Rats that followed a nibbling
diet and then a diet that consisting of 1 large meal developed an
increase net flux of free fatty acids from fat deposits and an
increase in gluconeogenesis (24, 25). Similar alterations in me-
tabolism may have occurred in our subjects, which may have

FIGURE 1. Least-squares x� (�SEM) values for subjective ratings of hunger and satiety (A, hunger; B, desire to eat; C, fullness; and D, prospective meal
consumption) measured daily by using visual analogue scales (100 mm) during each study period. n � 15 (10 F, 5 M). There was a significant treatment effect
between the 1 meal/d and the 3 meals/d diets for all 4 ratings, P � 0.05 (from within-period repeated-measures ANOVA). Significant time � treatment
interaction (Œ), P � 0.05.
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contributed to weight and fat mass loss. Gluconeogenesis typi-
cally begins 4–6 h after the last meal and becomes fully active as
stores of liver glycogen are depleted. Free fatty acids and amino
acids that are substrates for gluconeogenesis are used for the
energy supply (26, 27).

Altered circulating lipid concentrations are recognized as risk
factors for CVD (28). In the current study, we found both
proatherogenic (increases in total and LDL cholesterol) and an-
tiatherogenic (an increase in HDL cholesterol and a decrease in
triacylglycerols) changes after consumption of the 1 meal/d diet.
These changes appeared to be independent of the controlled
diets, because dietary cholesterol and the ratio of fatty acids were
held constant. Studies that have attempted to determine the ef-
fects of meal frequency on biomarkers of health, such as lipid
concentrations, are inconsistent. In one experimental study,
healthy men were fed either 3 meals/d or 17 small snacks/d for 2
wk; subjects consuming the 17-snack diet had reductions in total
and LDL-cholesterol concentrations, whereas the concentrations
did not change in the subjects consuming 3 meals/d (29). Two
studies also showed that omitting breakfast has harmful effects
on health outcomes related to CVD (30, 31), and another study
showed that this omission may reduce risk factors for CVD (32).

Consumption of 1 meal/d increased albumin and liver en-
zymes and decreased blood urea nitrogen in our study subjects,
although these values remained within normal reference ranges
(33). Subjects consuming the 1 meal/d diet also had decreased

cortisol concentrations. Although all blood collection occurred
after 12 h of fasting, the timing of blood collection differed
between the 2 diet groups. Blood was collected in the early
morning, before breakfast (ie, after a 12-h fast), from subjects
consuming 3 meals/d and in the late afternoon, before the evening
meal (ie, after an 18-h fast), from those consuming l meal/d.
Subjects consuming 1 meal/d had decreased cortisol concentra-
tions, which were most likely due to diurnal variations in this
hormone. Cortisol is typically elevated in the morning and de-
creases later in the afternoon (34, 35).

During Ramadan, the holy month during which Muslims fast
from dawn to dusk, diurnal variations of nutrition biomarkers
have been observed in practicing Muslims. Previous research has
shown that, unlike in nonfasting periods, cortisol concentrations
are biphasic during Ramadan fasting (36). These researchers
reported an increase in serum cortisol starting at 1200 h that
reaches a plateau between 1600 and 2000. During Ramadan
fasting, diurnal variation in cortisol differs significantly from the
normal diurnal variation (36). We found that subjects’ hemoglo-
bin, hematocrit, and red blood cells were lower after consump-
tion of the 1 meal/d diet, whereas the mean cell volume was
considered to be of normal concentration. The latter results could
be the result of an increase in blood volume or a change in the
production of red blood cells. Previous research on Ramadan
fasting has shown a suppression in red blood cell production
along with an increasing trend for anemia (37). The latter results

TABLE 4
Metabolic panel, lipids, and hematologic variables after consumption of 1 meal/d or 3 meals/d1

1 Meal/d 3 Meals/d P2

Sodium (mEq/L) 143.0 � 0.83 142.0 � 0.8 0.29
Potassium (mEq/L) 4.2 � 0.1 4.4 � 0.1 0.19
Chloride (mEq/L) 104.4 � 0.5 104.0 � 0.5 0.27
Carbon dioxide content (mEq/L) 27.5 � 0.4 27.5 � 0.4 0.91
Anion gap 11.2 � 0.3 10.8 � 0.3 0.29
Blood urea nitrogen (mg/dL) 12.9 � 0.4 14.9 � 0.4 � 0.0001
Creatinine (mg/dL) 0.9 � 0.02 0.9 � 0.02 0.35
Blood urea nitrogen:creatinine 15.3 � 0.7 17.0 � 0.7 0.01
Glucose (mg/dL) 85.9 � 1.5 89.4 � 1.5 0.14
Calcium (mg/dL) 9.9 � 0.1 9.8 � 0.1 0.17
Phosphorus (g/dL) 3.5 � 0.1 3.6 � 0.1 0.40
Total protein (g/dL) 7.3 � 0.1 7.1 � 0.1 0.05
Albumin (g/dL) 4.4 � 0.1 4.2 � 0.1 0.01
Globulin (g/dL) 2.9 � 0.1 2.9 � 0.1 0.50
Albumin:globulin 1.5 � 0.03 1.5 � 0.03 0.28
Alkaline phosphatase (IU/L) 69.5 � 2.8 66.3 � 2.8 0.05
Serum glutamic pyruvic transaminase (IU/L) 40.0 � 4.8 33.0 � 4.8 0.01
Serum glutamic oxaloacetic transaminase (IU/L) 28.7 � 2.1 24.1 � 2.1 0.01
Total bilirubin (mg/dL) 0.7 � 0.1 0.7 � 0.1 0.43
Triacyglycerol (mg/dL) 93.2 � 7.7 102.2 � 7.7 0.08
Cholesterol (mg/dL) 216.5 � 5.3 191.0 � 5.3 0.001
HDL cholesterol (mg/dL) 61.9 � 1.8 56.7 � 1.8 0.01
LDL cholesterol (mg/dL) 136.2 � 4.0 113.3 � 4.0 0.001
Cortisol (�g/dL) 7.2 � 0.9 14.1 � 0.9 �0.0001
Uric acid (mg/dL) 4.6 � 0.1 4.5 � 0.1 0.75
Red blood cell (� 102/L) 4.3 � 0.1 4.5 � 0.1 0.001
Hemoglobin (g/dL) 13.2 � 0.2 13.6 � 0.2 �0.0001
Hematocrit (%) 37.3 � 1.2 40.1 � 1.1 0.01
Mean cell volume (fL) 89.1 � 0.3 89.2 � 0.3 0.65

1 n � 15 (10 F, 5 M).
2 Within-period repeated-measures ANOVA.
3 Least-squares x� � SEM (all such values).
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were likely due to a decrease in the intakes of calories and of
iron-containing foods during the fasting month of Ramadan (37).
No major, clinically relevant, diet-related changes were seen in
the comprehensive metabolic panel or CBC, which indicated that
the 1 meal/d diet was well tolerated in that group of healthy men
and women.

Several limitations of the design of the current study warrant
consideration. Although this was a pilot study, the small sample
size was particularly limiting. Blood, blood pressure, body tem-
perature, and body-composition measurements were taken in the
early morning from subjects consuming 3 meals/d and in the late
afternoon from those consuming l meal/d; results may have dif-
fered if the latter measurements also were obtained in the early
morning. BIA may also not be the best method for assessing body
composition because of its tendency to overestimate fat mass in
lean subjects (38). The subject population of the current study
also was fairly homogenous; future research should include over-
weight and obese populations to allow determination of the ef-
fects of meal frequency in those groups.

Previous studies documented improvements in the health and
longevity of rats and mice maintained on an intermittent-fasting
regimen in which they were deprived of food for a 24-h period
every other day (5–9, 15, 16); in these studies, the experimental
diet resulted in overall reductions in calorie intake of up to 30%.
However, in some studies, the amount of caloric restriction was
small (5–10%) and the physiologic changes were relatively
large, which suggests that the extended fasting period itself con-
tributed to the benefits of the diet (8). The present findings sug-
gest that, without a reduction in calorie intake, a reduced-meal-
frequency diet does not afford major health benefits in humans.
Improvements in glucose regulation and cardiovascular health in
rodents occur during several months of intermittent fasting; the
time during which the subjects were maintained on the 1 meal/d
diet in the present study may therefore not be sufficient to achieve
stable changes in physiology. A long-term reduced-meal-
frequency diet that also includes a 20–30% reduction in calorie
intake would more closely resemble the intermittent fasting reg-
imen that is widely used in rodent studies.

In conclusion, altered meal frequency is feasible in healthy,
normal-weight, middle-aged men and women. Consumption of 1
meal/d resulted in weight loss and a decrease in fat mass with
little modification in calorie consumption. It remains unclear
whether altered meal frequency would lead to changes in weight
and body composition in obese subjects.
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Is higher dairy consumption associated with lower body weight and
fewer metabolic disturbances? The Hoorn Study1–3

Marieke B Snijder, Amber AWA van der Heijden, Rob M van Dam, Coen DA Stehouwer, Gerrit J Hiddink, Giel Nijpels,
Robert J Heine, Lex M Bouter, and Jacqueline M Dekker

ABSTRACT
Background: Dairy consumption has been postulated to reduce the
risk of obesity and metabolic disturbances.
Objective: The aim of this study was to evaluate the associations of
dairy consumption with body weight and other components of the
metabolic syndrome.
Design: We used cross-sectional data for 2064 men and women aged
50–75 y who participated in the Hoorn Study. The metabolic syn-
drome was defined according to the National Cholesterol Education
Program Expert Panel. Dairy consumption was assessed by using a
semiquantitative food-frequency questionnaire.
Results: The median consumption of total dairy products was 4.1
servings/d. After adjustment for potential confounders (ie, dietary
factors, physical activity, smoking, income, educational level, and
antihypertensive medication), total dairy consumption was signifi-
cantly associated with lower diastolic blood pressure (� � SE:
�0.31 � 0.12 mm Hg/serving) and higher fasting glucose concen-
trations (0.04 � 0.02 mmol/L per serving), but not with body weight
or other metabolic variables (ie, lipids, postload glucose, or insulin).
When different dairy products were distinguished, borderline
significant (P � 0.10) inverse associations were observed for dairy
desserts, milk, and yogurt with systolic (�1.26 � 0.58, �0.57 �
0.34, and �1.28 � 0.74 mm Hg/serving, respectively) and diastolic
(�0.58 � 0.31, �0.57 � 0.18, and �0.35 � 0.40 mm Hg/serving,
respectively) blood pressure, whereas cheese consumption was pos-
itively associated with body mass index (0.15 � 0.08/serving).
Conclusion: In an elderly Dutch population, higher dairy consump-
tion was not associated with lower weight or more favorable levels
of components of the metabolic syndrome, except for a modest
association with lower blood pressure. Am J Clin Nutr 2007;85:
989–95.

KEY WORDS Dairy consumption, body weight, metabolic
syndrome, cross-sectional study, elderly

INTRODUCTION

The prevalence of overweight and obesity has increased enor-
mously, and it is strongly associated with cardiovascular disease
risk factors such as hyperglycemia, high blood pressure, and
dyslipidemia (1). The clustering of these risk factors is often
referred to as the metabolic syndrome and is associated with
elevated risk of cardiovascular morbidity and mortality (2).

Dairy consumption has been postulated to reduce the risk of
obesity and metabolic disturbances. Inverse relations between

dairy consumption and body weight (3–7) and between dairy
consumption and the risk of type 2 diabetes, the metabolic syn-
drome, and blood pressure (8–12) have been shown in observa-
tional studies. These associations are usually attributed to a
higher calcium intake, which has also been reported to be asso-
ciated with lower body weight and less weight gain (13, 14) and
lower blood pressure (15, 16). However, given the high correla-
tion between calcium and dairy consumption, the observed as-
sociations for calcium may also have reflected effects of other
dairy components.

Various components of dairy products have been suggested
as explanations for dairy products’ possible beneficial effects. First,
an increased intake of calcium could reduce 1,25-dihydroxyvitamin
D [1,25-(OH2)D] and thus intracellular calcium, which in turn may
stimulate lipolysis and inhibite lipogenesis in adipocytes (15) and
increase insulin sensitivity in adipocytes and muscle cells (17). In
addition,decreasedintracellularcalciumconcentrationsmayreduce
blood pressure by lowering vascular smooth muscle tone and pe-
ripheral vascular resistance (15). Other suggested mechanisms in-
clude insulinotropic effects of whey proteins (18) and beneficial
effects of magnesium on insulin sensitivity (19). Specific types of
dairyproductscouldhavedifferenteffectsonmetabolic traits (8,10)
because of such factors as differences in absorbability that result
from variations in the amount of lactose (20).

Although a beneficial effect of dairy consumption has repeat-
edly been reported, other important observational studies have
not supported these favorable effects of dairy consumption (21–
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23). In addition, small intervention studies with dairy supple-
mentation showed inconsistent results (24–28), and secondary
review of randomized dairy supplementation trials, although
they were not specifically designed to investigate the effect on
body weight, did not find that they showed any effect on body
weight (29). Such inconsistency of results may have been caused
by the heterogeneity of the various study populations and differ-
ences in the methods used.

Many of the previous studies on dairy consumption were per-
formed mainly in women (4, 21, 25, 26, 28), in men only (8, 23),
or in children or young adults (3, 5–7, 10, 11, 21, 22, 28). In the
present study, we investigated the association between dairy
consumption and components of the metabolic syndrome using
cross-sectional data from the population-based Hoorn Study co-
hort, which comprised elderly men and women who were exten-
sively examined with respect to their dietary intake and meta-
bolic risk factors.

SUBJECTS AND METHODS

Study population

The Hoorn Study is a population-based cohort study of glu-
cose tolerance in 2484 white men and women aged 50–75 y,
begun in 1989, that has been described in detail elsewhere (30).
Subjects who had missing data for dietary intake (n � 78), body
mass index (BMI; (n � 7), waist circumference (n � 12), systolic
or diastolic blood pressure (n � 2), HDL cholesterol (n � 6),
LDL cholesterol (n � 11), triacylglycerol (n � 5), fasting glu-
cose (n � 4), physical activity (n � 295), smoking status (n �
21), income level (n � 152), or educational level (n � 147) were
excluded from all analyses. Therefore, the analyses were per-
formed in 1896 subjects (852 men and 1044 women).

Written informed consent was obtained from all participants.
Ethical approval for the study was obtained from the Ethical
Review Committee of the Vrije University Medical Center.

Measurements

Weight and height were measured while subjects were wear-
ing light clothing and no shoes. BMI was calculated as weight (in
kg) divided by height (in m2). Waist circumference was mea-
sured at the level midway between the lowest rib margin and the
iliac crest. Blood pressure (mm Hg) was measured in the right
arm by using a random-zero sphygmomanometer (Hawksley-
Gelma Ltd, Lancing, United Kingdom) while subjects were sit-
ting. Systolic and diastolic blood pressures were calculated as the
mean of duplicate measurements.

Fasting glucose concentration and 2-h postload glucose con-
centration after a 75-g oral-glucose-tolerance test (OGTT) were
measured in venous plasma (mmol/L) by using the glucose de-
hydrogenase method (Merck, Darmstadt, Germany). In subjects
already known to have diabetes, only a fasting blood sample was
taken. Fasting specific insulin concentration was quantified with
an insulin-specific double-antibody radioimmunoassay (anti-
body SP21; Linco, St Louis, MO). Serum lipids and lipoproteins
were measured by using enzymatic techniques (Boehringer-
Mannheim, Mannheim, Germany) as described previously (31).
All blood samples were analyzed at the hematologic clinical
chemistry laboratory of the Vrije University Medical Center.

The definition of the National Cholesterol Education Program
(NCEP) Expert Panel was used for the presence of the metabolic

syndrome and of the 5 individual components of the metabolic
syndrome (32). The metabolic syndrome was defined as the
presence of �3 of the following 5 components: elevated fasting
glucose (�6.1 mmol/L), elevated triacylglycerol (�1.7 mmol/
L), low HDL cholesterol (�1.0 mmol/L in men or � 1.3 mmol/L
in women), high blood pressure (�130/85 mm Hg), and abdom-
inal obesity (waist � 102 cm in men or � 88 cm in women).

Information on lifestyle factors was obtained by a self-
administered questionnaire, checked by a personal interview.
Smoking status was categorized as current smoker or non-
smoker. Physical activity was expressed in the number of hours
of physical activity performed per day. The activities included
sports, bicycling, gardening, walking, doing odd jobs, and house-
keeping. Four categories of alcohol intake were used: non-
drinker, �10 g/d, 10–30 g/d, and �30 g/d. Level of income was
categorized as low, medium, or high. Tertiles of educational level
(low, Medium, and high) were created separately for men and
women.

Assessment of dairy consumption

A 92-item semiquantitative food-frequency questionnaire was
used to assess average food intakes, which included the con-
sumption of dairy products. Participants were asked about the
usual frequency of their consumption of dairy products and about
their average daily consumption. Answer-options were pre-
sented in average household portions. The use of separate ques-
tions for winter and summer intakes of milk took seasonal vari-
ations in consumption into account. The participants completed
the questionnaire at home, and answers were checked for com-
pleteness at the research center. Nutrient intake, including cal-
cium and fiber intake, was calculated by using a computerized
version of the Dutch Food Composition Table (33).

For all liquid and solid dairy products, one serving was defined
as 150 and 20 g, respectively. Total dairy consumption was
categorized as low-fat dairy (�2% fat) or high-fat dairy (�2%
fat). Dairy desserts included yogurt, curds, and custard. The
variable milk included low-fat, skim, and whole milk. The vari-
able yogurt included all low-fat, skim, and whole yogurts.

Statistical analysis

All statistical analyses were performed by using SPSS for
WINDOWS software (version 12.0l; SPSS Inc, Chicago, IL).
Baseline characteristics were reported according to quartiles of
total dairy consumption. We used a linear regression model to
examine linear trends in baseline characteristics across the quar-
tiles of total dairy consumption, modeling the categorical vari-
able of dairy consumption as a continuous independent variable
and the specific characteristic as the dependent outcome vari-
able. A chi-square test was performed to test for trend for cate-
gorical variables.

To examine independent associations between total dairy con-
sumption (and also high-fat or low-fat dairy consumption and
specific dairy product groups) as independent variable and con-
tinuous metabolic variables as dependent variables, multiple lin-
ear regression analyses were performed, and � and their SEs were
reported. To rule out possible bias due to prescribed diets, the
analyses for high-fat dairy and low-fat dairy were also performed
after the exclusion of subjects with known diabetes mellitus or
cardiovascular disease or of subjects who used antihypertensive
or lipid-lowering medication. For determination of potential dif-
ferent effects of individual dairy products, additional regression
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analyses were performed separately for the consumption of dairy
desserts, milk, yogurt, and cheese.

Logistic regression analyses were performed to investigate the
association between dairy consumption (independent variable)
and presence of the metabolic syndrome and the individual di-
chotomous variables of the metabolic syndrome (dependent vari-
ables). These associations were expressed as odds ratios (ORs)
and 95% CIs for a serving of dairy foods.

In case of a skewed distribution, variables were logarithmi-
cally transformed before further analyses were performed. All
models were adjusted for age and sex. In multivariate models, we
further adjusted for possible confounders—total energy intake

(EI), alcohol intake, fiber intake, use of antihypertensive medi-
cation, smoking status, physical activity, income, and educa-
tional level. All P values were 2-sided, and P � 0.05 was con-
sidered significant.

RESULTS

The median consumption of total dairy products in this pop-
ulation was 4.1 servings/d (interquartile range: 2.9–5.6). The
median daily consumption of milk, yogurt, cheese, and dairy
desserts was 0.7, 0.5, 1.2, and 0.9 servings, respectively. Baseline
characteristics of the population across quartiles of daily servings

TABLE 1
Baseline characteristics according to quartile (Q) of dairy intake (servings/d)1

Q1
(n � 474)

Q2
(n � 474)

Q3
(n � 474)

Q4
(n � 474) P for trend2

Dairy intake (servings/d) 0.00–2.90 2.91–4.13 4.14–5.56 5.57–17.24
Age (y) 62.6 � 7.13 61.5 � 7.0 61.7 � 7.5 61.0 � 7.4 � 0.01
Men (%) 43.7 42.6 45.6 47.9 0.38
Total energy intake (kcal) 1796 � 535 1975 � 524 2100 � 510 2388 � 632 � 0.01
Fiber intake (g/d) 24.6 � 7.9 26.1 � 6.5 27.5 � 7.4 30.6 � 8.5 � 0.01
Saturated fat intake (% of energy) 16.7 � 3.4 17.0 � 3.3 17.4 � 3.1 17.4 � 3.6 � 0.01
Polyunsaturated fat intake (% of energy) 8.3 � 3.5 8.0 � 3.1 7.7 � 3.1 7.2 � 2.9 � 0.01
Protein intake (% of energy) 13.9 � 2.7 14.6 � 2.7 14.8 � 2.4 15.9 � 2.9 � 0.01
Carbohydrate intake (% of energy) 19.1 � 6.3 20.3 � 5.8 20.4 � 5.3 21.8 � 5.5 � 0.01
Calcium intake (mg/d) 646 � 164 927 � 124 1150 � 123 1630 � 330 � 0.01
Alcohol consumption (%)

No alcohol 31.9 29.5 32.1 30.2 0.43
�10 g/d 35.7 39.5 39.5 41.8
10–30 g/d 23.0 22.4 21.1 22.6
�30 g/d 9.5 8.6 7.4 5.5

Sports (%) 21.7 29.5 28.1 32.5 � 0.01
Physical activity (h/d) 4.2 � 2.6 4.6 � 2.8 4.2 � 2.4 4.4 � 2.8 0.63
Cigarette smoking (%) 38.0 31.2 30.0 25.5 � 0.01
Income (%)

Low 18.4 18.1 18.1 17.3 0.20
Medium 60.5 54.0 54.6 54.6
High 21.1 27.8 27.2 28.1

Educational level (%)
Low 36.3 34.6 31.0 28.7 0.16
Medium 36.3 37.8 37.8 38.0
High 27.4 27.6 31.2 33.3

BMI (kg/m2) 26.5 � 3.5 26.7 � 3.8 26.6 � 3.4 26.6 � 3.5 0.98
Waist circumference (cm) 91.0 � 10.8 91.0 � 11.4 90.8 � 10.2 90.8 � 10.7 0.76
Systolic blood pressure (mm Hg) 138.0 � 21.2 135.0 � 20.6 136.2 � 20.4 133.9 � 18.7 0.01
Diastolic blood pressure (mm Hg) 82.8 � 10.2 82.2 � 10.8 81.9 � 10.2 81.4 � 10.1 0.03
LDL cholesterol 4.67 � 1.16 4.65 � 1.07 4.62 � 1.06 4.57 � 1.08 0.18
HDL cholesterol 1.28 (1.07–1.56)4 1.30 (1.07–1.56) 1.26 (1.07–1.50) 1.28 (1.08–1.54) 0.85
HDL:total cholesterol 0.20 � 0.07 0.20 � 0.06 0.20 � 0.06 0.21 � 0.06 0.52
Triacylglycerol 1.40 (1.10–2.00) 1.40 (1.10–2.00) 1.40 (1.00–2.00) 1.30 (1.00–1.80) 0.02
Fasting glucose 5.73 � 1.59 5.80 � 1.57 5.68 � 1.26 5.78 � 1.48 0.90
2-h Glucose (mmol/L) 5.98 � 2.83 6.28 � 3.28 6.14 � 2.99 5.92 � 2.69 0.63
Antihypertensive medication use (%) 21.5 19.2 20.9 19.0 0.71
Lipid-lowering medication (%) 1.5 1.5 2.3 0.4 0.11
Diabetes (%) 8.6 10.3 9.1 12.1 0.28
CVD (%) 19.6 17.7 20.0 17.3 0.63
Metabolic syndrome (%)5 33.1 30.6 28.9 28.9 0.45

1 CVD, cardiovascular disease.
2 A chi-square test was performed for alcohol consumption, income, and educational level.
3 x� � SD (all such values).
4 Median; interquartile range in parentheses (all such values).
5 Presence of the metabolic syndrome was estimated according to the definition of the National Cholesterol Education Program (32).
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of total dairy consumption are shown in Table 1. Subjects with
a higher consumption of dairy products were more likely to have
higher total EI, higher fiber intake, higher saturated fat intake,
lower polyunsaturated fat intake, higher protein and carbohy-
drate intake, higher calcium intake, and higher sports activity and
were less likely to smoke (P � 0.05). Among the metabolic
variables, there was a significant trend of lower blood pressure
levels and lower triacylglycerol concentration with higher dairy
consumption.

After adjustment for age and sex, total dairy consumption was
borderline significantly inversely associated with systolic and
diastolic blood pressure and with triacylglycerol concentrations
but not with BMI or the other components of the metabolic
syndrome (Table 2, basic models). After adjustment for poten-
tial confounders (adjusted models), the association between
dairy consumption and lower diastolic blood pressure remained,
whereas the association between dairy consumption and higher
fasting glucose became significant. Instead of adjustment for
total EI in the regression models, we performed analyses using
dairy consumption expressed as servings/1000 kcal of EI. These
analyses showed similar results, except that a statistically signif-
icant positive association of dairy consumption with BMI was
also found.

Stratification by the presence of hypertension showed no dif-
ference in the associations between subjects with (n � 1236) or
without (n � 660) hypertension, except for the associations with
systolic blood pressure (P for interaction � 0.023). The associ-
ation of dairy consumption with systolic blood pressure was
stronger in subjects with hypertension (� � SE: �0.29 � 0.23;

P � 0.20) than in those without hypertension (� � SE: 0.04 �
0.17; P � 0.80). The association of dairy consumption with
diastolic blood pressure was also stronger in hypertensive sub-
jects (�0.34 � 0.13; P � 0.01) than in with subjects without
hypertension (�0.19 � 0.12; P � 0.12), but the difference was
not significant (P for interaction � 0.445). We tested the dairy
consumption � obesity (BMI � 30) interaction for systolic and
for diastolic blood pressure, but the interactions were not signif-
icant (P � 0.159 and 0.339, respectively). Nor were the associ-
ations consistently stronger in either of the 2 sexes (P � NS for
all). To investigate a possible threshold effect, we selected only
subjects with calcium concentrations of � 700 mg/d (n � 286) or
� 600 mg/d (n � 176). In these groups, median dairy consump-
tion (with interquartile range) was 1.75 (1.17–2.20) servings/d
and 1.35 (0.77–1.83) servings/d, respectively. No statistically
significant associations were found between total dairy con-
sumption and weight or metabolic variables in either low-
calcium group, except for a positive association with waist cir-
cumference (� � SE: 1.59 � 0.75; P � 0.04) in the � 700 mg
calcium/d group.

When high-fat and low-fat dairy products were distinguished,
consumption of high-fat dairy was significantly inversely asso-
ciated with BMI, waist circumference, triacylglycerol, and insu-
lin and significantly positively associated with HDL-cholesterol
concentrations after adjustment for confounders (Table 2, ad-
justed models). After additional adjustment for BMI, these
associations were no longer significant, except for ln-
triacylglycerides (� � SE: �0.01 � 0.01; P � 0.05). In contrast,
low-fat dairy was significantly positively associated with BMI,

TABLE 2
Associations of consumption of total dairy, high-fat dairy, and low-fat dairy (servings/d) with weight and metabolic variables1

Total dairy High-fat dairy Low-fat dairy

� � SE P � � SE P � � SE P

Basic models2

BMI (kg/m2) 0.03 � 0.043 0.42 �0.14 � 0.05 0.01 0.15 � 0.05 � 0.01
Waist circumference (cm) 0.03 � 0.10 0.80 �0.38 � 0.15 0.01 0.34 � 0.13 0.01
Systolic blood pressure (mm Hg) �0.34 � 0.20 0.09 �0.72 � 0.28 0.01 0.03 � 0.25 0.89
Diastolic blood pressure (mm Hg) �0.22 � 0.11 0.04 �0.32 � 0.15 0.04 �0.08 � 0.13 0.53
LDL cholesterol (mmol/L) �0.01 � 0.01 0.27 �0.00 � 0.02 0.94 �0.02 � 0.01 0.21
HDL cholesterol, ln (mmol/L) �0.00 � 0.00 0.77 0.01 � 0.00 0.07 �0.01 � 0.00 0.06
Triacylglycerol, ln (mmol/L) �0.01 � 0.01 0.09 �0.02 � 0.01 � 0.01 0.00 � 0.01 0.58
Fasting glucose (mmol/L) 0.02 � 0.02 0.18 �0.02 � 0.02 0.37 0.05 � 0.02 0.01
2-h Glucose (mmol/L) 0.01 � 0.03 0.86 �0.01 � 0.04 0.77 0.02 � 0.04 0.66
Fasting insulin (mmol/L) 0.14 � 0.55 0.81 �1.23 � 0.77 0.11 1.21 � 0.69 0.08

Adjusted models4

BMI (kg/m2) 0.06 � 0.04 0.17 �0.11 � 0.06 0.06 0.15 � 0.05 � 0.01
Waist circumference (cm) 0.07 � 0.11 0.51 �0.39 � 0.16 0.02 0.36 � 0.13 0.01
Systolic blood pressure (mm Hg) �0.23 � 0.22 0.29 �0.37 � 0.31 0.23 �0.06 � 0.25 0.83
Diastolic blood pressure (mm Hg) �0.31 � 0.12 0.01 �0.28 � 0.17 0.09 �0.22 � 0.14 0.11
LDL cholesterol (mmol/L) �0.02 � 0.01 0.17 �0.02 � 0.02 0.42 �0.01 � 0.02 0.39
HDL cholesterol, ln (mmol/L) 0.00 � 0.00 0.94 0.01 � 0.00 0.05 �0.01 � 0.00 0.10
Triacylglycerol, ln (mmol/L) �0.00 � 0.01 0.69 �0.02 � 0.01 0.02 0.01 � 0.01 0.13
Fasting glucose (mmol/L) 0.04 � 0.02 0.01 0.01 � 0.02 0.76 0.05 � 0.02 0.01
2-h Glucose (mmol/L) 0.05 � 0.04 0.14 0.05 � 0.05 0.31 0.03 � 0.04 0.42
Fasting insulin (mmol/L) �0.22 � 0.61 0.71 �1.81 � 0.85 0.03 0.96 � 0.70 0.17

1 All values are per serving/d.
2 Adjusted for age and sex.
3 x� � SD (all such values).
4 The basic models were further adjusted for total energy intake, fiber intake, level of physical activity, alcohol intake, smoking status, income, educational

level, and antihypertensive medication use.
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waist circumference, and fasting glucose concentrations. To ex-
clude possible bias due to prescribed diets, these analyses were
repeated after exclusion of subjects with known diabetes mellitus
or cardiovascular disease and subjects who used antihyperten-
sive or lipid-lowering medication. These exclusions, however,
did not materially change the results (data not shown).

When the relation between 4 main groups of dairy products
and metabolic variables were examined, higher intakes of most
dairy products (ie, dairy desserts, milk, and yogurt) were asso-
ciated with lower systolic and diastolic blood pressures (Table 3,
basic models); these associations were not explained by potential
confounders (Table 3, adjusted models). Higher cheese con-
sumption was associated with a higher BMI.

Total dairy consumption was not significantly associated with
the presence of the metabolic syndrome, after adjustment for
potential confounders. The ORs (95% CI) for the risk of having
the MS in the second, third, and fourth (highest) quartile com-
pared with the lowest (first) quartile of total dairy consumption
were 0.99 (0.74, 1.32), 0.90 (0.67, 1.21), and 1.01 (0.74, 1.39),
respectively. When the 5 individual components of the metabolic
syndrome were dichotomized, only the association between total
dairy consumption and fasting glucose �6.1 mmol/L became
significant when the highest (4th) quartile of total dairy con-
sumption was compared with the lowest (1st) [ORs (95% CI) of
the second, third, and fourth quartiles were 1.16 (0.83, 1.62), 1.10
(0.78, 1.56), and 1.52 (1.06, 2.18), respectively; P for trend �
0.040]. No consistent trends were seen in the relations between
total dairy consumption and the other dichotomous variables
(data not shown).

DISCUSSION

The results of the present study showed a modest inverse
association of the consumption of several dairy products with
blood pressure levels but not with BMI or with other metabolic
variables. Cheese consumption was positively associated with
BMI. High-fat dairy showed inverse associations between BMI
and waist circumference, and low-fat dairy was positively asso-
ciated with BMI and waist circumference. No substantial asso-
ciation was observed between dairy consumption and the pres-
ence of the metabolic syndrome.

Some previous studies (3–12) showed an inverse relation be-
tween total dairy intake and body weight or metabolic risk, but
others (21–23) did not. The heterogeneity of the study popula-
tions and differences in the methods used by the various studies
may be responsible for the observed differences in results. Our
population, on average, was older than those of most other stud-
ies. If an association between dairy consumption and body
weight or metabolic risk exists, we would expect to see these
associations even more clearly in this older population, because
of their longer (lifetime) exposure to risk factors (including diet)
and have a greater prevalence of metabolic disturbances (greater
statistical power). In addition, elderly are more prone to distur-
bances in calcium metabolism because of vitamin D deficiency.
However, we did not find stronger negative associations in our
population. We can only speculate that risk factors other than
dairy consumption may become more important to metabolic
risk in older persons. Furthermore, the mean dairy consumption
in the Netherlands may be higher than that in other countries. A

TABLE 3
Associations of consumption of dairy desserts, milk, yogurt, and cheese (servings/d) with weight and metabolic variables1

Dairy desserts Milk Yogurt Cheese

� � SE P � � SE P � � SE P � � SE P

Basic models2

BMI (kg/m2) �0.17 � 0.113 0.12 �0.03 � 0.06 0.62 0.05 � 0.14 0.71 0.12 � 0.08 0.12
Waist circumference (cm) �0.66 � 0.30 0.03 �0.02 � 0.17 0.93 �0.31 � 0.39 0.42 0.08 � 0.21 0.69
Systolic BP (mm Hg) �1.76 � 0.57 � 0.01 �0.74 � 0.33 0.03 �1.52 � 0.74 0.04 0.20 � 0.40 0.61
Diastolic BP (mm Hg) �0.66 � 0.31 0.03 �0.55 � 0.18 � 0.01 �0.28 � 0.40 0.48 0.09 � 0.22 0.68
LDL cholesterol (nmol/L) �0.03 � 0.03 0.30 0.01 � 0.02 0.56 �0.08 � 0.04 0.05 �0.02 � 0.02 0.36
HDL cholesterol, ln (nmol/L) �0.02 � 0.01 0.02 0.00 � 0.00 0.42 �0.01 � 0.01 0.16 0.01 � 0.01 0.23
Triacylglycerol, ln (nmol/L) �0.03 � 0.01 0.03 0.00 � 0.01 0.69 �0.03 � 0.02 0.10 �0.02 � 0.01 0.07
Fasting glucose (nmol/L) �0.09 � 0.04 0.05 0.05 � 0.03 0.03 �0.01 � 0.06 0.89 0.00 � 0.03 0.91
2-h Glucose (nmol/L) �0.11 � 0.09 0.23 0.05 � 0.05 0.37 �0.01 � 0.12 0.92 �0.01 � 0.06 0.88
Fasting insulin (nmol/L) �1.99 � 1.59 0.21 0.84 � 0.91 0.36 �1.88 � 2.04 0.36 �1.52 � 1.11 0.17

Adjusted models4

BMI (kg/m2) �0.10 � 0.11 0.34 �0.02 � 0.06 0.73 0.10 � 0.14 0.48 0.15 � 0.08 0.04
Waist circumference (cm) �0.44 � 0.30 0.14 �0.03 � 0.17 0.88 �0.05 � 0.38 0.90 0.14 � 0.21 0.50
Systolic BP (mm Hg) �1.26 � 0.58 0.03 �0.57 � 0.34 0.09 �1.28 � 0.74 0.08 0.37 � 0.42 0.37
Diastolic BP (mm Hg) �0.58 � 0.31 0.06 �0.57 � 0.18 � 0.01 �0.35 � 0.40 0.37 0.00 � 0.22 0.99
LDL cholesterol (nmol/L) �0.03 � 0.03 0.32 0.00 � 0.02 0.92 �0.06 � 0.04 0.18 �0.02 � 0.02 0.53
HDL cholesterol, ln (nmol/L) �0.02 � 0.01 0.04 0.01 � 0.00 0.09 �0.02 � 0.01 0.07 0.00 � 0.01 0.91
Triacylglycerol, ln (nmol/L) �0.01 � 0.01 0.38 0.01 � 0.01 0.51 �0.00 � 0.02 0.82 �0.01 � 0.01 0.54
Fasting glucose (nmol/L) �0.06 � 0.05 0.22 0.07 � 0.03 0.01 0.02 � 0.06 0.69 0.03 � 0.03 0.41
2-h Glucose (nmol/L) �0.02 � 0.09 0.87 0.07 � 0.05 0.17 0.07 � 0.12 0.58 0.03 � 0.06 0.60
Fasting insulin (mmol/L) �1.79 � 1.63 0.27 0.35 � 0.93 0.71 �1.59 � 2.05 0.44 �2.15 � 1.15 0.06

1 BP, blood pressure. All values are per serving/d.
2 Adjusted for age and sex.
3 x� � SD (all such values).
4 The basic models were further adjusted for total energy intake, fiber intake, level of physical activity, alcohol intake, smoking status, income, educational

level, and antihypertensive medication use.
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possible threshold effect has been suggested at a calcium intake
of 600–700 mg/d (14, 25). However, when only the participants
in our study who had a low calcium intake (�700 or �600 mg/d)
were selected, no significant negative associations of dairy con-
sumption with BMI or metabolic outcomes were found.

Inverse associations of dairy consumption with blood pressure
were observed in earlier studies, as well as in the current study,
but the associations with other components of the metabolic
syndrome in those studies (10, 12, 24, 26) were weaker. Asso-
ciations of dairy consumption with metabolic variables other
than blood pressure were not found in the population in the
current study. A significant, positive association between dairy
consumption and fasting glucose concentrations was observed,
but the effect was very small and probably not of biological
importance. The difference with previous studies may be due to
the higher mean intake of dairy in our population. However,
selection of subjects with low calcium intake did not reveal
considerably different results. It was previously suggested that
the effect of calcium on blood pressure is greater in persons who
already have hypertension (15), and this may be the case also for
dairy consumption. Indeed, in additional analyses, after stratify-
ing for hypertension, we observed slightly stronger associations
between dairy consumption and blood pressure in the hyperten-
sive subjects than in those without hypertension. This finding
suggests that dairy products may be particularly beneficial in
subjects with high risk of hypertension or in subjects who already
have elevated blood pressure, which is consistent with the find-
ing that particularly salt-sensitive individuals respond to dietary
calcium interventions (15). The subjects in the current study who
had elevated blood pressure may represent a selection of salt-
sensitive persons, in whom there is a tight relation between so-
dium and calcium excretion (ie, an increase in either cation in-
creases the excretion of the other). In such subjects, increasing
salt consumption increases urinary calcium loss, which may be
prevented by increasing dietary calcium. Salt-insensitive per-
sons depend more on intracellular calcium stores and are less
likely to respond to dietary calcium (15).

In previous studies, the association between dairy consump-
tion and the risk of type 2 diabetes was stronger for low-fat dairy
than for high-fat dairy, possibly as a result of the unfavorable
effect of the higher amounts of saturated fat in high-fat dairy (8,
9). This distinction between high- and low-fat dairy was not
apparent, however, for the risk of the metabolic syndrome in
young, obese adults (10) or in the population of the current study.
Our results suggested favorable associations between high-fat
dairy (rather than low-fat dairy) and BMI and between high-fat
dairy and waist circumference, after adjustment for putative con-
founders. A beneficial association of particularly dairy desserts,
as was found in the current study, was previously observed (10).

The favorable associations for the consumption of dairy des-
serts and high-fat dairy observed in the current study population
could possibly be explained by an increased secretion of the
incretin hormone glucagon-like peptide 1 (GLP-1) in the gastro-
intestinal tract and by that hormone’s signaling in the central
nervous system (34) in response to saturated fatty acids in dairy
products (35, 36). A high concentration of GLP-1 causes an
inhibition of gastric emptying (37, 38) and an increase in glucose-
induced insulin secretion (39). The time of the day at which dairy
products are consumed may be of importance to the effects of
GLP-1. Thus, when a dairy product is consumed after a meal,
GLP-1 may cause prolonged satiety by direct central nervous

system effect and by inhibiting gastric emptying, which may
result in a decreased intake of snacks after the meal. The unex-
pected associations of low-fat dairy with higher BMI and of
high-fat dairy with lower BMI may also result from the phenom-
enon that obese people are more likely to consume low-fat dairy
because they are obese (reversed causation). Because of the
cross-sectional design of the study, the causality of the associa-
tions could not be investigated.

Recent studies observed an inverse association between dairy
consumption and the prevalence of the metabolic syndrome (10,
12, 40). This finding was not confirmed by our study. According
to the study by Pereira et al (10), the inverse association between
dairy consumption and the metabolic syndrome existed only in
overweight adults. In the current study population, the associa-
tions between dairy consumption and metabolic variables did not
different significantly between obese and nonobese subjects.

Some limitations of the current study should be considered.
First, the use of self-reports of usual dietary intake has undoubt-
edly led to some misclassification of dairy consumption. Never-
theless, the food-frequency questionnaire used in the current
study was compared with a modified dietary history, and the
results suggested reasonable accuracy (33). Second, because all
analyses were cross-sectional, causality cannot be proven, and,
although we adjusted for lifestyle factors, dairy consumption
may simply reflect a healthy diet or lifestyle. Further research
into the role of food patterns in the development of obesity and
metabolic disturbances, particularly prospective studies, is
needed.

In conclusion, a larger consumption of dairy products was
associated with modestly lower blood pressure levels but not
with body weight or other metabolic traits. These results are in
line with the suggested favorable effects of the consumption of
dairy products on blood pressure, but they do not support the
hypothesis that higher dairy consumption is beneficial for
weight.

CDAS, GN, RJH, LMB, and JMD were responsible for the design of the
study and for data collection; MBS and AAWAvdH were responsible for
analysis of the data; RMvD, CDAS, GJH, GN, RJH, LMB, and JMB con-
tributed to the presentation or interpretation (or both) of the results; MBS and
AAWAvdH wrote the draft of the paper; and MBS was responsible for the
final version of the manuscript. None of the authors had a personal or finan-
cial conflict of interest.
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Metabolic effects of amino acid mixtures and whey protein in
healthy subjects: studies using glucose-equivalent drinks1–3

Mikael Nilsson, Jens J Holst, and Inger ME Björck

ABSTRACT
Background: Milk protein, in particular the whey fraction, has been
shown to display insulinotrophic properties in healthy persons and
persons with type 2 diabetes. In parallel to the hyperinsulinemia, a
pronounced postprandial rise of certain amino acids and of glucose-
dependent insulinotrophic polypeptide (GIP) was observed in
plasma.
Objective: The objective of the study was to determine to what
extent the insulinotrophic properties of whey could be simulated by
specific amino acid mixtures.
Design: Twelve healthy volunteers were served drinks consisting of
pure glucose (reference drink) or glucose supplemented with free
amino acids or whey proteins (test drinks).
Results: A test drink with the branched-chain amino acids isoleu-
cine, leucine, and valine resulted in significantly higher insulin re-
sponses than did the glucose reference. A drink containing glucose
and leucine, isoleucine, valine, lysine, and threonine mimicked the
glycemic and insulinemic responses seen after whey ingestion. With
consumption of this drink, the glucose area under the curve (AUC)
was 44% smaller (P � 0.05) and the insulin AUC was 31% larger
(NS) than with consumption of the reference drink. With consump-
tion of the whey drink, the AUCs were 56% smaller (glucose; P �
0.05) and 60% larger (insulin; P � 0.05), respectively, than with the
reference drink. The whey drink was accompanied by an 80% greater
GIP response (P � 0.05), whereas the drinks containing free amino
acids did not significantly affect GIP secretion.
Conclusion: A mixture of leucine, isoleucine, valine, lysine, and
threonine resulted in glycemic and insulinemic responses closely
mimicking those seen after whey ingestion in the absence of an
additional effect of GIP and glucagon-like peptide 1. Am J Clin
Nutr 2007;85:996–1004.

KEY WORDS Milk, whey, blood glucose, serum insulin, hy-
perinsulinemia, amino acids, incretin hormones

INTRODUCTION

Milk products are powerful acute stimulants of insulin secre-
tion (1–3) and have the ability to enhance the insulin response
also when supplied in a mixed meal (4, 5). The key mechanism
probably is the action of the milk proteins, because neither lac-
tose (1) nor milk fat (6) can account for the elevated insulinemia.
In previous work, we found that whey proteins are particularly
insulinotrophic, both compared with casein in cheese and with

other proteins of animal or vegetable origin (7). The essential
amino acids leucine, isoleucine, valine, lysine, and threonine
were among the amino acids that showed pronounced postpran-
dial increments in plasma after a whey drink and also the stron-
gest correlation with insulin response. We thus concluded that
these amino acids are particularly important in milk-induced
hyperinsulinemia. In addition, the postprandial increment in
glucose-dependent insulinotrophic polypeptide (GIP) was par-
ticularly pronounced after the whey drink. The experimental
design, however, did not allow conclusive comparisons of the
importance of the specific amino acids with the role of bioactive
peptides containing these amino acids (7).

It is well known that various food proteins may stimulate
insulin release (8–12). The rate at which the amino acids are
released during digestion and absorbed into the circulation may
differ significantly among different food proteins. Whey is con-
sidered a rapidly digested protein, which thus promotes higher
concentrations of amino acids in postprandial plasma (13). Sev-
eral amino acids may act as direct insulin secretagogues (14–20),
and an increase in plasma amino acids appears to be associated
with enhanced insulin response (21).

The aim of the current study was to determine the effect of
specific amino acids on the postprandial insulin response in
healthy subjects. The postprandial responses of blood glu-
cose, serum insulin, GIP, and glucagon-like peptide 1
(GLP-1) were evaluated after the ingestion of drinks contain-
ing equicarbohydrate amounts of glucose without or with
addition of free amino acids. Leucine, isoleucine, valine, ly-
sine, and threonine were selected because of their predomi-
nant appearance in postprandial blood after whey ingestion,
and they were included in amounts corresponding to their
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contents in whey. A glucose-equivalent whey protein drink
was included as a reference.

SUBJECTS AND METHODS

Test drinks

Four test drinks and a reference drink were included in the
study. Glucose in 250 mL water was used as the reference drink.
The test drinks consisted of 1) lysine and threonine (AA2); 2)
leucine, isoleucine, and valine (AA3); 3) leucine, isoleucine,
valine, lysine, and threonine (AA5); and 4) whey protein (Sem-
per AB, Stockholm, Sweden). All test drinks contained 25 g
carbohydrates in the form of glucose. The whey contained
�0.2% lactose according to the manufacturer. The whey drink
was adjusted to contain 18 g protein, in accordance with an earlier
study (7).

The amino acids were provided by Bröste AB (Mölndal, Swe-
den). The branched-chain amino acids (BCAAs) were obtained
as a mixture (BCAA211; Ajinomoto, Kawasaki, Japan) with the
leucine-to-isoleucine-to-valine ratio being 2:1:1, whereas thre-
onine (l-threonine; Ajinomoto) and lysine (l-lysine monohydro-
chloride; Ajinomoto) were provided as single amino acids. The
compositions of the drinks are shown in Table 1.

The test drinks with added amino acids were based on the 5
essential amino acids, the appearance of which in postprandial
blood had the highest correlation coefficients with the insulino-
genic index in a previous study with whey (7). The total amount

of these 5 amino acids in the test drink was thus similar to their
content in the previously studied whey drink (7.37 g). However,
not only the amount of amino acids ingested but also the post-
prandial amino acid profile may be important for the insulin
response. Therefore, the ratios of the amino acids in the test
drinks were, as far as possible, based on the incremental post-
prandial areas under the curve (AUC) in healthy subjects fed a
whey drink (7). Because we used a commercially prepared mix-
ture of the BCAA, the ratios between leucine, isoleucine, and
valine were, however, fixed. The amino acid composition of the
whey is shown in Table 2.

Subjects and study design

Twelve healthy nonsmoking volunteers (6 M, 6 F; aged 20–30
y) with body mass index (BMI; in kg/m2) ranging from 19.5 to
25.7 (x� � SEM: 22.4 � 0.6) and without drug treatment partic-
ipated in the study. All subjects had normal mean fasting blood
glucose concentrations (4.6 � 0.04 mmol/L; Table 3).

The drinks were provided as breakfasts in random order on 5
different occasions with �1 wk between each test. In the evening
before each test, the subjects were instructed to eat a standardized
evening meal consisting of white wheat bread and water at
�2100–2200 and thereafter not to ingest anything but water.
When the subjects arrived at the laboratory the next morning, a

TABLE 1
Nutrient composition and serving size of the glucose reference drink and
the test drinks with whey protein or amino acid mixtures1

Constituent nutrient
Reference

drink

Test drinks

AA2 AA3 AA5 Whey

g/serving g/serving

Glucose 25 25 25 25 25
Leucine — — 2.2 2.2 —
Isoleucine — — 1.1 1.1 —
Valine — — 1.1 1.1 —
Lysine — 1.6 — 1.6 —
Threonine — 1.4 — 1.4 —
Whey protein — — — — 18
�Amino acids 3.0 4.4 7.4
Amount of liquid (mL) 250 250 250 250 250

1 AA2, lysine and threonine; AA3, leucine, isoleucine, and valine; AA5,
leucine, isoleucine, valine, lysine, and threonine.

TABLE 2
Contents of amino acids in the whey

Amino acid Value

mg/g whey

Aspartic acid 94.1
Threonine 61.1
Serine 38.8
Glutamic acid 141.4
Proline 46.7
Glycine 13.8
Alanine 42.1
Valine 59.3
Cysteine 22.8
Methionine 19.4
Isoleucine 57.3
Leucine 79.8
Tyrosine 20.8
Phenylalanine 21.3
Lysine 76.1
Histidine 18.7
Arginine 22.0

TABLE 3
Fasting values of blood glucose, serum insulin, and plasma glucose-dependent insulinotrophic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) in
healthy subjects before ingestion of the reference glucose drink and whey and glucose drinks to which free amino acids were added1

Meal Blood glucose Serum insulin Plasma GIP Plasma GLP-1

mmol/L nmol/L pmol/L pmol/L

Reference 4.6 � 0.1a 0.046 � 0.005a 6.2 � 1.0a 8.8 � 1.4b

Whey 4.7 � 0.1a 0.041 � 0.003a 7.2 � 1.6a 11.1 � 1.4a,b

AA2 4.6 � 0.1a 0.048 � 0.008a 10.2 � 2.4a 12.8 � 1.9a

AA3 4.6 � 0.1a 0.047 � 0.005a 8.3 � 1.8a 9.8 � 1.0a,b

AA5 4.6 � 0.1a 0.047 � 0.006a 7.8 � 1.8a 9.7 � 1.8a,b

1 All values are x� � SEM; n � 12. AA2, lysine and threonine; AA3, leucine, isoleucine, and valine; AA5, leucine, isoleucine, valine, lysine, and threonine.
Values in the same column with different superscript letters are significantly different, P � 0.05 (ANOVA followed by Tukey’s test).
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peripheral catheter was inserted into an antecubital vein, and a
fasting blood sample was drawn. Thereafter, the test drink was
served, and the subjects were instructed to drink steadily over a
12-min period. After the drinks were finished, 150 mL tea or
coffee was served. Each subject drank either tea or coffee
throughout the study.

All test subjects gave written informed consent and were
aware that they could withdraw from the study at any time they
desired. The Ethics Committee of the Faculty of Medicine at
Lund University approved the study.

Blood analysis

At all timepoints, blood was sampled into 3 tubes: one for
serum, one for plasma (containing EDTA), and one for blood
glucose analysis (using a tube containing sodium fluoride and
potassium oxalate). For the analysis of blood glucose and serum
insulin, venous blood samples were drawn at fasting and 15, 30,
45, 60, 75, 90, and 120 min after commencing the meal. Samples
were also taken at 0, 15, 30, 45, 60, 90, and 120 min for the
measurement of plasma GIP and GLP-1. Blood glucose concen-
trations were measured in whole blood by using a glucose oxi-
dase peroxidase reagent. Serum was centrifuged for 15 min
(2500 � g at 19 °C) and frozen at �20 °C until analyzed for
insulin. The insulin measurement was performed on an inte-
grated immunoassay analyzer (CODA Open Microplate System;
Bio-Rad Laboratories, Hercules, CA) by using an enzyme-linked
immunosorbent assay kit (Mercodia Insulin Elisa; Mercodia AB,
Uppsala, Sweden).

The tubes with EDTA were allowed to rest for 30 min before
undergoing centrifugation at 2500 � g and 19 °C for 15 min.
Approximately 1 mL plasma was separated and stored in a frozen
state at �20 °C before measurement of GLP-1 and GIP. Plasma
(800 �L) was removed for the measurement of free amino acids.

GIP and GLP-1 concentrations in plasma were measured after
extraction of plasma with 70% ethanol (by vol, final concentra-
tion). For the GIP radioimmunoassay (22), carboxyl terminal–
directed antiserum R65 was used, which crossreacts fully with
human GIP but not with the so-called GIP 8000, whose chemical
nature and relation to GIP secretion are uncertain. Human GIP
and 125I human GIP (70 Bq/nmol) were used for standards and
tracer. The plasma concentrations of GLP-1 were measured by
using the method of Orskov et al (23) against standards of syn-
thetic GLP-1 (7–36) amide by using antiserum code no. 89390,
which is specific for the amidated carboxyl terminus of GLP-1
and therefore does not react with GLP-1–containing peptides
from the pancreas. The results of the assay accurately reflect the

rate of secretion of GLP-1 because the assay measures the sum of
intact GLP-1 and the primary metabolite, GLP-1 (9–36) amide,
into which GLP-1 is rapidly converted (24). For both assays,
sensitivity was �1 pmol/L, the intraassay CV was �6% at 20
pmol/L, and the recovery of standard (which was added to plasma
before extraction) was �100% when corrected for losses inher-
ent in the plasma extraction procedure.

Free amino acids were purified by mixing 200 �L of 10%
sulfosalicylic acid with 800 �L plasma to precipitate high-
molecular-weight proteins according to the method of Pharmacia
Biochrom Ltd (Cambridge, United Kingdom) The amino acid
solutions were frozen at �20 °C before they were analyzed in an
amino acid analyzer (Biochrom 30; Pharmacia Biochrom Ltd) by
using ion-exchange chromatography. The amino acids were sep-
arated by using standard lithium citrate buffers of pH 2.80, 3.00,
3.15, 3.50, and 3.55. The postcolumn derivatization was per-
formed with ninhydrin (25).

Calculations and statistical analysis

The mean (�SEM) incremental 0–90-min AUCs for glucose
and insulin, 0–90-min AUCs for GIP and GLP-1, and 0–45-min
AUCs for the different amino acids were calculated for each
subject and meal by using GraphPad PRISM software (version
3.02; GraphPad Software Inc, San Diego). All AUCs below the
baseline were excluded from the calculations.

Significant differences among the AUCs were assessed with a
general linear model (ANOVA) followed by Tukey’s multiple-
comparison test using MINITAB statistical software (release
13.32; Minitab Inc, State College, PA). Values are presented as
means � SEM, and differences resulting in values of P � 0.05
were considered significant.

The differences between the products at different timepoints
were analyzed by using a mixed model (PROC MIXED in SAS
release 8.01; SAS Institute Inc, Cary, NC) with repeated mea-
sures and an autoregressive covariance structure. When signifi-
cant interactions between treatment and time were found,
Tukey’s multiple-comparison test was performed for each time-
point by using the MINITAB software.

RESULTS

Blood glucose and insulin responses

No significant differences were found in fasting blood glucose
or serum insulin concentrations (P � 0.05; Table 3). The blood
glucose responses after ingestion of the whey (�56%) and the

TABLE 4
Glycemic and insulinemic responses [90-min area under the curve (AUC)] in healthy subjects after reference glucose drinks and glucose drinks to which
whey or free amino acids were added1

Meal Blood glucose AUC Change Serum insulin AUC Change

mmol � min/L % nmol � min/L %

Reference 103.4 � 21.0a 10.6 � 1.3a,b

Whey 45.8 � 10.8b �56 17.0 � 2.0c 60
AA2 83.0 � 14.1a,b �20 9.4 � 1.1a �11
AA3 71.7 � 14.1a,b �31 14.8 � 2.0c 40
AA5 58.1 � 12.3b �44 13.9 � 1.6b,c 31

1 All values are x� � SEM; n � 12. AA2, lysine and threonine; AA3, leucine, isoleucine, and valine; AA5, leucine, isoleucine, valine, lysine, and threonine.
Values in the same column with different superscript letters are significantly different, P � 0.05 (ANOVA followed by Tukey’s test).
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AA5 (�44%) drinks were significantly lower than those after
ingestion of the glucose reference drink (P � 0.05; Table 4). By
contrast, although AA2 and AA3 tended to have lower glycemic
excursions than did the glucose reference, no significant differ-
ences were seen (Figure 1). Furthermore, no significant differ-
ences were found between the 3 amino acid drinks (AA2, AA3,
and AA5) with respect to postprandial blood glucose response.

In an examination of the postprandial insulin responses, the
whey and AA3 (containing leucine, isoleucine, and valine)
drinks were found to induce significantly (P � 0.05) higher
AUCs than did the glucose reference drink. Although the 31%
difference in insulin response between AA5 (containing leucine,
isoleucine, valine, threonine, and lysine) and white wheat bread
was not significant, AA5 caused insulin responses similar to
those seen after the whey drink. In contrast, the AA2 drink (con-
taining lysine and threonine) induced a significantly (P � 0.05)
lower insulin response than did the AA3 and AA5 drinks—one
that was similar to that after the glucose reference drink.

Thirty minutes after the beginning of the meal, serum insulin
responses after the whey, AA3, and AA5 drinks were signifi-
cantly (P � 0.05) higher than those after the reference drink
(Figure 2), and the whey and AA5 drinks also induced signifi-
cantly (P � 0.05) higher serum insulin concentrations than did
the AA2 drink. At 45 and 60 min after the beginning of the meal,
the whey drink and AA3 caused significantly (P � 0.05) higher
insulin responses than did AA2.

Postprandial glucose-dependent insulinotrophic
polypeptide and glucagon-like peptide 1 responses

No significant differences were found in fasting plasma GIP
concentrations between the drinks (Table 3). The 0–90-min
AUC for plasma GIP concentrations was significantly higher
after the whey drink (P � 0.05) than after the drinks containing
free amino acids or the glucose reference drink (Table 5,
Figure 3).

The fasting concentration of plasma GLP-1 was significantly
higher before the AA2 drink than before the glucose reference
drink (P � 0.05, Table 3). However, no significant differences
were found in postprandial GLP-1 responses, expressed as 0–90-
min AUCs, after ingestion of the different test drinks and the

glucose reference drink. In addition, no significant treatment �
time interaction (P � 0.96) was observed (Figure 4).

Postprandial plasma amino acids

Minor but significant differences were found in fasting values
for some amino acids (Table 6). Seventeen amino acids were
detectable in plasma after ingestion of each of the test drinks
(Table 7). Cysteine was detected only after ingestion of the
reference drink, and methionine was detected in the postprandial
plasma only after ingestion of the AA2 drink. After ingestion of
the other test drinks, the methionine and cysteine concentrations
fell beneath the limit of detection.

After consumption of the glucose reference drink, increments
in plasma amino acids were marginal, and no differences in
response were found between the studied amino acids (Table 7).
The whey drink resulted in significantly higher amino acid re-
sponses than did the glucose reference drink (Table 7; Figure 5).
As expected, the AA2 drink elicited significantly higher concen-
trations of threonine and lysine than of isoleucine, leucine, and
valine (Figure 6). After the AA3 drink containing the BCAAs,
plasma concentrations of leucine, valine, and isoleucine in-
creased significantly more than did those of other amino acids
(Figure 7).

The AA5 drink, with leucine, isoleucine, valine, lysine, and
threonine, induced higher postprandial responses of leucine and
valine in the 30–120-min period than did the other amino acids
(P � 0.05; Figure 8). In addition, the leucine concentration at 15
min was significantly higher than that of the other amino acids.

The postprandial serine response was more pronounced after
the whey drink than after any of the other drinks. The tyrosine
AUC was significantly higher after the whey drink than after the
glucose reference or AA5 drink. A significant difference was
also seen in histidine concentrations between the whey drink and
the AA2 drink.

DISCUSSION

The current study concurs with the previous finding that whey-
induced hyperinsulinemia is associated with a concomitant in-
crease in postprandial amino acid (7). In that earlier report, we
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FIGURE 1. Mean (�SEM) incremental changes (�) in blood glucose in
response to glucose (■ ); whey (Œ); leucine, isoleucine, and valine (�); lysine
and threonine (�); and leucine, isoleucine, valine, lysine, and threonine (F).
n � 12 healthy subjects. A significant treatment effect (P � 0.05) but no
treatment � time interaction (P � 0.06) was found.

10 20 30 40 50 60 70 80 90 100 110 120 130

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

a

aa

c

a

b

b a

c

a

b
*b

Time (min)

ΔS
er

u
m

 in
su

lin
 (

n
m

o
l/L

)

FIGURE 2. Mean (�SEM) incremental changes (�) in serum insulin in
response to glucose (■ ); whey (Œ); leucine, isoleucine, and valine (�); lysine
and threonine (�); and leucine, isoleucine, valine, lysine, and threonine (F).
n � 12 healthy subjects. A significant treatment effect (P � 0.05) and
treatment � time interaction (P � 0.05) were found. Values with different
letters are significantly different, P � 0.05 (Tukey’s test). *At 90 min, whey
induced a significantly higher insulin response than did the glucose reference
or lysine and threonine.
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described significant correlations between several amino acids
and the insulinogenic index. We concluded that, in particular,
leucine, isoleucine, valine, lysine, and threonine are likely to act
as insulin secretagogues after a whey drink. It is well known that
amino acids stimulate insulin release in the pancreatic beta cell,
alone or in combination (15–20). The BCAAs, in particular, have
attracted interest (26), and leucine has been suggested as one of
the most potent insulin secretagogues (27–30). The mechanism
for amino acid–mediated insulin release is complex, and several
metabolic pathways are activated in the �-cell, depending on the
amino acid (29, 31).

As judged from the current study, increases in the concen-
trations of amino acids in plasma are the likely mediators of
the stimulated insulin secretion after a protein drink. In accord
with that probability, a protein hydrolysate was reported to
result in a greater increment of plasma amino acids and, as a
consequence, in a greater insulin response than was an intact
protein (21).

Among the amino acids included in the current study, the
BCAAs seem to be major determinants of insulinemia and ap-
peared to mimic the extent of hyperinsulinemia after a whey
drink. Although AA3, containing only the BCAAs had a slightly
greater insulin response than did AA5, the glycemic and insu-
linemic responses to AA5 more closely resembled the responses
to the whey drink. AA5 induced not only a high insulin response
but also a significantly lower glycemic response than did the

glucose reference drink; this finding corresponds to the lowered
glycemia seen after the whey drink. Moreover, AA5 well
mimicked the plasma amino acid pattern seen after whey
ingestion. No significant differences were seen in plasma
amino acid responses (ie, AUCs) except leucine, tyrosine, and
serine between the whey drink and the AA5 drink. The leucine
response was significantly higher after the AA5 than after the
whey drink.

No differences were found in GIP responses after the glucose
reference drink or the drinks containing free amino acids, all of
which had lower (33–44% AUC) increments than those seen
after the whey drink. Only limited data regarding GIP responses
after the ingestion of single amino acids are available in the
literature. However, ingestion of lysine has been found to en-
hance GIP response, whereas no effect was seen with threonine
in obese hyperglycemic (ob/ob) mice (32). An amino acid mix-
ture has also been reported by Thomas et al (33) to stimulate GIP
response and cause a subsequent insulin rise after interduodenal
perfusion. The discrepancy between the results in the current
study and those earlier findings may be due to the stimulating
effects of the glucose present in our test drinks, which may have
concealed the amino acid–induced GIP response. Thomas et al
(33) also suggested that a threshold concentration may exist for
amino acid–induced GIP release. However, it seems that GIP
plays only a modest role in mediating insulin-releasing actions of
amino acids (32).
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FIGURE 4. Mean (�SEM) incremental changes (�) in plasma glucagon-
like peptide 1 (GLP-1) in response to glucose (■ ); whey (Œ); leucine, iso-
leucine, and valine (�); lysine and threonine (�); and leucine, isoleucine,
valine, lysine, and threonine (F). n � 12 healthy subjects. A significant
treatment effect (P � 0.05) but no treatment � time interaction (P � 0.96)
was found.

TABLE 5
Plasma glucose-dependent insulinotrophic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) responses [90-min area under the curve (AUC)] in
healthy subjects after reference glucose drinks and glucose drinks to which whey or free amino acids were added1

Meal GIP AUC Change GLP-1 AUC Change

pmol � min/L % pmol � min/L %

Reference 1733 � 204a 472.3 � 76.2a

Whey 3121 � 328b 80 578.1 � 73.6a 22
AA2 1917 � 282a 11 375.8 � 75.9a �20
AA3 2089 � 268a 21 499.9 � 88.2a 6
AA5 1779 � 226a 3 498.6 � 77.4a 6

1 All values are x� � SEM; n � 12. AA2, lysine and threonine; AA3, leucine, isoleucine, and valine; AA5, leucine, isoleucine, valine, lysine, and threonine.
Values in the same column with different superscript letters are significantly different, P � 0.05 (ANOVA followed by Tukey’s test).
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FIGURE 3. Mean (�SEM) incremental changes (�) in plasma glucose-
dependent insulinotrophic polypeptide (GIP) in response to glucose (■ );
whey (Œ); leucine, isoleucine, and valine (�); lysine and threonine (�); and
leucine, isoleucine, valine, lysine, and threonine (F). n � 12 healthy subjects.
A significant treatment effect (P � 0.05) but no treatment � time interaction
(P � 0.12) was found.
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In an earlier study, we (7) did not find any differences in GIP
responses after the ingestion of milk and white wheat bread,
despite the differences in insulinogenic properties between these
food products. As judged from the absence of incretin stimula-
tion after drinks with glucose and free amino acid mixtures in the

current study, which contrasts with the presence of incretin stim-
ulation seen with the pure glucose drink, our results indicate that
GIP is not a major mediator of whey induced hyperinsulinemia.
However, the whey drink caused a significantly enhanced GIP
response, and it is possible that bioactive peptides present in

TABLE 6
Fasting values of the different amino acids in healthy subjects before ingestion of reference glucose drinks and glucose drinks to which whey or free amino
acids were added1

Amino acid

Drink

Glucose Whey AA2 AA3 AA5

mmol/L

Aspartic acid 0.046 � 0.01a 0.065 � 0.01a 0.034 � 0.01a 0.035 � 0.005a 0.032 � 0.004a

Threonine 0.14 � 0.01a,b 0.11 � 0.01b 0.14 � 0.02a,b 0.17 � 0.02a 0.11 � 0.01b

Serine 0.14 � 0.02a,b 0.10 � 0.01a,b 0.12 � 0.01a,b 0.15 � 0.01a 0.090 � 0.01b

Asparagine 0.11 � 0.02a 0.058 � 0.01b 0.082 � 0.01a,b 0.087 � 0.003a,b 0.057 � 0.01b

Glutamic acid 0.20 � 0.02a 0.16 � 0.03a 0.16 � 0.01a 0.14 � 0.02a 0.12 � 0.02a

Glutamine 0.55 � 0.04a,b 0.49 � 0.06b 0.58 � 0.07a,b 0.74 � 0.05a 0.52 � 0.07a,b

Proline 0.26 � 0.05a 0.18 � 0.02a,b 0.22 � 0.03a,b 0.26 � 0.02a 0.13 � 0.02b

Glycine 0.21 � 0.02a,b 0.26 � 0.03a 0.19 � 0.01a,b 0.23 � 0.03a,b 0.16 � 0.01b

Alanine 0.33 � 0.02a,b 0.34 � 0.04a,b 0.35 � 0.03a,b 0.40 � 0.03a 0.28 � 0.02b

Valine 0.23 � 0.02a 0.21 � 0.02a 0.24 � 0.02a 0.25 � 0.02a 0.19 � 0.02a

Cysteine 0.045 � 0.007a 0.044 � 0.01a 0.11 � 0.03a 0.047 � 0.01a 0.085 � 0.02a

Methionine � 0.01 � 0.01 0.045 � 0.01 0.025 � 0.01 � 0.01
Isolecine 0.065 � 0.01a 0.062 � 0.01a 0.064 � 0.01a 0.065 � 0.01a 0.055 � 0.01a

Leucine 0.12 � 0.01a,b 0.11 � 0.01b 0.14 � 0.01a 0.14 � 0.01a 0.10 � 0.01b

Tyrosine 0.089 � 0.04a 0.044 � 0.006a 0.067 � 0.004a 0.079 � 0.004a 0.039 � 0.004a

Phenylalanine 0.053 � 0.004a,b 0.048 � 0.005a,b 0.050 � 0.002a,b 0.055 � 0.004a 0.038 � 0.003b

Lysine 0.18 � 0.02a 0.16 � 0.01a 0.17 � 0.01a 0.19 � 0.01a 0.14 � 0.01a

Histidine 0.10 � 0.01a 0.11 � 0.01a 0.13 � 0.01a 0.12 � 0.01a 0.10 � 0.01a

Arginine 0.13 � 0.02a 0.074 � 0.01a 0.11 � 0.05a 0.057 � 0.01a 0.052 � 0.004a

1 All values are x� � SEM; n � 12. AA2, lysine and threonine; AA3, leucine, isoleucine, and valine; AA5, leucine, isoleucine, valine, lysine, and threonine.
Values in the same row with different superscript letters are significantly different, P � 0.05 (ANOVA followed by Tukey’s test).

TABLE 7
Incremental postprandial areas under the curve (AUC) in plasma for the different amino acids from 0 to 45 min after the glucose reference or test drinks1

Amino acid AUC

Drink

Glucose Whey AA2 AA3 AA5

mmol � min/L

Aspartic acid 0.7 � 0.5a 0.9 � 0.4a 0.4 � 0.2a 0.1 � 0.1a 0.2 � 0.1a

Threonine 0.5 � 0.2c 2.6 � 0.4b 4.1 � 0.4a 0.7 � 0.2c 2.1 � 0.2b

Serine 0.4 � 0.1b 1.5 � 0.3a 0.4 � 0.1b 0.6 � 0.2b 0.5 � 0.1b

Asparagine 1.1 � 0.5a 2.0 � 0.8a 1.3 � 0.5a 1.5 � 0.5a 0.4 � 0.1a

Glutamic acid 0.4 � 0.3a 1.0 � 0.5a 0.3 � 0.2a 0.3 � 0.1a 0.2 � 0.1a

Glutamine 2.3 � 0.8a 7.3 � 2.2a 4.3 � 1.8a 4.1 � 1.3a 2.7 � 0.5a

Proline 1.4 � 0.5a 3.1 � 1.8a 0.7 � 0.2a 0.5 � 0.2a 1.2 � 0.6a

Glycine 0.6 � 0.4a 2.8 � 1.7a 0.5 � 0.2a 0.6 � 0.3a 0.4 � 0.2a

Alanine 2.0 � 1.3a 2.9 � 0.7a 1.5 � 0.5a 1.1 � 0.4a 1.3 � 0.5a

Valine 0.4 � 0.1c 5.3 � 1.0b 0.4 � 0.2c 7.9 � 0.8a 5.2 � 0.7b

Cysteine 1.5 � 0.8 � 0.1 � 0.1 � 0.1 � 0.1
Methionine � 0.1 � 0.1 0.3 � 0.2 � 0.1 � 0.1
Isoleucine 0.4 � 0.2c 2.9 � 0.4b 0.4 � 0.2c 5.0 � 0.4a 3.6 � 0.4b

Leucine 0.3 � 0.1d 3.9 � 0.5c 0.2 � 0.1d 9.4 � 0.8a 6.2 � 0.6b

Tyrosine 0.2 � 0.1b 0.7 � 0.1a 0.3 � 0.2a,b 0.4 � 0.1a,b 0.1 � 0.1b

Phenylalanine 0.4 � 0.2a 0.7 � 0.2a 0.4 � 0.2a 0.7 � 0.2a 0.3 � 0.1a

Lysine 0.4 � 0.2b 3.7 � 0.6a 3.9 � 0.3a 0.8 � 0.3b 3.7 � 0.5a

Histidine 0.4 � 0.2a,b 1.2 � 0.3a 0.2 � 0.2b 0.6 � 0.2a,b 0.5 � 0.2a,b

Arginine 1.5 � 0.5a 1.7 � 0.7a 0.3 � 0.1a 0.6 � 0.3a 0.6 � 0.2a

1 All values are x� � SEM; n � 12. AA2. lysine and threonine; AA3, leucine, isoleucine, and valine; AA5, leucine, isoleucine, valine, lysine, and threonine.
Values in the same row with different superscript letters are significantly different, P � 0.05 (ANOVA followed by Tukey’s test).
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whey or formed during digestion may specifically stimulate GIP
secretion. The fact that the free amino acids did not stimulate
incretin response may also explain why the insulin response
tended to be slightly (but not significantly) lower after the AA5
drink than after the whey drink, because GIP and GLP-1 may
enhance not only glucose-stimulated insulin secretion but also
amino acid–induced insulin secretion (34).

Although the results of the current study allow us to propose
that increases in the plasma concentrations of leucine, isoleucine,
valine, lysine, and threonine have the greatest effect on whey-
induced hyperinsulinemia, several other amino acids have also
been described as efficient insulin secretagogues. Rocha et al
(27) ranked the glucagon and insulin responses after the intra-
venous infusion of 20 amino acids in conscious dogs. Trypto-
phan, leucine, aspartate, isoleucine, and glutamate were found to
be the most potent insulin secretagogues, whereas histidine, ala-
nine, valine, aspargine, arginine, and serine were less efficient.
Others have reported arginine as a potent stimulator of insulin
release in healthy humans when administrated intravenously
(16), but, when fed orally in realistic amounts, arginine seems to
be a less potent insulin secretagogue (35).

The higher glutamine concentrations seen after all drinks are
probably mediated through endogenous output. The BCAAs
may serve as precursors for glutamine synthesis (36), and leucine
administration is known to stimulate the release of glutamine and
alanine from the muscles (37). It has also been reported that the
degradation of leucine to glutamine is enhanced in an experi-
mentally induced insulin-resistant state (38). In addition, lysine
may serve as a precursor for the de novo synthesis of glutamine
in skeletal muscles when present in the physiologic range of 0.1
to 0.5 mmol/L, whereas a high concentration of threonine
(10 mmol/L) was found to decrease glutamine formation (39).
Moreover, it has been suggested that the conversion of glucose to
glutamine increases during hyperinsulinemic, euglycemic condi-
tions and enhances the glutamine output from skeletal muscles into
plasma (40). It cannot be ruled out that glutamine is involved in
whey-induced hyperinsulinemia, because glutamine enhances the
glucose-stimulated insulin release through several mechanisms
(41). One mechanism may be the key stimulus-secretion coupling
factors generated during glutamine metabolism within the beta cell,
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FIGURE 5. Mean (�SEM) incremental changes (�) in plasma concen-
trations of leucine (Œ), isoleucine (■ ), valine (F), lysine (�), and threonine
(�) in response to whey. n � 12 healthy subjects. A significant amino acid
effect (P � 0.05) but no amino acid � time interaction (P � 0.99) was found.
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FIGURE 6. Mean (�SEM) incremental changes (�) in plasma concen-
trations of leucine (Œ), isoleucine (■ ), valine (F), lysine (�), and threonine
(�) in response to AA2 (lysine and threonine). n � 12 healthy subjects. A
significant amino acid effect (P � 0.05) and amino acid � time interaction
(P � 0.05) were found at a given time. Values with different letters are
significantly different, P � 0.05 (Tukey’s test).
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FIGURE 7. Mean (�SEM) incremental changes (�) in plasma concen-
trations of leucine (Œ), isoleucine (■ ), valine (F), lysine (�), and threonine
(�) in response to AA3 (leucine, isoleucine, and valine). n � 12 healthy
subjects. A significant amino acid effect and amino acid � time interaction
(P � 0.05 for both) were found at a given time. Values with different letters
are significantly different, P � 0.05 (Tukey’s test).
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FIGURE 8. Mean (�SEM) incremental changes (�) in plasma concen-
trations of leucine (Œ), isoleucine (■ ), valine (F), lysine (�), and threonine
(�) in response to AA5 (leucine, isoleucine, valine, lysine, and threonine).
n � 12 healthy subjects. A significant amino acid effect and amino acid �
time interaction (P � 0.05 for both) were found at a given time. Values with
different letters are significantly different, P � 0.05 (Tukey’s test).
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which interact with several of the metabolic pathways that control
insulin release (42).

As judged from previous studies in our laboratory (7), the
mechanism for whey-induced hyperinsulinemia seems to be �2
separate pathways, one connected to the significant increment in
certain amino acids and the other connected through the incre-
tins, where GIP, in particular, is stimulated. The current study
strengthens earlier findings that postprandial increments of
leucine, isoleucine, valine, threonine, and lysine in the blood are
important to the insulinotrophic effect of whey. The modulation
of the glycemic and the insulinemic responses after a glucose
drink containing these 5 amino acids and after a glucose-
equivalent drink containing whey proteins did not differ signif-
icantly. In fact, the mixture of glucose and the 3 amino acids
isoleucine, leucine, and valine (AA3) also increased insulin,
whereas the glucose drink with lysine and threonine had no
effect. However, it cannot be excluded that not only specific
amino acids but also the total plasma amino acid response is
important for the insulin response. Hence, the drinks that caused
the highest total plasma amino acid increments in the current
study also caused the highest insulin responses. In comparisons
of different amino acids, leucine has been found to be particularly
insulinotrophic (27, 28, 43). Although the leucine content in
postprandial plasma was higher after AA3 and AA5 drinks than
after the whey drink, the whey drink induced a higher insulin
response than the AA3 and AA5 drinks. Furthermore, despite a
30% difference (P � 0.05) in plasma leucine AUC between AA3
and AA5, no significant differences were noted in insulinemia.
This lack of difference could indicate that the insulinotrophic
effect of whey is better mimicked by mixtures of amino acids
than by leucine alone.

Neither of the drinks containing free amino acids and glucose
stimulated the GIP response, whereas the pure glucose drink did
do so. The involvement of GIP or a bioactive peptide (or both) in
the insulinotrophic effect of whey cannot be completely ruled
out, and the whey drink tended to produce somewhat higher
insulinemia than did the amino acid mixtures. However, the
overall results of the current study indicate that the preferential
increase in specific amino acids in postprandial plasma is the key
mechanism for the protein-induced hyperinsulinemia seen after
a whey drink.

MN and IMEB designed the study; IMEB secured the funding for the
study; MN coordinated the study and was responsible collection and analysis
of the data and for the amino acid analysis; JJH was responsible for the
incretin analysis; MN was responsible for the statistical analysis; all authors
contributed to the writing of the manuscript. None of the authors had a
personal or financial conflict of interest.
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1. Östman EM, Liljeberg Elmståhl HGM, Björck IME. Inconsistency be-

tween glycemic and insulinemic responses to regular and fermented milk
products. Am J Clin Nutr 2001;74:96–100.

2. Schrezenmeir J, Tato F, Tato S, et al. Comparison of glycemic response
and insulin requirements after mixed meals of equal carbohydrate con-
tent in healthy, type-1, and type-2 diabetic man. Klin Wochenschr 1989;
67:985–94.

3. Gannon MC, Nuttall FQ, Krezowski PA, Billington CJ, Parker S. The
serum insulin and plasma glucose responses to milk and fruit products in
type 2 (non-insulin-dependent) diabetic patients. Diabetologia 1986;29:
784–91.

4. Liljeberg Elmståhl H, Björck I. Milk as a supplement to mixed meals
may elevate postprandial insulinaemia. Eur J Clin Nutr 2001;55:994–9.

5. Nilsson M, Elmstahl H, Bjorck I. Glucose and insulin responses to

porridge and gruel meals intended for infants. Eur J Clin Nutr 2005;59:
646–50.

6. Hoyt G, Hickey MS, Cordain L. Dissociation of the glycaemic and
insulinaemic responses to whole and skimmed milk. Br J Nutr 2005;93:
175–7.

7. Nilsson M, Stenberg M, Frid AH, Holst JJ, Björck IME. Glycemia and
insulinemia in healthy subjects after lactose equivalent meals of milk and
other food proteins: the role of plasma amino acids and incretins. Am J
Clin Nutr 2004;80:1246–53.

8. Floyd JC Jr, Fajans SS, Conn JW, Knopf RF, Rull J. Insulin secretion in
response to protein ingestion. J Clin Invest 1966;45:1479–86.

9. Nuttall FQ, Gannon MC. Plasma glucose and insulin response to ma-
cronutrients in nondiabetic and NIDDM subjects. Diabetes Care 1991;
14:824–38.

10. Nuttall FQ, Gannon MC, Wald JL, Ahmed M. Plasma glucose and
insulin profiles in normal subjects ingesting diets of varying carbohy-
drate, fat, and protein content. J Am Coll Nutr 1985;4:437–50.

11. Holt SH, Miller JC, Petocz P. An insulin index of foods: the insulin
demand generated by 1000-kJ portions of common foods. Am J Clin
Nutr 1997;66:1264–76.

12. Lang V, Bellisle F, Alamowitch C, et al. Varying the protein source in
mixed meal modifies glucose, insulin and glucagon kinetics in healthy
men, has weak effects on subjective satiety and fails to affect food intake.
Eur J Clin Nutr 1999;53:959–65.

13. Boirie Y, Dangin M, Gachon P, Vasson MP, Maubois JL, Beaufrére B.
Slow and fast dietary proteins differently modulate postprandial protein
accretion. Proc Natl Acad Sci USA 1997;94:14930–5.

14. Schmid R, Schulte-Frohlinde E, Schusdziarra V, et al. Contribution of
postprandial amino acid levels to stimulation of insulin, glucagon, and
pancreatic polypeptide in humans. Pancreas 1992;7:698–704.

15. Schmid R, Schusdziarra V, Schulte-Frohlinde E, Maier V, Classen M.
Role of amino acids in stimulation of postprandial insulin, glucagon, and
pancreatic polypeptide in humans. Pancreas 1989;4:305–14.

16. Floyd JC Jr, Fajans SS, Conn JW, Knopf RF, Rull J. Stimulation of
insulin secretion by amino acids. J Clin Invest 1966;45:1487–502.

17. Fajans SS, Floyd JC, Jr., Knopf RF, Conn FW. Effect of amino acids and
proteins on insulin secretion in man. Recent Prog Horm Res 1967;23:
617–62.

18. Fajans SS, JR JCF. Stimulation of islet cell secretion by nutrients and by
gastrointestinal hormones released during digestion. In: Steiner D,
Freinkel N, eds. Handbook of physiology. Washington DC: American
Physiological Society, 1972:473–93.

19. Ohneda A, Parada E, Eisentraut AM, Unger RH. Characterization of
response of circulating glucagon to intraduodenal and intravenous ad-
ministration of amino acids. J Clin Invest 1968;47:2305–22.

20. Krebs M, Brehm A, Krssak M, et al. Direct and indirect effects of amino
acids on hepatic glucose metabolism in humans. Diabetologia 2003;46:
917–25.

21. Calbet JA, MacLean DA. Plasma glucagon and insulin responses depend
on the rate of appearance of amino acids after ingestion of different
protein solutions in humans. J Nutr 2002;132:2174–82.

22. Krarup T, Madsbad S, Moody AJ, et al. Diminished immunoreactive
gastric inhibitory polypeptide response to a meal in newly diagnosed
type I (insulin-dependent) diabetics. J Clin Endocrinol Metab 1983;56:
1306–12.

23. Orskov C, Rabenhoj L, Wettergren A, Kofod H, Holst JJ. Tissue and
plasma concentrations of amidated and glycine-extended glucagon-like
peptide I in humans. Diabetes 1994;43:535–9.

24. Deacon CF, Pridal L, Klarskov L, Olesen M, Holst JJ. Glucagon-like
peptide 1 undergoes differential tissue-specific metabolism in the anes-
thetized pig. Am J Physiol 1996;271:E458–64.

25. Stenberg M. Marko-Varga G, Oste R. Enantioseparation of D- and
L-amino acids by a coupled system consisting of an ion-exchange col-
umn and a chiral column and determination of D-aspartic acid and
D-glutamic acid in soy products. Food Chem 2002;79:507–12.

26. Nair KS, Short KR. Hormonal and signaling role of branched-chain
amino acids. J Nutr 2005;135(suppl):1547S–52S.

27. Rocha DM, Faloona GR, Unger RH. Glucagon-stimulating activity of 20
amino acids in dogs. J Clin Invest 1972;51:2346–51.

28. Hutton JC, Sener A, Malaisse WJ. Interaction of branched chain amino
acids and keto acids upon pancreatic islet metabolism and insulin secre-
tion. J Biol Chem 1980;255:7340–6.

INSULINOTROPIC EFFECT OF WHEY AND AMINO ACIDS 1003



29. Charles S, Tamagawa T, Henquin JC. A single mechanism for the stim-
ulation of insulin release and 86Rb� efflux from rat islets by cationic
amino acids. Biochem J 1982;208:301–8.

30. van Loon LJ, Saris WH, Verhagen H, Wagenmakers AJ. Plasma insulin
responses after ingestion of different amino acid or protein mixtures with
carbohydrate. Am J Clin Nutr 2000;72:96–105.

31. Sener A, Malaisse WJ. The stimulus-secretion coupling of amino acid-
induced insulin release: insulinotropic action of branched-chain amino
acids at physiological concentrations of glucose and glutamine. Eur
J Clin Invest 1981;11:455–60.

32. FlattPR,KwasowskiP,HowlandRJ,BaileyCJ.Gastric inhibitorypolypep-
tide and insulin responses to orally administered amino acids in genetically
obese hyperglycemic (ob/ob) mice. J Nutr 1991;121:1123–8.

33. Thomas FB, Sinar D, Mazzaferri EL, et al. Selective release of gastric
inhibitory polypeptide by intraduodenal amino acid perfusion in man.
Gastroenterology 1978;74:1261–5.

34. Fieseler P, Bridenbaugh S, Nustede R, et al. Physiological augmentation
of amino acid-induced insulin secretion by GIP and GLP-I but not by
CCK-8. Am J Physiol 1995;268:E949–55.

35. Gannon MC, Nuttall JA, Nuttall FQ. Oral arginine does not stimulate an
increase in insulin concentration but delays glucose disposal. Am J Clin
Nutr 2002;76:1016–22.

36. Holecek M. Relation between glutamine, branched-chain amino acids,
and protein metabolism. Nutrition 2002;18:130–3.

37. Aoki TT, Brennan MF, Fitzpatrick GF, Knight DC. Leucine meal in-
creases glutamine and total nitrogen release from forearm muscle. J Clin
Invest 1981;68:1522–8.

38. Yoshida S, Lanza-Jacoby S, Stein TP. Leucine and glutamine metabo-
lism in septic rats. Biochem J 1991;276(Pt 2):405–9.

39. Garber AJ, Karl IE, Kipnis DM. Alanine and glutamine synthesis and
release from skeletal muscle. II. The precursor role of amino acids in
alanine and glutamine synthesis J Biol Chem 1976;251:836–43.

40. Meyer KA, Kushi LH, Jacobs DR Jr, Slavin J, Sellers TA, Folsom AR.
Carbohydrates, dietary fiber, and incident type 2 diabetes in older
women. Am J Clin Nutr 2000;71:921–30.

41. Curi R, Lagranha CJ, Doi SQ, et al. Molecular mechanisms of glutamine
action. J Cell Physiol 2005;204:392–401.

42. Brennan L, Corless M, Hewage C, et al. 13C NMR analysis reveals a link
between L-glutamine metabolism, D-glucose metabolism and gamma-
glutamyl cycle activity in a clonal pancreatic beta-cell line. Diabetologia
2003;46:1512–21.

43. van Loon LJ, Kruijshoop M, Verhagen H, Saris WH, Wagenmakers
AJ. Ingestion of protein hydrolysate and amino acid-carbohydrate mix-
tures increases postexercise plasma insulin responses in men. J Nutr
2000;130:2508–13.

1004 NILSSON ET AL



Resistance training and dietary protein: effects on glucose tolerance
and contents of skeletal muscle insulin signaling proteins in older
persons1–3

Heidi B Iglay, John P Thyfault, John W Apolzan, and Wayne W Campbell

ABSTRACT
Background: Resistance training (RT) and dietary protein indepen-
dently influence indexes of whole-body glucose control, though
their synergistic effects have not yet been documented.
Objective: This study assessed the influence of dietary protein
intake on RT-induced changes in systemic glucose tolerance and the
contents of skeletal muscle insulin signaling proteins in healthy older
persons.
Design: Thirty-six older men and women (age: 61 � 1 y) performed
RT (3 times/wk for 12 wk) and consumed either 0.9 g
protein � kg�1 � d�1 [lower-protein (LP) group; �112% of the Rec-
ommended Dietary Allowance (RDA)] or 1.2 g protein � kg�1 � d�1

[higher-protein (HP) group; �150% of the RDA]; the HP group
consumed more total, egg, and dairy proteins.
Results: After RT, body weight was unchanged; whole-body pro-
tein and water masses increased, and fat mass decreased with no
significantly different responses observed between the LP and HP
groups. The RT-induced improvement in oral glucose tolerance (de-
creased area under the curve, AUC) was not significantly different
between the groups (LP: �28%; HP: �25%). The insulin (�21%)
and C-peptide (�14%) AUCs decreased in the LP group but did not
change significantly in the HP group. Skeletal muscle insulin recep-
tor, insulin receptor substrate-1, and Akt contents were unchanged,
and the amount of atypical protein kinase C �/� (aPKC �/�), a protein
involved with insulin signaling, increased 56% with RT, indepen-
dent of protein intake.
Conclusion: These results support the hypothesis that older persons
who consume adequate or moderately high amounts of dietary pro-
tein can use RT to improve body composition, oral glucose toler-
ance, and skeletal muscle aPKC �/� content without a change in body
weight. Am J Clin Nutr 2007;85:1005–13.

KEY WORDS Protein, diet, resistance training, skeletal mus-
cle insulin signaling, elderly, glucose tolerance

INTRODUCTION

Even in healthy older adults, glucose tolerance decreases with
age (1). This age-associated decrease in glucose tolerance may be
caused by altered body composition (2, 3), decreased physical
activity (3, 4), decreased tissue sensitivity to insulin (5), or a
combination of these factors. Although 7% of the general Amer-
ican population has diabetes, 21% of Americans (10.3 million
people) aged �60 y have diabetes (6). Safe and effective thera-
pies are needed to improve glucose tolerance and decrease the
risk of developing type 2 diabetes mellitus in older persons.

Most (7–11), but not all (12, 13), researchers report that resis-
tance training improves glucose tolerance and insulin action in
older persons. Resistance training decreases fat mass and in-
creases fat-free mass (14, 15); both are associated with positive
changes in the control of blood glucose (16). Although chronic
resistance training often improves both body composition and
glucose control (10, 11), an acute bout of resistance training also
improves glucose control (17). This indicates that factors other
than body composition influence the resistance training–induced
improvement in glucose tolerance (4). Skeletal muscle insulin
receptor and Akt contents increased with single leg resistance
training in both healthy and diabetic older men (18), suggesting
that resistance training positively alters the skeletal muscle in-
sulin signaling pathway. To our knowledge, the influence of
whole-body resistance training on these variables has not been
assessed in healthy older men and women.

During a period of resistance training, appropriate energy and
macronutrient intakes are necessary to promote performance and
body-composition changes (15). Dietary protein requirements
may increase with physical activity (19), though this has been
documented primarily in athletes. The preferred protein intake
during a resistance training program is currently undefined in
older people, though it would permit maximal fat-free mass gains
during resistance training. Some (20, 21), but not all (15), re-
searchers have reported that protein intake influences resistance
training–induced improvement in body composition. A higher
protein intake during resistance training may enhance improve-
ments in whole-body glucose tolerance and metabolism by
optimizing gains in muscle mass, the primary target of insulin-
stimulated glucose uptake (22). Chronic high protein intake in
subjects with type 2 diabetes improved glucose tolerance (23) but
is associated with worsened glucose control in healthy subjects
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(24, 25). Acute protein intake is associated with a minimal rise in
blood glucose concentration (26), though when consumed to-
gether, protein increases the insulin response to glucose in indi-
viduals with type 2 diabetes (27). The disparate results indicate
that this topic should be further studied.

The objective of the present study was to determine the influ-
ence of resistance training combined with a lower or higher
dietary protein intake on improvements in glucose tolerance in
older people. We hypothesized that resistance training would
increase the content of skeletal muscle insulin signaling proteins
and that when compared with consumption of a lower protein
diet, resistance training and a higher protein diet would further
improve glucose tolerance.

SUBJECTS AND METHODS

Subjects

Because older persons are at greater risk for developing im-
paired glucose metabolism and tolerance than are young persons
(1), we chose to study healthy, older adults. We selected nondi-
abetic subjects rather than diabetic subjects because we wanted
to focus on prevention or delay of problems in glucose control.

Fifty men and women from the greater Lafayette, IN, area
were recruited to participate in the study. Recruitment criteria
included the following: 1) age range: 50–80 y; 2) body mass
index (BMI; in kg/m2) of 20 to 35 (28); 3) nondiabetic and not on
insulin replacement therapy; 4) clinically normal kidney, liver,
and cardiac functions; 5) not currently using antiinflammatory
steroid medications; 6) no hip replacement; 7) no habitual resis-
tance training in the past 6 mo; and 8) women were �2 y post-
menopausal. Potential subjects completed a screening evaluation
that included a medical history, resting electrocardiogram, rest-
ing blood pressure, and routine blood and urine chemistries. The
subjects were approved by the study physician before starting the
protocol. After both written and verbal explanations were pro-
vided, the subjects signed an informed consent agreement. The
Purdue University Institutional Review Board reviewed and ap-
proved the informed consent agreement and the study protocol.
A monetary stipend was provided to the subjects.

Thirty-six of the fifty subjects completed the study protocol.
The timing of dropout and reason for leaving varied among the
subjects. During baseline measurements, subjects left the study
due to the time commitment [n � 3 in the higher-protein (HP)
group], a fear of needles [n � 1 in the lower-protein (LP) group],
and unknown reasons (n � 1 in the LP group and 1 in the HP
group). During the intervention period, subjects left the study due
to the time commitment (n � 2 in the LP group and 1 in the HP
group), a dislike of the study diet (n � 1 in the LP group and 1 in
the HP group), and health reasons unrelated to the study (n � 2
in the LP group and 1 in the HP group).

Experimental design

The 14-wk protocol was conducted on the Purdue University
campus. The subjects were randomly assigned to 1 of 2 diet
groups based on entry date into the study. Preintervention mea-
surements were taken during weeks 1 and 2, while the subjects
continued habitual diet and activity. Dietary protein intake and
resistance training intervention followed in weeks 3–14, and
postintervention measurements were taken during week 14 (di-
etary control and resistance training continued). The subjects

were asked to continue habitual medication and supplement use
during the study and agreed not to change this routine or add
medications, drugs, or supplements. The subjects were also in-
structed to maintain habitual activity levels unrelated to the re-
sistance training intervention.

At the time of the study design, we were unaware of any
published research study that had evaluated the combined effects
of dietary protein and resistance training on glucose tolerance.
We determined that 36 total subjects—18 subjects in each of the 2
diet groups—was sufficient to test the main effect of time (ie, resis-
tance training) and the group-by-time interaction (ie, differential
response of protein intake during resistance training) (7, 29).

Exercise intervention

The subjects were familiarized with the resistance training
equipment and procedures before the intervention. All resistance
training sessions were completed in the Exercise Research Fa-
cility at Purdue University with the use of pneumatic resistance
exercise equipment (Keiser Sports Health Equipment Company,
Fresno, CA). The subjects trained 3 d/wk during weeks 3–14.
Before each exercise session, the subjects completed a preexer-
cise questionnaire designed to assess their current health and
ability to safely complete a resistance training session. Each
training session lasted �1.25 h and included warm-up and cool-
down periods and 2 sets of 8 repetitions plus a third set to vol-
untary failure at 80% of the measured 1-repetition maximum for
8 exercises. An upper back seated row, leg extension, chest press,
leg curl, latissimus dorsi pull down, and double leg press were
performed during each training session. The shoulder raise and
seated calf press were alternated with hip adductor and hip ab-
ductor exercises and were performed during every other training
session, so that subjects completed 6 primary exercises and 2
additional exercises for a total of 8 exercises per training session.
All exercises were performed in a slow uniform fashion, giving
equal time to the concentric and eccentric portions (6–8 s per
repetition). The subjects rested for 1 min between sets. On the
third set of each exercise, the subjects exercised until voluntary
fatigue, with a maximum of 12 repetitions performed. If the
subjects reached 12 repetitions, the resistance was increased by
5% for that exercise at the next training session.

The training stimulus was periodically adjusted to maintain an
intensity of 80% of maximum strength, as assessed by the
1-repetition maximum test taken at baseline, twice during inter-
vention, and at the end of the study. Maximum strength was
assessed on 5 core pieces of equipment (upper back seated row,
leg extension, chest press, leg curl, and leg press). A whole-body
strength summary was calculated as the sum of the 1-repetition
maximum results for these 5 exercises. A moderate resistance
training program was used in concurrence with current recom-
mendations for the inclusion of resistance training for healthy
living (8, 30).

Energy expenditure of physical activity

The Yale Physical Activity Questionnaire was used to assess
the subjects’ average energy expenditure and habitual activity at
baseline and the end of the study (31). As calculated in accor-
dance with this questionnaire, habitual activity is reported in
units per week and reflects a weighted composite of vigorous
activity, walking, moving, sitting, and standing (31).
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Dietary intervention

The subjects were instructed to maintain body weight and were
counseled to habitually consume 1 of 2 diets throughout the
intervention period. The LP group was counseled to consume
0.8 g protein � kg�1 � d�1, the Recommended Dietary Allow-
ance (RDA) for protein, with egg, striated tissue (beef, poultry,
pork, or fish), and dairy proteins as 5%, 25%, and 15% of total
protein intake, respectively. The subjects in the HP group were
counseled to consume 1.6 g protein � kg�1 � d�1, with egg, stri-
ated tissue, and dairy proteins as 25%, 20%, and 15% of total
protein intake, respectively. The higher total protein intake of the
HP group was achieved via the consumption of larger quantities
of egg, striated tissue, and dairy proteins than those the subjects
in LP group consumed. The subjects in the HP group were coun-
seled to consume a higher percentage of protein from egg than
from other proteins because eggs are a readily available high-
quality protein source with a true digestibility score �97%. Each
individualized diet was designed to provide 1.5 times the basal
energy requirement, as calculated by sex-specific Harris-Benedict
equations (32). All dietary counseling (verbal and written) was
based on the American Diabetes Association–American Dietetic
Association Exchange Lists for Weight Management (33). Written
instructions, detailing the number of food exchanges each sub-
ject was to consume daily, a tracking sheet, guidelines on how to
appropriately measure food selections, a list of common serving
sizes, and a scale to weigh portion sizes were provided.

Food records collected for 7 consecutive d at baseline (weeks
1–2), at the start of dietary control (weeks 3–4), middle of dietary
control (weeks 9–10), and at the end of intervention (weeks
13–14) were analyzed for energy and macronutrient content (Nu-
tritionist Pro, N-squared computing; First DataBank version
1.3.36, San Bruno, CA). Food records that were not returned to
the study site or were incomplete were excluded from analysis.
Food records were deemed incomplete if the average energy
intake over 7 d was not greater than or equal to the subject’s Harris-
Benedict predicted basal energy requirement. A total of 56 food
records (78% of a possible 72) were included in analysis of dietary
change from baseline, and a total of 100 food records (69% of a
possible 144) were included in analysis of all food records.

Urine analyses

The subjects completed 2 consecutive 24-h urine collections in
wk 1, 5, 10, and 14. Total volume was calculated as mass of the
entire 24-h sample divided by the average of 3 measurements of
specific gravity (Digital Probe Refractometer; Misco Products
Division, Cleveland, OH). Samples were processed, stored fro-
zen at �20 °C, and later analyzed for urinary urea nitrogen (the
primary nitrogenous component of urine) to help assess dietary
protein intake before, during, and at the end of the period of
intervention and for measurement of urinary creatinine, as a
marker of muscle mass (Cobas Mira Plus; Roche Diagnostic
Systems, Indianapolis, IN).

Blood analyses

Fasting-state blood samples were obtained on 2 nonconsecu-
tive days at baseline and the end of intervention. Poststudy col-
lection occurred 1–2 d after a resistance training session (12–48
h). Immediately after collection, vials were inverted 7 times,
maintained at room temperature for 45 min to allow clotting, and
then kept on ice until they were centrifuged at 4 °C for 10 min at

3000 � g (collected in vials containing serum separator and silica
clot activator; BD Vacutainer Brand; Benton, Dickinson and Co,
Franklin Lakes, NJ). Serum samples were separated into plastic
storage vials and stored frozen at �80 °C until analysis. To
assess if a diet high in animal proteins altered the lipid profile
(34), total cholesterol concentrations, HDL-cholesterol concen-
trations, and triacylglycerol concentrations were measured, and
LDL was calculated by COBAS MIRA PLUS as LDL choles-
terol � total cholesterol – HDL � 0.2 � triacylglycerol (ana-
lyzed on COBAS Mira Plus; Roche Diagnostic Systems, India-
napolis, IN). A standard clinical chemistry profile was measured
on one day to assess normative values (blood urea nitrogen,
albumin, complete blood count, and electrolytes; analyzed by
Mid America Clinical Laboratories, Indianapolis, IN).

Body-composition assessment

To monitor body weight stability, clothed body weight was
measured immediately before each exercise session (3 times/
wk). If body weight fluctuated by �2 kg from baseline on �3
consecutive sessions, the subject’s diet was adjusted accordingly
to encourage a return to and maintenance of baseline body
weight. At baseline and the end of the study, whole-body com-
position was assessed in the fasting state with a 4-compartment
model (fat mass, water mass, protein mass, and mineral mass)
(35). All measurements were completed within the same morn-
ing. Total body water was measured via the deuterium oxide
dilution technique (deuterium, 99.9%; Cambridge Isotope Lab-
oratory, Woburn, MA) (36). All urine was collected before oral
consumption of a preweighed amount of deuterium oxide, and 3
timed collections were taken at 2, 3, and 4 h after consumption.
The total volume of each sample was recorded, and aliquots were
stored frozen at �20 °C for duplicate analysis of deuterium oxide
concentration with the use of an infrared spectrophotometer
(AVATAR 360 ESP FT-IR Spectrometer System; Thermo Nico-
let Corporation, Madison, WI). Whole-body bone mineral, fat,
and lean tissue masses were measured via dual-energy X-ray
absorptiometry (DXA; GE Lunar Prodigy with EnCORE soft-
ware version 5.60, Madison, WI) (37). The subjects wore loose
metal free clothing and remained in a supine position while
scanning was completed. Body weight and whole-body density
were assessed via whole-body plethysmography (BodPod; Life
Measurement Instruments Inc, Concord, CA). The subjects wore
minimal tight-fitting metal-free clothing and completed tripli-
cate tests. Tidal lung volume was measured within each test.
Body circumference measurements were taken at the natural
waist, umbilicus, and hip (widest girth below natural waist and
umbilicus) with a fiberglass spring tape measure. Height was
measured at the beginning of the study with a wall-mounted
stadiometer (Holtain Ltd, Crymych, Wales, United Kingdom).

Glucose tolerance assessment

The subjects completed an oral-glucose-tolerance test
(OGTT) before and after intervention to measure blood glucose,
insulin, and C-peptide responses to drinking a sugar solution that
contained 75 g dextrose. The poststudy OGTT occurred one (n �
4 in the LP group and 4 in the HP group) to 2 (n � 13 in the LP
group and 15 in the HP group) d after a resistance training ses-
sion. The day of testing did not affect the results (P � 0.05).

Blood samples were collected at 0, 15, 30, 45, 60, 90, and 120
min (BD Vacutainer Brand; Becton Dickinson and Co). Collec-
tion vials contained either lithium heparin (for future glucose and
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insulin analyses) or EDTA and aprotinin (for C-peptide analysis;
85 �L aprotinin was added to reduce cleaving, Sigma A-6012
aprotinin from bovine lung; Sigma-Aldrich Corp, St Louis, MO).
Samples were inverted 7 times and kept on ice until they were
centrifuged at 4 °C for 10 min at 3000 � g. The plasma was
separated into plastic storage vials and stored frozen at �80 °C
until further analysis. Samples were analyzed for glucose (oxi-
dase method; COBAS Mira Plus; Roche Diagnostic Systems)
(9), insulin (EIA; ALPCO diagnostics 1–2-3 Human Insulin EIA,
Windham, NH), and C-peptide (EIA; ALPCO diagnostics
C-peptide EIA) concentrations. The 120-min integrated AUC
for glucose, insulin, and C-peptide was determined by using
the trapezoidal method (38). Hepatic insulin sensitivity and
whole-body (composite) insulin sensitivity were calculated as
follows (39):

ISI(HOMA) � k/(FPI � FPG) (1)

ISI (composite) � 10 000/�(FPG � FPI) � (G� � Ī)

(2)

where ISI is the insulin sensitivity index, HOMA is the homeo-
static model assessment, k � 22.5 � 18, FPI is fasting plasma
insulin (in �U/mL), FPG is fasting plasma glucose (in mg/dL), G
is the mean plasma glucose concentration during the OGTT
(mg/dL), and I is the mean plasma insulin concentration during
the OGTT (in �U/mL).

Fasting blood samples were analyzed for fructosamine (CO-
BAS Mira Plus; Roche Diagnostic Systems) and glycated hemo-
globin (Hb A1c), which are markers of shorter (2–3 wk) and
longer-term (2–3 mo) glycemic control, respectively (40).

Skeletal muscle insulin signaling proteins

At baseline and postintervention, a muscle biopsy sample was
obtained in the fasting state from the vastus lateralis of the dom-
inant leg by using a punch biopsy technique (41). Each biopsy
sample was divided into 30–50-mg pieces and stored in liquid-
nitrogen for later analysis. Muscle was analyzed for changes in
content of the proteins involved in the insulin signaling pathway,
including insulin receptor (IR), insulin receptor substrate 1 (IRS-
1), Akt, and atypical protein kinase C �/� (aPKC �/�) protein
content with homogenization and Western blotting (42) (all an-
tibodies purchased from Santa Cruz Biotechnology, Santa Cruz,
CA). Because IR and IRS-1 have not previously been shown to
be influenced by resistance training, a subset of these samples
were analyzed (n � 20 and 15, respectively) to assess changes.
Protein contents of IR or IRS-1 did not significantly change in
this subset so further analysis of these proteins was not completed
because of limited sample size. Western blot images were
scanned and band densitometry was assessed with Gel Pro An-
alyzer software (Media Cybernetics, Silver Spring, MD). Band
density is in arbitrary units. A sample from each group was run
on each blot, and blots were made relative by using a blot average
technique, which divides each band density by the average den-
sity of all the bands on the blot.

Statistical analyses

All data are reported as means � SEMs. Baseline group and
sex differences were assessed with 2-factor analysis of variance
(ANOVA) and the main effects of time, protein intake and sex,
and their interactions on dependent variables were assessed via

3-factor ANOVA with time as a repeated measure. The main
effect of time was considered to be the effect of resistance train-
ing. Although the study was not powered to test sex differences,
certain data are presented within both group and sex. The change
from baseline was defined as the postintervention value minus
the baseline value. The degree of linear association between the
variables of interest was determined by using either the Pearson
product-moment correlation or the Spearman rho nonparametric
ranked correlation, as appropriate. Statistical significance was
assigned if P 	 0.05. Data were not included in analysis if they
were missing (ie, unable to obtain anthropometric measurements
on one subject), outliers (�3 SDs), or physiologically improba-
ble (ie, total body water measurement was far too low for 1
subject). Data processing and statistical evaluations were com-
pleted by using SPSS version 12.0 for WINDOWS (SPSS Inc,
Chicago, IL).

RESULTS

Subjects

At baseline, subjects were between 50 and 80 y old (range:
50–80 y for the LP group, 50–75 y for the HP group) and BMI
ranged from 20 to 32 in the LP group and 21 to 35 in the HP group.
Primary outcome measurements were not significantly different
between the groups at baseline (Table 1).

Exercise intervention

With intervention, composite maximum strength increased
significantly (P 	 0.05) in both groups (LP group: 28 � 4%; HP
group: 34 � 5%; Table 1). Both habitual activity and average
energy expenditure outside of the laboratory were not signifi-
cantly (P � 0.05) changed from baseline (change from baseline:
�3 � 5 units/wk, 1215 � 812 kcal/wk, �174 kcal/d in the LP
group; �6 � 4 units/wk, �1262 � 1466 kcal/wk, ��180 kcal/d
in the HP group).

Dietary intervention

At baseline, as a percentage of average total daily energy
intake, the subjects’ diets were composed of 34% fat, 50% car-
bohydrate (includes 3% alcohol), and 16% protein. The macro-
nutrient content of average daily intake was not significantly
different between the groups. At baseline and throughout the
intervention, the men consumed more energy, protein, carbohy-
drates, and fat than did the women (data not shown). Protein
intake changed over time, and the subjects in the HP group
consumed more protein than did those in the LP group at the end
of intervention (Table 2).

The average daily protein intake at baseline was 1.1 � 0.1 g
protein � kg�1 � d�1. An analysis of food records completed dur-
ing the last week of intervention indicated that the subjects in the
LP group consumed 0.9 � 0.1 g protein � kg�1 � d�1 and the
subjects in the HP group consumed 1.2 � 0.0 g
protein � kg�1 � d�1 (significant group � time interaction, P 	
0.05). Total, egg, and dairy protein intakes were different be-
tween the groups during the intervention (Figure 1). Total meat
intake did not differ significantly between the groups. Urinary
urea nitrogen excretion (UUN) during the intervention was
higher in the HP group than in the LP group, consistent with the
group difference in dietary protein intake (significant group dif-
ference at postintervention and significant group � resistance
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training interactions, P 	 0.05 for both; Table 1). Changes in
protein intake and UUN were positively correlated (r � 0.428, P
	 0.05).

Blood lipid-lipoprotein profile

Total and LDL cholesterol decreased (�5 � 3 mg/dL and �6
� 2 mg/dL, respectively; P 	 0.05, all subjects combined) and

HDL cholesterol and triacylglycerol were not significantly
changed (0 � 1 mg/dL and 0 � 4 mg/dL, respectively; P � 0.05)
with intervention, independent of diet and sex (Table 1).

Body composition

Body weight remained stable, total body water and protein
mass increased, and fat mass decreased with resistance training,

TABLE 1
Characteristics of the subjects in the lower-protein (LP) and higher-protein (HP) groups1

LP group HP group

Baseline After intervention Baseline After intervention

Subjects
Age (y)2 62 � 2 61 � 2
BMI (kg/m2)2 25.6 � 0.8 25.6 � 0.8 26.7 � 0.9 26.8 � 0.9

Exercise intervention
Composite 1RM (kg)3 397 � 40 500 � 454 409 � 37 531 � 414

Energy expenditure of physical activity (kcal/d)5 958 � 109 1132 � 155 1412 � 189 1232 � 134
Habitual activity (U)5 57 � 7 54 � 6 55 � 7 50 � 6

Serum and urine analyses
HDL (mg/dL)6 51 � 2 51 � 2 53 � 3 53 � 4
LDL (mg/dL)6 117 � 7 111 � 74 124 � 6 120 � 74

Triacylglycerol (mg/dL)6 111 � 10 106 � 11 90 � 7 96 � 6
Total cholesterol (mg/dL)6 190 � 9 182 � 84 195 � 7 192 � 84

Urinary creatinine/body weight (mg � kg�1 � d�1)2 10.4 � 0.6 11.0 � 0.64 10.6 � 0.8 12.5 � 0.84

Urinary urea nitrogen/body weight (mg � kg�1 � d�1)2 87.1 � 5.2 74.0 � 4.37 88.6 � 7.4 104.8 � 7.37,8

Body composition
Body fat (kg)6 26.4 � 2.2 24.6 � 2.54 27.0 � 1.8 25.0 � 1.94

Body weight (kg)2 74.8 � 3.6 74.7 � 3.6 78.2 � 3.1 78.6 � 3.2
Hip circumference (cm)9 100.3 � 1.7 100.0 � 1.8 101.9 � 1.6 101.9 � 1.5
Mineral mass (kg)6 3.4 � 0.2 3.4 � 0.2 3.8 � 0.28 3.8 � 0.28

Protein mass (kg)6 7.6 � 0.7 7.8 � 0.74 8.3 � 0.6 9.0 � 0.84

Total body water (L)6 36.4 � 2.4 37.9 � 1.94 39.2 � 2.0 40.1 � 2.04,8

Waist circumference (cm)9 84.8 � 2.9 83.5 � 3.04 84.8 � 3.1 83.5 � 2.94

Waist:hip9 0.84 � 0.02 0.83 � 0.024 0.83 � 0.03 0.82 � 0.024

1 All values are x� � SEM. Mineral mass differed significantly between groups at baseline, P 	 0.05. No other significant group differences were observed
at baseline, P � 0.05.

2 LP: n � 9 men and 9 women; HP: n � 8 men and 10 women.
3 LP: n � 7 men and 7 women; HP: n � 8 men and 10 women.
4 Significant effect of resistance training, independent of group (P 	 0.05).
5 LP: n � 9 men and 9 women; HP: n � 8 men and 9 women.
6 LP: n � 8 men and 9 women; HP: n � 8 men and 10 women.
7 Significant time � group interaction, P 	 0.05.
8 Significantly different from LP group at same time point, P 	 0.05.
9 LP: n � 9 men and 8 women; HP: n � 7 men and 9 women.

TABLE 2
Dietary intakes in the lower-protein (LP) and higher-protein (HP) groups1

LP group HP group

Baseline After intervention Baseline After intervention

Energy (kcal/d) 1973 � 120 2079 � 137 1956 � 108 2099 � 134
Protein (g/d) 80 � 5 64 � 42 82 � 5 88 � 52,3

Carbohydrate (g/d) 242 � 18 274 � 184 228 � 20 264 � 234

Fat (g/d) 71 � 6 78 � 7 80 � 5 77 � 6
Alcohol (g/d) 14 � 5 13 � 5 4 � 3 4 � 2
Dietary fiber (g/d) 21 � 2 25 � 24 19 � 2 22 � 24

1 All values are x� � SEM. LP: n � 8 men and 8 women; HP: n � 3 men and 9 women. The groups did not differ significantly at baseline, P � 0.05.
2 Significant time � group interaction, P 	 0.05.
3 Significantly different from LP group at the same time point, P 	 0.05.
4 Significant effect of time, independent of group (P 	 0.05).
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independent of group and sex (Figure 2). Urinary creatinine
excretion increased significantly (P 	 0.05) with intervention
(change from baseline: 0.6 � 0.2 mg Ucreatinine � kg�1 � d�1 in the
LP group compared with 1.9 � 0.2 mg Ucreatinine � kg�1 � d�1 in
the HP group; Table 1).

Glucose tolerance

All OGTTs were completed within 48 h of a resistance training
session, and the timing of the OGTT (ie, within 24 or 48 h) did not
significantly influence the results. The glucose AUC in response
to an oral glucose challenge decreased with the intervention,
independent of group and sex. Insulin and C-peptide AUC re-
sponses were influenced by protein intake during resistance
training (significant group � resistance training interactions,
P 	 0.05; Figure 3). Both insulin and C-peptide AUCs de-
creased in the LP group (P 	 0.05) but did not significantly
change in the HP group (P � 0.05). Fasting plasma glucose,
insulin, and C-peptide did not significantly change with resis-
tance training and were not influenced by protein intake (Figure
3). No significant changes were observed in fructosamine,
HbA1c, HOMA, or composite insulin sensitivity with resistance
training or due to diet (P 	 0.05; Table 3).

Skeletal muscle insulin signaling proteins

Analysis of a subset of samples indicated no significant change
in IR or IRS-1 content with the intervention (n � 15 and 20,
respectively). An analysis of all samples (n � 32) indicated that
Akt was not significantly changed and that aPKC �/� increased
with intervention, independent of group and sex (significant ef-
fect of resistance training, P 	 0.05; Table 4).

Correlations

Changes in body composition were not correlated with
changes in glucose, insulin, or C-peptide AUCs during the
OGTT or to changes in aPKC �/� (data not shown).

DISCUSSION

The 25–28% decrease in plasma glucose AUC during the
OGTT observed after the 12-week period of resistance training
supports the effectiveness of this mode of exercise to positively
impact oral glucose tolerance in older, weight-stable people. This
robust response contrasts with previous research that docu-
mented that although glucose metabolism improves with resis-
tance training (8), the glucose response to an OGTT is not im-
proved (9–11, 38, 43). The resistance training–induced decrease
in glucose AUC during the OGTT in the present study may be
caused by several factors, including an exercise-associated in-
crease in glucose clearance (44) or an improvement in body
composition (16). Because all OGTTs were conducted within
48 h of the last exercise session, it is possible that the decrease in
glucose AUC and alterations in insulin and C-peptide AUC were
caused by the recent exercise session and not by chronic training
(8, 44, 45).

Fasting plasma glucose (9), insulin (7, 10, 11), and C-peptide
and insulin response to an OGTT (7, 9–11) have been docu-
mented to decrease with chronic resistance training, although
improvements were not documented with a shorter intervention
period (4 wk compared with 12 wk). In resistance training pro-
grams similar to that of the current study, insulin response to an
oral glucose challenge decreased by 19% and 33% (9, 43),
whereas glucose (10, 38, 43) and C-peptide (9) responses were
unchanged after resistance training in older subjects.

The synergistic effect of protein intake and resistance training
on glucose tolerance has not been previously studied. Chronic
higher protein intake has been associated with improved glucose
metabolism in type 2 diabetics (46) and increased glucose stim-
ulated insulin secretion in nondiabetic individuals (25). Other
researchers have suggested that diet is not independently asso-
ciated with insulin sensitivity or secretion in older women (47).
The present findings that insulin and C-peptide responses to the
oral glucose stimulus decreased after resistance training only in
the LP group implicates diet as an important factor influencing
the hormonal control of oral glucose tolerance in conjunction
with resistance training. How or why this occurred was not mea-
sured within the current study. This difference does not appear to
be caused by either body-composition or skeletal muscle insulin
signaling protein contents, because the responses in the LP and
HP groups were not significantly different. Perhaps the change in
habitual protein intake (change from baseline: �0.2 g
protein � kg�1 � d�1 in the LP group compared with 0.1 g
protein � kg�1 � d�1 in the HP group) in addition to the actual
level of protein intake influenced glucose tolerance (48), though
this cannot be assessed within the confines of the current project.
Although confirmed by both diet records and UUN (49, 50), the
relatively small change in protein intake from baseline may have
limited the ability to detect group-specific differences in re-
sponse. Interestingly, despite the group difference in insulin and
C-peptide responses, insulin sensitivity as estimated from the
OGTT was not significantly changed. Because average plasma
insulin during the OGTT is the only variable of 4 included in the
composite insulin sensitivity index (39) that was differentially
affected by diet, the overall alteration in insulin sensitivity was
likely too small to detect. The lack of difference in insulin AUC
responses between the groups at the end of the intervention
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FIGURE 1. Mean (�SEM) protein intake from targeted foods during
intervention in the lower-protein group (n � 16) and in the higher-protein
group (n � 12). “Other” represents protein from all sources except egg, meat,
and dairy products. *Significant group difference, P 	 0.05.
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FIGURE 2. Changes in body weight and composition during intervention
in the lower-protein group (n � 17) and in the higher-protein group (n � 18).
*Significant effect of time (ie, resistance training), P 	 0.05.
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period provides further caution as to whether the modest differ-
ences in protein intake achieved in the present study differen-
tially affected the insulin-mediated control of oral glucose tol-
erance.

Although the improvements in body composition were not
significantly associated with improvements in glucose tolerance,
they may have influenced these changes, because body fat has
been shown to predict insulin sensitivity in older people (2). The
decrease in fat mass combined with increases in total body water

and protein mass during weight maintenance suggest that skel-
etal muscle mass increased during the study (35). The increase in
urinary creatinine excretion further supports an increase in skel-
etal muscle mass with resistance training (51). Given that skeletal
muscle is the primary site of glucose uptake (22), this increase in
skeletal muscle mass likely contributed to the improvement in
glucose tolerance (4). The minimal change in fat-free mass (1.2
kg) but large decrease in insulin during the OGTT (1.9% increase
in fat-free mass compared with 35% decrease in plasma insulin
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FIGURE 3. Glucose, insulin, and C-peptide concentrations and areas under the curve (AUCs) in response to a 75-g oral glucose challenge before and at
the end of intervention in the lower-protein (LP; n � 8 men and 7 women) and higher-protein (HP; n � 8 men and 9 women) groups. Numbers above brackets
indicate the mean (�SEM) change within each group from baseline measurements. ■ , LP group at baseline; �, LP group after intervention; Œ, HP group at
baseline; ‚, HP group after intervention. *Significant effect of time (ie, resistance training, RT) for both groups combined, P 	 0.05. †Significant resistance
training � group interaction, P 	 0.05. ‡Significant effect of time within a group, P 	 0.05.

TABLE 3
Changes in glycemic control and insulin sensitivity indexes in the lower-protein (LP) and higher-protein (HP) groups after 12 wk of progressive resistance
training1

LP group HP group

Baseline Change Baseline Change

Fructosamine (�mol/L)2 222 � 4 �5 � 3 231 � 2 �1 � 3
Hb A1c (%)3 5.1 � 0.1 0.0 � 0.0 5.3 � 0.1 0.0 � 0.0
ISI composite (dL2/mg2)3,4 8.9 � 2.0 1.1 � 0.7 9.8 � 1.6 �0.2 � 1.3
HOMA (dL2/mg2)3,5 1.2 � 0.2 0.0 � 0.1 1.4 � 0.2 0.2 � 0.1

1 All values are x� � SEM. The groups did not differ significantly at baseline, P � 0.05. ISI, insulin sensitivity index; Hb A1c, glycated hemoglobin; HOMA,
homeostatic model assessment.

2 LP: n � 7 men and 7 women; HP: n � 8 men and 9 women.
3 LP: n � 8 men and 7 women; HP: n � 8 men and 9 women.
4 Whole-body insulin sensitivity.
5 Hepatic insulin sensitivity.
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during the OGTT) previously documented after 16 wk of resis-
tance training (10) suggests that it is not just a mass effect, but that
skeletal muscle is more insulin sensitive after resistance training.

Resistance training improves insulin signaling in muscle from
rodent models but has not been investigated in human models
(52). Because we performed OGTT measurements, we were
unable to measure the stimulation of the insulin signaling cas-
cade; however, we did measure the skeletal muscle content of IR,
IRS-1, Akt, and aPKC �/�, which play important roles in the
insulin activation of glucose transport. Previous research has
indicated that aerobic (53, 54) and resistance (18, 55) training
increase the skeletal muscle content of insulin signaling proteins,
though research in older persons is limited. To our knowledge,
only one study has documented an increase in skeletal muscle
insulin signaling proteins (IR, Akt �/�, glycogen synthase, and
glycogen synthase activity) with resistance training in older per-
sons, though resistance training was limited to one-legged exer-
cise and the subjects were all men (18). One recent study in both
diabetic and nondiabetic individuals found that endurance train-
ing caused an increase in GLUT4 protein content and Akt ex-
pression in both diabetic and nondiabetic individuals but that
IRS-1 and PI3-kinase were unaffected (54). The authors sug-
gested that exercise improves insulin-stimulated glucose dis-
posal by increasing skeletal muscle GLUT4 expression and does
not influence the proximal signaling pathway (54). Similarly, in
the subset of samples analyzed for IR and IRS-1, we found no
significant change with resistance training, suggesting that re-
sistance training does not influence this portion of the insulin
signaling pathway. However, we did find a robust increase in
aPKC �/� content after resistance training, which has not been
shown before. Atypical PKC �/� has recently emerged as an
integral component of insulin signaling to glucose transport (56).
Furthermore, aPKC �/� content is reduced in skeletal muscle of
humans with obesity and type 2 diabetes (57). An increase in
aPKC �/� protein content appears to occur only after chronic
resistance training; a previous study showed no difference in
aPKC �/� content between endurance trained and sedentary in-
dividuals (58). Interestingly, aPKC �/� may also play a role in
protein synthesis pathways, because it has been shown to asso-
ciate with p70S6k, a key protein in muscle hypertrophy (59).

In conclusion, these data indicate that 12 wk of progressive
resistance training is an effective stimulus for older, weight-
stable persons to achieve an improvement in oral glucose toler-
ance. The unchanged compared with decreased insulin and
C-peptide responses in the HP and LP groups, respectively, after
the ingestion of glucose suggests that dietary protein intake in-
fluences how the improvement in glucose control was achieved.
Results from the present study also showed that resistance train-
ing increases skeletal muscle aPKC �/� content, a newly emerg-
ing component of the insulin signaling pathway.

We thank the volunteers for their time and dedication to the project. We
thank WWC’s Nutrition, Fitness, and Aging research staff for their assistance
as well.

HBI and WWC conceived and designed the experiment. HBI, JWA, and
WWC conducted the clinical portion of this study. HBI, JPT, JWA,
and WWC participated in sample analysis and data processing. HBI, JPT, and
WWC were involved in data interpretation. HBI, JPT, and WWC wrote the
manuscript. None of the authors had any personal or financial conflicts of
interest.

REFERENCES
1. DeFronzo RA. Glucose intolerance and aging. Diabetes Care 1981;4:

493–501.
2. Boden G, Chen X, DeSantis RA, Kendrick Z. Effects of age and body fat

on insulin resistance in healthy men. Diabetes Care 1993;16:728–33.
3. Coon PJ, Rogus EM, Drinkwater D, Muller DC, Goldberg AP. Role of

body fat distribution in the decline in insulin sensitivity and glucose
tolerance with age. J Clin Endocrinol Metab 1992;75:1125–32.

4. Ryan AS. Insulin resistance with aging: effects of diet and exercise.
Sports Med 2000;30:327–46.

5. Pagano G, Cassader M, Cavallo-Perin P, et al. Insulin resistance in the
aged: a quantitative evaluation of in vivo insulin sensitivity and in vitro
glucose transport. Metabolism 1984;33:976–81.

6. American Diabetes Association. Total prevalence of diabetes & pre-
diabetes. 2005. Internet: http://www.diabetes.org/diabetes-statistics/
prevalence.jsp (accessed 15 November 2005).

7. Hurlbut DE, Lott ME, Ryan AS, et al. Does age, sex, or ACE genotype
affect glucose and insulin responses to strength training? J Appl Physiol
2002;92:643–50.

8. Albright A, Franz M, Hornsby G, et al. American College of Sports
Medicine position stand. Exercise and type 2 diabetes. Med Sci Sports
Exerc 2000;32:1345–60.

9. Joseph LJ, Farrell PA, Davey SL, Evans WJ, Campbell WW. Effect of
resistance training with or without chromium picolinate supplementa-
tion on glucose metabolism in older men and women. Metabolism 1999;
48:546–53.

10. Miller JP, Pratley RE, Goldberg AP, et al. Strength training increases
insulin action in healthy 50- to 65-yr-old men. J Appl Physiol 1994;77:
1122–7.

11. Miller WJ, Sherman WM, Ivy JL. Effect of strength training on glucose
tolerance and post-glucose insulin response. Med Sci Sports Exerc 1984;
16:539–43.

12. Ryan AS, Hurlbut DE, Lott ME, et al. Insulin action after resistive
training in insulin resistant older men and women. J Am Geriatr Soc
2001;49:247–53.

13. Joseph LJ, Trappe TA, Farrell PA, et al. Short-term moderate weight loss
and resistance training do not affect insulin-stimulated glucose disposal
in postmenopausal women. Diabetes Care 2001;24:1863–9.

14. Hunter GR, McCarthy JP, Bamman MM. Effects of resistance training
on older adults. Sports Med 2004;34:329–48.

15. Campbell WW, Crim MC, Young VR, Evans WJ. Increased energy
requirements and changes in body composition with resistance training
in older adults. Am J Clin Nutr 1994;60:167–75.

16. Kahn SE, Schwartz RS, Porte D Jr, Abrass IB. The glucose intolerance
of aging. Implications for intervention. Hosp Pract (Off Ed) 1991;26:
29–38.

17. King DS, Feltmeyer TL, Baldus PJ, Sharp RL, Nespor J. Effects of
eccentric exercise on insulin secretion and action in humans. J Appl
Physiol 1993;75:2151–6.

TABLE 4
Skeletal muscle insulin signaling protein content in the lower-protein (LP)
and higher-protein (HP) groups1

LP group HP group

Baseline
After

intervention Baseline
After

intervention

IR2 0.90 � 0.19 1.08 � 0.21 1.09 � 0.14 0.97 � 0.18
IRS-13 1.10 � 0.27 1.32 � 0.19 0.97 � 0.18 0.77 � 0.19
Akt4 0.90 � 0.09 0.92 � 0.08 0.92 � 0.07 1.09 � 0.09
aPKC4 0.69 � 0.09 0.98 � 0.115 0.73 � 0.11 1.23 � 0.155

1 All values are x� � SEM. IR, insulin receptor; IRS-1, IR substrate 1;
aPKC, atypical protein kinase C zeta/lambda (�/�). The groups did not differ
significantly at baseline, P � 0.05.

2 LP: n � 5 men and 4 women; HP: n � 5 men and 6 women.
3 LP: n � 3 men and 4 women; HP: n � 4 men and 4 women.
4 LP: n � 7 men and 7 women; HP: n � 7 men and 8 women.
5 Significant effect of time (ie, resistance training), independent of

group (P 	 0.05).

1012 IGLAY ET AL



18. Holten MK, Zacho M, Gaster M, Juel C, Wojtaszewski JF, Dela F.
Strength training increases insulin-mediated glucose uptake, GLUT4
content, and insulin signaling in skeletal muscle in patients with type 2
diabetes. Diabetes 2004;53:294–305.

19. Lemon PW. Effects of exercise on dietary protein requirements. Int
J Sport Nutr 1998;8:426–47.

20. Campbell WW, Trappe TA, Jozsi AC, Kruskall LJ, Wolfe RR, Evans
WJ. Dietary protein adequacy and lower body versus whole body resis-
tive training in older humans. J Physiol 2002;542:631–42.

21. Campbell WW, Barton ML Jr, Cyr-Campbell D, et al. Effects of an
omnivorous diet compared with a lactoovovegetarian diet on resistance-
training-induced changes in body composition and skeletal muscle in
older men. Am J Clin Nutr 1999;70:1032–9.

22. Elahi D, Muller DC. Carbohydrate metabolism in the elderly. Eur J Clin
Nutr 2000;54(suppl):S112–20.

23. Gannon MC, Nuttall FQ, Saeed A, Jordan K, Hoover H. An increase in
dietary protein improves the blood glucose response in persons with type
2 diabetes. Am J Clin Nutr 2003;78:734–41.

24. Linn T, Geyer R, Prassek S, Laube H. Effect of dietary protein intake on
insulin secretion and glucose metabolism in insulin-dependent diabetes
mellitus. J Clin Endocrinol Metab 1996;81:3938–43.

25. Linn T, Santosa B, Gronemeyer D, et al. Effect of long-term dietary
protein intake on glucose metabolism in humans. Diabetologia 2000;43:
1257–65.

26. Franz MJ. Protein: metabolism and effect on blood glucose levels. Di-
abetes Educ 1997;23:643–6, 648, 650–1.

27. Nuttall FQ, Mooradian AD, Gannon MC, Billington C, Krezowski P.
Effect of protein ingestion on the glucose and insulin response to a
standardized oral glucose load. Diabetes Care 1984;7:465–70.

28. Medicine ACoS. ACSM’s guidelines for exercise testing and prescrip-
tion. 7th ed. Philadelphia, PA: Lippincott Williams & Wilkons, 2006.

29. Farnsworth E, Luscombe ND, Noakes M, Wittert G, Argyiou E, Clifton
PM. Effect of a high-protein, energy-restricted diet on body composi-
tion, glycemic control, and lipid concentrations in overweight and obese
hyperinsulinemic men and women. Am J Clin Nutr 2003;78:31–9.

30. USDA. United States Department of Agriculture: Dietary Guidelines for
Americans, 2005.

31. Dipietro L, Caspersen CJ, Ostfeld AM, Nadel ER. A survey for assessing
physical activity among older adults. Med Sci Sports Exerc 1993;25:
628–42.

32. Harris JA, Benedict FG. A biometric study of human basal metabolism.
Proc Natl Acad Sci U S A 1918;4:370–3.

33. American Diabetes Association and the American Dietetic Association.
Exchange lists meal planning. Arlington, VA and Chicago, IL: American
Diabetes Association and American Dietetic Association, 2003.

34. Weggemans RM, Zock PL, Katan MB. Dietary cholesterol from eggs
increases the ratio of total cholesterol to high-density lipoprotein cho-
lesterol in humans: a meta-analysis. Am J Clin Nutr 2001;73:885–91.

35. Baumgartner RN, Heymsfield SB, Lichtman S, Wang J, Pierson RN Jr.
Body composition in elderly people: effect of criterion estimates on
predictive equations. Am J Clin Nutr 1991;53:1345–53.

36. Lukaski HC, Johnson PE. A simple, inexpensive method of determining
total body water using a tracer dose of D2O and infrared absorption of
biological fluids. Am J Clin Nutr 1985;41:363–70.

37. Bolanowski M, Nilsson BE. Assessment of human body composition
using dual-energy x-ray absorptiometry and bioelectrical impedance
analysis. Med Sci Monit 2001;7:1029–33.

38. Fluckey JD, Hickey MS, Brambrink JK, Hart KK, Alexander K, Craig
BW. Effects of resistance exercise on glucose tolerance in normal and
glucose-intolerant subjects. J Appl Physiol 1994;77:1087–92.

39. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral
glucose tolerance testing: comparison with the euglycemic insulin
clamp. Diabetes Care 1999;22:1462–70.

40. Osei K, Rhinesmith S, Gaillard T, Schuster D. Is glycosylated hemoglo-
bin A1c a surrogate for metabolic syndrome in nondiabetic, first-degree
relatives of African-American patients with type 2 diabetes? J Clin
Endocrinol Metab 2003;88:4596–601.

41. Evans WJ, Phinney SD, Young VR. Suction applied to a muscle biopsy
maximizes sample size. Med Sci Sports Exerc 1982;14:101–2.

42. Passonneau JV, Lauderdale VR. A comparison of three methods of
glycogen measurement in tissues. Anal Biochem 1974;60:405–12.

43. Craig BW, Everhart J, Brown R. The influence of high-resistance train-
ing on glucose tolerance in young and elderly subjects. Mech Aging Dev
1989;49:147–57.

44. Schneider SH, Amorosa LF, Khachadurian AK, Ruderman NB. Stud-
ies on the mechanism of improved glucose control during regular
exercise in type 2 (non-insulin-dependent) diabetes. Diabetologia
1984;26:355– 60.

45. Goulet ED, Melancon MO, Dionne IJ, Leheudre MA. No sustained
effect of aerobic or resistance training on insulin sensitivity in nonobese,
healthy older women. J Aging Phys Act 2005;13:314–26.

46. Gannon MC, Nuttall FQ. Effect of a high-protein, low-carbohydrate diet
on blood glucose control in people with type 2 diabetes. Diabetes 2004;
53:2375–82.

47. Larsson H, Elmstahl S, Berglund G, Ahren B. Habitual dietary intake
versus glucose tolerance, insulin sensitivity and insulin secretion in
postmenopausal women. J Intern Med 1999;245:581–91.

48. Wolever TM, Hamad S, Gittelsohn J, et al. Low dietary fiber and high
protein intakes associated with newly diagnosed diabetes in a remote
aboriginal community. Am J Clin Nutr 1997;66:1470–4.

49. Isaksson B. Urinary nitrogen output as a validity test in dietary surveys.
Am J Clin Nutr 1980;33:4–5.

50. Bingham SA, Williams R, Cole TJ, Price CP, Cummings JH. Reference
values for analytes of 24-h urine collections known to be complete. Ann
Clin Biochem 1988;25:610–9.

51. Heymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S. Measure-
ment of muscle mass in humans: validity of the 24-hour urinary creati-
nine method. Am J Clin Nutr 1983;37:478–94.

52. Krisan AD, Collins DE, Crain AM, et al. Resistance training enhances
components of the insulin signaling cascade in normal and high-fat-fed
rodent skeletal muscle. J Appl Physiol 2004;96:1691–700.

53. Cox JH, Cortright RN, Dohm GL, Houmard JA. Effect of aging on
response to exercise training in humans: skeletal muscle GLUT-4 and
insulin sensitivity. J Appl Physiol 1999;86:2019–25.

54. Christ-Roberts CY, Pratipanawatr T, Pratipanawatr W, et al. Exercise
training increases glycogen synthase activity and GLUT4 expression but
not insulin signaling in overweight nondiabetic and type 2 diabetic
subjects. Metabolism 2004;53:1233–42.

55. Tabata I, Suzuki Y, Fukunaga T, Yokozeki T, Akima H, Funato K.
Resistance training affects GLUT-4 content in skeletal muscle of
humans after 19 days of head-down bed rest. J Appl Physiol 1999;
86:909 –14.

56. Farese RV. Function and dysfunction of aPKC isoforms for glucose
transport in insulin-sensitive and insulin-resistant states. Am J Physiol
Endocrinol Metab 2002;283:E1–11.

57. Kim YB, Kotani K, Ciaraldi TP, Henry RR, Kahn BB. Insulin-stimulated
protein kinase C lambda/zeta activity is reduced in skeletal muscle of
humans with obesity and type 2 diabetes: reversal with weight reduction.
Diabetes 2003;52:1935–42.

58. Nielsen JN, Frosig C, Sajan MP, et al. Increased atypical PKC activity in
endurance-trained human skeletal muscle. Biochem Biophys Res Com-
mun 2003;312:1147–53.

59. Hirai T, Chida K. Protein kinase Czeta (PKCzeta): activation mecha-
nisms and cellular functions. J Biochem (Tokyo) 2003;133:1–7.

EXERCISE, PROTEIN, AND GLUCOSE TOLERANCE 1013



Effect on 24-h energy expenditure of a moderate-fat diet high in
monounsaturated fatty acids compared with that of a low-fat,
carbohydrate-rich diet: a 6-mo controlled dietary intervention trial1–3

Lone G Rasmussen, Thomas M Larsen, Pia K Mortensen, Anette Due, and Arne Astrup

ABSTRACT
Background: Dietary fat has a lower thermogenic effect than does
carbohydrate. A moderate-fat diet, high in monounsaturated fatty
acids (MUFA diet), may decrease energy expenditure (EE) and
thereby induce weight gain.
Objective: We aimed to compare changes in 24-h EE and substrate
oxidation after a 6-mo controlled dietary intervention with either a
MUFA or a low-fat (LF) diet.
Design: Twenty-seven overweight [body mass index (in kg/m2):
28.1 � 0.4] nondiabetic subjects aged 18–36 y followed an 8-wk
low-calorie diet and a 2-wk weight-stabilizing diet and then were
randomly assigned to a MUFA (n � 12) or LF (n � 15) diet for 6 mo.
Substrate oxidation and 24-h EE were measured by whole-body
indirect calorimetry. The first measurement (0 mo) was taken during
the weight-stabilizing diet, and the second measurement was taken
after the 6-mo intervention.
Results: A tendency was seen toward a lower 24-h EE with the
MUFA than with the LF diet (P � 0.0675), but this trend did not
remain after adjustment for the initial loses of fat mass and fat-free
mass (P � 0.2963). Meal-induced thermogenesis was significantly
(P � 0.05) lower with the MUFA than with the LF diet, but no time �
treatment interaction was found. A significant (P � 0.0456) treatment
� time interaction was found for spontaneous physical activity.
Conclusion: Despite a slightly lower meal-induced thermogenesis,
the MUFA diet had an effect on 24-h EE that was not significantly
different from that of the LF diet after a 6-mo controlled dietary
intervention. Am J Clin Nutr 2007;85:1014–22.

KEY WORDS Obesity, energy expenditure, moderate-fat
diet, dietary intervention, substrate oxidation, monounsaturated
fatty acids

INTRODUCTION

The increasing prevalence of obesity and type 2 diabetes is
causally related to physical inactivity and excessive energy in-
take (1–3). It is controversial whether a high dietary content of fat
contributes significantly to the development of obesity. The
concept that a reduction in dietary fat causes a modest, dose-
dependent decrease in body weight is supported by some
prospective observational studies (4) and meta-analyses of
short-term intervention studies (1, 3, 5, 6). High-fat diets may
play a role in promoting weight gain by inducing an uninten-
tional, passive overconsumption of energy (7–10). However,
Willett and Leibel (11) and Willett (12) conducted a meta-
analysis of trials lasting �1 y and concluded that fat intake

between 18% and 40% of energy had little effect on body fat.
Willett and Leibel (11) suggested that a compensatory or adap-
tation mechanism occurs when dietary composition is changed.
The diverging views may be due to a lack of longer-term trials
with a strict adherence to the stipulated dietary composition.

Diet composition can affect energy balance by influencing
appetite and energy intake, by differences in digestibility, or by
affecting energy expenditure (EE). After the ingestion of food,
EE increases for 4–8 h, depending on the amount of food and on
the macronutrient composition of the diet (13–15). Meal-induced
thermogenesis (MIT) constitutes �10% of the daily EE, but there
is great intraindividual variation (14). There is a large difference
in the effect of the 3 macronutrients on MIT: �8%, 2%, and
20–30% of the energy intake from carbohydrate, fat, and protein,
respectively, is spent as MIT (14, 16). Raben et al (17) examined
the postprandial MIT of the 3 macronutrients and found signif-
icantly higher EE after a protein-rich meal than after a
carbohydrate- or fat-rich meal. In another study, Raben et al (18)
found no differences in the effects of a starch-, fat-, or sucrose-
rich diet on MIT. Westerterp et al (19) found that MIT was higher
after a protein- and carbohydrate-rich meal than after a high-fat
meal. However, no significant difference was found in 24-h EE
between the 2 groups.
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It would be interesting to clarify whether a specific dietary
composition influences EE favorably and could thus prevent
weight gain. Long-term studies are needed to clarify whether diet
composition also can affect long-term energy balance. A high
degree of compliance with the diet is necessary to obtain valid
results, which requires study designs with strict control of the
diet. Existing studies are mostly of relatively short duration, and
they are rarely as long as 6 mo. The purpose of the present study
was to compare the effect of a moderate-fat diet, high in mono-
unsaturated fatty acids (MUFAs), and a low-fat diet on EE and
macronutrient oxidation before and after a 6-mo controlled di-
etary intervention.

SUBJECTS AND METHODS

Subjects

A dietary intervention study, the Mono Unsaturated Fatty ac-
ids in Obesity (MUFObes) Study, is ongoing at the Department
of Human Nutrition, Faculty of Life Sciences, University of
Copenhagen, (Frederiksberg, Denmark). The subjects in the
present study were a subgroup made up of �20% of the total
number of participants in the MUFObes Study (n � 169), which
is being conducted in our department (ClinicalTrials.gov Iden-
tifier NCT00274729; for further information on the MUFObes
Study, see www.mufobes.dk). The aim of the 4-y controlled
dietary intervention trial, the MUFObes Study, was to compare
the long-term effects of a MUFA diet and an LF diet on body
weight, body composition, and risk factors for development of
diet-related diseases (results to be published later). Subjects were
randomly assigned to the 2 diets through a simple block random-
ization procedure with sex and initial BMI (below or above BMI
32) as stratification criteria. Subjects were randomly assigned to
subgroup A or B, which determined the type of clinical exami-
nation that subjects should undergo at 0 mo and after the 6-mo
intervention. This report discusses data from subjects randomly
assigned to the MUFA or LF diet and to subgroup A, who un-
derwent respiration chamber measurements of EE. Subgroup B
was subjected to a meal test and underwent flow-mediated dila-
tion measurements (results to be published later).

Thirty-seven subjects underwent respiration chamber mea-
surement at 0 mo, and 27 of these subjects (n � 12 and 15 for the
MUFA and LF diets, respectively) also underwent the 6-mo
measurement. All subjects were recruited from the Copenhagen
area by various methods, such as advertisements in local news-
papers and on television and radio; notices placed in educational
establishments and on homepages; and contacts with colleagues.

The inclusion criteria for the study were age 18–35 y, BMI
28–36, body weight fluctuations of � 3 kg over the previous 2

mo, and a nonsmoking status. Subjects were healthy, their sys-
tolic and diastolic blood pressures were �180 mm Hg and �100
mm Hg, respectively, and they took no regular medicine other
than contraceptive pills. Subjects had no psychological disor-
ders, no known or presumed abuse of alcohol, no allergies to any
food, and no special dietary restrictions (eg, vegetarian) or par-
ticular food dislikes. Female subjects were required not to be
pregnant or lactating and to have no plans for pregnancy within
18 mo after enrollment.

All subjects gave oral and written informed consent after the
experimental procedure had been explained to them. The Ethics
Committee of the Municipalities of Copenhagen and Frederiks-
berg approved the study according to the Helsinki Declaration.

Experimental design

The study was designed as a parallel intervention trial with 2
groups who were assigned to 1 of 2 diets for 6 mo. A schematic
presentation of the study design is given in Figure 1. After an
initial 8-wk low-calorie diet (800–1000 kcal/d), the subjects
were randomly assigned, through a simple block randomization
procedure with sex and an initial body mass index (BMI;
in kg/m2) of � 32 as stratification criteria, to either a moderate-
fat diet high in monounsaturated fatty acids (MUFA diet) or a
low-fat, high-carbohydrate diet (LF diet). After randomization,
the participants completed a 2–3-wk standardization period eat-
ing a diet, resembling the average Danish diet according to nu-
tritional surveys (20). This step was taken to ensure proper stan-
dardization before the respiration chamber measurements at 0
mo. The energy level of the diet during both the standardization
period and the 6-mo postrandomization period corresponded to
the individually estimated energy requirements, calculated by
using World Health Organization equations (21) in combination
with the participant’s self-reported physical activity level
(PAL). During the standardization period, in which all the sub-
jects consumed the same standardized diet, and the 6-mo post-
randomization dietary intervention period, the subjects obtained
their food from the supermarket at the department. Respiration
chamber measurements were conducted at 0 mo (the end of the
standardization period) to test the acute exposure to the MUFA
or the LF diet. Respiration chamber measurements were re-
peated after the 6-mo period of following the MUFA or the LF
diet. Dual-energy X-ray absorptiometry (DXA) scanning was
also carried out at 0 mo and after the 6-mo intervention.

Experimental diets

To mimic free-living conditions, the 6-mo dietary intervention
was based on an ad libitum design. The MUFA diet was designed
to be moderate in fat (35–45% of energy), high in MUFAs

8   wk LCD
 (1000 kcal/d)

6   mo dietary intervention period

Chronic 
exposure

Acute 
exposure

Start LCD

End LCD

MUFA or LF diet

2–3-wk 
standardization 

period

– 

– 

FIGURE 1. Timeline of the Mono Unsaturated Fatty acids in Obesity Study and the scheduled chamber measurements. LCD, low-calorie diet; MUFA diet,
moderate-fat diet high in monounsaturated fatty acids; LF, low-fat.
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(�20% of energy), and moderate in carbohydrate (40–50% of
energy). The LF diet was low in fat (20–30% of energy) and high
in carbohydrate (55–65% of energy). Both diets were moderate
in protein (10–20% of energy). Alcohol consumption was al-
lowed in accordance to the current guidelines issued by the
Danish National Board of Health—ie, �14 units/wk and �21
units/wk (1 unit � 12 g alcohol) for women and men, respec-
tively. Subjects were instructed to maintain their habitual PAL
to achieve energy balance and weight maintenance. All subjects
were allowed a 3-wk break from the project, during which no
recording of the dietary intake was required.

Supermarket foods, the computer program, and shopping
sessions

To provide the subjects with all necessary foods and to ac-
complish a total recording of the food consumed, a validated
supermarket model (22) was established at the department.
Throughout the 6-mo intervention, the subjects obtained all
foods and beverages at the study supermarket, free of charge, and
they were instructed to consume only these foods. The super-
market had a floor area of �70 m2, distributed in 2 rooms, with
9 refrigerators of 400 L, 7 deep-freezers of 600 L, and �27 m2

shelf space for items stored at room temperature.
A DOS-based computer program (MUFObes, version 7.5;

Scientific Nutrition Supervision, Greve, Denmark) was con-
structed for recording of foods (product database) and for the
calculation of nutrient composition of each shopping session
(MUFObes shopping calculation software). The computer pro-
gram used was similar to the programs used in previous super-
market dietary intervention studies carried out at the department
(22, 23), but with improvements and adjustments designed spe-
cifically to handle the diets in this study. Local food manufac-
turers donated most products. Additional products were pur-
chased to ensure an appropriate assortment to cover the dietary
needs and the variability required by both diet groups throughout
the 6-mo period. The product database covered the most common
food items; alcohol and soft drinks were not included. All of the
�700 different food items available in the supermarket were
bar-coded and recorded according to their content of fat, carbo-
hydrate, protein, fatty acids, and all vitamins and minerals avail-
able in the current official national food tables (24). Values for
various nutrients in products not available in the food tables were
estimated from other similar products found in the food table; for
some products, nutrient information from the food manufactur-
ers’ labeling or from other sources was used. An estimated loss
or gain of weight of each food due to preparation or cooking
procedures was embedded in the program. In addition, a list of
�380 food items that were not available from the study super-
market (termed “nonshop foods”) was recorded in the computer
program. These products were incorporated in the computer pro-
gram to allow a complete recording of the foods and beverages
from outside the study supermarket that the study participants
consumed.

During each shopping session, all products were recorded with
a bar-code scanner (Intermec 9170; Intermec Corporation, Ever-
ett, WA). All food items were weighed individually, with the
weight of the packaging subtracted, on a digital scale (Sartorius
IP65; Sartorius AG, Goettingen, Germany) that was connected to
the 3 computers (each containing the shopping calculation soft-
ware) that made up the checkout stations in the supermarket. At
the beginning of each shopping session, waste and leftovers from

the previous shopping session were recorded, and then the actual
shopping event commenced. Every food item was recorded in a
subject’s profile. During the shopping session, the percentage of
energy from fat, carbohydrate, and protein and the content of
MUFAs, polyunsaturated fatty acids (PUFAs), and saturated
fatty acids (SFAs), fiber, and added sugar were visible to both the
study participant and the investigator, which allowed adjustment
of the purchase by the addition or subtraction of various food
items to achieve the optimal composition. To ensure that the
shopping was ad libitum, the total energy content of the foods
was visible only to the investigator, who thus also was able to
estimate whether the total amount of energy provided was within
reasonable limits. The total amount of energy was based on the
number of days of the participant’s diet that the foods obtained in
one shopping session should provide, on the age and body weight
of the participant, and on the participant’s self-reported PAL (set
at a maximum of 2.0).

Indirect calorimetry measurements

The indirect calorimetry measurements were carried out in
respiration chambers, as described by Astrup et al (25). Gas
exchange in the chamber was calculated by measuring the con-
centrations of oxygen and carbon dioxide at the outlet of the
chamber (25), and EE and substrate partitioning were calculated
by using equations of Elia and Livesey (26).

Subjects were instructed not to perform any strenuous physical
activity during the 2 d before the chamber measurements. To
accustom them to the chamber and to diminish stress during the
24-h measuring period, subjects slept in the chamber, with the
door open, the night before the actual measurement. The mea-
surements started at 0900 and ended 22 h later (ie, at 0700). This
22-h measuring period was converted into 24-h data by dividing
the measurements by 22 and multiplying that value by 24. The
basal metabolic rate (BMR) was measured during the last hour of
the chamber stay (ie, 0600 to 0700), when the subjects were
resting and fasting.

Subjects were instructed to consume all of the food and drinks
served. Any leftovers during the first measurement (0 mo) were
recorded and the portions served at the 6-mo measurement were
adjusted accordingly. Other than the 3 subjects who left negli-
gible amounts, all subjects consumed the same amount of food in
the same dietary composition at both measurements. Spontane-
ous physical activity (SPA) was assessed by 2 microwave radar
detectors (Sisor Mini-Radar; Statistic Input System SA, Lau-
sanne, Switzerland), which continuously emitted and received a
signal. The radar detected whether the subject was moving, and
a signal was generated and received by the transceiver. SPA
measurements indicated the percentage of time that the subject
was detectably active. A laboratory technician kept the subject
under surveillance during daytime, and a trained medical student
kept the chamber under surveillance during the night.

Design of the diets consumed during chamber stays

The amount of energy provided during the chamber stay was
individually calculated on the basis of age, sex, and body weight
by using World Health Organization equations (27) and setting
the physical activity at a fixed level at 1.5 PAL for all subjects.
The total energy intake of the 3 meals consumed at 0 mo and at
the 6-mo measurement was distributed with 20% at breakfast,
33% at lunch and 47% at dinner. The macronutrient composition
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of the diets is shown in Table 1. Dietary calculations were made
with a computer database (DANKOST, version 3000; The Na-
tional Food Agency of Denmark, Copenhagen, Denmark; 28)
and the composition of the 3 daily meals consumed by the 2
groups is shown in Table 2.

Anthropometric measurements

Body weight was measured on an electronic scale while the
subjects were wearing only light clothing and no shoes. Body
composition was measured by using DXA scanning (Lunar Ra-
diation Co, GE, Madison, WI), and fat-free mass (FFM) was

calculated as total body mass 	 fat mass (FM). The measure-
ments were performed in the morning after termination of the
24-h respiratory chamber measurements, when the subjects were
fasting. Height was measured to the nearest 0.5 cm by using a
wall-mounted stadiometer while the subjects were barefoot.

Statistical analysis

Mixed linear models was used to assess the main effects of
time and treatment and the time � treatment interaction for the
variables MIT during the 3 h after a meal (MIT0–3 h), RQ at a
mean of 3 h after lunch (RQpostprandial), BMR, RQ (BMR), 24-h

TABLE 1
The macronutrient composition of the 3 meals served to the 2 diet groups during both chamber stays1

MUFA diet group
(n � 12)

LF diet group
(n � 15)

Breakfast Lunch Dinner Breakfast Lunch Dinner

Weight of meals (g)2 464 647 1123 485 703 1153
Energy density (kJ/g)3 4.3 5.1 4.2 4.1 4.7 4.1
Carbohydrate 
 fiber (% of energy) 45.0 45.0 45.0 59.9 60.0 60.0
Total fat (% of energy) 40.0 40.0 40.0 25.1 25.0 24.9

Saturated fatty acids 4.1 5.0 5.2 6.4 5.5 9.4
Monounsaturated fatty acids 28.2 22.7 20.5 12.2 10.7 9.0
Polyunsaturated fatty acids 5.5 9.0 9.1 4.9 6.4 4.2

Protein (% of energy) 15.1 15.0 14.9 15.0 15.0 15.1
Fiber (g/MJ) 3.6 5.1 3.0 4.5 4.5 2.9
Added sugar (% of energy) 0 0 0 0 2.9 0

1 MUFA diet, moderate-fat diet high in monounsaturated fatty acids (MUFAs); LF diet, low-fat diet. Both diets had a 10 MJ/d energy requirement. Dietary
intake was energy adjusted, and calculations were made with DANKOST 3000, based on the food tables from The National Food Agency of Denmark.

2 Including water or other drinks for an estimated energy provision of 10 MJ/d.
3 Including water and other drinks.

TABLE 2
The dietary composition of the 3 meals served to the 2 diet groups during both chamber stays1

Meal MUFA diet group (10 MJ) LF diet group (10 MJ)

Breakfast (�2 MJ)
33 g oatmeal 67 g oatmeal
8 g raisins 8 g raisins
33 g hazelnuts 10 g hazelnuts
40 g apple 50 g apple
230 g skim milk (0.1% fat) 200 g low-fat milk (1.5% fat)
120 g water 150 g water

Lunch (�3.3 MJ)
137 g rye bread 94 g rye bread

50 g white bread24 g turkey fillet
31 g marinated herring38 g shrimp (frozen)
5 g onion30 g boiled egg
20 g low-fat cheese (30%)2100 g avocado
30 g red pepper18 g mayonnaise
24 g smoked pork30 g red pepper
12 g mayonnaise70 g fresh tomato
61 g potato (raw)200 g water
70 g tomato
106 g banana
200 g water

Dinner (�4.7 MJ)
454 g meat sauce (based on turkey and beans) 411 g meat sauce (based on beef, 11% fat)
97 g brown rice (dry weight) 106 g pasta (dry weight)
35 g pine nuts 50 g white bread
350 g water 148 g banana

150 g skim milk (0.1% fat)
259 g water

1 MUFA diet, moderate-fat diet high in monounsaturated fatty acids; LF diet, low-fat diet.
2 “30%” indicates the fat content as a percentage of dry weight (or 27% of the total fat content of the cheese).
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EE, 24-h SPA%, 24-h RQ, and macronutrient oxidation with
subject number as random factor. The analyses were based on the
27 subjects (n � 12 and 15 for the MUFA and LF diets, respec-
tively) who completed the respiratory chamber measurements
both at 0 mo and after the 6-mo dietary intervention period. We
tested whether sex, age, initial loss of FM and FFM after the 8-wk
low-calorie diet (LCD), and current FFM and FM had a signif-
icant effect on the EE or RQ. When appropriate, variables that
significantly affected EE or RQ were used as covariates in the
MIXED analyses. The covariates that were used are the initial
losses of FM and FFM and the current FM and FFM.

Statistical analyses were performed with SAS for WINDOWS
software (version 9.1; SAS institute Inc, Cary, NC), and the level
of significance was P � 0.05.

RESULTS

The physical characteristics of the 27 subjects who completed
the respiratory chamber measurements are presented in Table 3.
The change in body weight or in body fat did not differ signifi-
cantly between the 2 groups after 6-mo ad libitum intake of the
experimental diets.

Dietary intake

The intervention period was designed to be a period of �6 mo
(including the days spent on vacation, etc). The number of days
that the subject spent in the intervention period is calculated from
the first day of the randomized diet to the day on which the 6-mo
measurements were conducted minus the number of days re-
ported as vacation time, time off, etc. No significant difference
was observed between the MUFA and the LF diet groups regard-
ing the number of days spent following the specific diet.

Actual dietary intake complied with the stipulated diet in both
groups (Table 4). There were the expected differences between
the 2 diets regarding dietary composition and energy density.
However, the percentage of energy from protein was slightly, but
significantly, higher in the LF group. Alcohol consumption was
below the current official guidelines, and there was no difference
between groups.

Meal-induced thermogenesis and respiratory quotient
after the lunch meal

There was no time � treatment interaction for MIT0–3 h, but
the main effect of time was significant (P � 0.0480): MIT0–3 h at
0 mo was higher than that at 6 mo. The main effect of treatment
was also significant (P � 0.0435): the MIT0–3 h was lower on the
MUFA diet than on the LF diet after adjustment for FFM and FM
(Table 5). Furthermore, there was a significant main effect of
treatment for RQpostprandial (P � 0.0001): the MUFA diet had a
lower RQpostprandial than did the LF diet after adjustment for FFM
and FM (Table 5).

TABLE 3
Characteristics of subjects in the 2 diet groups at 0 mo and changes (�)
after 6 mo of dietary intervention1

MUFA diet group
(n � 12)

LF diet group
(n � 15) P2

Men/women 4/8 8/7 0.259
Age (y) 28.0 � 5.83 28.7 � 4.7 0.746
Height (cm) 170.0 � 10.2 175.7 � 6.8 0.097
Body weight at 0 mo (kg) 80.0 � 12.3 86.0 � 8.8 0.107

�Body weight (kg) 1.2 � 3.9 1.0 � 4.2 0.302
BMI (0 mo) (kg/m2) 27.3 � 2.2 27.8 � 2.0 0.589

�BMI 0.8 � 1.3 0.3 � 1.4 0.381
FFM at 0 mo (kg) 54.9 � 12.2 60.2 � 9.1 0.175

�FFM (kg) 0.2 � 1.0 0.4 � 1.4 0.423
FM at 0 mo (kg) 25.1 � 6.8 25.8 � 8.1 0.916

�FM (kg) 1.0 � 4.8 0.6 � 3.4 0.278

1 MUFA diet, moderate-fat diet high in monounsaturated fatty acids; LF
diet, low-fat diet; FFM, fat-free mass; FM, fat mass. Body weight, FFM, and
FM were assessed by dual-energy X-ray absorptiometric scanning.

2 Test for difference between groups by chi-square test.
3 x� � SD (all such values).

TABLE 4
Energy intake, energy density, and mean dietary macronutrient composition during the 6-mo dietary intervention period1

MUFA diet group
(n � 12)

LF diet group
(n � 15) P2

Energy intake (MJ/d) 10.18 � 1.653 11.47 � 2.45 0.131
Energy density (kJ/g) 4.76 � 0.83 3.77 � 0.40 � 0.0001
Carbohydrate 
 fiber (% of energy) 43.0 � 2.0 57.2 � 1.8 � 0.0001
Fiber (g/10 MJ) 37.3 � 4.7 38.6 � 2.5 0.266
Added sugar (% of energy) 6.2 � 2.0 6.5 � 1.7 0.661
Total fat (% of energy) 38.2 � 1.6 23.2 � 1.2 � 0.0001

Saturated fatty acids 7.0 � 1.0 7.5 � 0.7 0.134
Monounsaturated fatty acids 19.9 � 1.2 8.2 � 0.7 � 0.0001
Polyunsaturated fatty acids 7.8 � 0.6 5.1 � 0.5 � 0.0001

Protein (% of energy) 15.0 � 1.1 16.0 � 1.0 0.021
Alcohol (% of energy) 2.5 � 1.9 2.4 � 1.8 0.823
Intervention period (d)4 148 � 16 155 � 27 0.404

1 MUFA diet, moderate-fat diet high in monounsaturated fatty acids; LF diet, low-fat diet. Data are based on the sum of energy provided from foods
collected in the supermarket and from foods acquired outside the supermarket.

2 ANOVA.
3 x� � SD (all such values).
4 Excluding days away from the study protocol because of a holiday, illness, etc.
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TABLE 5
Values at 0 mo and 6 mo and changes (�) between 0-mo and 6-mo measurements in the 2 diet groups, as well as the main effects of time and treatment and
time � treatment interaction for each variable1

MUFA diet group
(n � 12)

LF diet group
(n � 15)

P2

Main effect
of time

Main effect
of treatment

Time � treatment
interaction

MIT0–3 h (kJ/min)3,4 0.0480 0.0435 0.5775
0 mo 6.9 � 1.15 7.6 � 0.7
6 mo 6.8 � 1.0 7.6 � 0.6
�Time0–6 mo 	0.13 � 0.35 	0.05 � 0.31

RQ (meal) 0.7689 � 0.0001 0.3274
0 mo 0.822 � 0.024 0.871 � 0.033
6 mo 0.817 � 0.026 0.881 � 0.033
�Time0–6 mo 	0.005 � 0.035 0.010 � 0.042

BMR (kJ/min)4 0.0159 0.3612 0.1392
0 mo 5.2 � 0.6 5.6 � 0.5
6 mo 5.0 � 0.8 5.5 � 0.4
�Time0–6 mo 	0.26 � 0.43 	0.05 � 0.41

RQ (BMR) 0.3256 0.8080 0.4174
0 mo 0.867 � 0.047 0.863 � 0.059
6 mo 0.869 � 0.044 0.882 � 0.051
�Time0–6 mo 0.002 � 0.052 0.019 � 0.055

24-h EE (MJ/24 h)6 0.1783 0.2963 0.6465
0 mo 9.4 � 1.4 10.2 � 0.9
6 mo 9.3 � 1.4 10.1 � 0.8
�Time0–6 mo 	0.1 � 0.6 	0.01 � 0.4

24-h EE (MJ/24 h) 0.5496 0.0675 0.6530
0 mo 9.4 � 1.4 10.2 � 0.9
6 mo 9.3 � 1.4 10.1 � 0.8
�Time0–6 mo 	0.1 � 0.6 	0.01 � 0.4

SPA (24-h %) � 0.0001 0.7865 0.0456
0 mo 9.2 � 1.7 8.6 � 1.5
6 mo 7.8 � 1.2 8.0 � 1.4
�Time0–6 mo 	1.5 � 1.4 0.03 � 0.52

SPAday (0900–2300) (%) 0.0001 0.6288 0.1093
0 mo 12.4 � 2.44 11.55 � 2.06
6 mo 10.5 � 1.6 10.7 � 1.9
�Time0–6 mo 	1.9 � 2.1 	0.9 � 1.1

SPAnight (2300–0600) (%) 0.1527 0.1313 0.0876
0 mo 1.56 � 0.63 1.68 � 0.75
6 mo 1.18 � 0.49 1.71 � 0.55
�Time0–6 mo 	0.39 � 0.71 0.03 � 0.52

24-h RQ4 0.5562 0.0028 0.4540
0 mo 0.914 � 0.023 0.943 � 0.031
6 mo 0.912 � 0.028 0.953 � 0.036
�Time0–6 mo 	0.002 � 0.032 0.009 � 0.041

CHO oxidation (MJ/d)4 0.6147 0.0013 0.3419
0 mo 3.8 � 0.6 4.8 � 1.0
6 mo 3.7 � 0.8 5.1 � 1.1
�Time0–6 mo 	0.07 � 0.64 0.29 � 1.15

Fat oxidation (MJ/d)4 0.3552 0.0137 0.5622
0 mo 4.7 � 1.0 3.9 � 1.0
6 mo 4.5 � 1.0 3.6 � 1.0
�Time0–6 mo 	0.04 � 0.86 	0.27 � 1.13

Protein oxidation (kJ/d)4 0.3995 0.0022 0.6942
0 mo 1.1 � 0.2 1.2 � 0.3
6 mo 1.2 � 0.3 1.4 � 0.3
�Time0–6 mo 0.005 � 0.22 	0.37 � 0.32

1 MUFA diet, moderate-fat diet high in monounsaturated fatty acids; LF, low-fat; MIT0–3 h, meal-induced thermogenesis during the 3 h after a meal; RQ,
respiratory quotient; BMR, based metabolic rate; EE, energy expenditure; SPA, spontaneous physical activity; CHO, carbohydrate.

2 Statistical analyses were carried out by using PROC MIXED.
3 Postprandial (mean of 3 h after lunch).
4 Adjusted for fat-free mass and fat mass.
5 x� � SD (all such values).
6 Adjusted for the initial losses of fat mass and fat-free mass and for fat mass and fat-free mass.
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Basal metabolic rate, 24-h energy expenditure, and
spontaneous physical activity

The main effect of time for BMR was significant (P � 0.0159)
after adjustment for FFM and FM, which indicated that the BMR
at 0 mo was significantly higher than that at 6 mo (Table 5). There
was no main effect of treatment or time � treatment interaction.
For RQ there was no time � treatment interaction and no main
effect of time or treatment. There was a tendency toward a lower
24-h EE on the MUFA than on the LF diet (P � 0.0675), but this
trend did not remain after adjustment for the initial losses of FM
and FFM (P � 0.2963) (Table 5).

There was a treatment � time interaction for SPA (24-h
SPA%) (P � 0.0456). The reduction in SPA from 0 mo to 6 mo
tended (P � 0.0876) to be greater on MUFA than LF diet, and
most of the effect was found during sleep.

24-h Respiratory quotient and macronutrient oxidation

Substrate oxidation (24-h RQ) reflected the dietary macronu-
trient composition. The MUFA diet produced a significantly
(P � 0.0028) smaller increase in carbohydrate oxidation that did
the LF diet (Table 5), as shown in Figure 2. There was no time
� treatment interaction for 24-h RQ.

The RQ profile from 0900 to 0600 at 0 mo is shown in Figure
3. Meals were served at 0900, 1300, and 1900 (arrows); at 1000
and 1600, the subjects had a 15-min episode of using a bicycle
ergometer at an effect of 75 W. The RQ in the MUFA group was
0.850 after breakfast, and it was consistently significantly lower
than that in the LF group throughout the chamber stay.

For the carbohydrate (P � 0.013), fat (P � 0.0137), and
protein (P � 0.022) oxidation rate, the main effect of treatment
was significant when adjusted for FFM and FM, because the LF
diet produced a higher carbohydrate and protein oxidation and a
lower fat oxidation. There was no main effect of time or time �
treatment interaction.

DISCUSSION

The major finding of the present 6-mo controlled dietary in-
tervention was a tendency toward a lower 24-h EE with the
MUFA diet than with the LF diet, but this trend did not remain
after adjustment for changes in FM and FFM. However, the LF

diet produced a significantly greater MIT than did the MUFA
diet, both acutely and after the 6-mo chronic exposure. More-
over, there was a slight decline in SPA in both diet groups, with
a trend toward a greater decline in the MUFA group than in the
LF group, particularly during sleep. BMR was unaffected by the
diet.

Acute exposure to the randomized diets at 0 mo showed that
MIT was greater with the low-fat diet than with the moderate-fat
diet in the first 3 h after lunch, and the same tendency was found
at the respiratory chamber measurement after the 6-mo interven-
tion. In a study by Brehm et al (29), the MIT in response to low-fat
(69%, 11%, and 20% of energy from carbohydrate, protein, and
fat, respectively) and high-fat (5%, 26%, and 69% of energy from
carbohydrate, protein, and fat, respectively) breakfasts, matched
in calories, was assessed over 5 h at baseline, at 2 mo, and at 4 mo.
They found that an LF meal caused a significantly greater 5-h
increase in MIT than did a high-fat meal. These findings are
consistent with the theory of larger costs of absorption, metab-
olism, and storage of carbohydrates than of fat (14, 16).

There was no time � treatment interaction for BMR before or
after adjustment for FFM and FM. However, there was a signif-
icant main effect of time for BMR, which could be explained by
a larger FFM in the diet groups at 0 mo, just after the 8-wk
low-calorie diet, because FFM is the major determinant of BMR
(16, 30, 31).

A study by Pereira et al (32) determined the effect of an
energy-restricted LF diet and a low-glycemic-load (LGL) diet on
resting EE (REE) by using indirect calorimetry. The macronu-
trient composition was 65%, 17%, and 18% and 43%, 27%, and
30% for carbohydrate, protein, and fat in the LF and LGL diets,
respectively. After a 10-wk intervention period, Pereira et al
found a significantly smaller decrease in REE in the LGL group
than in the LF group. However, the protein content of the LGL
diet was significantly higher than that of the LF diet, a difference
that is likely to have influenced the result, and, therefore, such a
comparison of the 2 diets is questionable.

The present study found a tendency toward a lower 24-h EE
with the MUFA diet than with the LF diet, but, because this trend
did not remain after adjustment for changes in FM and FFM,
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FIGURE 2. Mean (�SD) 24-h respiratory quotient (RQ) values obtained
during chamber measurements at 0 mo—before the MUFA diet (moderate-
fat diet high in monounsaturated fatty acid; u; n � 15) and the low-fat diet
(■ ; n � 12)—and at 6 mo. There was a significant effect of diet, P � 0.005
(ANOVA). There was no significant time � treatment interaction.

FIGURE 3. Mean (�SEM) respiratory quotient (RQ) values obtained
during chamber measurements at 0 mo in subjects assigned to the low-fat diet
(■ ; n � 15) or the MUFA diet (moderate-fat diet high in monounsaturated
fatty acids; E; n � 12). The last time marker (2300–0600) represents an
interval of 7 h. Arrows indicate the times when meals were served.
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neither diet had an effect on 24-h EE at 0 mo or after the 6-mo
controlled dietary intervention. Furthermore, no chronic adapta-
tion of 24-h EE to the 2 diets was found. In the present study, the
MUFA diet did not decrease EE, and the effect on weight main-
tenance or weight loss did not differ significantly between the
MUFA and the LF diets. However, the present study was not
powered to detect possible effects on body weight, and thus,
these small, insignificant changes in body weight and composi-
tion were regarded as potential confounders in the analyses of the
EE and substrate oxidations.

Our findings seem to corroborate previous studies (18, 33–
36); however, the methods used for assessment of control of
dietary intake are diverse. In a study by Verboeket-van de Venne
et al (36), subjects had access to either full-fat or reduced-fat
products. Three-day dietary recordings at 3 timepoints during the
6-mo intervention period assessed energy and macronutrient in-
take. Other studies showed that dietary records are inaccurate in
determining dietary intake (37, 38). However, the chamber diets
corresponded to the subjects’ specific randomized diets and no
difference were found between the 2 groups at baseline or at the
6-mo measurements, which supports the findings of the present
study.

The 6-mo dietary intervention study by Vasilaras et al (39)
used a supermarket model similar to ours, and they found no
difference in 24-h EE between the 3 diets (LF diet, simple-
carbohydrate diet compared with LF diet, and complex-
carbohydrate diet compared with high-fat control diet) when
tested after the 6-mo dietary intervention. The macronutrient
composition of the carbohydrate-rich diets and the control diet
was 55% and 25% carbohydrates and 45% and 35% fat, respec-
tively, which is fairly comparable with the diets in the present
study. Our findings support the results of Vasilaras et al. The
macronutrient oxidation pattern during the chamber reflected
dietary composition; ie, the MUFA diet produced a smaller in-
crease in fat oxidation, but no time � treatment interaction was
seen.

There was a treatment � time interaction for SPA, and the
reduction in SPA observed from 0 mo to 6 tended to be greater
with the MUFA diet than with the LF diet; most of the effect was
found during sleep. Although the subjects enter the chamber the
night before the 0-mo measurements in an effort to diminish any
stress, the situation is still unfamiliar and the subjects may be
more comfortable at the 6-mo measurements, which could ex-
plain the lower SPA. Furthermore, an LF diet has been found in
some studies to increase sympathetic activity in subjects with
reduced obesity (40); thus, we speculate as to whether the MUFA
reduced sympathetic activity slight more than did the LF diet, an
effect that could translate into a lower SPA during sleep. An
alternative explanation is that the LF diet group had a higher SPA
than did the MUFA diet group from the beginning of the trial,
which would make the finding a matter of chance.

A major strength of the present study is the use of the super-
market model, which ensures a high degree of compliance with
the diets. The supermarket system is assumed to be one of the
most valid methods for assessing dietary intake under ad libitum,
free-living conditions, although the method is not without some
uncertainty (22). There is no guarantee that the subjects actually
consume the foods that they select in the supermarket. No mea-
surements of compliance other than the supermarket diet record-
ings were applied during the 6-mo intervention period, and hence

no objective indicators of the subjects’ actual dietary intakes are
available.

This randomized, long-term, intervention study found that,
despite a slightly lower MIT and SPA, the MUFA and the LF
diets had effects on 24-h EE during a 6-mo controlled dietary
intervention that did not differ significantly. The reason for this
lack of difference could be either a compensatory increase in EE
in the fasting, resting state or simply a failure of the system to
detect such small effects on 24-h EE. We cannot distinguish
between these 2 possibilities, but we conclude that the effects are
at best of minor importance for daily energy balance.

Thus, any significant differences in long-term body-weight
regulation shown between MUFA and LF diets must be caused
by differences in effects on appetite or satiety or by differences
in nutrient digestibility. The substudy reported here was not
statistically powered to detect a possible difference in weight
loss, and thus any weight changes were simply regarded as con-
founders that had to be controlled for in the analyses of EE and
RQ. Further long-term studies are needed to evaluate the long-
term (�6 mo) effects of these diets.
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Long-term effects of 2 energy-restricted diets differing in glycemic
load on dietary adherence, body composition, and metabolism in
CALERIE: a 1-y randomized controlled trial1–3

Sai Krupa Das, Cheryl H Gilhooly, Julie K Golden, Anastassios G Pittas, Paul J Fuss, Rachel A Cheatham,
Stephanie Tyler, Michelle Tsay, Megan A McCrory, Alice H Lichtenstein, Gerard E Dallal, Chhanda Dutta,
Manjushri V Bhapkar, James P DeLany, Edward Saltzman, and Susan B Roberts

ABSTRACT
Background: There remains no consensus about the optimal dietary
composition for sustained weight loss.
Objective: The objective was to examine the effects of 2 dietary
macronutrient patterns with different glycemic loads on adherence
to a prescribed regimen of calorie restriction (CR), weight and fat
loss, and related variables.
Design: A randomized controlled trial (RCT) of diets with a high
glycemic load (HG) or a low glycemic load (LG) at 30% CR was
conducted in 34 healthy overweight adults with a mean (�SD) age
of 35 � 6 y and body mass index (kg/m2) of 27.6 � 1.4. All food was
provided for 6 mo in diets controlled for confounding variables, and
subjects self-administered the plans for 6 additional months. Primary
and secondary outcomes included energy intake measured by doubly
labeled water, body weight and fatness, hunger, satiety, and resting
metabolic rate.
Results: All groups consumed significantly less energy during CR
than at baseline (P � 0.01), but changes in energy intake, body
weight, body fat, and resting metabolic rate did not differ signifi-
cantly between groups. Both groups ate more energy than provided
(eg, 21% and 28% CR at 3 mo and 16% and 17% CR at 6 mo with HG
and LG, respectively). Percentage weight change at 12 mo was
�8.04 � 4.1% in the HG group and �7.81 � 5.0% in the LG group.
There was no effect of dietary composition on changes in hunger,
satiety, or satisfaction with the amount and type of provided food
during CR.
Conclusions: These findings provide more detailed evidence to
suggest that diets differing substantially in glycemic load induce
comparable long-term weight loss. Am J Clin Nutr 2007;85:
1023–30.

KEY WORDS Glycemic load, caloric restriction, body
weight, metabolism

INTRODUCTION

The prevalence of obesity and overweight continues to in-
crease nationally and worldwide (1–3). Calorie restriction (CR)
remains the cornerstone of most weight-management strategies,
but there remains no consensus over the role of dietary macro-
nutrient composition in optimizing long-term weight loss.

In part, the lack of consensus probably reflects the fact that
most studies in this area have provided dietary advice, rather than

food, with resulting uncertainty in the true extent of dietary
change. For example, recent studies have examined whether
low-carbohydrate or low-glycemic-load (GL) diets facilitate
greater long-term weight loss than do conventional recommen-
dations based on national dietary guidelines (4, 5); most (6–10),
but not all (11), of the studies reported transiently greater weight
loss at 6 mo in individuals consuming low-carbohydrate or
low-GL diets that was attenuated in studies continuing to 12 mo
(8, 10). However, unbiased assessments of adherence to the
tested regimens were not performed, and there may have been
differences between tested diets that influenced the results. It is
recognized that dietary change in the absence of provided food is
difficult because of formidable barriers, such as the need to alter
central lifestyle factors such as established shopping and cooking
habits and food preferences (12–16). For this reason, perhaps,
subjects tend to inflate self-reports of the magnitude of dietary
change (17). Moreover, in most of the reports of high- compared
with low-carbohydrate regimens and weight loss, differential
behavioral support was given to each treatment group because
they were testing popular diet prescriptions rather than specifi-
cally different dietary compositions, which confounded the re-
sults (8, 11, 18). Thus, additional studies that use more detailed
and consistent methods are needed to resolve the effects of dif-
ferent dietary patterns on long-term weight loss.

We describe here a detailed 1-y randomized controlled trial
(RCT) designed to examine the effects of dietary patterns differing
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in glycemic load and fed at 30% CR on adherence to the regimens,
weight and body fat losses, and underlying explanations for differ-
ential responses to the diets.

SUBJECTS AND METHODS

Study population

The subjects were 34 overweight [body mass index (in kg/m2):
25–30] but otherwise healthy men and women aged 24–42 y who
were recruited through a variety of local advertisements. Twelve
additional subjects were recruited and randomly assigned to 2
different control groups for the purpose of gaining experience in
retaining a control group but are not described here because the
groups are very small (n � 5 in the HG group and n � 4 in the LG
group at 12 mo). This study constitutes the first phase of the
CALERIE (Comprehensive Assessment of the Long-term Ef-
fects of Restricting Intake of Energy) trial at Tufts University.
CALERIE is a coordinated multicenter study of CR in human
health and aging. During this first phase, independent studies
were conducted at the different sites. Eligibility for the Tufts
study was determined on the basis of a normal health-history
questionnaire and a screening examination that included blood
and urine tests, physical and psychological examinations, and
assessment of anticipated lifestyle changes, such as pregnancy or
moving out of the area. Additional exclusion criteria included
high physical activity levels (ie, participation in sports or training
for �12 h/wk), weight fluctuations (�6.8 kg in the past year),
inability to complete an accurate 7-d dietary record (accuracy
defined as 70–130% of estimated energy requirements), and any
disease or medications that might influence the results obtained

(including diabetes, cancer, coronary heart disease, endocrine
disorders, psychiatric diagnosis, or eating disorder). The study
was conducted at the Metabolic Research Unit of the Jean Mayer
US Department of Agriculture Human Nutrition Research Cen-
ter on Aging at Tufts University with approval by the Institu-
tional Review Board of Tufts–New England Medical Center
Hospital. All subjects gave written informed consent before par-
ticipating and were provided with a stipend. The study was in-
dependently monitored annually for overall compliance and data
accuracy by an external clinical trial monitor from the Duke
Clinical Research Institute, Durham, NC, and the safety and
efficacy of the clinical trial were monitored by a Data Safety
Monitoring Board.

Study protocol

As shown in Figure 1, this yearlong intervention study in-
cluded a 7-wk baseline period (phase 1), during which time the
subjects were requested to maintain a stable weight and continue
eating their usual diet. Baseline weight-maintenance energy re-
quirements [assumed to be equal to total energy expenditure
(TEE), as measured by doubly labeled water (19)] and key out-
come variables were assessed. Following phase 1, there was a
24-wk CR phase (phase 2: �6 mo) during which the subjects
were randomly assigned to a diet with a low glycemic load (LG)
or a high glycemic load (HG), and all food was provided at 70%
of individual baseline weight-maintenance energy requirements.
The last phase of the study consisted of a 24-wk CR phase (phase
3: �6 mo) during which the subjects were instructed to take
overall responsibility for food preparation and to continue their
phase 2 regimen. The subjects were expected to visit the research

34 Randomly assigned to the 30 % CR group*

17 – HG DIET
17 – LG DIET 

365 SCREENED
(age: 20-42 y; BMI: 25-29.99 

kg/m2)
46 Eligible after Screening

PHASE I
BASELINE PERIOD

(7 wk)

PHASE 2
(24 wk – 6 mo)

(24 wk – 6 mo)

FOOD PROVIDED

PHASE 3

FOOD SELF-SELECTED

2 declined follow-up
1 HG – diet and schedule conflicts

1 LG – schedule conflicts

3 declined follow-up
1 HG, 1 LG – unanticipated relocation

1 LG – schedule conflicts

FIGURE 1. Flow of study participants from screening through study completion. The numbers shown in the figure are specific to the group that was
prescribed a regimen of 30% calorie restriction (CR). *Twelve subjects were randomly assigned to a 10% CR control group (data not shown). HG, high glycemic
load; LG, low glycemic load.
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center weekly throughout the study for a variety of activities,
including weekly behavioral support groups, individual meet-
ings with the study dietitian, safety monitoring, and outcome
testing.

Study diets

Two diets approximating the range of current dietary recom-
mendations for healthful macronutrient ranges and containing
the Dietary Reference Intakes (DRIs) of micronutrients and es-
sential fatty acids (4) were developed for use in this study at 30%
CR relative to baseline energy requirements. Diet compositions
are summarized in Table 1 for the HG and LG diets, and a list of
actual foods that were provided for each type of diet is included
in Appendix A. Both diets had consistent features designed to
promote CR, including meeting DRIs for dietary fiber (4), lim-
ited inclusion of high-energy-density foods (20), limited liquid
calories (21), and a relatively high variety of low-energy-density
foods (eg, fruit and vegetables), and a relatively low variety of
high-energy-dense foods (22). The diets differed in the ratio of
macronutrients (HG: 60% carbohydrate, 20% fat, and 20% pro-
tein; LG: 40% carbohydrate, 30% fat, and 30% protein), and the
carbohydrate sources in the LG diet had a lower glycemic index
(GI) per published GIs of different carbohydrate sources (23).
Because all 3 macronutrients varied between the diets, the study
outcomes are most appropriately attributed to different dietary
patterns. However, because the largest difference between the
diets was in the GL, the diets are described as HG and LG diets.
The daily glycemic load was calculated as [daily GI � (total
available carbohydrate (g/d))/1000 kcal]. The amount of avail-
able carbohydrate for each food was calculated as total grams of
carbohydrate – total dietary fiber. Please note that, although it
was technically possible to change the GL of the diets by chang-
ing just the carbohydrate and fat contents (and leaving protein
constant), it would have been hard to control other factors be-
tween the diets, including palatability and energy density. With
the chosen approach, it was possible to match the diets for dietary
variety and palatability [assessed by using a visual analogue scale

(VAS) during a pilot test of the diets]. The subjects were also
provided with a multivitamin supplement and 500 mg Ca/d to
ensure that the DRIs of micronutrients were met.

All food was provided at the 30% reduced CR prescription to
subjects during the first 6 mo of the CR intervention. The subjects
were asked to consume only the provided food and were told that
it was important to comply with the study but were also told that
it was important to report both leftovers and any additional foods
they consumed on data recording sheets that were provided for
this purpose. After weeks 15–20 of the CR intervention, the
subjects were allowed 1000 kcal/wk of discretionary foods not on
the menu, and this amount was subtracted from the provided
foods. The subjects were requested to bring back their leftover
foods, which were weighed and the amounts recorded on the data
recording sheets. The subjects were allowed to eat foods not
included in the study diet on days such as Thanksgiving and
Christmas (or other infrequent special occasions) and were given
nonperishable foods and menu suggestions when traveling. In-
takes were self-recorded during these times. The subjects or their
designated representative came to the research center twice a
week to pick up the meals.

During the second 6 mo of the study, the subjects were in-
structed to self-select and prepare their own food at home to
maintain their randomization. To prepare for this phase, the sub-
jects worked with the study dietitian to develop an individualized
plan that included menus, recipes, portion sizes, and food lists
that were consistent with their randomized diets, prescribed cal-
orie levels, and food preferences. Food scales were provided to
help with appropriate portioning, and the subjects participated in
a preparatory grocery store tour and cooking class.

Recruitment and randomization

A total of 365 eligible subjects were screened for this study
over a 1-y period from October 2002 to December 2003, and 34
subjects were enrolled to the 30% CR groups (Figure 1). A block
randomization stratified on body mass index, sex, and diet group
was used. All outcome-assessment staff were blinded to partic-
ipant randomization, and the subjects were not informed of their
randomization until month 3 of CR.

Body weight, height, and composition

Height was measured at the research center, once at the be-
ginning of the study, with a wall-mounted stadiometer to �0.1
cm, and weight was measured at weekly intervals to �50 g with
a calibrated scale (model CN-20; DETECTO-Cardinal Scale
Manufacturing Co, Webb City, MO). All subjects were provided
with a home weight scale (model HS301 TANITA body weight
scale; Tanita Corporation of America Inc, Arlington Heights,
IL), and a daily home weight measure was obtained. Air-
displacement plethysmography (BOD POD; Life Measure-
ment Inc, Concord, CA) was used to measure body density in
duplicate at baseline and at 3, 6, and 12 mo. The principles of
this accurate density-based method and its validation and
practical use are described elsewhere (24 –26). The test-retest
CV for percentage body fat measured by BOD POD in human
adults is 1.7% � 1.1% (24).

Resting metabolic rate

Resting metabolic rate (RMR) was measured on 2 mornings at
baseline and at 6 mo and 12 mo of CR, after the subjects slept

TABLE 1
Composition of the 2 diets1

HG diet LG diet

Carbohydrate (% of energy) 60 402

Fat (% of energy) 20 302

Protein (% of energy) 20 302

Fiber (g/1000 kcal) 15.1 � 0.83 15.3 � 0.6
Energy density (kcal/g) 1.0 � 0.0 1.0 � 0.0
Glycemic index 85.6 � 2.8 52.4 � 4.42

Glycemic load (g/1000 kcal) 118.3 � 4.1 45.4 � 4.62

Variety (food items4/d) 11 11
Appearance (100-mm VAS)5 55.0 � 12.3 56.6 � 12.1
Taste (100-mm VAS)5 64.5 � 13.7 62.8 � 11.8
Smell (100-mm VAS)5 61.5 � 12.6 61.6 � 9.3

1 VAS, visual analogue scale (5-point anchors ranging from “not at all”
to “extremely” at opposite ends).

2 Significantly different from the HG diet, P � 0.001 (independent-
sample t test).

3 x� � SD (all such values).
4 Mixed dishes were considered as one food item.
5 Paired-sample t tests were used for comparisons between groups be-

cause an independent group tested both diets before the study began; no
significant differences were observed.
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overnight in the research center and fasted for 12 h according to
our usual procedures (27). Measurements were obtained while
the subjects were resting supine in comfortable thermoneutral
conditions by indirect calorimetry (Deltatrac portable metabolic
cart; Sensor Medics Corp, Yorba Linda, CA), and subjects were
instructed to relax and avoid hyperventilation, fidgeting, or
sleeping during the measurements. Measurements of oxygen
consumption and carbon dioxide production were obtained for
40 min, and the last 30 min of the data were used to calculate
RMR with the use of de Weir’s equation (28). The calorimeter
was assessed periodically with an alcohol burn test to ensure that
the accuracy of the measurements was within �1%.

Calculated energy intake and dietary adherence to CR

The TEE of the subjects was measured in duplicate over suc-
cessive 14-d periods at baseline, and additional 14-d measure-
ments were made at 3, 6, and 12 mo of CR. This standard,
nonradioactive isotopic method has been extensively validated
and is described elsewhere (29, 30). Briefly, at the start of each
TEE measurement, the subjects fasted overnight and were given
an oral dose of doubly labeled water (2H2

18O) containing 0.22 g
H2

18O/kg estimated total body water and 0.115 g 2H2O/kg total
body water after collection of 2 independent baseline urine spec-
imens. The subjects were then required to remain fairly sedentary
and not to consume any food or water while urine samples were
collected from complete voids made at 3, 4.5, and 6 h after dose
administration. After completion of urine collections, the sub-
jects were discharged from the unit and carried out their usual
daily activities for 14 d, with supervised urine specimen collec-
tion on days 7 and 14. All samples were portioned in duplicates
into airtight storage tubes (no. 62.547.004; Sarstedt, Inc, New-
ton, NC) immediately after collection and stored at �20 °C.

Abundances of H2
18O and 2H2O in dilutions of the isotope

doses and in urine specimens were measured in duplicate by
using isotope ratio mass spectrometry (31), and deuterium was
prepared for analysis by using an automated chromium reduction
system (32). The urine samples were analyzed at the Pennington
Biomedical Research Center (Baton Rouge, LA). Isotope elim-
ination rates (kh and ko) were calculated by using linear regres-
sion of logged values, and carbon dioxide production was cal-
culated by using the equations of Schoeller (19), as modified by
Racette et al (33). TEE was then calculated on the basis of an
assumed respiratory quotient of 0.86. Please note that large errors
in respiratory quotient have a small effect on the error of calcu-
lations of TEE (34).

Measurements of TEE obtained at 3, 6, and 12 mo during the
CR intervention were used to calculate the actual energy intake
of the subjects at these time periods. Because energy intake is
equal to TEE plus the change in energy balance (when a subject
is not in neutral energy balance), TEE data can be used to cal-
culate a value for energy intake unbiased by subject reporting, by
correcting for the estimated change in body energy stores during
the same period based on weight change (35). Individual values
for weight change during the doubly labeled water period were
calculated from the regression of daily measurements of body
weight made for up to 7 d before and 7 d after the period of TEE
measurements (for a maximum of 28 d). The energy content of
weight change was calculated assuming an energy content of
weight loss of 7.4 kcal/g (36).

Self-reported hunger, desire to eat, and dietary
satisfaction

The subjects were asked to record the level of hunger, desire to
eat nonstudy foods, and satisfaction with the amount of food
using a 100-mm VAS completed at the end of each study day (37,
38). Daily values were averaged for analyses of different study
periods; on average, 50% of the daily records were completed for
the analyses presented here.

Biochemical measures

Biochemical measures were determined in 12-h fasting blood
samples collected at baseline and at 6 and 12 mo. Plasma total
cholesterol, triacylglycerol, HDL, and LDL were measured on a
Hitachi 911 automated analyzer (Roche Diagnostics, Indianap-
olis, IN) with the use of enzymatic reagents. Blood glucose was
measured with a coupled enzyme kinetic method on a Cobas
Mira Analyzer (Roche Diagnostics). Insulin was measured
with a competitive binding radioimmunoassay with a com-
mercial human insulin specific kit (Linco Research Inc, St
Charles, MO) and a Packard Cobra II gamma counter. All
assays had a CV of 2.7– 6%.

Statistics

Statistical analyses were performed by using SAS for
WINDOWS (version 8.2; SAS Institute, Cary, NC). Values are
expressed as means � SDs unless otherwise specified. Analyses
were performed by using all available data from randomly as-
signed subjects and by restricting attention to subjects with com-
plete data (n � 15 for HG and n � 14 for LG). Diet character-
istics were compared by using t tests for independent samples for
all variables except for the palatability variables, for which
paired-samples t tests were used because an independent group
of subjects tasted both diets for the VAS ratings before the start
of the study. Baseline characteristics of the subjects were com-
pared by using independent-sample t tests. Changes in hunger,
satiety, and dietary satisfaction between baseline and 12 wk of
CR were compared by using analysis of variance. Percentage
weight change over time was examined by using a linear model
with diet group and time as independent variables. For all
other outcome variables, a mixed-model analysis with re-
peated measures was performed to determine the effects of
diet (HG and LG) and the change over time. All P values were
2-sided, and a P value �0.05 was considered to indicate
statistical significance.

RESULTS

Of the 34 subjects randomly assigned to 30% CR, 85% (n �
29) completed the 1-y study and subjects who dropped out mostly
did so because of scheduling conflicts and unplanned life
changes (Figure 1). Baseline characteristics for the subjects are
shown in Table 2. There were no statistically significant differ-
ences between the groups for any of the baseline variables.

Baseline TEE (equivalent to energy requirements in the
weight-maintenance state) and energy intake calculated from
TEE at intervals during the intervention (expressed as a percent-
age of baseline TEE, ie, %CR) are provided in Table 3. There
was no statistically significant difference in baseline TEE be-
tween the diet groups. Both groups had significant %CR from
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baseline (P � 0.01). However, %CR was not statistically signif-
icantly different between the groups at 3, 6, or 12 mo of the
intervention. On average, the subjects ate somewhat more food
than prescribed at all time points. Consistent with the actual
measured %CR values, percentage weight loss was significant
over time in both groups (P � 0.0001) but was not significantly
different between the groups (P � 0.59) (Figure 2). In other
words, there was no difference in percentage weight loss between
individuals randomly assigned to different diets, and mean val-
ues at 12 mo were not statistically significantly different
(Table 4).

Baseline body weight, percentage body fat, and RMR, and
percent change from baseline at 6 and 12 mo of CR, respectively,
are also shown in Table 4. There was a statistically significant
decrease in mean percentage fat over time (P � 0.0001) consis-
tent with body weight change; however, the difference between
diet groups was not statistically significant over time. RMR also
decreased significantly from baseline to 6 and 12 mo (P � 0.01),
but changes in RMR over time were not statistically significant
between diet groups. There was no diet-by-time interaction for
both the measured and percentage change data. It should be noted
that there were also no group differences in changes in fat-free
mass and fat mass with CR, and the change in RMR adjusted for
the change in fat-free mass was also not significant (data not
shown). Results for weight, fat loss, and change in RMR when all
participants were included were not statistically different from
the results obtained when noncompleters were.

Changes in self-reported hunger and satisfaction with the
amount and type of provided food and the desire to eat nonstudy
foods between baseline and 3 mo of CR were examined by using

daily VAS. The first 3 mo of CR were chosen for this analysis
because this is the period when adherence to the prescribed CR
was at its highest; therefore, eating-behavior variables could be
compared between groups to indicate true composition effects.
The results from this analysis showed that there was a significant
increase from baseline in the desire to eat nonstudy foods (P �
0.01) and a significant decrease in the satisfaction with the type
of provided food (P � 0.05) within the HG group but not within
the LG group. However, there was no statistically significant
difference between the diet groups for change in these variables
over time (data not shown).

Fasting values for triacylglycerols, insulin, glucose, and total,
HDL, and LDL cholesterol at baseline and the percent change in
these variables at 6 and 12 mo of CR are shown in Table 5. The
decreases over time in percentage change from baseline were
statistically significant for triacylglycerol (P � 0.001), insulin
(P � 0.0001), and total (P � 0.001), HDL (P � 0.0001), and LDL
(P � 0.05) cholesterol, but not for glucose. There were no sta-
tistically significant diet-by-group interactions over time for any
of the variables. Insulin and glucose data for the 30% CR group
with the 2 diets are reported in more detail elsewhere (39), but are
summarized here for completeness.

DISCUSSION

This detailed RCT in healthy overweight women and men is
the first to examine the effects of HG compared with LG diets on
weight loss in a long-term protocol not confounded by group
differences in other factors that strongly influence energy intake,
including type of behavioral support, diet palatability, and di-
etary variety of the regimens. Under the conditions of this study,
which tested diets that differed in all 3 macronutrients but mostly
in glycemic load (40% carbohydrate from low-GI sources com-
pared with 60% of energy intake from high-GI sources), we
found no significant difference between the groups in mean en-
ergy intake, weight loss, and body fat loss throughout the 12 mo
study. These findings provide more rigorous support than avail-
able previously for the view that wide variability in the balance
of different dietary macronutrients has little effect on mean long-
term weight loss during CR (40).
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FIGURE 2. Mean (�SD) percentage weight change during 12 mo of
calorie restriction in the groups randomly assigned to consume a diet with
either a high glycemic load (n � 15; F) or a low glycemic load (n � 14; ■ ).
Percentage weight change over time was analyzed with the use of a linear
model with diet group and time as independent variables.

TABLE 3
Prescribed energy intake during calorie restriction (CR) and energy intake
expressed as a percentage of baseline total energy expenditure (TEE) at 3,
6, and 12 mo of CR1

HG diet
(n � 15)

LG diet
(n � 14)

Baseline TEE (kcal/d) 2825 � 499 2708 � 373
Prescribed energy intake (kcal/d) 1960 � 364 1900 � 251
Measured CR at 3 mo (%)2 21.1 � 10.3 27.5 � 13.0
Measured CR at 6 mo (%)2 15.7 � 12.7 17.5 � 15.3
Measured CR at 12 mo (%)2 17.1 � 13.0 9.5 � 14.2

1 All values are x� � SD. HG, high glycemic load; LG, low glycemic
load.

2 There was a statistically significant difference over time (P � 0.01) but
not between groups (P � 0.922) (mixed-model analysis of repeated mea-
sures). There was no significant diet-by-time interaction (P � 0.125).

TABLE 2
Characteristics of the subjects in the 2 diet groups at baseline1

HG diet
(n � 4 M, 13 F)

LG diet
(n � 4 M, 13 F)

Age (y) 34 � 5 35 � 6
BMI (kg/m2) 27.5 � 1.6 27.6 � 1.2
Height (cm) 169.1 � 10.7 169.0 � 10.2
Weight (kg) 79.0 � 12.1 79.1 � 9.2
Body fat (%) 34.8 � 7.1 34.9 � 8.2

1 All values are x� � SD. HG, high glycemic load; LG, low glycemic
load. There were no statistically significant differences between the diet
groups (independent-sample t tests).
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Several recent long-term studies have examined the effects of
diet composition on weight loss and reported greater weight loss
with LG diets than with HG diets at 6 mo, but no difference in
mean weight loss at 12 mo (8, 10, 41). Perhaps the most important
difference between those studies and the one described here is
that those studies recommended dietary compositions to the sub-
jects, whereas we provided subjects with a complete set of meals
and snacks every day for 6 mo in menus controlled for other
factors that have well-established influences on energy intake
(42, 43). The compositions recommended in those studies were
also more extreme (eg, less carbohydrate in the LG groups), but
self-reported intakes indicated similar actual compositions to

those used in this study. The greater initial weight loss seen in the
LG groups in the previous studies may therefore have been due
to inadvertent dietary changes that the subjects made to accom-
modate protocol requirements, for example, in dietary variety,
palatability, and fiber (which are known to have independent
effects on energy intake) rather than in macronutrients and gly-
cemic load. By 12 mo, both the previous studies and our new
investigation found no difference in weight loss between the HG
and LG regimens and a tendency for weight and body fat regain
in the LG groups. Taken together, these findings suggest that
reduced energy intake may be somewhat harder to sustain with
LG regimens in the long term. This could be true for a number of

TABLE 4
Resting metabolic rate (RMR) and body composition in the 2 diet groups1

Baseline2

Change from baseline

6 mo 12 mo

%

Body weight (kg)3

HG diet (n � 15) 78.5 � 12.3 �9.1 � 4.2 �8.0 � 4.1
LG diet (n � 14) 78.0 � 9.3 �10.4 � 4.1 �7.8 � 5.0

Body fat (%)3

HG diet 35.0 � 7.1 �17.1 � 11.6 �14.8 � 8.8
LG diet 35.2 � 8.7 �23.3 � 16.6 �17.9 � 12.5

RMR (kcal/d)4

HG diet 1582 � 255 �5.9 � 5.7 �3.3 � 7.1
LG diet 1605 � 182 �6.6 � 5.6 �2.2 � 7.8

1 All values are x� � SD. CR, calorie restriction; HG, high glycemic load; LG, low glycemic load.
2 There were no statistically significant differences between the groups (independent-sample t tests).
3,4 There was a statistically significant change over time: 3P � 0.001, 4P � 0.01. There were no statistically significant differences between the diet groups

over time (mixed-model analysis of repeated measures). There was no significant diet-by-time interaction.

TABLE 5
Clinical indicators in the 2 diet groups1

Baseline2

Change from baseline

6 mo 12 mo

%

Triacylglycerol (mg/dL)3

HG diet (n � 15) 90.6 � 47.2 �14.3 � 21.9 �16.5 � 29.9
LG diet (n � 14) 98.6 � 33.1 �24.7 � 27.7 �15.2 � 24.8

Total cholesterol (mg/dL)4

HG diet 168.4 � 25.3 �11.1 � 8.3 �4.2 � 9.3
LG diet 176.7 � 26.7 �13.4 � 12.1 �5.3 � 10.5

HDL cholesterol (mg/dL)5

HG diet 55.4 � 8.5 �2.8 � 10.6 13.3 � 16.2
LG diet 51.0 � 11.5 �3.1 � 19.1 11.9 � 10.2

LDL cholesterol (mg/dL)6

HG diet 96.9 � 21.5 �13.2 � 11.0 �7.1 � 11.3
LG diet 107.6 � 24.2 �13.4 � 18.2 �7.0 � 17.5

Glucose (mg/dL)
HG diet 83.5 � 6.1 �2.5 � 6.1 �2.3 � 6.2
LG diet 84.4 � 5.8 �1.8 � 7.8 5.0 � 9.9

Insulin (�IU/mL)4

HG diet 10.5 � 3.6 �14.9 � 20.0 �18.0 � 15.0
LG diet 12.1 � 4.3 �25.4 � 24.2 �21.2 � 16.7

1 All values are x� � SD. HG, high glycemic load; LG, low glycemic load. There were no statistically significant differences between diet groups over time.
2 There were no statistically significant differences at baseline between the groups (independent-sample t tests).
3,4,6 There was a statistically significant change over time (mixed-model analysis of repeated measures): 3P � 0.001, 4P � 0.0001, 6P � 0.05.
5 There was a statistically significant change over time at the 12-mo time point only, P � 0.0001 (mixed-model analysis of repeated measures).
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reasons, including the difficulty in sustaining a self-selected LG
diet because of the challenges in maintaining acceptable variety
and palatability or, perhaps, to the difficulties associated with the
significant lifestyle changes required to shop and cook for an
unfamiliar LG regimen.

Some short-term studies have also examined the effects of HG
compared with LG diets on weight and body composition (44–
46). However, those studies did not control the diets for other
factors, such as dietary variety (42), palatability (42), and fiber
(43), which are known to have substantial independent effects on
energy intake, and typically had other differences between diet
groups, such as different methods for self-reporting relevant
variables, such as energy intake. In the present study, energy
intake was measured by using the objective doubly labeled water
method by calculating energy intake from TEE (19) and the
change in energy balance during the measurement period based
on body weight change as outlined previously (35). This was an
important element of the protocol because underreporting of
dietary intake by the subjects in self-reports is essentially a uni-
versal phenomenon, with the extent of underreporting varying
between 5% and 50%, depending on the population (35, 47–49).
Using the doubly labeled water method, we found that, although
both groups of 30% CR subjects consumed some nonstudy food,
there was no significant difference in the degree of nonadherence
between the dietary groups.

It should also be noted that there were no differences in self
assessments of changes in hunger over time by subjects in the HG
and LG groups during the first 12 wk of the protocol, when
adherence was generally highest. This finding of no difference in
hunger between the HG and LG diet groups might have been due
to a lack of power in this relatively small study, especially be-
cause the desire to eat nonstudy foods increased in the HG group
but not in the LG group. It is also possible, however, that the
suggested greater satiation from high-protein meals and low-GI
meals than from low-protein and high-GI meals in previous stud-
ies (50, 51) was not seen here because of the common features
anticipated to minimize hunger in both the diets, including very
high amounts dietary fiber (43), low energy density (20), and low
amounts of liquid energy sources (21). We speculate that these
common satiety-inducing features may have overridden any pos-
sible additional satiety effects of the higher-protein content and
lower GI of the LG diet.

This long-term and detailed RCT, which provided diets
extensively matched for confounding variables, found no ev-
idence of any differential effect of dietary GL on group mean
values for energy intake, hunger, satiety, metabolic rate, and
weight and body fat loss up to 12 mo. Although the results
obtained cannot be attributed to any one macronutrient, be-
cause we aimed to create different macronutrient patterns that
mimicked common patterns of consumption, the present re-
sults suggest that a broad range of healthy diets can success-
fully promote weight loss.
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APPENDIX A
Sample of foods provided in the diets with a high glycemic load (HG) or
low glycemic load (LG)

HG diet
Candied sweet potatoes
Carrots
Chicken and pea casserole
Chef salad
Chicken and rice
Couscous
English muffins and bagels
Jelly
Jasmine rice
Lactose-free skim milk1

Oatmeal
Pizza
Sugar cookies and graham crackers
Shepherd’s pie with mashed potatoes
Sweet and sour chicken
Turkey with cranberry sauce
Tuna sandwich
Waffles
Yogurt with added fruit—canned pears, peaches, figs, pineapple,

oranges, and bananas
LG diet

Baked chicken
Bean and barley stew
Bulgur and beans
Broccoli and beans
Cottage cheese, low-fat
Curried lentils
Fish
Fruit: oranges, grapefruit, plums, pears, apples, and berries
Flaxseed cookies
Green salad
Kashi2 and Muesli3 cereal
Lentils with tomato sauce
Nuts
Pumpernickel bread
Salisbury steak
Skim milk
Tomato cucumber bean salad
Wheat berry salad
Yogurt

1 Lactaid; McNeil Nutritionals, LLC, Fort Washington, PA.
2 Kashi, La Jolla, CA.
3 Kellogg’s Co, Battle Creek, MI.
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Consumption of fluid skim milk promotes greater muscle protein
accretion after resistance exercise than does consumption of an
isonitrogenous and isoenergetic soy-protein beverage1–3

Sarah B Wilkinson, Mark A Tarnopolsky, Maureen J MacDonald, Jay R MacDonald, David Armstrong, and
Stuart M Phillips

ABSTRACT
Background: Resistance exercise leads to net muscle protein ac-
cretion through a synergistic interaction of exercise and feeding.
Proteins from different sources may differ in their ability to support
muscle protein accretion because of different patterns of postpran-
dial hyperaminoacidemia.
Objective: We examined the effect of consuming isonitrogenous,
isoenergetic, and macronutrient-matched soy or milk beverages
(18 g protein, 750 kJ) on protein kinetics and net muscle protein
balance after resistance exercise in healthy young men. Our hypoth-
esis was that soy ingestion would result in larger but transient hy-
peraminoacidemia compared with milk and that milk would promote
a greater net balance because of lower but prolonged hyperamino-
acidemia.
Design: Arterial-venous amino acid balance and muscle fractional
synthesis rates were measured in young men who consumed fluid
milk or a soy-protein beverage in a crossover design after a bout of
resistance exercise.
Results: Ingestion of both soy and milk resulted in a positive net
protein balance. Analysis of area under the net balance curves indi-
cated an overall greater net balance after milk ingestion (P � 0.05).
The fractional synthesis rate in muscle was also greater after milk
consumption (0.10 � 0.01%/h) than after soy consumption (0.07 �
0.01%/h; P � 0.05).
Conclusions: Milk-based proteins promote muscle protein accre-
tion to a greater extent than do soy-based proteins when consumed
after resistance exercise. The consumption of either milk or soy
protein with resistance training promotes muscle mass maintenance
and gains, but chronic consumption of milk proteins after resistance
exercise likely supports a more rapid lean mass accrual. Am J
Clin Nutr 2007;85:1031–40.

KEY WORDS Skeletal muscle, protein synthesis, dietary pro-
tein, feeding, hypertrophy

INTRODUCTION

Both hyperaminoacidemia (1–3) and resistance exercise
(4–8) independently stimulate muscle protein synthesis. Fur-
thermore, there is an additive effect of combining resistance
exercise with feeding (3, 9 –12), which leads to an enhanced
anabolic environment. The gain in muscle protein mass in-
duced by resistance training is due to the summation of the
series of acute responses of muscle protein synthesis and

breakdown caused by the combined stimulus of exercise and
feeding (13, 14).

It is currently unclear whether proteins from different sources
induce a greater anabolic response after resistance exercise. Dif-
ferent milk proteins result in a different time course of hyperami-
noacidemia (15, 16). Proteins, such as soy and whey, which are
digested rapidly, lead to a large but transient rise in aminoaci-
demia, stimulate protein synthesis, and are referred to as “fast”
proteins. By contrast, casein protein is considered a “slow” pro-
tein because it promotes a slower, more moderate, and longer
lasting rise in plasma amino acids and does not stimulate protein
synthesis, at least at the whole body level, but suppresses prote-
olysis (15). Our hypothesis was that, to promote an anabolic
environment for muscle protein synthesis after resistive exercise,
a supply of both fast dietary proteins, which stimulate protein
synthesis, and slow dietary proteins, which suppress muscle pro-
tein breakdown, are advantageous (15, 16). Such a combination
of fast and slow proteins is available in fluid bovine milk, which
contains �80% casein and �20% whey protein by mass. Whole-
body protein turnover data support the hypothesis that milk pro-
vides a combination of whey to stimulate synthesis and casein to
inhibit breakdown (16). Using a modeling approach, Fouillet et
al (17) estimated that ingestion of soy protein resulted in a lower
whole-body retention of dietary nitrogen than did milk protein.
Furthermore, soy protein induced a more rapid digestion, transit
time, and absorption of nitrogen from the intestine, which was more
readily retained by the splanchnic bed. This sequestering of amino
acids by the splanchnic bed caused a subsequent reduction in amino
acid uptake by peripheral tissues, including skeletal muscle (17).
Data from previous studies suggest that the digestibility of a protein
source differentially affects whole-body protein turnover at rest;
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however, it has yet to be fully elucidated what effect the protein
source has on whole-body and muscle protein turnover after resis-
tance exercise.

Given our knowledge of the effect of dietary protein ingestion
at rest on whole-body protein turnover, we aimed to investigate
the effect of oral ingestion of either fluid nonfat milk or an
isonitrogenous and isoenergetic macronutrient-matched soy-
protein beverage on whole-body and muscle protein turnover
after an acute bout of resistance exercise in trained men. We
hypothesized that the ingestion of milk protein would stimulate
muscle anabolism to a greater degree than would the ingestion of
soy protein, because of the differences in postprandial amino-
acidemia.

SUBJECTS AND METHODS

Subjects

Eight healthy men with a mean (�SE) age of 21.6 � 0.3 y,
body mass of 81.7 � 5.9 kg, and height of 177.6 � 4.1 cm who
regularly engaged in resistance training (�4 d/wk) were re-
cruited for the study. Each participant was advised of the pur-
poses of the study and its associated risks. The participants were
required to complete a health questionnaire and were deemed
healthy on the basis of the responses. All subjects were nonsmok-
ers, did not use any medication chronically, and gave their writ-
ten informed consent before participation. The Hamilton Health
Sciences Research Ethics Board approved the project, which
complies with all standards set by the Declaration of Helsinki.

Experimental protocol

The subjects performed 2 trials in random order separated by
�1 wk. On each trial day, the participants received either a soy
or milk beverage after a unilateral resistance exercise bout. A
unilateral bout was used to isolate the effect of protein ingestion,
after resistance exercise, to a single muscle mass with ample
postexercise hyperemia and amino acid supply. On each trial day,
the samples were taken only from the exercised leg. The drink
order and leg that was tested, in terms of dominance based on
strength, were randomized in a counterbalanced manner.

Each subject’s single repetition maximum (1 RM, ie, the max-
imal amount of weight lifted at one time) for each leg was tested
on 2 separate occasions �2 wk before the trials began (x� � SE:
seated leg press, 122 � 7 kg; prone hamstring curl, 51 � 3 kg; and
seated leg extension, 69 � 4 kg). The mean (�SE) leg volume
was 12.7 � 0.7 L, which was determined by using an anthropo-
metric approach (18).

The participants were asked to refrain from participating in
strenuous exercise and from consuming alcohol for 2 d before
each trial day. On each trial day, the subjects consumed a bev-
erage with a defined formula (2170 kJ, 67% of energy as carbo-
hydrate, 17% of energy as protein, and 16% of energy as fat;
Boost, Novartis Nutrition Corporation, Fremont, MI) in the
morning (0600) after an overnight fast (no food after 2000 the
previous night). After 2.5 h (postabsorptive), the subjects re-
ported to the exercise metabolism laboratory at McMaster Uni-
versity. A baseline breath sample was collected into a 100-L
Douglas bag before being injected into a 10-mL evacuated tube
for subsequent analysis of baseline 13CO2/12CO2. Breath enrich-
ment was analyzed by using an automated 13CO2 isotope ratio
mass spectrometry breath-analysis system (BreathMat plus;

Thermo Finnigan, San Jose, CA) per previously described meth-
ods (19). Breath-by-breath carbon dioxide production was mea-
sured for 5 min. with an online gas collection system (Moxus;
AEI Technologies, Pittsburg, PA).

A polyethylene catheter was then inserted into a forearm vein,
from which a baseline blood sample was taken to determine
background amino acid enrichment. After the baseline blood
sample was drawn, the bicarbonate pool was primed with
Na13CO3 (3.5 �mol/kg), and primed constant infusions of L-[1-
13C]leucine (prime: 7.6 �mol/kg; infusion rate: 7.6
�mol � kg�1 � h�1) and L-[ring-2H5]phenylalanine (prime:
2 �mol/kg; infusion rate: 2.4 �mol � kg�1 � h�1) were initiated
(Figure 1). All isotopes were purchased from Cambridge Iso-
topes (Andover, MA), dissolved in 0.9% saline, filtered through
a 0.2-�m filter, and infused with the use of a calibrated syringe
pump (KD Scientific, Holliston, MA). The infusion protocol
was designed so that steady state was achieved within 1.5 h in
both the intramuscular and plasma pools. After baseline sam-
pling, the subjects rested for 1.5 h, during which time a 20-gauge
polyethylene catheter was inserted into the radial artery for
blood sampling (Figure 1). The catheter was kept patent by using
periodic flushes of 0.9% saline containing 1 IU heparin/mL,
which was maintained at a pressure above systolic pressure. At
�1–2 cm distal to the inguinal crease, a 3 French 10-cm poly-
ethylene catheter was inserted into the femoral vein in an antero-
grade orientation.

After 1.5 h, blood samples were taken from the radial artery
and femoral vein. Femoral artery blood flow was determined by
using pulsed-wave Doppler ultrasonography, and a percutaneous
muscle biopsy sample was obtained. The subjects then per-
formed a standardized leg workout, ie, leg press, hamstring curl,
and knee extension with a single leg. The subjects performed 4
sets of each exercise, with 10 repetitions per set for the first 3 sets,
and the last set to exhaustion. Exercise intensity was set at 80%
of 1 RM with an interset rest period of 2 min. After the resistance
exercise protocol was completed, blood samples and muscle
biopsy samples were obtained. The subjects then ingested (in a
randomized single-blinded fashion) a 500-mL drink that con-
tained either fluid nonfat milk or an isonitrogenous, isoenergetic,
and macronutrient-matched soy-protein beverage (745 kJ, 18.2 g
protein, 1.5 g fat, and 23 g carbohydrate as lactose for milk and
as maltodextrin for the soy beverage). The drinks were made
from commercially available isolated soy protein (GeniSoy,
Fairfield, CA) or skim milk powder. After drink consumption,
femoral artery blood flow, breath samples, arterial and venous
blood samples, and muscle biopsy samples were obtained every
hour thereafter for 3 h (Figure 1). The biopsy samples were taken
only from the exercised leg within a given experimental condi-
tion. On a second day, �1 wk after the initial trial, the subjects
followed the same protocol, except that the contralateral leg was
tested and they received the alternative beverage after exercise.

Analytic methods

Blood flow

Femoral artery mean blood velocity (MBV) was measured by
using pulsed-Doppler ultrasonography (model system 5; GE
Medical Systems, Horten, Norway). Data were acquired contin-
uously with a 10-MHz probe, corrected for insonation angle,
placed on the skin surface 2–3 cm proximal to bifurcation of the
femoral artery into the superficial and profundus segments. The
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ultrasound gate was maintained at full width to ensure complete
insonation of the entire vessel cross-section with constant inten-
sity (20). MBV data were recorded at 200 Hz and stored on a
computer for subsequent analysis. Average MBV was calculated
by integrating the total area under the MBV profile for 15 sub-
sequent heart cycles at each time point. Femoral artery diameter
was measured simultaneously by using 2-dimensional echo-
Doppler ultrasound (10-MHz probe) and stored to videotape for
subsequent analysis. Arterial diameter was determined in tripli-
cate before and immediately after exercise and 1, 2, and 3 h after
drink ingestion. At each time point, 3 measures of systolic and
diastolic diameters were used to determine mean diameter.

Mean leg blood flow (mL/min) �

MBV(cm/s) � r2 � 60 s/min (1)

Blood samples

Blood samples were collected into heparinized evacuated con-
tainers. Whole blood (100 �L) was added to ice-cold perchloric
acid (PCA; 0.6 mol/L, 500 �L); the solution was mixed and
allowed to sit on ice for 10 min to precipitate all proteins. This
mixture was then centrifuged at 4000 � g (15 000 rpm) for 2 min
at 4 °C. The PCA was neutralized with 250 �L of 1.25 mol
KHCO3/L, and the reaction was allowed to proceed on ice for 10
min. The samples were then centrifuged at 4000 � g (15 000
rpm) for 2 min at 4 °C. The supernatant fluid was stored at
�50 °C until analyzed further (blood amino acid concentrations
and blood phenylalanine enrichment). Blood plasma was ob-
tained by centrifuging the evacuated tube at 4 °C for 10 min at
4000 � g (4500 rpm). The plasma was stored at �50 °C for the
measurement of plasma insulin and glucose concentrations and
plasma �-ketoisocaproic acid enrichment as described below.

Muscle biopsy samples

Needle biopsy samples from the vastus lateralis were obtained
under local anesthesia (1% xylocaine). A 5-mm Bergström bi-
opsy needle modified for manual suction was used to obtain
�100 mg of muscle tissue from each biopsy. Biopsies were
obtained from separate incisions from the same leg during each
trial and from the contralateral leg during the following trial. The

muscle was dissected free of any visible fat and connective tissue
and was immediately frozen in liquid nitrogen and stored at
�80 °C before analysis.

Blood analysis

Plasma was assayed for insulin by using a commercially avail-
able radioimmunoassay kit from Diagnostic Products Corpora-
tion (Los Angeles, CA). Neutralized blood PCA extract was
assayed for glucose by using a standard enzymatic method (21).
Plasma �-ketoisocaproic acid enrichment was determined by
using methods described previously (22, 23).

Muscle sample analysis

Muscle samples were lyophilized to dryness while being in-
cubated on dry ice (Savant, Rockville, MD). Samples were man-
ually powdered and weighed. To determine intracellular amino
acid concentration and phenylalanine enrichments, a portion of
the muscle sample was extracted with 0.5 mol PCA/L and neu-
tralized with 2.2 mol KHCO3/L. The PCA extract was removed
and stored at �50 °C until analyzed further. Subsequently, to
determine protein-bound phenylalanine enrichment, the remain-
ing muscle pellet was washed with distilled water, dried, and then
hydrolyzed in 6 mol HCl/L at 100 °C for 24 h. The protein
hydrolysate was neutralized and passed over a PepClean C18

Spin Column (Pierce, Rockford, IL) for purification. Desorption
of amino acids from the column was accomplished with a 70%
acetonitrile solution, and the eluate was collected and dried under
nitrogen gas.

HPLC amino acid analysis

To determine whole blood and muscle intracellular amino acid
concentrations, the whole-blood and muscle PCA extract was
derivatized by using a Waters AccQ�Fluor reagent kit (Milford,
MA) by heating for 30 min at 55 °C to form the 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate derivative of all physiologic
amino acids. Samples and standards (Sigma, St Louis, MO) were
run on an HPLC (HPLC: Waters model 2695; column: Waters
Nova-Pak C18, 4 �m; detector: Waters 474 scanning fluores-
cence detector). The amino acids were detected by using a scan-
ning fluorescence detector with excitation and emission wave-
lengths of 250 and 395 nm, respectively. Amino acid peak areas

FIGURE 1. Experimental protocol.
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were integrated and compared with known standards and ana-
lyzed by using a Waters Millenium32 software package (Milford,
MA). This method achieved separation of 19 of the 20 physio-
logic amino acids, with the exception of tryptophan, which was
not included in the analysis.

Protein amino acid content analysis

To determine the amino acid content of the milk and soy
proteins ingested by the participants, 5 aliquots of each protein
were hydrolyzed in 6N HCl for 24 h at 100 °C. The samples were
then neutralized with 6N NaOH and filtered through a 0.2-�m
filter. A small portion of the sample was then derivatized in the
same manner as were the blood and muscle samples and run on
the HPLC to determine the percentage of each individual amino
acid (mg amino acid/mg protein). The milk protein was com-
posed of 43% essential and 23% branched-chain amino acids
(7.6% Lys, 2.6% Met, 4.3% Phe, 5.5% Thr, 5.6% Ile, 10.5% Leu,
and 7.0% Val). Analysis of the soy-protein amino acid content
showed that it was made up of 41% and 21% essential and
branched-chain amino acids, respectively (7.0% Lys, 1.4% Met,
5.0% Phe, 5.7% Thr, 5.4% Ile, 9.6% Leu, and 6.4% Val).

Phenylalanine enrichment

To determine the enrichment of phenylalanine in blood and
muscle, a tert-butyl dimethylsilyl (t-BMDS) derivative was pre-
pared. The blood and intracellular muscle PCA extracts were
transferred into threaded borosilicate tubes and lyophilized in a
SpeedVac rotary evaporator (Savant Instruments, Farmingdale,
NY). To derivatize the dried eluent from the column clean-up for
the bound sample and dried PCA extract, 50 �L HPLC grade
acetonitrile and 50 �L N-methyl-N-(tert-butyldimethylsilyl)
trifluoro-acetaminde � 1% tert-butyldimethylchlorosilane
(MTBSTFA and 1% TBDMCS; Regis, Morton Grove, IL) were
added to the sample. Phenylalanine enrichment was analyzed by
electron-impact ionization capillary gas chromatography–mass
spectrometry (GC Hewlett-Packard 6890: Palo Alto, CA; MSD
Agilent 5973: Palo Alto, CA) in electron ionization mode (23).
The enrichment of phenylalanine in the PCA blood and muscle
intracellular extracts was analyzed at mass-to-charge (m/z) ratios
of 234 (m � 0 – baseline) and 239 (m � 5). For the protein-bound
phenylalanine enrichment, a standard curve was used and m/z
ratios of 234, 237, and 239 were used (24, 25).

Calculations

The fractional synthetic rate (FSR) of muscle proteins was
calculated as the rate of tracer incorporation into mixed muscle
proteins by using the enrichment of intracellular free phenylal-
anine as the precursor, according to a previously published equa-
tion (6).

Chemical phenylalanine and total amino acid (TAA) net bal-
ance (NB) across the leg was calculated, as described elsewhere
(9–12), from the difference between arterial and venous concen-
trations multiplied by femoral artery blood flow:

NB � (Ca � Cv) � BF (2)

where Ca is the arterial amino acid concentration, Cv is the venous
amino acid concentration, and BF is femoral artery blood flow.
Because phenylalanine is not metabolized in muscle, a positive
net balance signifies net uptake and muscle protein anabolism
and a negative net value indicates net release of amino acids and

muscle protein catabolism. Nitrogen NB was calculated by mul-
tiplying the concentration of each amino acid by nitrogen content
per amino acid.

Area under the NB curve was calculated by using the PRISM
software package (GraphPad Software Inc, San Diego, CA). A
baseline of 0 was used to determine the total positive area under
the curve for the time points after drink consumption (30, 60, 90,
120, and 180 min).

In the 2-pool model, muscle protein synthesis and break-
down is estimated by using the rate of appearance (Ra) and
disappearance (Rd), respectively, of L-[ring2H5]phenylalanine in
the blood (23):

Ra � (Ea/Ev � 1) � Ca � BF (3)

Rd � NB � Ra (4)

where Ea is the arterial enrichment of L-[ring2H5] phenylalanine,
Ev is the venous enrichment of L-[ring2H5] phenylalanine, and Ca

is the arterial amino acid concentration.
Leucine flux (Q), oxidation, and nonoxidative leucine dis-

posal (NOLD) were calculated by using previously published
equations (26). Exercise and feeding is known to effect the re-
tention of carbon dioxide in the body (23); therefore, values of
0.81 (26) and 0.83 (22) were used for calculations before exercise
and during the recovery period, respectively. NOLD was used as
an index of whole-body protein synthesis, Q was used as an index
of whole-body protein breakdown, and oxidation was used as an
index of whole-body protein oxidation.

Statistics

Sample size estimates were based on the ability to detect a 25%
difference between groups in mixed muscle fractional synthetic
rate using an � value of 0.05 and a � value of 0.2, with an
estimated population variance in the measure based on past stud-
ies from our lab and from literature values. To protect power, we
added 2 subjects to the final calculated sample size estimate. Data
were analyzed by using STATISTICA (version 6.0; Statsoft,
Tulsa, OK) with a repeated-measures analysis of variance. Area
under the curve measures were analyzed by using paired t tests.
When a significant F ratio was observed, a post hoc analysis with
Tukey’s honestly significant difference test was used to deter-
mine differences. Significance was set at P � 0.05. Data are
presented as means � SEMs.

RESULTS

All subjects completed the exercise protocols. The number of
repetitions and sets were evenly matched so that the exercise
stimulus was similar in each trial. Plasma insulin and glucose
concentration increased above concentrations before exercise 60
min after drink consumption, with no differences observed be-
tween the drinks (Table 1). By 120 min after drink consumption,
blood glucose and insulin concentrations were no different from
those observed before exercise.

Femoral artery blood flow was significantly elevated imme-
diately after the resistance exercise bout and returned to concen-
trations not different from those before exercise by 60 min after
drink consumption (Table 2).

The sum of TAA concentration showed a time-by-beverage
interaction such that concentration was elevated after both soy-
and milk-protein consumption (Figure 2) 30, 60, and 90 min
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after each drink; however, by 120 min after drink consumption,
AA concentrations were no different from those observed before
or immediately after exercise. The sum of TAA was significantly
greater in the soy trial than in the milk trial 30 min after drink
consumption (P � 0.05).

Intramuscular lysine and phenylalanine concentrations were
significantly elevated above concentrations before exercise by
60 min after both drinks were consumed, but returned to con-
centrations no different from those before exercise by 120 min
after drink consumption (Table 3). The intramuscular concen-
trations of Ile, Leu, Lys, Phe, and Val and the sum of essential
amino acids were all significantly reduced at 180 min after the
drink was consumed compared with concentrations observed 60
min after the proteins were consumed (Table 3).

Leucine oxidation did not change significantly over the entire
protocol (Table 4). NOLD, a measure of whole-body protein
synthesis, was significantly elevated 1 h after both milk- and
soy-protein consumption compared with values before beverage
consumption (Table 4). In observations made 120 and 180 min
after drink consumption, NOLD was not significantly different
from values observed before exercise. Leucine flux, an indica-
tion of whole-body protein breakdown, was significantly ele-
vated 60 min after and protein-drink consumption compared with
values observed before exercise (Table 4). However, by 120 min
after exercise, leucine flux was not significantly different from
that before exercise. There were no differences between soy and

milk in any variables measured by whole-body protein oxidation
or turnover.

FSR showed a significant time-by-beverage interaction such
that FSR was significantly greater during the 3 h of recovery from
exercise after both soy and milk drink consumption than after the
time period when resistance exercise was performed (Figure 3).
There was no difference in muscle FSR between the soy and milk
trials during the exercise time period; however, muscle FSR
observed after milk consumption was 34% greater than that after
soy consumption (P � 0.05).

There was no effect of either protein or time on the Ra of
phenylalanine (Figure 4A). The Rd of phenylalanine showed a
main effect of time and was elevated 30 min after protein con-
sumption, when both beverages were combined (Figure 4B). Net
phenylalanine balance showed a significant time-by-beverage
interaction such that values were negative before exercise (Fig-
ure 4C); however, 30 and 60 min after both soy- and milk-protein
consumption, NB became positive and remained significantly
elevated above concentrations seen before consumption. In the
soy trial, NB was again negative by 120 min after drink con-
sumption, whereas NB remained positive in the milk condition
and different from that in the soy condition at the 90- and 120-min
time points. By 180 min after drink consumption, NB was neg-
ative in both the soy and milk trial. Positive area under the milk
NB curve was significantly greater than that in the soy trial

TABLE 1
Effect of milk- and soy-protein consumption on plasma glucose and insulin concentration1

Before
exercise

After
exercise 60 min 120 min 180 min

Glucose (mmol/L)
Milk

Artery 4.5 � 0.2 4.7 � 0.2 5.1 � 0.32 4.9 � 0.1 4.7 � 0.1
Vein 4.0 � 0.1 4.5 � 0.2 4.7 � 0.32 4.4 � 0.2 4.4 � 0.1

Soy
Artery 4.5 � 0.1 4.8 � 0.2 5.4 � 0.22 4.7 � 0.1 4.6 � 0.1
Vein 4.0 � 0.1 4.5 � 0.2 4.9 � 0.32 4.4 � 0.1 4.4 � 0.1

Insulin (�IU/mL)
Milk 3.0 � 0.2 4.1 � 0.5 14.0 � 3.22 5.0 � 0.8 3.6 � 0.4
Soy 3.4 � 0.3 4.3 � 0.5 16.5 � 4.92 4.1 � 0.6 3.3 � 0.4

1 All values are x� � SEM; n � 8. A 3-factor ANOVA was performed to test for main effects of time, beverage, and site (artery or vein) on the glucose data.
No 3-factor interaction was significant. A 2-factor ANOVA was performed to test for main effects of time and beverage. There was a significant time-by-
beverage interaction (P � 0.05). A 2-factor ANOVA was performed on the insulin data to test for main effects of time and beverage. A main effect of time was
observed. When a significant F ratio was observed, post hoc analysis with Tukey’s honestly significant difference test was used to determine differences.

2 Significantly different from before exercise with both beverage groups combined, P � 0.05.

TABLE 2
Effect of milk- and soy-protein consumption on femoral artery blood flow1

Before
exercise

After
exercise 60 min 120 min 180 min

Blood flow (mL � min�1 � 100 mL leg�1)
Milk 1.46 � 0.19 6.44 � 1.022 1.88 � 0.30 1.55 � 0.29 1.42 � 0.24
Soy 1.51 � 0.23 6.88 � 0.982 1.80 � 0.27 1.49 � 0.23 1.45 � 0.25

Blood flow (L/min)
Milk 0.19 � 0.03 0.82 � 0.132 0.25 � 0.05 0.20 � 0.04 0.19 � 0.04
Soy 0.19 � 0.03 0.84 � 0.122 0.23 � 0.04 0.19 � 0.03 0.18 � 0.03

1 All values are x� � SEM; n � 8. A 2-factor ANOVA was performed to test for main effects of time and beverage. No time-by-beverage interaction was
observed. A main effect of time was observed, and post hoc analysis with Tukey’s honestly significant difference test was used to determine differences.

2 Significantly different from before exercise with both beverage groups combined, P � 0.05.
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(Figure 4D), which indicated a more sustained net positive bal-
ance over the course of the trial.

The TAA arterial-venous NB showed a significant time-by-
beverage interaction. The TAA balance was negative before

exercise and protein consumption (Figure 5). After protein con-
sumption, the balance became positive and remained signifi-
cantly elevated above concentrations before consumption at 30
and 60 min after both soy- and milk-protein consumption. The
TAA NB was still positive at 90 and 120 min after drink con-
sumption and was significantly greater than the values at the
same times in the soy trial. At 180 min after beverage consump-
tion, the values for TAA balance for both milk and soy were not
different from those after consumption. When the area under the
TAA NB curve (Figure 5) after drink consumption was analyzed,
milk was significantly greater than soy (P � 0.05). Nitrogen
balance across the leg followed the same pattern as did TAA NB
(data not shown). The area under the curve analysis indicated that
milk consumption provided a more positive nitrogen balance
over the 3 h after milk-protein consumption (53 887 � 16 524
mmol N/100 mL leg) than after soy-protein consumption
(19 485 � 4820 mmol N/100 mL leg) (P � 0.01).

DISCUSSION

The primary finding of the current study was that intact dietary
proteins can support an anabolic environment for muscle protein
accretion. We observed a significantly greater uptake of amino
acids across the leg and a greater rate of muscle protein synthesis
in the 3 h after exercise and milk-protein consumption than after
soy-protein ingestion. There were no differences in blood flow or
in insulin and blood glucose concentrations in response to the
drinks. Additionally, the measured essential amino acid content
of both proteins was not significantly different.

TABLE 3
Effect of milk- and soy-protein consumption on muscle intracellular indispensable amino acid concentrations1

Before exercise After exercise 60 min 120 min 180 min

mmol/kg dry wt

Ile
Milk 0.51 � 0.08 0.51 � 0.08 0.64 � 0.152 0.47 � 0.08 0.45 � 0.06
Soy 0.43 � 0.08 0.49 � 0.09 0.51 � 0.092 0.45 � 0.08 0.46 � 0.11

Leu
Milk 0.56 � 0.04 0.57 � 0.05 0.69 � 0.062 0.55 � 0.03 0.54 � 0.04
Soy 0.50 � 0.03 0.54 � 0.03 0.59 � 0.042 0.54 � 0.04 0.44 � 0.02

Lys
Milk 1.38 � 0.11 1.41 � 0.15 1.64 � 0.092,3 1.39 � 0.14 1.38 � 0.13
Soy 1.19 � 0.10 1.28 � 0.16 1.53 � 0.122,3 1.40 � 0.08 1.29 � 0.08

Met
Milk 0.21 � 0.03 0.20 � 0.02 0.23 � 0.03 0.19 � 0.01 0.18 � 0.02
Soy 0.19 � 0.01 0.21 � 0.01 0.20 � 0.01 0.19 � 0.01 0.17 � 0.02

Phe
Milk 0.24 � 0.02 0.25 � 0.03 0.30 � 0.032,3 0.24 � 0.02 0.24 � 0.02
Soy 0.23 � 0.01 0.26 � 0.02 0.28 � 0.012,3 0.27 � 0.01 0.23 � 0.02

Thr
Milk 3.97 � 0.35 3.87 � 0.48 4.16 � 0.28 3.65 � 0.44 3.50 � 0.45
Soy 3.78 � 0.53 4.06 � 0.42 3.64 � 0.43 3.68 � 0.43 3.30 � 0.49

Val
Milk 0.93 � 0.10 0.98 � 0.10 1.05 � 0.072 0.87 � 0.06 0.85 � 0.06
Soy 0.80 � 0.03 0.85 � 0.05 0.85 � 0.042 0.83 � 0.05 0.72 � 0.02

�EAA
Milk 7.80 � 0.62 7.80 � 0.80 8.72 � 0.492 7.37 � 0.67 7.15 � 0.67
Soy 7.13 � 0.59 7.68 � 0.60 7.77 � 0.602 7.36 � 0.48 6.60 � 0.50

1 All values are x� � SEM; n � 8. EAA, essential amino acids. A 2-factor ANOVA was performed to test for main effects of time and beverage. No
time-by-beverage interaction was observed. A main effect of time was observed, and post hoc analysis with Tukey’s honestly significant difference test was
conducted to determine differences.

2 Significantly different from 180 min with both beverages combined, P � 0.05.
3 Significantly different from before exercise with both beverage groups combined, P � 0.05.

FIGURE 2. Mean (�SEM) whole-blood total amino acid (TAA) con-
centrations after the consumption of a nonfat milk-protein beverage (F) or an
isonitrogenous, isoenergetic, macronutrient-matched (750 kJ, 18.2 g protein,
1.5 g fat, and 23 g carbohydrate) soy-protein beverage (E). A 2-factor
ANOVA was performed to test for main effects of time and beverage. A main
effect of time and a time-by-beverage interaction was observed, and a post
hoc analysis was conducted with Tukey’s honestly significant difference test
to determine differences. *Significantly different from the milk group at the
same time point, P � 0.05. Main effect of time: values with different low-
ercase letters are significantly different, P � 0.05. n � 8.
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To date, 2 studies have shown that the ingestion of whole
proteins after resistance exercise can support positive muscle
protein balance (27, 28). Both studies examined the effect of fluid
milk (27) or its constituent protein fractions, whey and casein
(28), on muscle protein balance. Ours, however, is the first study
to show that the source of intact dietary protein (ie, milk com-
pared with soy) is important for determining the degree of pos-
texercise anabolism. We found, using arterial-venous balance,
that milk protein promoted a more sustained net positive protein
balance after resistance exercise than did soy protein. On the
basis of our analysis of the amino acid content of the proteins,
which showed that milk and soy proteins provide equal amounts
of essential amino acids, it is unlikely that the differences in
muscle protein synthesis and net protein balance seen in the
present study are related to the amino acid content of the respec-
tive proteins. Alternatively, because of differences in digestion
rates, milk proteins may provide a slower pattern of amino acid
delivery to the muscle than soy protein. Therefore, we propose
that a difference in the digestion rate of milk and soy protein
affects the pattern of amino acid appearance, which ultimately
leads to differences in the net amino acid uptake and muscle
protein synthesis after resistance exercise.

Hyperaminoacidemia resulting from the ingestion of protein
or amino acids after resistance exercise provides a potent stim-
ulus for muscle protein accretion. In particular, essential amino
acids appear crucial, and are perhaps all that are necessary, for
this process (29). Both soy and milk are high-quality proteins
(30). Analysis of the proteins yielded an essential amino acid
composition of the milk and soy proteins of 43% and 41% of
TAAs, respectively. Analysis of the individual amino acid con-
tent of the milk and soy showed that ingestion of 18.2 g protein
provided �70% of the Recommended Dietary Allowance for all
of the individual essential amino acids, except methionine (31).
The content of methionine in the soy protein (1.4%) was lower
than that in milk protein (2.6%); hence, 18.2 g protein provided
30% and 50% of the Recommended Dietary Allowance for me-
thionine with consumption of soy and milk, respectively. In a
series of nitrogen balance studies, Young (30) confirmed that the
quality of soy protein is comparable with that of good-quality
animal-protein sources, such as milk, and that methionine sup-
plementation was not needed to maintain nitrogen balance. In
agreement, our data suggest that the essential amino acid content
is likely not the underlying reason why there were no differences
between the milk and soy proteins, because no differences in the
intramuscular concentration of any of the essential amino acids
were detected. This suggests that the availability of essential
amino acids, and thus the availability of the amino acids to charge
transfer RNA in the muscle for protein synthesis, was not differ-
ent between the trials. We propose that the rapid digestion of soy
protein, and therefore the faster and greater increase in delivery
of amino acids from the gut to the liver, may have resulted in an
increased utilization of these amino acids for the synthesis of
serum proteins and urea, as seen by Bos et al (32), rather than for
muscle protein synthesis.

Ingestion of soy protein results in a rapid rise and fall in blood
TAA concentrations, whereas milk protein ingestion produces a
more moderate rise and a sustained elevation in blood amino acid
concentrations (32). In support, our data show that the postexer-
cise consumption of soy protein resulted in a rate of increase in
blood TAA concentrations, between the time of ingestion and the
first 30 min after exercise, of 25 �mol � L�1 � min�1 that was
followed by a rate of decline of 9 �mol � L�1 � min�1 in the
following 30 min. In contrast, with postexercise milk con-
sumption, we saw a more modest rise in TAA concentration of
14 �mol � L�1 � min�1 that was followed by a much less rapid

FIGURE 3. Mean (�SEM) fractional synthetic rate (FSR) of muscle
proteins during the resistance exercise time period (Exercise) and 3 h after
exercise and the consumption of a nonfat milk-protein beverage or an isoni-
trogenous, isoenergetic, macronutrient-matched (750 kJ, 18.2 g protein, 1.5 g
fat, and 23 g carbohydrate) soy-protein beverage (3 h Recovery). A 2-factor
ANOVA was performed to test for main effects of time and beverage. A main
effect of time and a time-by-beverage interaction was observed, and a post
hoc analysis with Tukey’s honestly significant difference test was conducted
to determine differences. *Significantly different from the soy group at the
same time point, P � 0.05. †Significantly different from Exercise, P � 0.05.
n � 8.

TABLE 4
Effect of milk- and soy-protein consumption on leucine oxidation, nonoxidative leucine disposal (NOLD), and leucine flux1

Before exercise 60 min 120 min 180 min

Leucine oxidation (�mol � kg�1 � h�1)
Milk 23 � 2 25 � 1 28 � 1 23 � 2
Soy 25 � 2 26 � 2 26 � 2 22 � 2

NOLD (�mol � kg�1 � h�1)
Milk 108 � 2 139 � 102 119 � 6 104 � 4
Soy 109 � 4 133 � 52 120 � 4 101 � 4

Leucine flux (�mol � kg�1 � h�1)
Milk 132 � 4 163 � 102 147 � 6 127 � 5
Soy 139 � 5 164 � 72 152 � 5 126 � 6

1 All values are x� � SEM; n � 8. A 2-factor ANOVA was performed to test for main effects of time and beverage. No time-by-beverage interaction was
observed. A main effect of time was observed, and post hoc analysis with Tukey’s honestly significant difference test was used to determine differences.

2 Significantly different from before exercise with both beverage groups combined, P � 0.05.
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decline of 0.8 �mol � L�1 � min�1. The only statistically signif-
icant difference in TAA concentration between the soy and milk
periods was that at 30 min after consumption. The peak in amino
acid concentration that we observed occurred earlier than that
observed by Bos et al (32), who found that the amino acid con-
centration peaked between 1 and 2 h after protein consumption.
The test meals consumed by participants in this study (32) had
30% of total energy from fat, which would likely have slowed
digestion and, thus, the rate appearance of amino acids into gen-
eral circulation. We propose that the digestion rate and, therefore,
the ensuing hyperaminoacidemia that differed between the milk
and soy groups after exercise is what affected the net uptake of
amino acids in the exercised leg. Bohé et al (1) have reported that
extracellular, not intracellular, amino acid concentrations are
regulators of the rise in muscle protein synthesis. Miller et al (10)
showed that 2 drinks containing �6 g crystalline amino acids
given 1 h after resistance exercise transiently and independently
stimulated amino acid uptake. These data also showed, despite
sustained elevations in amino acid concentration in the hour after
the second drink, that amino acid uptake fell sharply. In light of
previous data (1, 10), one possibility is that a rise in the extra-
cellular amino acid concentration is a stimulus for muscle protein
synthesis; decreases in extracellular amino acid concentration
may actually shut off protein synthesis; this scheme is similar in
nature to that proposed by Bohé et al (1). This may explain why

the sharp rise then fall in aminoacidemia in the soy condition
resulted in a lower uptake and net synthesis than in the milk
condition.

Previous studies that examined the effect of ingestion of sim-
ilar quantities of crystalline amino acids on muscle protein turn-
over have shown that increases in net protein balance with the
ingestion of 40 g crystalline indispensable amino acids (8.3 g
leucine; 12) were similar in magnitude to that seen with the
ingestion of only 6 g crystalline amino acids (2.2 g leucine; 9).
These data suggest that, when large quantities of amino acids are
ingested, amino acids are likely being directed to deamination
and oxidation. In the current experiment, we observed no change
in whole-body protein oxidation during the entire study protocol,
which indicated that the dose of protein (�7.5 g indispensable
amino acids) did not stimulate amino acid oxidation.

The combined stimulus of resistance exercise and protein or
amino acid consumption results in a net protein balance greater
than that from either stimulus alone (33, 34). Although the
exercise- and feeding-induced response to a single exercise bout
is small, muscle protein accumulates and fiber hypertrophy oc-
curs over time with resistance exercise training (34). Muscle fiber
hypertrophy occurs when there is a sustained positive balance be-
tween muscle protein synthesis and breakdown. Therefore, con-
sumption of milk after resistance exercise, which sustains a more
positive net protein balance acutely, should theoretically result in

FIGURE 4. Two-pool model–derived mean (�SEM) values for rate of appearance (Ra; A) and rate of disappearance (Rd; B) of phenylalanine, the chemical
net balance (NB) of phenylalanine across the leg (C: F, milk; E, soy), and the positive area under the curve (AUC) for chemical NB of phenylalanine across
the leg after consumption of a nonfat milk-protein beverage or an isonitrogenous, isoenergetic, macronutrient-matched (750 kJ, 18.2 g protein, 1.5 g fat, and
23 g carbohydrate) soy-protein beverage (D). A 2-factor ANOVA was performed on the Ra, Rd, and NB data to test for main effects of time and beverage. Main
effects were analyzed with Tukey’s honestly significant difference test to determine differences. The NB AUC was analyzed by using a paired t test. A significant
time-by-beverage interaction was found for the chemical NB of phenylalanine (P � 0.05). *Significantly different from the soy group, P � 0.05. Significant
differences across time are represented by lowercase letters; means with different lowercase letters are significantly different, P � 0.05. The data in panel B
were analyzed with both beverage groups combined. n � 8.
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greater muscle hypertrophy than consumption of soy protein after
exercise. This ability of milk-protein consumption to enhance anab-
olism after resistance exercise might be particularly valuable to
persons with compromised muscle function.

Our value for blood flow of �0.21 L/min at rest, excluding the
immediate postexercise hyperemic response, compares rela-
tively well with other resting flow values obtained by using
Doppler ultrasound measurements (for a review, see reference 35).
However, because our subjects were all strength-trained men, their
average legvolumewas12.7�0.7L; thus,our reportedrestingflow
(�1.56 mL�1 � 100 mL leg volume � min�1) is lower than values
reported inother studies (3,8,28,33).The result is thatourestimates
of Ra, and Rd are lower than those previously reported (3, 8, 28, 33);
the differences between our studies and others appear to be due, for
the most part, to a lower blood flow. However, we did not observe
any between-treatment effects on blood flow (Table 2), which is not
surprising given that the same exercise bouts (volume and relative
intensity) were performed, and similar insulin responses were ob-
served between trials (Table 1). Hence, we acknowledge that our
flow values, collected by an experienced investigator using estab-
lished procedures that have been shown to be valid in a variety of
situations (36–38), might be lower than what others have observed
but believe it is unlikely that the between-trial differences were
influenced by our measurements of flow.

In conclusion, we found that the consumption of intact dietary
proteins resulted in a positive net protein balance and an in-
creased rate of muscle protein synthesis after resistance exercise.
Further analysis of area under the NB curves indicated a greater
net amino acid balance across the leg, and the measures of muscle
FSR indicated greater rates of muscle protein synthesis after milk

ingestion than after soy ingestion. These increases in anabolic
processes were seen without any concurrent increases in whole-
body protein oxidation. It appears unlikely that our results were
due to differences in amino acid composition between the pro-
teins, which were minimal. Instead, we favor the hypothesis that
differences in the delivery of and patterns of change in amino
acids are responsible for the observed differences in net amino
acid balance and rates of muscle protein synthesis.

We acknowledge the subjects for their work and perseverance during the
trials.
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Carotene-rich plant foods ingested with minimal dietary fat enhance
the total-body vitamin A pool size in Filipino schoolchildren as
assessed by stable-isotope-dilution methodology1–3

Judy D Ribaya-Mercado, Cherry C Maramag, Lorena W Tengco, Gregory G Dolnikowski, Jeffrey B Blumberg, and
Florentino S Solon

ABSTRACT
Background: Strategies for improving the vitamin A status of vul-
nerable populations are needed.
Objective: We studied the influence of the amounts of dietary fat on
the effectiveness of carotene-rich plant foods in improving vitamin
A status.
Design: Schoolchildren aged 9–12 y were fed standardized meals 3
times/d, 5 d/wk, for 9 wk. The meals provided 4.2 mg provitamin A
carotenoids/d (mainly �-carotene) from yellow and green leafy veg-
etables [carrots, pechay (bok choy), squash, and kangkong (swamp
cabbage)] and 7, 15, or 29 g fat/d (2.4, 5, or 10 g fat/meal) in groups
A, B, and C (n � 39, 39, and 38, respectively). Other self-selected
foods eaten were recorded daily. Before and after the intervention,
total-body vitamin A pool sizes and liver vitamin A concentrations
were measured with the deuterated-retinol-dilution method; serum
retinol and carotenoid concentrations were measured by HPLC.
Results: Similar increases in mean serum �-carotene (5-fold),
�-carotene (19-fold), and �-cryptoxanthin (2-fold) concentrations;
total-body vitamin A pool size (2-fold); and liver vitamin A (2-fold)
concentrations were observed after 9 wk in the 3 study groups; mean
serum retinol concentrations did not change significantly. The total
daily �-carotene intake from study meals plus self-selected foods
was similar between the 3 groups and was 14 times the usual intake;
total fat intake was 0.9, 1.4, or 2.0 times the usual intake in groups A,
B, and C, respectively. The overall prevalence of low liver vitamin
A (�0.07 �mol/g) decreased from 35% to 7%.
Conclusions: Carotene-rich yellow and green leafy vegetables,
when ingested with minimal fat, enhance serum carotenoids and the
total-body vitamin A pool size and can restore low liver vitamin A
concentrations to normal concentrations. Am J Clin Nutr 2007;
85:1041–9.

KEY WORDS Vitamin A, deuterated-retinol dilution, stable-
isotope dilution, retinol, plant carotenoids, �-carotene, bioavailabil-
ity, dietary fat, school-age children, Philippines

INTRODUCTION

Vitamin A deficiency results in growth retardation, anemia,
reduced resistance to infection, impaired cellular differentiation,
xerophthalmia, and, ultimately, blindness and death (1). Plant
foods containing provitamin A carotenoids often are the primary
sources of vitamin A in some populations in whom vitamin A
deficiency is prevalent (2–4); thus, strategies for improving the

absorption and bioconversion of plant carotenoids are essential.
It is well known that dietary fat enhances carotene uptake from
foods (2). In certain groups, the concomitant consumption of
plant carotenoids and dietary fat enhances serum (or plasma)
retinol concentrations (2–8). However, because serum retinol is
subject to homeostatic control over the physiologic range of liver
vitamin A concentrations (9), serum retinol could remain un-
changed with dietary intervention (10–14). During the past de-
cade, stable-isotope-dilution methods have emerged as the state-
of-the-science methods for the biochemical assessment of
vitamin A status (15, 16). Deuterated-retinol-dilution (DRD)
techniques that use deuterium-labeled vitamin A (17–19) have
been used to assess the total-body vitamin A pool size (also
referred to as total-body vitamin A stores) in adults and children
in the United States (17, 20), Bangladesh (14, 20–22), Guate-
mala (23, 24), Philippines (8, 24, 25), China (13), Peru (26), and
Nicaragua (27).

The aims of this study were to assess the influence of amounts
of dietary fat on 1) the bioavailability (ie, change in serum con-
centrations) of provitamin A carotenoids in yellow and green-
leafy vegetable meals, and 2) the effectiveness of plant carote-
noids in improving the vitamin A status of marginally nourished
school-age children as assessed by the DRD method.

SUBJECTS AND METHODS

Subjects

The study participants were 116 children aged 9–12 y (x� �
SD: 10.6 � 0.8 y) enrolled in the elementary schools of Ba-
nawang and Overland, located in the adjacent rural communities
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of Banawang and Atillano Ricardo, in Bagac, Bataan province,
Philippines. The study sites were chosen because of their low
socioeconomic status and high prevalence of subclinical vitamin
A deficiency based on the 1998 Philippine national nutrition
survey (28). The study participants were in generally good
health, had no major chronic illnesses, had no clinical signs of
vitamin A deficiency, and did not take any nutritional supple-
ments. During the time that vitamin A status was assessed, the
participants had no acute illnesses, febrile conditions, or gastro-
intestinal problems. Selection of the study sites and screening of
the study participants were conducted between December 2003 and
June 2004. Baseline tests, dietary intervention, and postintervention
tests were conducted from July 2004 to November 2004. Written
informed consent was obtained from the children and their caregiv-
ers. Approval to conduct the study was obtained from the Phil-
ippine Council for Health Research and Development National
Ethics Committee and from the Tufts University–New England
Medical Center Human Investigation Review Committee.

Study design: dietary intervention

The study protocol is given in Figure 1. The participants were
randomly assigned to study groups A, B, or C (n � 39, 39, and 38,
respectively) and were fed standardized meals at school 3 times
daily on school days (5 d/wk) for 9 wk. The meals consisted of
3-d rotating menus consisting of traditionally accepted recipes
with different fat contents: 2.4 (group A), 5 (group B), or 10
(group C) g/meal. In the groups fed more fat, carbohydrate was
reduced to provide similar amounts of energy. There were no
dietary restrictions imposed on the study participants; they were
free to eat their usual self-selected snacks and other foods during
the 9-wk period. However, participants and their caregivers were
asked to record all self-selected foods not provided in the study
meals. These food records were submitted daily to dietitians from
the Nutrition Center of the Philippines (NCP), who verified the
kinds and amounts of foods eaten by interviewing the children.
Philippine food-composition tables (29) were used to assess in-
takes of retinol, �-carotene, energy, fat, protein, and carbohy-
drate. Intakes of �-carotene and �-cryptoxanthin were assessed
by using the US Department of Agriculture (USDA) nutrient
database (30). Because many Philippine foods are not listed in the
USDA database, the intakes of �-carotene and �-cryptoxanthin
may have been underestimated.

The study meals contained the following vegetables: carrots,
pechay (bok choy; Brassica chinensis), squash, and kangkong
(swamp cabbage; Ipomea batatas aquatica). The meals provided
the following amounts of provitamin A carotenoids per meal:
�-carotene, 1123 �g; �-carotene, 271 �g; and �-cryptoxanthin,
14 �g. Small amounts of chicken and pork provided 4.2 �g
preformed retinol per meal. Refined coconut oil, the most com-
mon source of dietary fat in rural Philippine communities, was
used as the primary source of dietary fat for this study, and
samples were analyzed for total fat content by the Adamson
University Technology Research and Development Center (Ma-
nila, Philippines). Vegetables and other ingredients in the menu
were boiled separately, and predetermined amounts were
weighed and placed in individual food containers for each child;
coconut oil was added by using custom-made ladles of different
sizes that delivered the desired amounts. The food containers
were color-coded depending on the child’s study group. Partic-
ipants belonging to the same group ate together, separately from
the other groups. NCP dietitians were responsible for all of the
dietary aspects of the study, including the purchase, preparation,
and cooking of foods and the weighing of meal components into
the food containers. They supervised the study participants dur-
ing meals at school and recorded their food intakes and any plate
waste. They also verified and kept daily records of the self-
selected foods eaten during school days and of foods eaten at
home on weekends, as reported by the children or their caregiv-
ers. The daily intakes of retinol, provitamin A carotenoids, en-
ergy, fat, protein, and carbohydrates from self-selected foods
eaten during the 45 school days plus the daily amounts provided
by the study meals were added together to obtain the total dietary
intakes per day. Foods eaten during the 16 weekend days of the
study period were considered to represent the subjects’ usual
dietary intakes.

Deuterated-retinol-dilution method: estimation of the
total-body vitamin A pool size

The DRD technique was used to estimate total-body vitamin A
pool size (17–19). Tetradeuterated retinyl acetate [D4-retinyl
acetate; all-trans-retinyl-10,19,19,19-[2H4]acetate] and octa-
deuterated retinyl acetate [D8-retinyl acetate; all-trans-retinyl-
10,14,19,19,19,20,20,20-[2H8]acetate] were synthesized by the

Usual diet Food-intervention period Usual diet
1 22

D4-retinyl acetate
dose

serum retinol,
carotenoids,
(D4:H)-retinol ratio

21 83

serum retinol,
carotenoids

93

D8-retinyl acetate
dose

113

serum 
(D8:H)-retinol ratio

Time (d)
FIGURE 1. Study protocol. (D4:H)-retinol, ratio of tetradeuterated retinol to nondeuterated retinol in serum; (D8:H)-retinol, ratio of octadeuterated retinol

to nondeuterated retinol in serum.
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Cambridge Isotope Laboratories (Andover, MA). Capsules con-
taining 5-mg amounts of these isotopes were prepared by first
dissolving a known amount in absolute ethanol, adding a prede-
termined amount of corn oil, and evaporating off the ethanol
under nitrogen as previously described (23). D4-retinyl acetate
was administered at baseline, and D8-retinyl acetate was admin-
istered after the intervention to distinguish serum [2H8]-retinol
(D8-retinol) from any residual [2H4]-retinol (D4-retinol). A 10-d
stabilization period followed the food-intervention phase (during
which time the subjects ate their usual diets) to allow the vitamin
A consumed during the intervention period to equilibrate with
endogenous vitamin A before the postintervention DRD proce-
dure was initiated. The capsules of D4- or D8-retinyl acetate were
administered to the children by NCP dietitians at school, and they
were ingested with a high-fat, low–vitamin A breakfast consist-
ing of glutinous rice and palm starch cooked in coconut milk and
to which coconut oil (10 g) was added. The children were ob-
served when they swallowed the capsule.

DRD involves the administration of an oral dose of deuterated
retinyl acetate, determination of the ratio of deuterated to non-
deuterated retinol (D:H) in serum after �20 d when the admin-
istered isotope has mixed with the body’s vitamin A pool, and
using the serum (D:H) value in a mathematical formula devel-
oped by Olson and coworkers to calculate the total-body vitamin
A pool size (17). This formula, which is a modification of that
developed by Bausch and Rietz (31) in rats, is as follows:

Total-body vitamin A pool size (in mmol retinol) �

F � dose � {S � a � [(1/D:H) � 1]} (1)

where F is a factor that expresses the storage efficiency of an oral
vitamin A dose and is considered to be 0.5 on the basis of studies
in rats (31), dose is the amount of labeled vitamin A (in mmol
retinol equivalents) administered orally, and S is 0.65, a correc-
tion for inequalities in specific activities in serum and liver (32).
The factor a is the fraction of the absorbed deuterated retinol
remaining in the body at the time of blood sampling and is based
on the half-life of vitamin A turnover, which was estimated to be
�140 d in adults (33). In the formula, a was assumed to be
independent of the size of the vitamin A stores and to be time
invariant: a � e�kt, where k � 0.693/140 or 0.5%/d, and t is the
time (in d) since the isotope dose was administered. The factor
“�1” corrects for the contribution of the administered dose to the
total-body vitamin A pool.

Estimation of liver vitamin A concentrations

Liver vitamin A concentration was estimated by assuming
that, in this age group, liver weight is 3% of body weight (33) and
that 90% of the total-body vitamin A is in the liver (9). It is
recognized, however, that because the study participants had
poorer vitamin A status at baseline than after the intervention,
baseline hepatic vitamin A stores may have been �90% of the
total-body vitamin A. In poorly or marginally nourished persons,
nonhepatic tissues contain an appreciable amount (10–50%) of
the total-body vitamin A (33, 34). In the present study, by choos-
ing to make the same assumption regarding the percentage of
total-body vitamin A present in liver (ie, 90%) for estimating
liver vitamin A concentrations at baseline and after the interven-
tion, we are reporting improvements in liver vitamin A concen-
trations that are conservative.

Blood handling and tests

Venous blood was drawn 4 times during the study period, ie,
twice at preintervention (3 and 20 d after the oral dose of D4-
retinyl acetate) and twice at postintervention (at the end of the
9-wk dietary intervention period and 20 d after administration of
the oral dose of D8-retinyl acetate). Blood drawn 3 d after the
isotope was administered at preintervention was used to study
vitamin A kinetics 3 d after ingestion of deuterated retinyl ace-
tate, and the data will be reported in a separate paper. Blood
drawn 20 d after the isotope was administered at preintervention
was used to measure serum (D4:H)-retinol, carotenoids, retinol,
and C-reactive protein. Blood drawn at the end of the dietary
intervention period was used to measure serum carotenoids,
retinol, and C-reactive protein; that 20 d after the isotope was
administered at postintervention was used to measure serum
(D8:H)-retinol.

To prevent the photodegradation of retinoids and carotenoids,
venous blood was extracted into aluminum-wrapped evacuated
tubes, and subsequent procedures were carried out in a darkened
room. Blood was allowed to clot and was then centrifuged at
2800 � g for 30 min at room temperature. Aliquots (0.5 mL) of
serum were transferred into aluminum-wrapped cryovials, fro-
zen at �20 °C, and then transported within 24 h on dry ice to a
freezer (�70 °C) in Manila, where they were kept until hand-
carried on dry ice to Tufts University (Boston, MA), where they
were stored at �70 °C until analyzed.

Carotenoids and retinol were extracted from serum with the
use of chloroform:methanol (2:1, by vol) and then hexane (35),
after the addition of internal standards (echinenone and retinyl
acetate), and were analyzed simultaneously by a gradient
reversed-phase HPLC procedure (36) with a YMC30 carotenoid
column (3-�m particle size; internal diameter � length: 4.6 �
150 mm), 2 Waters 515 HPLC pumps (Waters Corp, Milford,
MA), a Waters 717plus autosampler, and a Waters 2996 photo-
diode array detector, which was set to monitor the absorbance of
these compounds at 450 and 340 nm, respectively. The peak
areas were calibrated against known amounts of standards, and
concentrations were corrected for extraction and handling losses
by determining percentage recoveries of internal standards. Ret-
inol isotopes were analyzed by gas chromatography electron
capture negative chemical ionization mass spectrometry (GC-
MS) after separation of retinol from other serum components by
HPLC and derivatization of retinol into trimethylsilyl derivatives
(37). All HPLC and GC-MS procedures were conducted at Tufts
University.

Serum C-reactive protein was analyzed at the Bureau of
Research and Laboratories, Department of Health, Manila, by
solid-phase sandwich immunometric assay with a NycoCard
READER II System (Axis-Shield Group, Oslo, Norway).

Helminthic infections

Fecal samples were analyzed at baseline for helminths (As-
caris lumbricoides, Trichuris trichiura, and hookworm) by us-
ing the Kato-Katz procedure (38). Those found positive for any
of these intestinal parasites were treated with 400 mg chewable
albendazole (Kopran Ltd, Mumbai, India) 1 wk before the DRD
test was initiated at baseline. The Kato-Katz procedure was re-
peated midway and at the end of the intervention period to de-
termine any new or recurrent helminthic infections. The thresh-
olds proposed by a World Health Organization Expert
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Committee (39) were used to classify the intensity of infection
(light, moderate, or heavy) for each helminth.

Anthropometric measurements

Prevalences of underweight, stunting, and wasting were de-
termined on the basis of weight-for-age, height-for-age, and
body mass index–for-age z scores of less than �2, with the use of
the US Centers for Disease Control and Prevention (CDC)
growth charts (40). The z scores were computed by using the
STATA 9 statistical package (STATA Corp, College Station,
TX).

Statistical analyses

Dietary intakes of the 3 treatment groups were analyzed by
using one-factor analysis of variance (ANOVA) and Scheffe’s
test. For variables measured at baseline and at postintervention,
a 2-factor ANOVA was used to study the main effects of treat-
ment group and repeated measures of variables and the interac-
tion of these 2 main effects. Variables that were not normally
distributed were logarithmically transformed. The above analy-
ses were performed by using STATVIEW SE � GRAPHICS
software (Abacus Concepts Inc, Berkeley, CA). When the inter-
action of treatment group � repeated measures was not signifi-
cant (P � 0.05), no further subgroup analysis was performed, and
only the main effects are described and discussed. The overall
prevalences of underweight, stunting, wasting, and vitamin A
deficiency at baseline were compared with those postinterven-
tion by using McNemar’s test with the SAS program (SAS In-
stitute Inc, Cary, NC).

RESULTS

A total of 116 children participated in the dietary intervention
phase of the study; however, only 106 children completed the
procedures for the DRD test at postintervention. Furthermore, in
2 subjects who completed the postintervention DRD procedures,
serum D8-retinol was undetectable, possibly because of the in-
complete ingestion or malabsorption of the D8-retinyl acetate
dose. Thus, baseline and postintervention DRD test results are
available for only 104 of the children. At 112 d after administra-
tion of the D4-retinyl acetate dose, the mean (�SD) enrichment
of serum retinol with residual D4-retinol was 2.23 � 0.82%.

Dietary intakes

The mean (�SD) selected dietary intakes of the study partic-
ipants are provided in Table 1 from the following sources: 1)
standardized meals provided at school, after subtracting plate
waste (a total of 135 meals were provided during 45 school days);
2) standardized meals provided at school, after subtracting plate
waste, plus the contribution from self-selected foods eaten dur-
ing the 45 school days; and 3) self-selected foods eaten during 16
non-school days (Saturdays and Sundays). The standardized
meals provided to groups A, B, and C were similar in energy,
provitamin A carotenoid, and retinol contents, but differed in fat
and carbohydrate contents. The carbohydrate sources (rice,
pasta) contained some protein; thus, as their amounts were de-
creased, dietary protein also decreased. However, the daily total
protein intakes ingested by the 3 groups were not significantly
different when the self-selected snacks and foods were included.

Examples of self-selected snacks and foods that provided ret-
inol, carotenes, macronutrients, and energy are as follows: fried
eggs, hot dogs, fish, sautéed fermented shrimp, rice cakes with
margarine, cheese curls, corn chips, chocolate, fried sweet potato
(kamote), and sweet potato leaves. The daily mean total intakes
of provitamin A carotenoids and retinol by groups A, B, and C

TABLE 1
Selected dietary intakes during the 9-wk food-intervention period1

From
study meals

eaten on
school days2

From
all foods
eaten on

school days3

From
self-selected

foods eaten on
non-school days4

Energy (kcal/d)5

Group A 984 � 33 1588 � 178 1050 � 341
Group B 967 � 57 1585 � 234 1072 � 386
Group C 968 � 48 1655 � 349 1089 � 453

Fat (g/d)5

Group A 7.1 � 0.2a 21.1 � 5.4a 22.5 � 10.3
Group B 15.3 � 0.8b 29.3 � 6.0b 21.4 � 10.9
Group C 29.2 � 1.4c 44.6 � 11.1c 21.9 � 14.6

Protein (g/d)5

Group A 36.6 � 1.4a 53.2 � 8.4 36.7 � 13.8
Group B 34.9 � 2.5b 51.3 � 8.6 35.8 � 14.6
Group C 32.9 � 1.9c 52.8 � 13.1 36.5 � 16.8

Carbohydrate (g/d)5

Group A 194 � 6.4a 297 � 30a 175 � 62
Group B 173 � 10.0b 279 � 41a,b 184 � 72
Group C 143 � 7.0c 261 � 56b 187 � 80

Retinol (�g/d)5

Group A 12.7 � 0.5 81.5 � 47.0 152 � 113
Group B 12.6 � 1.0 75.6 � 43.4 128 � 78
Group C 12.7 � 0.8 89.0 � 76.2 142 � 90

�-Carotene (�g/d)5

Group A 3372 � 120 3552 � 168 258 � 235
Group B 3360 � 216 3528 � 288 265 � 272
Group C 3372 � 168 3540 � 216 241 � 235

�-Carotene (�g/d)6

Group A 811 � 36 838 � 55 9.6 � 9.6
Group B 811 � 60 838 � 96 7.2 � 9.6
Group C 816 � 48 838 � 70 9.6 � 12.0

�-Cryptoxanthin (�g/d)6

Group A 43 � 2.4 67 � 24 34 � 43
Group B 43 � 2.4 60 � 22 41 � 79
Group C 43 � 2.4 70 � 29 41 � 55

1 All values are x� � SD for 39 children in group A (20 M, 19 F), 39 in
group B (21 M, 18 F), and 38 in group C (21 M and 17 F). Groups A, B, and
C were fed standardized carotene-rich meals containing 7, 15, and 29 g fat/d,
respectively, 5 d/wk, for 9 wk at school. Mean values in a column with
different superscript letters are significantly different, P � 0.05 (ANOVA
and post hoc comparisons with Scheffe’s test).

2 From standardized meals provided at school (3 times/d, 5 d/wk, for 9
wk) after subtraction of plate waste. A total of 135 meals were provided
during 45 school days.

3 From standardized meals provided at school after subtraction of plate
waste plus the contribution from self-selected foods eaten during 45 school
days, as recorded daily and reported by study participants and caregivers.

4 From self-selected foods eaten during 16 non-school days (Saturdays
and Sundays), as recorded daily and reported by study participants and
caregivers. These dietary intakes are representative of the participants’ usual
intakes.

5 Based on Philippine food-composition tables (29).
6 Based on the US Department of Agriculture National Nutrient Data-

base for standard reference (30).
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were not significantly different. During the intervention days, the
children’s usual intakes of plant �-carotene, �-carotene, and
�-cryptoxanthin increased 14-, 95-, and 2-fold, respectively,
whereas the usual intake of preformed retinol decreased by 42%,
from 141 to 82 �g/d. Self-selected snacks and foods eaten during
the intervention days contributed an additional 14 g fat/d to the
amounts provided in the standardized meals, so that the total fat
intakes by groups A, B, and C were 21, 29, and 45 g/d, respec-
tively (P � 0.0001); these amounts were 0.9, 1.4, and 2.0 times
the children’s usual daily fat intakes, respectively.

Anthropometric data

Significant increases in body weight, height, and body mass
index were observed in the study participants at postintervention;
there were no significant differences in any of these measures
between the 3 groups (Table 2). Based on McNemar’s test, the
overall prevalence of underweight decreased significantly from
47.8% to 41.6% at postintervention (P � 0.02); there were no

significant differences from baseline (P � 0.05) in the preva-
lence of stunting (38.1% versus 39.8%) or of wasting (13.3%
versus 9.7%) at postintervention.

Serum carotenoids

Serum carotenoid concentrations in the study participants at
baseline and at postintervention are provided in Table 3. The
values were logarithmically transformed for data analyses. There
were significant increases in serum �-carotene (5-fold),
�-carotene (19-fold), and �-cryptoxanthin (2-fold) in the study
participants at postintervention; there were no significant differ-
ences in any of these measures between the 3 groups.

Vitamin A status

There were significant increases in the total-body vitamin A
pool size (2-fold) and liver vitamin A concentration (2-fold) in
study participants at postintervention; there were no significant
differences in these measures between the 3 groups. There was no
significant change in serum retinol (P � 0.07) at postinterven-
tion, and there were no significant differences in serum retinol
between the 3 groups (Table 4).

At baseline, 36 children (34.6%) had liver vitamin A concen-
trations that are considered low, ie, �0.07 �mol/g (9, 33) (Table
5); after the intervention, the number was reduced to 7 (6.7%;
P � 0.0001): 1 in group A, 4 in group B, and 2 in group C.
Furthermore, although the liver vitamin A concentration re-
mained below the cutoff concentration in 7 children at postint-
ervention, improvements from baseline values were observed in
all of them. Serum retinol values �0.35 �mol/L (�10 �g/dL) are
considered deficient, and values between 0.35 and �0.70
�mol/L (10 and �20 �g/dL) are considered low (41). None of
the children had deficient serum retinol values. At baseline, 20
children (19.2%) had low serum retinol values; at postinterven-
tion, 11 children had deficient serum retinol values(10.6%), of
whom 6 had adequate serum retinol concentrations at baseline.
Based on McNemar’s test, the prevalence of low serum retinol
values at baseline, relative to those at postintervention, was not
significantly different (P � 0.08).

TABLE 2
Body weight, height, and BMI at baseline and after the 9-wk food-
intervention period1

Group A
(n � 39)

Group B
(n � 39)

Group C
(n � 38)

Body weight (kg)
Baseline 26.4 � 6.2 26.5 � 6.3 26.0 � 4.5
After intervention2 27.8 � 6.2 27.8 � 6.5 27.4 � 4.9

Height (cm)
Baseline 130.8 � 7.7 131.2 � 8.0 130.1 � 7.9
After intervention2 132.7 � 8.3 133.4 � 8.5 132.2 � 8.5

BMI (kg/m2)
Baseline 15.3 � 2.0 15.2 � 1.9 15.3 � 1.5
After intervention2 15.8 � 2.2 15.7 � 1.9 15.8 � 1.5

1 All values are x� � SD. Groups A, B, and C were fed standardized
carotene-rich meals containing 7, 15, and 29 g fat/d, respectively, 5 d/wk, for
9 wk at school. Including self-selected foods, the total daily fat intakes were
21, 29, and 45 g/d, respectively.

2 Significant difference from baseline (2-factor ANOVA): P � 0.0001
for repeated measures, P � 0.05 for treatment group, and P � 0.05 for
interaction of treatment group � repeated measures.

TABLE 3
Serum carotenoid concentrations at baseline and after the 9-wk food-intervention period1

Group A
(n � 39)

Group B
(n � 39)

Group C
(n � 38)

all-trans-�-Carotene (�mol/L)
Baseline 0.24 � 0.12 (0.06–0.54) 0.19 � 0.12 (0.07–0.67) 0.20 � 0.07 (0.07–0.37)
After intervention2 1.11 � 0.48 (0.21–2.48) 1.12 � 0.61 (0.23–3.07) 1.06 � 0.41 (0.30–2.36)

�-Carotene (�mol/L)
Baseline 0.03 � 0.02 (0.01–0.08) 0.03 � 0.02 (0.01–0.11) 0.03 � 0.02 (0.01–0.07)
After intervention2 0.60 � 0.24 (0.12–1.29) 0.56 � 0.23 (0.15–1.16) 0.56 � 0.20 (0.18–1.06)

�-Cryptoxanthin (�mol/L)
Baseline 0.07 � 0.05 (0.01–0.31) 0.07 � 0.08 (0.01–0.41) 0.06 � 0.05 (0.01–0.22)
After intervention2 0.12 � 0.07 (0.03–0.31) 0.12 � 0.11 (0.03–0.66) 0.12 � 0.09 (0.04–0.40)

13-cis-�-Carotene (�mol/L)
Baseline 0.02 � 0.01 (0.01–0.04) 0.02 � 0.01 (0.01–0.06) 0.02 � 0.01 (0.01–0.04)
After intervention2 0.07 � 0.03 (0.02–0.17) 0.07 � 0.04 (0.02–0.20) 0.07 � 0.03 (0.01–0.14)

1 All values are x� � SD; range in parentheses. Groups A, B, and C were fed standardized carotene-rich meals containing 7, 15, and 29 g fat/d, respectively,
5 d/wk, for 9 wk at school. Including self-selected foods, the total daily fat intakes were 21, 29, and 45 g/d, respectively.

2 Significant difference from baseline (2-factor ANOVA): P � 0.0001 for repeated measures, P � 0.05 for treatment group, and P � 0.05 for interaction
of treatment group � repeated measures.

PLANT CAROTENES, FAT INTAKE, AND VITAMIN A STATUS 1045



Helminthic infections

At baseline, the cumulative prevalence of helminths was 48%.
A. lumbricoides was present in 9% of children, T. trichiura, in
43% of the children, and hookworm in 3% of the children. The
intensity of the infections at baseline was mostly light (83%); the
remaining intensities were moderate (14%) or heavy (3%). After
treatment with albendazole, all infections were of light intensity
at 2 mo, and only 4 children had moderate infections at 3 mo (all
with T. trichiura). The cumulative prevalence of helminths at 2
and 3 mo were 20% and 33%, respectively, and were distributed
in the 3 groups. Helminthic infections, particularly ascariasis,
have been reported to affect the utilization of plant sources of
�-carotene (6). In the present study, the presence of helminths
midway through or at the end of the dietary intervention was
probably not a confounding factor because the worm load was
mostly light.

Serum C-reactive protein

Serum C-reactive protein concentrations 	10 mg/L indicate
an acute phase response to infection during which serum retinol
may decrease transiently (42). None of the subjects had an ab-
normal C-reactive protein value at baseline or at postinterven-
tion.

DISCUSSION

This study showed that the ingestion of carotene-rich yellow
and green leafy vegetables with 2.4, 5, or 10 g fat/meal can
improve the vitamin A status of school-age children. Using the
DRD method, we observed 2-fold improvements in mean total-
body vitamin A pool sizes and liver vitamin A concentrations in
study participants after the ingestion of vegetable meals for 9 wk.
Thus, carotene-rich vegetables are important bioavailable
sources of vitamin A.

A liver vitamin A concentration �0.07 �mol/g is inadequate
and may not protect against clinical signs of vitamin A deficiency
(9, 33). In the present study, the number of children with inade-
quate liver vitamin A values decreased from 36 (34.6%) to 7
(6.7%), but even the 7 children whose liver vitamin A concen-
trations remained below normal concentrations responded pos-
itively to the dietary intervention with 1.4- to 3.7-fold increases
in liver vitamin A values. It is probable that in these 7 children,
who were among those with poorest vitamin A status at baseline,
much of the incoming vitamin A molecules were transported to
nonhepatic target tissues for maintenance of normal physiologic
processes requiring vitamin A; thus, the fraction stored in liver
was minimal.

The improvement in total-body vitamin A pool size observed
in the Filipino schoolboys and girls in this study was greater than
that observed by Haskell et al (14) in Bangladeshi men who were
fed 4500 �g �-carotene from Indian spinach or sweet potato
daily for 60 d. In the present study, the mean increases in total-
body vitamin A pool sizes in the groups fed 2.4, 5, or 10 g fat/meal
were 0.086, 0.094, and 0.089 mmol retinol, respectively. In the
Bangladeshi study, the unadjusted mean increases in total-body
vitamin A pool sizes in men fed Indian spinach or sweet potato
were 0.023 and 0.011 mmol, respectively; the adjusted mean
increases were 0.041 and 0.029 mmol, respectively, relative to
that in a negative control group in which a mean decrease in
total-body vitamin A pool size of 0.018 mmol was observed. The
present study and the Bangladeshi study differed not only in the
study participants’ ages, but also in their initial vitamin A status.
In the present study, the mean total-body vitamin A pool sizes of
children in the 3 study groups at baseline were 0.089, 0.084, and
0.078 mmol; whereas those of the Bangladeshi men in the 2

TABLE 4
Vitamin A status at baseline and after the 9-wk food-intervention period1

Group A
(n � 37)

Group B
(n � 36)

Group C
(n � 31)

Total-body vitamin A pool size
(mmol retinol)

Baseline 0.089 � 0.044 (0.020–0.219) 0.084 � 0.047 (0.012–0.229) 0.078 � 0.061 (0.019–0.328)
After intervention2 0.175 � 0.095 (0.075–0.490) 0.178 � 0.121 (0.038–0.511) 0.167 � 0.109 (0.050–0.451)

Liver vitamin A (�mol/g)
Baseline 0.105 � 0.054 (0.020–0.277) 0.094 � 0.045 (0.014–0.199) 0.094 � 0.079 (0.022–0.443)
After intervention2 0.196 � 0.108 (0.064–0.603) 0.188 � 0.116 (0.042–0.633) 0.190 � 0.123 (0.043–0.448)

Serum retinol (�mol/L)
Baseline 0.91 � 0.18 (0.66–1.50) 0.84 � 0.20 (0.47–1.26) 0.85 � 0.18 (0.38–1.22)
After intervention 0.91 � 0.18 (0.50–1.34) 0.89 � 0.22 (0.45–1.55) 0.89 � 0.17 (0.36–1.32)

1 All values are x� � SD; range in parentheses. Groups A, B, and C were fed standardized carotene-rich meals containing 7, 15, and 29 g fat/d, respectively,
5 d/wk, for 9 wk at school. Including self-selected foods, the total daily fat intakes were 21, 29, and 45 g/d, respectively.

2 Significant difference from baseline (2-factor ANOVA): P � 0.0001 for repeated measures, P � 0.05 for treatment group, and P � 0.05 for interaction
of treatment group � repeated measures.

TABLE 5
Prevalence of poor vitamin A status at baseline and after the 9-wk food-
intervention period1

Baseline
After

intervention

n (%)
Low liver vitamin A concentration,

�0.07 �mol/g2
36 (34.6) 7 (6.7)3

Low serum retinol concentration,
�0.70 �mol/L4

20 (19.2) 11 (10.6)5

1 n � 104 children.
2 Cutoff based on data from Olson (9, 33).
3 Significantly different from baseline, P � 0.0001 (McNemar’s test).
4 Cutoff based on data from the World Health Organization (41).
5 Not significantly different from baseline, P � 0.08 (McNemar’s test).
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vegetable groups were 0.115 and 0.095 mmol. Furthermore, in
the present study, the mean serum retinol concentrations of chil-
dren in the 3 study groups at baseline were 0.91, 0.84, and 0.85
�mol/L, whereas the mean plasma retinol concentrations at base-
line in the Bangladeshi men in the 2 vegetable groups were 1.32
and 1.24 �mol/L. Animal (43, 44) and human (8) studies have
indicated that the absorption and bioconversion of plant carote-
noids to vitamin A are enhanced when vitamin A status is low.

Tang et al (13) observed no change in the total-body vitamin
A pool size of 5–6-y-old Chinese children who were fed green
and yellow vegetables containing 4670 �g �-carotene/d for 5
d/wk for 10 wk. The children’s initial mean vitamin A pool size
was 0.092 mmol, and their mean initial serum retinol concentra-
tion was 1.05 �mol/L. In a second group of children who were
fed light-colored vegetables, a decrease in mean total-body vi-
tamin A pool size of 0.027 mmol was observed at postinterven-
tion; thus, these investigators concluded that green and yellow
vegetables can maintain body stores of vitamin A in Chinese
children.

In the present study, serum �-carotene, �-carotene, and
�-cryptoxanthin increased 5-fold, 19-fold, and 2-fold, respec-
tively, at postintervention in all 3 study groups. Thus, these
carotenoids were highly bioavailable from their vegetable
sources. The difference in serum carotenoid responses could be
related to the observation that the children’s usual intakes of
�-carotene, �-carotene, and �-cryptoxanthin increased 14-, 95-,
and 2-fold, respectively, during the intervention.

In 2001, the US Institute of Medicine (45) changed the equiv-
alency of plant �-carotene:retinol from 6:1 to 12:1 and the equiv-
alency of other plant provitamin A carotenoids:retinol from 12:1
to 24:1. Applying the recommended equivalency factors to the
present study resulted in a total vitamin A intake of �21 299 �g
retinol activity equivalents (RAEs) during the 9-wk intervention
period—an amount that is less than the observed increase of
�25 689 �g (�0.0897 mmol) in the total-body vitamin A pool
size during the same period. Because the vitamin A intake cannot
be less than the increase in the amount of vitamin A stored, it is
possible that the dietary intakes of provitamin A carotenoids and
retinol were underestimated or that the bioconversion of plant
provitamin A carotenoids to retinol was better than predicted
when the recommended 12:1 and 24:1 conversion factors were
used. This study was not designed to estimate the vitamin A
equivalency of �-carotene in the mixed vegetables that were
provided; thus, a conversion factor for �-carotene:retinol could
not be determined. It should be noted that the recommended 12:1
conversion factor for �-carotene:retinol is an average estimate
and that conversion factors could be higher or lower than 12:1.
Using the DRD technique and an optimal method for estimating
vitamin A equivalency in selected vegetables (ie, inclusion of a
positive control group fed preformed retinol and a negative con-
trol group not fed vegetables), Haskell et al (14) reported �-car-
otene:retinol conversion factors of �10:1 for Indian spinach and
of �13:1 for sweet potato.

Other possible explanations for the discrepancy between the
mean total vitamin A intake (when expressed as RAEs using the
recommended 12:1 and 24:1 conversion factors) and the mean
increase in vitamin A pool size are that the total-body vitamin A
pool sizes were underestimated at baseline or were overestimated
at postintervention. However, these explanations are unlikely
because the paired serum samples at baseline and at postinter-
vention for each subject were analyzed together. The values

obtained were well within the range of values that have been
reported for some children in developing nations (13, 26), which
are lower than the values for US children (20) and Nicaraguan
children (27), where a national program of sugar fortification
with vitamin A is in place.

Dietary fat is needed for the absorption of carotenoids from
plant foods (2). Absorption requires the release of carotenoids
from the food matrix, formation of lipid micelles in the small
intestine, uptake of carotenoids by intestinal mucosal cells, and
transport of carotenoids or their metabolic products (eg, vitamin
A) to the lymphatic or portal circulation (46). Although the stan-
dardized carotene-rich meals contained only 2.4, 5, or 10 g fat/
meal (or 7, 15, or 29 g fat/d), self-selected snacks contributed
additional dietary fat, so that the total fat intakes by the 3 study
groups were 21, 29, and 45 g/d; these amounts were equivalent to
0.9, 1.4, and 2 times the children’s usual daily fat intakes, re-
spectively. Although the sources of additional dietary fat were
not eaten with the carotene-rich meals, delayed release of caro-
tenoids from enterocytes occur when intraluminal lipids become
available from the next foods to allow packaging of carotenoids
into chylomicrons (47). During the intervention days, the total
daily fat intake of the 3 groups provided 12%, 17%, and 24% of
their total energy intake. On weekends, when the subjects con-
sumed their usual diets, the children’s fat intake provided 18% of
their total energy intake. In comparison, US children consume an
average of 34% of total energy as fat (48).

Regardless of the amount of fat ingested by the Filipino chil-
dren per meal or the total amount of fat they ingested per day,
their mean serum provitamin A carotenoid concentrations, total-
body vitamin A pool sizes, and liver vitamin A concentrations
were increased similarly. Thus, the dietary fat requirement for
optimal bioavailability and effectiveness of plant carotenoids is
minimal. Brown et al (49) reported that, in young adults, the
appearance of �- and �-carotene in plasma chylomicrons was
higher after the ingestion of fresh salad with full-fat (28 g fat/
serving) than with reduced-fat (6 g fat/serving) salad dressing.
The present study differs from that of Brown et al (49) in that they
fed raw vegetables in a salad mix, whereas we fed cooked veg-
etables in a meal. Conceivably, more dietary fat may be needed
for the optimal bioavailability of carotenoids in raw than in
cooked vegetables because food processing and heating disrupts
the plant matrix and promotes the release of carotenoids (46).
Roodenburg et al (50) reported that as little as 3 g fat is needed for
the plasma uptake of �- and �-carotene, although these carote-
noids were provided in purified form solubilized in fat and not as
plant foods. In malnourished children aged 2–6 y in India, Ja-
yarajan et al (3) reported that a supplement of 40 g cooked
spinach once daily with either 5 or 10 g groundnut oil for 4 wk
resulted in similar enhancement of serum retinol.

We did not observe a change in serum retinol in this study.
Because serum retinol is subject to homeostatic control over a
wide physiologic range of liver vitamin A concentrations (9), it
is not a good measure for assessing the effectiveness of inter-
ventions aimed at improving the vitamin A status of populations.
In general, in studies that showed no improvement in serum
retinol with increased intakes of colored vegetables, fruit, or
both, the mean serum retinol concentration of subjects at baseline
was higher (ie, 0.89–2.31 �mol/L) (10–14) than that at baseline
in studies in which improvements in serum retinol were found (ie,
0.57–0.76 �mol/L) (3–8). In the present study, the mean serum
retinol concentrations at baseline in the 3 groups were 0.91, 0.84,
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and 0.85 �mol/L, and no significant changes were noted at
postintervention.

In summary, only a small amount of dietary fat (2.4 g/meal, or
21 g/d) is needed for optimal utilization of plant provitamin A
carotenoids. The poor or marginal vitamin A status observed in
the study participants at baseline cannot be attributed to insuffi-
cient fat intakes, but rather to insufficient intakes of food sources
of vitamin A. Stable-isotope-dilution methods are a powerful
tool for assessing vitamin A status and for evaluating the effec-
tiveness of interventions aimed at improving the vitamin A status
of populations. On the basis of data obtained with the use of other
vitamin A assessment methods, the effectiveness of plant caro-
tenoids in combating vitamin A deficiency has been questioned
(12). Data from the present study indicate that it is possible to
improve the total-body vitamin A pool size and restore low liver
vitamin A concentrations to normal concentrations by eating
sufficient amounts of carotene-rich yellow and green leafy veg-
etables and minimal amounts of dietary fat. Thus, carotene-rich
plant foods can effectively meet vitamin A needs. This finding is
of public health importance, especially in developing nations,
where health professionals and policymakers can promote the
use of yellow and green leafy vegetables for combating vitamin
A deficiency in vulnerable groups. In the United States and other
countries, where school-feeding and other food programs are in
place, the information is useful for formulating dietary guide-
lines for inclusion of carotene-rich vegetables in meals.
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Isoflavonoid glucosides are deconjugated and absorbed in the small
intestine of human subjects with ileostomies1–3

Kelly R Walsh, Sara J Haak, Torsten Bohn, Qingguo Tian, Steven J Schwartz, and Mark L Failla

ABSTRACT
Background: Although soy isoflavonoids have a number of health-
promoting benefits, information concerning the sites of their absorp-
tion and metabolism in humans remains limited. Isoflavonoid ab-
sorption from the gut requires deconjugation of glucosides to
aglycones.
Objective: The objective was to investigate the role of the small
intestine in isoflavonoid absorption and metabolism in humans.
Design: Human subjects with fully functional gastrointestinal tracts
(n � 6) and ileostomy subjects (n � 6) were fed a single soy meal
containing 64.8 mg isoflavonoid aglycone equivalents (95% as glu-
cosides). Metabolism of isoflavonoids in the upper gastrointestinal
tract was examined by analyzing ileal effluent from ileostomy sub-
jects, and absorption was assessed indirectly by quantifying isofla-
vonoids and several metabolites in 24-h urine pools.
Results: Chyme contained 36.7% of ingested isoflavonoid aglycone
equivalents, primarily (95.8%) as aglycones. Qualitative profiles
(x� � SEM) of isoflavonoid excretion in urine (daidzein �
glycitein � genistein) and the quantity of isoflavonoid equivalents
were not significantly different between the control (18.4 � 2.2 mg)
and ileostomy (13.5 � 3.2 mg) subjects. Dihydrodaidzein was
present in the urine of all subjects, although the amount excreted by
ileostomy subjects was less than that excreted by the control sub-
jects. The percentage of producers and mean quantities of dihydro-
genistein, equol, and O-desmethylangolensin in the urine of ileos-
tomy subjects also were lower than those of control subjects.
Conclusions: Ileostomy subjects efficiently deglycosylate isofla-
vonoid glucosides in the small intestine and appear to absorb agly-
cones with an efficiency comparable with that of control subjects.
However, the production of microbial metabolites of isoflavonoids
is limited in ileostomy subjects. Am J Clin Nutr 2007;85:
1050–6.

KEY WORDS Soy isoflavonoids, isoflavonoid absorption, il-
eostomy, small intestine, equol, dihydrodaidzein, dihydrogenistein,
O-desmethylangolensin

INTRODUCTION

Isoflavonoids are phytoestrogens that exist predominantly as
glucoside conjugates in soybeans and unfermented soy foods (1).
Despite considerable interest in the health-promoting effects of
isoflavonoids, information about their sites of absorption and
metabolism in humans remains limited. It is well established that
the absorption of dietary isoflavonoids requires deconjugation of
isoflavonoid glucosides to aglycones (2). Plasma concentrations

of phase II conjugates of isoflavonoid aglycones initially peak
1–2 h after the consumption of foods with soy and then again after
4–10 h (3–6). It is generally assumed that this increase in plasma
isoflavonoid aglycones is due to the microbial hydrolysis of
isoflavonoid glucosides in the large intestine (7, 8). This hypoth-
esis is supported by the observation that the second peak in
plasma isoflavonoids was absent after a human subject with
markedly reduced gut microflora ingested a beverage containing
isoflavonoid glucosides (9). Alternatively, the second rise in
plasma isoflavonoids after the consumption of isoflavonoid glu-
cosides may reflect enterohepatic recirculation (10). Isofla-
vonoid aglycones that are ingested or generated in the gastroin-
testinal tract also can be converted by the microflora to various
metabolites. The aglycone daidzein can be reduced to dihydro-
daidzein (DHD) and then converted to O-desmethylangolensin
(O-Dma) or equol, whereas metabolites of genistein include
dihydrogenistein (DHG) and 6�-hydroxy-O-desmethyl-
angolensin (6-OH-O-Dma) (11, 12). These metabolites can be
absorbed or further degraded in the lumen to phenolic com-
pounds. More recently, glycitein has been shown to be converted
to dihydroglycitein, which may be metabolized to 5�-
methoxy-O-desmethylangolensin or dihydro-6,7,4�-trihydroxy-
isoflavone (13).

The active participation of the small intestine in the production
and absorption of isoflavonoid aglycones has been supported by
several reports. Andlauer et al (14, 15) showed that the isolated
small intestine from rats deglycosylates isoflavonoid glucosides.
Bowey et al (16) showed that daidzein and genistein were present
in the urine from germ-free rats, which indicated that microbial
activity is not essential for the deglycosylation of isoflavonoid
glucosides and the absorption of the aglycones. Lactase phlorizin
hydrolase in the brush border membrane of the small intestine is
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capable of deglycosylating isoflavonoid glucosides (17–19). We
previously showed that isoflavonoids from food are stable during
simulated oral, gastric, and small intestinal phases of digestion,
which suggests that conversion of isoflavonoid glucosides to
aglycones is mediated by mucosal epithelial or microbial
enzymes rather than by enzymes secreted by the exocrine
pancreas (20).

In the present study, we investigated the gastrointestinal me-
tabolism and absorption of isoflavonoids in human subjects with
ileostomies. The gastrointestinal metabolism of isoflavonoids
was assessed by HPLC analysis of ileal chyme. Isoflavonoid
absorption in subjects with ileostomies was compared with that
of control subjects with fully functional gastrointestinal tracts by
quantifying deconjugated isoflavonoid aglycones and metabo-
lites in urine (21).

SUBJECTS AND METHODS

Supplies

Standards for daidzein, genistein, glycitein, and their �-,
acetyl- and malonyl-glucosides were purchased from LC Labo-
ratories (Woburn, MA). 2�,4�-Dihydroxy-2-phenylacetophenone
(internal standard) was purchased from the Indofine Chemical
Company, Inc (Hillsborough, NJ). �-D-Glucuronide glucuronoso-
hydrolase (�-glucuronidase) type H-5 from Helix pomatia
(G-1512) and 2-phenyl-4H-1-benzopyran-4-one (flavone, inter-
nal standard) were purchased from Sigma Chemical Co (St.
Louis, MO). Nylon syringe filters (0.2 and 0.45 �m) and C18

extract-clean solid-phase extraction columns (no. 205462) were
purchased from Alltech Associates Inc (Deerfield, IL). Pow-
dered isoflavonoid extract was generously donated (Advantasoy
Clear; Cargill, Wayzata, MN). Condensed tomato soup (Camp-
bell Soup Company, Camden, NJ), bovine milk (2% fat), and
soymilk (Westsoy Plus, Garden City, NJ) were purchased from
a local grocery store. All other supplies were purchased from
Fisher Scientific Co (Fairlawn, NJ). All reagents used for HPLC
and mass spectrometry (MS) analysis were HPLC grade.

Subjects

Human subjects included individuals with ileostomies (n � 6)
and control subjects with intact gastrointestinal tracts (n � 6).
Ileostomy subjects (4 men and 2 women aged 63.7 � 5.8 y;
range: 47–84 y) underwent proctocolectomy for ulcerative co-
litis 13.5 � 5.2 y (range: 3–36 y) before this study. Two of the
subjects with ileostomies had internally implanted J-pouches
requiring intubation to eliminate ileal effluent, whereas the other
ileostomy subjects had external pouches. Control subjects were
age- and sex-matched to the ileostomy subjects (4 men and 2
women aged 64.0 � 7.8 y; range: 49–84 y). Inclusion criteria
required that all subjects were otherwise healthy, had no history
of nutrient malabsorption, were �18 y of age, were lactose tol-
erant (self-reported), were not regular consumers of soy, and had
not used antibiotics for �6 mo before the study. The subjects
completed an initial screening that included a food-frequency
questionnaire addressing their soy-consumption patterns (22).
Written informed consent was obtained before participation in
the study.

Study design

The study was approved by The Ohio State University Insti-
tutional Review Board and was conducted over 2 d. On day 1, the

subjects were instructed to collect all of their urine (baseline),
avoid eating soy-containing foods for the duration of the study,
and record all foods and beverages consumed. The subjects were
counseled by a trained nutritionist and provided with a list of
common soy foods as a guide for foods to avoid. Specimen
vessels containing L-ascorbic acid (1.14 mmol) and boric
acid (4.85 mmol) as preservatives were provided for pooling
urine (23).

On day 2, the subjects consumed a soy test meal at 0700 that
consisted of one serving (236 mL) of tomato soup prepared with
condensed tomato soup (118 mL), bovine milk (59 mL) with 2%
fat, and soymilk (59 mL) and fortified with 125 mg isoflavonoid
extract. The subjects also ingested 2 dinner rolls without soy
ingredients to clean the contents of the soup bowl, orange juice
(177 mL), and coffee (if desired) with the test meal. Individuals
were instructed to refrain from eating for a minimum of 4 h after
consuming the test meal. The subjects (n � 12) collected all urine
for 24 h after the test meal including the first morning void the
following day, and ileostomy subjects (n � 6) also collected ileal
effluent for 24 h after the meal and recorded the collection times.
All samples were stored on ice until retrieved later that morning
by the investigators and were then stored at �20 °C until ana-
lyzed. Ileal effluent samples were weighed and homogenized
with a blender before analysis for isoflavonoids.

Extraction of isoflavonoids from meal and ileal effluent
samples

Isoflavonoids were extracted from the soy test meal and ileal
effluent samples as previously described (20, 24). These samples
were not treated with �-glucuronidase or sulfatase from Helix
pomatia because �-glucosidase activity has been reported for
this enzyme preparation (2). Aliquots (0.25 g) of sample were
mixed with 0.1 mol HCL/L (1 mL), acetonitrile (5 mL), and water
(1.5 mL). Samples were spiked with a stock solution of flavone
(50 �L) in 96% ethanol in water (by vol) as an internal standard
(25). The mixture was shaken (Thermolyne Vari-Mix Shaker;
Barnstead/Thermolyne, Dubuque, IA) slowly at room tempera-
ture for 2 h. Samples were centrifuged (Fisher Centrific Centri-
fuge; Fisher Scientific) at 450 � g for 30 min at room tempera-
ture, and aliquots (1 mL) of the supernatant fluids were dried
under nitrogen at room temperature. Dried residues were resolu-
bilized in 80% methanol: 20% water and filtered (0.2 � m) before
HPLC injection.

Extraction of isoflavonoids and isoflavonoid metabolites
from urine samples

Isoflavonoids were extracted from urine samples by using a
modification of the method of Kulling et al (26). Aliquots of
pooled 24-h urine samples (8 mL) from each subject were cen-
trifuged (Avanti J-25, Beckman Coulter Inc, Palo Alto, CA) at
10 000 � g for 10 min at 4 °C. Aliquots (5 mL) of the supernatant
fluids were filtered (0.45 �m) into polypropylene tubes, and
sodium acetate buffer (1.5 mL, pH 4.0) was added. Samples were
spiked with 2�,4�-dihydroxy-2-phenylacetophenone (final con-
centration: 25 �mol/L) in chloroform as an internal standard. C18

solid-phase extraction columns attached to a vacuum manifold
(no. 210351; Alltech Associates) were conditioned with metha-
nol (6 mL) followed by sodium acetate buffer (6 mL, pH 4.0).
Solid-phase extraction columns were continually monitored to
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prevent them from running dry during the procedure. Urine sam-
ples were drawn through the columns, which were then sequen-
tially washed with sodium acetate buffer (4 mL, pH 4.0), water
(1 mL), and methanol (1 mL). Isoflavonoids and their derivatives
were then eluted into glass vials with methanol (7 mL). Samples
were dried under nitrogen at 37 °C and resolubilized in buffer
(1 mL) containing �-glucuronidase (200 units/mL in sodium
acetate buffer, pH 5.0). Samples were incubated in a shaking
(50 rpm) water bath (Versa-Bath S Model 224; Fisher Scientific)
for 18–22 h at 37 °C. After the addition of diethyl ether (3.5 mL)
and vigorous mixing, the organic phases were transferred to glass
vials, and the extraction with diethyl ether was repeated. Extracts
were dried under nitrogen at room temperature, resolubilized in
80% methanol:20% water (0.6 mL), and filtered (0.2 �m) before
injection.

HPLC analysis

Isoflavonoid profiles of samples were determined by using a
Waters 2695 HPLC (Milford, MA) combined with a Waters 2996
photodiode array detector. Separation was achieved by using a
Waters Nova-Pak C18 reversed-phase column (150 mm �
3.9 mm internal diameter, 4 �m, 60 Å pore size) with an inline
Nova-Pak C18 guard column (20 mm � 3.9 mm internal diam-
eter, 4 �m) for the stationary phase. The sample injection volume
was 10 � L, and data were collected over the spectral range of 210
to 400 nm. For isoflavonoids extracted from meal and ileal ef-
fluent samples, a mobile phase of 1.0% acetic acid in water (by
vol; solvent A) and acetonitrile (solvent B) with the following
linear solvent gradient at 25 °C � 5 °C was used: 0 to 5 min, 15%
B; 5 to 36 min, 15% to 29% B; 36 to 44 min, 29% to 35% B; 44
to 45 min, 35% to 85% B; and, 45 to 50 min, 85% to 15% B. A
flow rate of 0.6 mL/min was maintained throughout the run. For
isoflavonoids extracted from urine samples, the mobile phase
consisted of 1.0% acetic acid in water (by vol; solvent A), ace-
tonitrile (solvent B), and methanol (solvent C) at a constant flow
rate of 0.55 mL/min. The following linear solvent gradient was
used at 25 °C � 5 °C to elute isoflavonoids and their derivatives:
0 to 1 min, 75% A and 12% B; 1 to 14 min, 75% to 49% A and
12% to 25% B; 14 to 15 min, 49% to 10% A and 25% to 45% B;
15 to 19 min, no change; 19 to 20 min, 10% to 75% A and 45%
to 12% B; and, 20 to 25 min, no change.

Quantification of isoflavonoids

Isoflavonoids were identified on the basis of retention times
and ultraviolet absorption spectra of pure (�98%) isoflavonoid
standards. Stock solutions of pure isoflavonoid standards in 80%
methanol: 20% water were serially diluted to prepare standard
curves with concentrations calculated by using the Beer-Lambert
law and published absorbance maxima and molar extinction co-
efficients (27). Each working solution was analyzed by HPLC to
generate external calibration curves that correlated HPLC peak
areas with calculated concentrations. Samples were analyzed in
duplicate and data are expressed as means. HPLC could not be
used to quantitate daidzein in urine from one of the ileostomy
subjects because of the presence of a coeluting peak. Therefore,
the daidzein content of that urine sample was determined by
HPLC-MS/MS as described below.

HPLC-MS/MS analysis

Analysis for the major isoflavonoid aglycone metabolites in
urine samples was performed by HPLC-MS/MS. HPLC condi-
tions were identical to those used for urine analysis. MS was
performed by using positive-ion electrospray ionization on a
triple quadrupole mass spectrometer (Micromass Co, Ltd,
Manchester, United Kingdom). Selected reaction monitoring
was used for detection of the isoflavonoid metabolites DHD
[mass-to-charge ratio (m/z) 257 � 123], DHG (m/z 273 � 123),
O-Dma (m/z 259 � 121), equol (m/z 243 � 133), and daidzein
(m/z 255 � 199). These transitions were determined while scan-
ning for the most abundant daughter ions of the respective stan-
dards. Working conditions of the mass spectrometer were as
follows: capillary voltage, 3.0 kV; cone voltage, 35 V; radiofre-
quency lens 1, 50 V; source temperature, 120 °C; desolvation gas
temperature, 500 °C at a flow of 16.3 L/min; and collision
energy, 25 eV.

Statistical analysis

All statistical analyses were performed by using SPSS release
14.0 for WINDOWS (SPSS Inc, Chicago, IL). Data are ex-
pressed as means � SEMs when appropriate. Isoflavonoid ex-
cretions between the control group and the ileostomy subjects
were compared by using a general linear multivariate model,
with group (control, ileostomy) as a fixed factor and the amount
of excreted isoflavonoids (total, daidzein, glycitein, genistein) as
the dependent variables. Normal distribution of isoflavonoid ex-
cretion in urine and effluent was examined by using normality
plots and Kolmogorov-Smirnov tests. Equality of variance be-
tween control and ileostomy subjects was verified by Levene’s
test and box plots. Analyses for correlation were performed by
linear regression, and Pearson correlation coefficients were cal-
culated. Differences were considered statistically significant
when the P value was �0.05.

RESULTS

Unless otherwise stated, all data are presented as isoflavonoid
aglycone equivalents. All subjects indicated (by self-report) that
they were not regular consumers of soy products and avoided
consuming soy-containing products for the duration of the study.
Review of diet records by a registered dietitian confirmed that
subjects were compliant in avoiding soy foods before and after
administration of the test meal. The soy test meal administered to
human subjects contained 64.8 mg isoflavonoid aglycone equiv-
alents (Table 1) with �40 mg contributed by the isoflavonoid
extract and the remaining 25 mg by the soymilk. Daidzin, gly-
citin, genistin, and malonylgenistin accounted for �94.7% of
total isoflavonoids. Daidzin was the most abundant isoflavonoid
in the meal, representing 45.7 � 0.7% of total isoflavonoids. The
glycitin content of the test meal was slightly higher than that of
genistin (16.6 and 14.6 mg isoflavonoids, respectively) and more
abundant (25.6 � 0.8% of total isoflavonoids) than that typically
present in most soy foods (1). This was due to the abundance of
glycitin in the isoflavonoid extract. Malonylgenistin was the only
acylated glucoside detected in the test meal. Isoflavonoid agly-
cones accounted for �5.2% of total isoflavonoids in the meal.

Total isoflavonoids in the ileostomal effluent (Figure 1) var-
ied widely, ranging from 1.3 to 46.3 mg (23.8 � 6.4 mg; 36.7 �
9.9% of the test meal). Isoflavonoid glucosides accounted for

1052 WALSH ET AL



94.8 � 2.5% of the total isoflavonoids in the test meal, but only
4.2 � 2.1% in the ileal effluent. Free aglycones were quantitated
in ileal effluent because samples were analyzed without incuba-
tion with �-glucuronidase and sulfatase. The quantities of
genistein (8.85 � 3.1 mg) and daidzein (8.5 � 2.4 mg) in effluent
were greater than glycitein (5.5 � 1.4 mg). However, effluent
contained a greater (P � 0.05) percentage of ingested genistein
(55.0%) than ingested daidzein (27.7%) or glycitein (30.6%).
Genistin (1.0 � 0.8 mg genistein equivalents) was present in the
effluent of 2 subjects, but daidzin and glycitin were not detected
in effluent from any subject. The isoflavonoid metabolites DHD,
DHG, equol, O-Dma, and 6-OH-O-Dma were not detected in any
of the samples of ileal effluent.

Isoflavonoids were not detected in the baseline urine samples
of control or ileostomy subjects, which confirmed their self-
reported avoidance of soy products. After ingestion of the soy-
containing meal, total isoflavonoids in urine (Figure 2) from
control subjects (18.4 � 2.2 mg; 28% of ingested dose) exceeded

that for subjects with ileostomies (13.5 � 3.2 mg; 20.9% of
ingested dose); however, the difference was not significant (P �
0.233). The profile of isoflavonoids excreted during the 24-h
period after ingestion of the meal was consistent for control and
ileostomy subjects; the greatest amounts were for daidzein
(15.9 � 2.1 and 9.4 � 2.5 mg/24 h, respectively) followed by
glycitein (1.6 � 0.4 and 2.6 � 1.0 mg/24 h, respectively) and
genistein (0.9 � 0.3 and 1.5 � 0.7 mg/24 h, respectively) in
enzyme-treated urine. This pattern of isoflavonoid excretion (ie,
daidzein � glycitein � genistein) was observed in 10 of 12
subjects. A trend for higher daidzein excretion in control subjects
than in ileostomy subjects was observed (P � 0.076).

Excretion of isoflavonoids in urine during the 24-h period after
the test meal was ingested ranged from 12.9 to 27.0 mg for
control subjects and from 3.2 to 22.4 mg for ileostomy subjects
(Figure 3). Genistein was not detected in enzyme-treated urine
from one ileostomy subject and from one control subject, and
glycitein was not detected in urine from one control subject. The
quantities of glycitein (r2 � 0.56, P � 0.09) and genistein (r2 �
0.50, P � 0.12) in enzyme-treated urine were inversely corre-
lated with the amount of their respective aglycone equivalents in
the ileal chyme, but were not statistically significant. The amount
of daidzein in ileal chyme showed no correlation with the amount
of daidzein present in the urine.

Several of the microbial metabolites of isoflavonoids were
detected in the urine from the control subjects (Table 2). DHD
and DHG were present in urine from all control subjects, whereas
O-Dma and equol were present in the urine from 4 and 3 of these
subjects, respectively. O-Dma and equol were detected in the
urine from only one ileostomy subject. Urine from all ileostomy
subjects contained minimal amounts of DHD compared with that
from the control subjects. Three of the 6 ileostomy subjects
excreted detectable, albeit low, amounts of DHG (2.0 � 1.1 �g)
in the 24-h urine sample. 6-OH-O-Dma was not detected in urine
from any subject.

DISCUSSION

We examined the role of the small intestine in the digestion and
absorption of isoflavonoid glucosides in human subjects with
ileostomies. Ileostomy subjects have previously been used to

TABLE 1
Isoflavonoid glucoside (IFG) and aglycone (IFA) contents of the soy test
meal1

Isoflavonoid Isoflavonoid
Aglycone

equivalents2

mg/meal mg/meal

Daidzein 1.1 � 0.1 1.1 � 0.1
Daidzin 48.5 � 1.2 29.6 � 0.7
Acetyldaidzin ND ND
Malonyldaidzin ND ND
Glycitein 1.4 � 0.1 1.4 � 0.1
Glycitin 26.0 � 0.8 16.6 � 0.5
Acetylglycitin ND ND
Malonylglycitin ND ND
Genistein 0.8 � 0.1 0.8 � 0.1
Genistin 23.4 � 1.0 14.6 � 0.6
Acetylgenistin ND ND
Malonylgenistin 1.4 � 0.6 0.7 � 0.3
Total 102.7 64.8

1 All values are x� � SEM; n � 7. ND, not detected.
2 Aglycone equivalent � (IFA molecular weight/IFG molecular

weight) � (IFG mass).

FIGURE 1. Mean (�SEM) aglycone equivalents of daidzein, glycitein,
genistein, and genistin in 24-h ileostomal effluent samples from 6 subjects
after the consumption of an isoflavonoid-rich test meal. The isoflavonoid
composition of the test meal was primarily glucosides (94.9% aglycone
equivalents), whereas the ileostomal effluent consisted primarily (95.8%) of
aglycones. The ileostomy subjects efficiently converted dietary isoflavonoid
glucosides to aglycones.

FIGURE 2. Mean (�SEM) urinary losses of daidzein, glycitein,
genistein, and total isoflavonoids in the ileostomy (n � 6) and control (n �
6) subjects during the 24-h period after consumption of a soy test meal
containing 64.8 mg isoflavonoid aglycone equivalents. Aliquots of pooled
urine for individuals were treated with �-glucuronidase and analyzed by
HPLC. The amount of each isoflavonoid and of total isoflavonoids excreted
did not differ significantly between groups (P � 0.05).
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examine the gastrointestinal metabolism and absorption of bio-
active compounds, such as quercetin and �-carotene, in the upper
gastrointestinal tract (28–31). Our results show for the first time
that humans lacking a large intestine absorb isoflavonoids from
soy food with an apparent efficiency that does not differ from that
of individuals with an intact gastrointestinal tract. Analysis of
ileal chyme showed that dietary isoflavonoid glucosides are ef-
ficiently hydrolyzed to aglycones before reaching the terminal

ileum in ileostomy subjects. Our results also suggest that micro-
organisms inhabiting the small intestine of ileostomy subjects
produce minimal, if any, DHD, DHG, O-Dma, and equol from
isoflavonoid aglycones.

More than one-third of the ingested isoflavonoids were present
in the ileal effluent; aglycones accounted for 95% of the total.
The experimental design precludes evaluation of the relative
contributions of lactase phlorizin hydrolase in the mucosal epi-
thelium and microbial �-glucosidases in hydrolyzing the in-
gested isoflavonoid glucosides in the small intestine. It is unclear
whether the relative abundance of the aglycones reflects a lack of
direct coupling of hydrolysis of isoflavonoid glucosides with
aglycone uptake into the intestinal epithelia or cleavage of phase
II metabolites that reenter the luminal cavity via enteric and
enterohepatic circulation (10, 32).

Isoflavonoids in urine are a marker of the ingestion of soy
foods and a noninvasive indicator of bioavailability (33, 34). The
qualitative profile of urinary isoflavonoids in enzyme-treated
samples did not differ between control and ileostomy subjects.
Daidzein was the predominant isoflavonoid in urine from 11 of
12 subjects. The ratio of daidzein equivalents to glycitein plus
genistein equivalents in the meal (�1:1) and in urine (�3:1 and
6:1 for ileostomy and control subjects, respectively) indicated
that the relative extent of urinary excretion of daidzein exceeded
that of glycitein and genistein as observed previously in subjects
with intact gastrointestinal tracts (11, 12). Also, the quantities of
isoflavonoids in the urine of individuals with ileostomies varied
widely, as did that of control subjects in this study and previous
studies (8, 12). Differences in gut transit time, the activity of
lactase phlorizin hydrolase, qualitative and quantitative profiles
of intestinal microflora, absorptive efficiency, and postabsorp-
tive metabolism of isoflavonoids likely contributed to the vari-
ation in the amounts of isoflavonoids excreted by individuals fed
the identical meal (12, 35). There were marked differences in the
urinary profile of microbial metabolites of isoflavonoids be-
tween the control subjects and the ileostomy subjects. Compared
with the control subjects, much lower amounts of DHD and DHG
were present in the urine of ileostomy subjects. Only one of the
subjects with an ileostomy had microflora that appeared to be
capable of producing O-Dma and equol. Urinary output of
O-Dma by this individual exceeded that of the 4 control subjects
excreting this metabolite. This individual had an internal J-pouch
for 20 y rather than a stoma for external collection bags. In
contrast, the metabolite profile in the urine of the second subject
with the J-pouch (10 y since surgery) was similar to that of the 4
ileostomy subjects with external pouches.

In the present study, �37% and 21% of the isoflavonoids from
the test meal were recovered in the ileal effluent and urine,
respectively, of subjects with ileostomies. Fecal samples were
not collected from control subjects because only a minor fraction
of the ingested dose of isoflavonoids is eliminated by this route
(12). Thus, we were unable to account for �40% of isoflavonoids
ingested by subjects with ileostomies during the 24-h collection
period. The amount of total isoflavonoids in the ileal effluent may
be underestimated because phase II metabolites of the absorbed
compounds present in bile and effluxed from the intestinal epi-
thelium into the lumen would not be detected by our method of
analysis (10, 32). In subjects with ileostomies, transit time
through stomach and small intestine and ileal excretion of fat,
protein, bile acids, and vitamin B-12 have been reported to be

FIGURE 3. Urinary isoflavonoid profile of individual ileostomy subjects
and control subjects during the 24-h period after the ingestion of a soy test
meal containing 64.8 mg isoflavonoid aglycone equivalents.

TABLE 2
Isoflavonoid metabolites in urine from control and ileostomy subjects1

Metabolite
Control
subjects

Ileostomy
subjects

DHD
No. of producers 6 of 6 6 of 6
Concentration (�g/24 h) 442.8 � 126.72 2.6 � 1.3
Range 188.6–914.3 0.3–8.3

DHG
No. of producers 6 of 6 3 of 6
Concentration (�g/24 h) 90.1 � 24.8 2.0 � 1.1
Range 11.5–142.6 1.3–6.33

O-Dma
No. of producers 4 of 6 1 of 6
Concentration (�g/24 h) 22.0 � 9.5 224.3
Range 30.0–47.8 NA

Equol
No. of producers 3 of 6 1 of 6
Concentration (�g/24 h) 475.8 � 447.7 135.4
Range 22.3–2265.5 NA

1 NA, not applicable; O-Dma, O-desmethylangolensin.
2 x� � SEM (all such values).
3 Range in 24-h urine samples from producers.
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similar to that excreted in feces by normal subjects (36). How-
ever, the ileal mucosa is hypertrophied (37), and there is as much
as an 80-fold increase in the ileal bacterial population after proc-
tocolectomy (38, 39). These factors may affect the extent of
metabolism of ingested isoflavonoids. The absence or low quan-
tities of isoflavonoid metabolites in urine suggests that ileostomy
subjects generally lack sufficient types or numbers of bacteria
capable of producing detectable quantities of some of the me-
tabolites. This possibility is supported by the observation that
antibiotic-mediated reductions in gut microflora were associated
with decreases in plasma equol and microbial metabolites in the
urine of primates and a human subject, respectively (9, 40).
Minimal production of DHD, DHG, O-Dma, and equol by the
ileostomy subjects suggests that they may not benefit from the
proposed health-promoting activities of these isoflavonoid me-
tabolites (41, 42). Future studies in subjects with ileostomies
should consider this possibility as well as the contributions of the
intestinal metabolism of ingested isoflavonoids to phenolic acids
and other compounds not investigated in the present study, hy-
drolysis of glucosides within stomal bags and pouches, and post-
absorptive retention and metabolism in tissues.
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Holo-transcobalamin is an indicator of vitamin B-12 absorption in
healthy adults with adequate vitamin B-12 status1–3

Kristina M von Castel-Roberts, Anne Louise Morkbak, Ebba Nexo, Claire A Edgemon, David R Maneval,
Jonathan J Shuster, John F Valentine, Gail PA Kauwell, and Lynn B Bailey

ABSTRACT
Background: It has been hypothesized that the response of holo-
transcobalamin (holo-TC) to oral vitamin B-12 may be used to assess
absorption. To develop a reliable clinical absorption test that uses
holo-TC, it is necessary to determine the optimal timeline for vitamin
B-12 administration and postdose assessment.
Objective: The objective of this study was to assess the magnitude
and patterns of change in the postabsorption response of holo-TC to
oral vitamin B-12.
Design: Adult (18–49 y) male and female participants (n � 21) with
normal vitamin B-12 status were given three 9-�g doses of vitamin
B-12 at 6-h intervals beginning early morning (baseline) on day 1.
Blood was drawn at 17 timed intervals over the course of 3 d for the
analysis of holo-TC and other indicators of vitamin B-12 status.
Results: Mean holo-TC increased significantly (P � 0.001) from
baseline at 6 h (11%) and 24 h (50%). TC saturation increased
significantly (P � 0.001) from baseline at 12.5 h (33%) and 24 h
(50%). The mean cobalamin concentration changed significantly
(P � 0.001) from baseline at 24 h (15%) and 48 h (14%). The ratio
of holo-TC to cobalamin increased significantly (P � 0.001) at
24 h (32%).
Conclusions: The greatest increase in holo-TC was observed 24 h
after ingestion of three 9-�g doses of vitamin B-12. Our results
indicate that a vitamin B-12 absorption test based on measurement of
holo-TC after administration of three 9-�g doses of vitamin B-12
should run for 24 h. Am J Clin Nutr 2007;85:1057–61.

KEY WORDS Transcobalamin, holo-transcobalamin, holo-
TC, vitamin B-12, vitamin B-12 absorption, healthy adults

INTRODUCTION

Vitamin B-12 is an essential nutrient functioning as a coen-
zyme for methionine synthase and methylmalonyl CoA mutase.
Circulating vitamin B-12 is bound to 1 of 2 carrier proteins,
haptocorrin (HC) or transcobalamin (TC). Although the majority
of vitamin B-12 (�80%) is bound to HC (holo-HC), only TC-
bound vitamin B-12 (holo-TC) can be taken up by body cells (1).
TC has a half-life of �18 h and is sensitive to changes in vitamin
B-12 intake (2). Newly ingested vitamin B-12, as holo-TC, can
first be detected in the blood 3 h after intake with a maximum
plasma concentration occurring at 8–12 h. Once in circulation,
holo-TC is taken up into cells within minutes (2, 3).

Depletion of total body cobalamin occurs slowly and is often
a result of malabsorption, which is difficult to diagnose clinically
(4–7). It is important, however, to detect and treat vitamin B-12
deficiency in the early stages before significant damage occurs.
Untreated deficiency may lead to neurologic damage and an
increased risk of birth defect–affected pregnancies even when
the deficiency is only moderate (8–11). Pernicious anemia, the
specific vitamin B-12 deficiency condition caused by a lack of
intrinsic factor (IF), may result from an autoimmune response to
IF or gastric parietal cells, atrophy of the gastric mucosa, chronic
gastritis, and, in rare cases, a congenital defect. Currently, the
only available diagnostic tests for pernicious anemia are not
clinically practical. The Schilling test, which involves ingestion
of radioactively labeled vitamin B-12, a flushing dose of nonla-
beled vitamin B-12, and collection of urine over a period of 24 h,
requires meticulous adherence to protocol, making it error prone
and costly (12–14). Presence of parietal cell and IF antibodies can
be measured to diagnose pernicious anemia; however, parietal
cell antibodies can occur in other autoimmune diseases, and both
tests are only clinically meaningful in a subgroup of patients with
autoimmune conditions (15, 16). It has been hypothesized that
changes in holo-TC in response to a supplemental dose of vita-
min B-12 may be used to assess vitamin B-12 absorption (17–
19). Bor et al (18) reported a significant increase in holo-TC and
TC saturation 24 and 48 h after receiving three 9-�g doses of oral
vitamin B-12. Because no blood was collected before 24 h (after
baseline), the magnitude and pattern of change of holo-TC during
the first 24 h could not be determined (18). In developing a
clinical diagnostic test, it is important to know the optimal time
after the dose at which to draw blood. The objective of this study
was to evaluate the postabsorption response of holo-TC to oral
vitamin B-12 relative to other indicators of vitamin B-12 status.
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SUBJECTS AND METHODS

Subjects

Twenty-one healthy adult men (n � 13) and women (n � 8)
aged 18–49 y from the Gainesville, FL, community were se-
lected on the basis of the following inclusion criteria: 1) serum
vitamin B-12 concentration �350 pmol/L at the time of screen-
ing, 2) no use of vitamin B-12–containing supplements or vita-
min B-12 injections during the previous year, 3) no use of to-
bacco products, 4) no history of chronic disease, 5) no pregnancy
or lactation, 6) no anemia [hemoglobin �11 g/dL (7.4 mmol/L),
women; �12 g/dL (8.1 mmol/L), men], 7) normal blood chem-
istry profile, 8) body mass index (in kg/m2) between 18 and 29,
and 9) no blood donations within 30 d of the study.

Study design

All participants signed an informed consent form approved by
the University of Florida Institutional Review Board before the
initiation of the study. Participants had a fasting blood sample
drawn at the University of Florida Shands General Clinical Re-
search Center (GCRC). Subjects’ heights and weights were mea-
sured, and a medical history questionnaire was completed. Blood
analyses included serum vitamin B-12, blood chemistry profile,
hematologic indexes, and a pregnancy test for women. The pri-
mary objective of measuring vitamin B-12 in the screening pro-
cess was to ensure that no enrolled subjects had a severe vitamin
B-12 deficiency.

Eligible subjects were admitted to the GCRC the evening
before (day 0) the intervention. The following morning (day 1)
after an overnight fast, an indwelling catheter was inserted for all
blood collections during day 1. A total of 17 timed blood draws
were taken from day 1 to day 3, and three 9-�g doses of vitamin
B-12 were administered at 6-h intervals on day 1, beginning after
the baseline blood draw (Figure 1). Immediately after taking
each vitamin B-12 dose, subjects consumed a piece of bread and
236 mL (8 oz) juice to improve absorption efficiency (20). In
addition to the bread and juice consumed with each vitamin B-12
dose, subjects were given a midmorning snack 2 h after and lunch
3.5 h after dose 1. Dinner was fed 4 h after dose 2, and an evening
snack was 3 h after dose 3. The Recommended Dietary Allow-
ance for vitamin B-12 was provided in the diet on day 1 and on
day 2. Take-home meals were provided on day 2 of the study.
Water and noncaffeinated, noncaloric beverages were allowed
ad libitum. Subjects remained in the GCRC overnight and were
allowed to leave on pass after a fasting blood sample the morning
of day 2. Subjects returned on the morning of day 3 at which time
they had the final fasting blood sample drawn.

Biochemical analysis

At each blood collection, holo-TC, total TC, cobalamin, and
plasma albumin were measured. The ratios of holo-TC concen-
tration to total-TC concentration (TC saturation) and holo-TC
concentration to cobalamin concentration (holo-TC:cobalamin)
were determined to assess changes in these indicators in relation
to one another. Baseline concentrations of methylmalonic acid,
creatinine, serum folate, and homocysteine were also measured.
The vitamin B-12 supplement (9 �g cyanocobalamin) was pre-
pared by Westlab Pharmacy (Gainesville, FL). The vitamin B-12
content of the supplement was validated by an independent lab-
oratory (Analytic Research Laboratories, Oklahoma City, OK).
Blood samples were collected and stored in a freezer at �80 °C
before analysis. Serum vitamin B-12 and folate were assayed on
the Advia Centaur automated immunoassay system (Bayer, Ter-
rytown, NY) with a total imprecision �10%.

Total-TC concentration was determined by a sandwich
enzyme-linked immunoabsorbent assay with a total imprecision
of 4–6% (intraassay imprecision: � 3%) (21). After removal of
the apolipoprotein TC with vitamin B-12–coated beads, holo-TC
was measured by the TC enzyme-linked immunoabsorbent as-
say. The total imprecision for measurement of holo-TC was
�8% (22), and the intraassay imprecision was �4% (23). Albu-
min and creatinine were measured with a Cobas Integra 800
(Roche Diagnostics, Indianapolis, IN). Total imprecision was
�2% for albumin and �3% for creatinine.

Total homocysteine was measured by the immunologic
method on the IMMULITE 2000 (Diagnostic Products Corpo-
ration, Los Angeles, CA) (total imprecision: �6%) (24), and
methylmalonic acid was measured by slightly modified stable-
isotope dilution capillary gas chromatography–mass spectrom-
etry (total imprecision: �8%) (25).

Statistical methods

For each dependent variable of interest (eg, cobalamin), a
linear model was fitted with independent categorical variables,
subject (random effects) and time (fixed effects). The overall P
value for time was obtained by the F test that tests the null
hypothesis that the distribution of the dependent variable was the
same at all time points. Tukey’s method (26) of multiple com-
parisons was used for assessment of differences between time
periods. A least significant difference, as defined by Tukey’s
procedure, ensures that simultaneously every target population
paired difference in means will be within � least significant
difference of the corresponding difference in sample means with
95% confidence.

FIGURE 1. Timeline of the intervention protocol.
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RESULTS

Mean baseline values for all analytes were within normal
ranges (Table 1) (22, 27). Some subjects had values that were
somewhat outside the normal range; however, none of the sub-
jects were severely vitamin B-12 deficient. Measurement of vi-
tamin B-12 at screening was done with the use of a different assay
from the one used at baseline of the study and likely explains the
variation rather than a true change in vitamin B-12 status. Plasma
albumin fluctuated throughout the intervention period, suggest-
ing a change in hydration status throughout day 1 and among the
mornings of days 1, 2, and 3 (data not shown). Holo-TC, cobal-
amin, and total-TC values are reported as a ratio to albumin to
adjust for diurnal changes in overall body protein concentration
resulting from changes in hydration status. Unadjusted (for al-
bumin) means and statistical differences for holo-TC, cobal-
amin, and TC saturation are reported in Table 2. All time points
are reported relative to baseline. Of all of the analytes, only
holo-TC and TC saturation changed significantly on day 1.

Mean holo-TC concentration increased steadily after baseline
and fluctuated throughout day 1. Statistically significant in-
creases were observed in mean holo-TC during the first 24 h of
the intervention, although these small increases were not main-
tained. Mean holo-TC concentration reached a maximum value
at 24, h which was a significant increase relative to baseline and
all other time points (Figure 2). The mean percentage increase
from baseline was also greater at 24 h than at all other time points
with a 49% increase relative to baseline and a 29% increase
relative to 12 h (Figure 3). This peak at 24 h was observed for
almost all subjects, with an increase of �22% (22–85%) for all
but 1 subject. By 48 h, mean holo-TC concentration decreased
significantly relative to 24 h (33%); however, it was still signif-
icantly greater than baseline (Figure 2).

Mean serum cobalamin concentration did not increase signif-
icantly relative to baseline on day 1, although there were fluctu-
ations in concentrations throughout the day. At 24 h mean serum
cobalamin concentration was significantly greater than baseline
(Figure 2). Overall, the percentage change in cobalamin concentra-
tion was smaller than for holo-TC throughout the intervention pe-
riod with ranges of �2% to 15% and �1% to 50%, respectively.

Mean total-TC concentration did not change significantly dur-
ing the study, varying �6% from baseline at all time points (data
not shown). Mean TC saturation began to increase significantly
relative to baseline at 12.5 h, with the most significant increase at

24 h (Figure 2). As observed with holo-TC concentration, the
mean TC saturation and percentage change at 24 h were signif-
icantly greater than at all other time points with 48% and 15%
increases from baseline and 12.5 h, respectively (Figure 4).
Among all subjects, the percentage change from baseline ranged
from 7% to 104% with 19 of 21 subjects having a value of �22%.
The ratio of holo-TC to cobalamin did not increase significantly
until 24 h with absolute and percentage increases of 0.15% and
32%, respectively. The range for percentage change in this ratio
among all subjects was �7% to 109%; 15 of 21 subjects had an
increase of �23% at 24 h.

DISCUSSION

In this intervention study, the changes in markers of vitamin
B-12 status were measured hourly during and after administra-
tion of three 9-�g doses of oral vitamin B-12. In previous studies,
the changes in response to similar vitamin B-12 doses were
measured after 24 h; however, no data were collected before that
time point (17–19). The data from the present study indicate that
a series of three 9-�g doses of oral vitamin B-12, given over 12 h,
led to small fluctuations in holo-TC concentration during the first
study day followed by the previously observed maximum in-
crease in holo-TC concentration 24 h after the first vitamin B-12
dose was given. A similarity was observed in the overall pattern
of change in holo-TC, cobalamin, and TC saturation, with a
gradual increase over the first day with the most pronounced
increase 24 h after the initial vitamin B-12 dose and 13 h after the
final vitamin B-12 dose. Because no measurements were taken
between 12.5 and 24 h, we cannot unequivocally conclude that

TABLE 1
Values of vitamin B-12–related indicators at baseline1

Variable Value Reference interval

Holo-TC (pmol/L) 85 � 38 (41–208)2 40–1503

Cobalamin (pmol/L) 407 � 118 (241–710) 200–600
TC saturation (%) 0.12 (0.05–0.27) 0.05–0.203

Holo-TC:cobalamin (%) 0.22 (0.08–0.44) 0.15–0.513

Hcy (�mol/L) 6.6 � 1.4 (3.9–9.3) 4.5–11.94

MMA (�mol/L) 0.134 � 0.060 (0.08–0.32) 0.08–0.284

Folate (nmol/L) 32.7 � 7.3 (22.2–54.4) �6.0
Creatinine (�mol/L) 69 � 11.7 (48–87) 50–100

1 Holo-TC, holo-transcobalamin; Hcy, homocysteine; MMA, methyl-
malonic acid.

2 x� � SD; range in parentheses (all such values).
3 From Nexo et al (22).
4 From Rasmussen et al (27).

TABLE 2
Concentrations of measured indicators unadjusted for albumin at
scheduled intervals1

Time from baseline (h)

Variable

Holo-TC Cobalamin Total TC

pmol/L

0.0 85 � 38 407 � 118 712 � 135
0.5 84 � 38 395 � 113 688 � 134
1.5 85 � 39 397 � 109 706 � 135
2.5 89 � 43 409 � 114 723 � 136
3.5 91 � 43 421 � 113 743 � 138
4.5 96 � 43 431 � 126 746 � 147
5.5 97 � 41 414 � 109 763 � 1442

6.0 99 � 452 423 � 117 752 � 141
7.0 97 � 42 426 � 117 755 � 128
8.0 95 � 41 424 � 102 773 � 1392

9.0 96 � 38 428 � 102 772 � 1442

10.0 96 � 38 432 � 116 757 � 143
11.0 97 � 39 423 � 114 738 � 154
11.5 99 � 41 429 � 112 739 � 136
12.5 100 � 392 411 � 107 739 � 139
24 124 � 462,3 456 � 1102 715 � 129
48 102 � 372 456 � 1152 758 � 145

1 All values are x� � SD. Values are not reported as a ratio to albumin.
Holo-TC, holo-transcobalamin; TC, transcobalamin.

2 Significantly different from baseline, P � 0.001 (ANOVA, Tukey’s test).
3 Significantly different from all other values, P � 0.001 (ANOVA,

Tukey’s test).
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the true maximum increase in concentration for all markers oc-
curred at 24 h. The timing of vitamin B-12 absorption and me-
tabolism may explain the pattern of change observed in holo-TC
concentration during the first 12 h of the intervention. After
ingesting vitamin B-12, an increase in holo-TC is first measur-
able in the blood at 3–4 h, and holo-TC can be taken up by cells
within minutes (2). It is hypothesized that until cells are saturated
with holo-TC, most of it will be taken up so quickly that no large
changes would be observed initially in the blood. When intake is
sufficient to saturate the cells with vitamin B-12, significant
changes in holo-TC can then be measured. One potential limita-
tion of the current protocol is that a person with a low vitamin
B-12 concentration because of dietary deficiency alone may re-
quire more vitamin B-12 to saturate tissues before significant
changes in holo-TC can be measured. Future investigations
should compare the response to this same intervention protocol
in persons with vitamin B-12 deficiency but no problems with
vitamin B-12 absorption with persons with adequate vitamin
B-12 status.

The absolute and percentage increases in cobalamin concen-
tration were smaller, occurred later, and were maintained longer
than those for holo-TC. This finding is not surprising because
total serum cobalamin primarily consists of holo-HC, and the
slower rate of HC metabolism relative to TC metabolism leads to
a slower overall turnover of serum cobalamin and a slower re-
sponse to changes in intake (1, 28, 29). When comparing these 2
measures among the individual subjects, holo-TC had the most
consistent pattern with only 1 subject not having a change of
�20% at 24 h. In addition the mean percentage change at 24 h
was 3 times that of cobalamin. Holo-TC is clearly a more sensi-
tive indicator of change in vitamin B-12 intake and absorption
than is serum cobalamin because it increased earlier after sup-
plementation, increased relatively more, and decreased earlier
after supplementation ceased.

FIGURE 2. Mean holo-transcobalamin (TC) concentrations (n � 21),
cobalamin concentrations (n � 21) relative to albumin, and TC saturation
(n � 21) at scheduled intervals after oral vitamin B-12 (B12) intake. Holo-TC
increased significantly from baseline at 6–7 and 11–48 h (P � 0.001) and
significantly from all other time points at 24 h (P � 0.001). Cobalamin
increased significantly from baseline at 24 h (P � 0.001). TC saturation
increased significantly from baseline at 12.5–48 h and from all other time
points at 24 h (P � 0.001; ANOVA, Tukey’s test). Error bars represent least
significant differences.

FIGURE 3. Mean percentage changes in holo-transcobalamin (holo-TC;
■ ) and cobalamin (F) relative to albumin at scheduled intervals after oral
vitamin B-12 (B12) intake (n � 21). The increases in holo-TC and cobalamin
from baseline to 24 h were significantly larger than the changes at all other
time points (P � 0.001; ANOVA, Tukey’s test). Error bars represent least
significant differences.

FIGURE 4. Mean percentage changes in transcobalamin (TC) saturation
(�) and in the ratio of holo-transcobalamin to cobalamin (Œ) at scheduled
intervals after oral vitamin B-12 (B12) intake (n � 21). A significantly larger
percentage increase was observed in TC saturation and in the ratio of holo-
transcobalamin to cobalamin at 24 h than at all other time points compared
with baseline (P � 0.001; ANOVA, Tukey’s test). Error bars represent least
significant differences.
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Total TC did not change significantly during the intervention
period. TC saturation increased in a similar manner to holo-TC
(Figure 4). Both holo-TC concentration and TC saturation had
comparable results even when considering individual subjects.
Of all subjects, 95% and 90% had increases of �22% at 24 h for
holo-TC and TC saturation, respectively. In a previous study, a
larger change in TC saturation (at 24 h) than for holo-TC was
observed which was due to a drop in total TC at this time point
(18). No such conclusion can be made from these data because no
significant difference was observed in total TC at any time point.
Because TC saturation is a calculated rather than a direct mea-
sure, the potential error in this value is greater than that for
holo-TC. Therefore, holo-TC may be the better indicator to use.

This is the first study to monitor hourly changes in holo-TC in
response to oral intake of vitamin B-12. The most significant
change in holo-TC occurred at 24 h, indicating that this is the
optimal time after dose at which to measure holo-TC. The three
9-�g vitamin dose sequence used in this study has previously
been chosen to minimize passive absorption and to maximize the
amount of actively absorbed vitamin B-12 (17, 18). This aspect
of the protocol would be important in a clinical vitamin B-12
absorption test, because it is the capacity to actively absorb vi-
tamin B-12 that is being assessed. Further studies evaluating the
necessity of 3 doses and the exact timing of the doses are war-
ranted. In addition, it is possible that the peak in holo-TC con-
centration at 24 h could be due to a decrease in cellular uptake at
this time point. The TC receptor could undergo a similar refrac-
tory period as is observed in IF, so that fewer receptors are
available for a certain time after being saturated with holo-TC,
resulting in an increase of holo-TC remaining in circulation.
Future studies focusing on the capacity of TC receptor to take up
holo-TC might help identify whether this is indeed occurring;
however, note that even if the peak at 24 h was due to a reduction
in cellular uptake, if significant changes in holo-TC do not occur
in the malabsorbers as was reported, the current intervention
protocol would still be useful in diagnosing a vitamin B-12 mal-
absorption condition (17, 18).

In conclusion, holo-TC increases measurably in response to ad-
ministration of oral vitamin B-12 within 6 h with a maximum peak
at 24 h after an overnight period. Our results indicate that a vitamin
B-12absorption testbasedonmeasurementofholo-TCafter3doses
of 9 �g oral vitamin B-12 should run for 24 h.
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High prevalence of low dietary calcium, high phytate consumption,
and vitamin D deficiency in healthy south Indians1–2

Chittari V Harinarayan, Tirupati Ramalakshmi, Upadrasta V Prasad, Desineni Sudhakar, Pemmaraju VLN Srinivasarao,
Kadainti VS Sarma, and Ethamakula G Tiruvenkata Kumar

ABSTRACT
Background: Data on the vitamin D status of the population in a
tropical country such as India have seldom been documented. Vita-
min D deficiency is presumed to be rare.
Objective: The objective was to document the dietary habits and
concentrations of serum calcium, 25-hydroxyvitamin D [25(OH)D],
and parathyroid hormone of Indian urban and rural populations.
Design: Healthy urban (n � 943) and rural (n � 205) subjects were
studied for their dietary pattern and concentrations of serum calcium,
phosphorus, alkaline phosphatase, 25(OH)D, and immunoreactive
parathyroid hormone.
Results: The daily dietary calcium intake of both the urban and rural
populations was low compared with the recommended dietary al-
lowances issued by the Indian Council of Medical Research. Dietary
calcium and phosphorous were significantly lower in rural adults
than in urban adults (P � 0.0001). The dietary phytate-to-calcium
ratio was higher in rural subjects than in urban subjects
(P � 0.0001). The 25(OH)D concentrations of the rural subjects
were higher than those of urban subjects (P � 0.001), both men and
women. In the rural subjects, 25(OH)D-deficient (�20 ng/mL),
-insufficient (20–30 ng/mL), and -sufficient (�30 ng/mL) states
were observed in 44%, 39.5%, and 16.5% of the men and 70%, 29%,
and 1% of the women, respectively. In the urban subjects, 25(OH)D-
deficient, -insufficient, and -sufficient states were observed in 62%,
26%, and 12% of the men and 75%, 19%, and 6% of the women,
respectively.
Conclusions: Low dietary calcium intake and 25(OH)D concentra-
tions were associated with deleterious effects on bone mineral ho-
meostasis. Prospective longitudinal studies are required to assess the
effect on bone mineral density, a surrogate marker for fracture risk
and fracture rates. Am J Clin Nutr 2007;85:1062–7.

KEY WORDS Dietary calcium, phytate consumption, vitamin
D insufficiency, bone mineral density, Indians, high prevalence

INTRODUCTION

Nutritional factors play a vital role in the bone homeostasis.
During infancy, childhood, and adolescence, increasing dietary
calcium intake favors bone mineral accrual (1). Adequate cal-
cium intake along with vitamin D helps to maintain bone mineral
mass attained at the end of the growth period (ie, the peak bone
mass). Serum 25-hydroxyvitamin D [25(OH)D] concentration is
the most reliable indicator of vitamin D adequacy (2). The pro-
duction of 25(OH)D is not regulated, and the serum concentra-
tion thus reflects both cutaneous synthesis and absorption from

diet. Although vitamin D deficiency [25(OH)D concentrations
�20 ng/mL] is associated with osseous changes (rickets or os-
teomalacia), vitamin D insufficiency [25(OH)D concentrations
between 20 and 30 ng/mL] is associated with secondary hyper-
parathyroidism (SHPT) and negative skeletal consequences.
Low dietary calcium intake further amplifies the parathyroid
response to vitamin D insufficiency. The SHPT, which ensues,
mobilizes mineral and matrix from skeleton and leads to an
enhanced bone loss and a high risk of fracture (3–6). Vitamin D
deficiency or poor dietary calcium intake can together lead to a
defect in mineralization of bone (rickets in children; osteomala-
cia in adults). Rickets and osteomalacia are known to develop in
immigrant Indians who migrate away from the equator (7–10).
This was attributed to the poor cutaneous synthesis of vitamin D
resulting from pigmentation and inadequate sunlight exposure
along with a low dietary calcium intake. 25(OH)D deficiency
was presumed to be rare in tropical countries such as India, and
also the data on the vitamin D status of this population has seldom
been documented.

Previously, we reported the prevalence of low 25(OH)D con-
centrations in India in a group of healthy subjects and in patients
with primary hyperparathyroidism (11). Later, other reports en-
sued (12–14). It is surprising to find low concentrations of
25(OH)D in healthy subjects in a country with abundant sun-
shine. So far, no large population-based study has documented
the dietary habits and serum concentrations of calcium,
25(OH)D, and parathyroid hormone of the Indian population.
We studied these aspects in subjects residing at Tirupati and the
surrounding villages.

SUBJECTS AND METHODS

The study was conducted in 943 urban and 205 rural healthy
subjects of Tirupati, southern Andhra Pradesh, India (lat 13.4°N,
long 79.2°E). In the urban and rural locations, the average dura-
tion of cloud-free sunshine is �8-10 h/d throughout the year with
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the solar zenith angle of 9.92° in summer and 38.2° in winter. The
UV index at the above-said latitude during those periods is 7–12.
Winter is short with lowest temperature of 17 °C (night) and
28 °C (day) with scanty rainfall. Most often, there is a little
seasonal variation of the peak intensity of sunlight.

Medical and paramedical personnel and their relatives and
postmenopausal women and their relatives constituted the urban
population. The rural population included men and women who
were included after a demographic survey. Patients with hepatic,
renal, or dermatological disorders; alcoholics; and pregnant
women were excluded from the study.

The dietary assessment of total energy, calcium, phosphorus,
and phytates were documented by recalling the diet consumed in
the previous 5-7 d. The documentation of dietary pattern was by
a single observer. The validity and repeatability of the documen-
tation was rechecked at random by one of us over the period of the
study. From the raw weights, the intakes of total energy, calcium,
phosphorus, and phytate were calculated with the use of a pub-
lished food composition table, detailing the nutritive value of
Indian foods (15). Because the ratio of dietary phytates to cal-
cium is more predictive of the severity of interference of calcium
absorption than is dietary calcium alone, the phytate-to-calcium
ratio was calculated (12). For all patients, venous blood samples
were collected in the fasting state without applying a tourniquet
for the estimation of serum calcium, phosphorus, alkaline phos-
phatase (SAP), creatinine, and albumin, and samples for
25(OH)D and immunoreactive parathyroid hormone (N-tact
PTH) were placed on ice. The serum was separated in a refrig-
erated centrifuge at 700 � g at 4 °C for 10 min and stored at
–20 °C until the analysis for determining 25(OH)D and N-tact
PTH. The blood samples collected from the rural population
were transported in cool packs until they were separated and
stored for further analysis.

The serum concentrations for calcium, phosphorus, alkaline
phosphatase, creatinine, and albumin were determined by an
automated analyzer (CX 9; Beckman, Brea, CA) with the use of
commercial kits. The normal laboratory range for serum calcium
is 8.5-10.5 mg/dL, serum phosphorus is 2.5-4.5 mg/dL, and SAP
is �95 IU/L.

The 25(OH)D concentrations were measured by competitive
radioimmunoassay after acetonitril extraction (DiaSorin, Still-
water, MN; catalog no. 68100E). The minimal detectable limit of
the 25(OH)D assay is 1.5 ng/mL. N-tact PTH was measured by
immunoradiometric assay (DiaSorin; catalog no. 26100). The
minimal detectable limit of the N-tact PTH assay is 0.7 pg/mL.

The subjects were classified as vitamin D–deficient, –insuffi-
cient, or –sufficient on the basis of 25(OH)D concentrations of
�20 ng/mL, 20-30 ng/mL, and �30 ng/mL, respectively, ac-
cording to recent consensus (16–18).

Descriptive results are presented as mean � SEM. Student’s t
test was used to compare the differences between the urban and
the rural subjects. Pearson’s coefficient was calculated for the
correlation. P values � 0.05 were considered significant. Anal-
ysis of variance was used to estimate the main effects and inter-
actions. Tukey’s test was used to identify the groups that are
homogenous with respect to mean. Analysis was performed with
the use of SPSS (version 11.5; SPSS Inc, Chicago, IL).

RESULTS

A total of 1148 subjects were evaluated during the study. The
mean age was 46 � 0.43 y for urban subjects and 43 � 1.01 y for
rural subjects. Urban subjects were fully dressed with only the
face and forearm exposed to sunlight with a white-collar job
(working indoors between 1000 and 1700). Those subjects not in
a job are indoors most of the time. The rural subjects are agri-
cultural workers starting their day at 0800 and working outdoors
until 1700 with their face, chest, back, legs, arms, and forearms
exposed to sunlight.

The diet of urban subjects constituted �2200 kcal/d. Carbo-
hydrates contributed 55% of the total energy intake, proteins
10%, and fat 10%. Vegetables contributed 10% of the total en-
ergy intake, and milk and milk products contributed 15%. The
carbohydrate source was primarily from cereals with rice pro-
viding 50% of total carbohydrates, wheat 25%, and Ragi (Ele-
usine coracana) 25%. Vegetable sources included amaranth
leaves, cauliflower, carrots, ladies fingers, other seasonal vege-
tables, and tubers. Animal sources of protein were consumed
once a week. The diet of rural subjects consisted of �1700 kcal/d.
Carbohydrates contributed 75% of the total energy intake, pro-
teins 10%, fat 5%, vegetables 5%, and milk and milk products
5%. The carbohydrate source was from cereals (rice: 60%; Ragi:
40%). Vegetable sources were drumstick leaves, brinjals, toma-
toes, and so forth. Animal sources of protein were consumed
once fortnightly. No other source of calcium or any other mineral
was consumed in both groups.

The daily dietary calcium intake of both rural and urban sub-
jects was low (Table 1) when compared with that of the recom-
mended dietary allowance (RDA) of 400 mg/d for adults (both
sexes) issued by the Indian Council of Medical Research (ICMR)

TABLE 1
Comparison of dietary intake of urban and rural groups1

Men Women

Urban
(n � 32)

Rural
(n � 109)

Urban
(n � 476)

Rural
(n � 96)

Dietary calcium (mg/d) 323 � 8 (307, 340) 271 � 3 (263, 280) 306 � 2 (302, 310) 262 � 3 (253, 271)
Dietary phosphorus (mg/d) 674 � 17 (640, 707) 493 � 9 (475, 511) 651 � 9 (643, 660) 481 � 10 (462, 501)
Phytate-to-calcium ratio 0.5 � 0.02 (0.47, 0.54) 0.76 � 0.01 (0.74, 0.78) 0.51 � 0.01 (0.50, 0.52) 0.76 � 0.01 (0.74, 0.78)

1 All values are x� � SEM; 95% CIs in parentheses. Recommended dietary allowance of calcium in diet recommended by the Indian Council of Medical
Research is 400 mg/d in adults. There was no significant interaction between sex and location (urban and rural). The main effects of sex and dietary calcium
were significant, P � 0.012. Significant location (urban and rural) � dietary calcium., location (urban and rural) � dietary phosphorus, and location (urban
and rural) � phytate-to-calcium ratio interactions were observed, P � 0.0001.
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for the Indian population (Table 1). Dietary intake of calcium and
phosphorus were significantly lower (P � 0.0001) in the rural
subjects than in the urban subjects. The dietary phytate-to-
calcium ratio was significantly (P � 0.0001) higher in the rural
subjects (Table 1).

Dietary phytate correlated positively with dietary calcium in
the urban subjects (r � 0.55, P � 0.001) and rural subjects (r �
0.36, P � 0.0001) (Figure 1). Dietary calcium intake correlated
negatively with the phytate-to-calcium ratio in urban subjects
(r � �0.28, P � 0.0001) and in rural subjects (r � �0.43, P �
0.0001). The r values are significantly different from each other
(P � 0.039). The phytate-to-calcium ratio correlated positively
with N-tact PTH (r � 0.2, P � 0.01) and SAP (r � 0.3, P �
0.0001).

Thus, the diet of both the rural and urban subjects was far
below the RDA of calcium recommended by ICMR. The diet in
rural subjects had a high phytate-to-calcium ratio, thus retarding

the absorption of already low intakes of dietary calcium. The
main effects of sex and dietary calcium are significant (P �
0.012). Significant interactions for location (urban and rural) �
dietary calcium, location (urban and rural) � dietary phosphorus,
and location (urban and rural) � phytate-to-calcium ratio were
observed (P � 0.0001).

The serum calcium concentration of the urban and rural sub-
jects was within the normal range (Table 2). The serum concen-
trations of phosphorus and SAP were in the normal range in both
the urban and rural subjects. The 25(OH)D concentrations of
rural subjects were significantly higher (P � 0.001) than that of
urban subjects in both the male and female groups (Table 2). A
significant interaction of sex � location (urban and rural) was
observed for SAP (P � 0.032). The main effect of sex is signif-
icant for 25(OH)D (P � 0.0001). The main effect of location
(urban and rural) is significant on all indicators except N tact-
PTH (P � 0.0001 for each).

TABLE 2
Comparison of biochemical and hormonal profiles of urban and rural groups1

Men Women

PUrban Rural Urban Rural

Serum calcium (mg/dL) 9.74 � 0.06 (9.63, 9.85)
[100]

10.06 � 0.06 (9.95, 10.2)
[109]

9.68 � 0.02 (9.64, 9.73)
[678]

9.98 � 0.06 (9.87, 10.15)
[96]

� 0.0012

Serum phosphorus (mg/dL) 3.50 � 0.07 (3.37, 3.64)
[99]

2.84 � 0.07 (2.27, 2.97)
[109]

3.64 � 0.03 (3.59, 3.69)
[679]

2.74 � 0.07 (2.79, 3.09)
[96]

� 0.0012

SAP (IU/L) 84.87 � 3.87 (78.85, 90.9)
[98]

55.67 � 2.07 (49, 61)
[109]

80.4 � 3.07 (78, 90.17)
[683]

62.7 � 3.41 (56, 69.4)
[96]

� 0.0012

0.0323

25(OH)D (ng/mL) 18.54 � 0.8 (17, 20)
[134]

23.73 � 0.8 (22, 25)
[109]

15.5 � 0.3 (14.9, 16)
[807]

19 � 0.89† (17.54, 21)
[96]

� 0.0012

� 0.014

N-tact PTH (pg/mL) 27 � 1.6 (23.9, 30)
[135]

29.24 � 1.6 (26, 32.35)
[109]

28.35 � 0.6 (27, 29.5)
[803]

29.21 � 1.7 (25.75, 32.7)
[96]

1 All values are x� � SEM; 95% CIs in parentheses; n in brackets. SAP, serum alkaline phosphatase; 25(OH)D, 25-hydroxyvitamin D; N-tacts-PTH,
immunoreactive parathyroid hormone. To convert 25(OH)D from ng/mL to nmol/L, multiply by 2.5.

2 Main effect of location (urban and rural).
3 Interaction between sex � location (urban and rural).
4 Main effect of sex.
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FIGURE 1. Relation between dietary calcium and phytates in urban (r � 0.55, P � 0.0001) and rural (r � 0.36, P � 0.0001) locations. The difference in
the r values is significant. A significant difference was observed between intercepts for rural and urban subjects (P � 0.0001). A significant difference was
observed in the correlations between urban and rural locations by Dummy Variable regression (P � 0.0001). A significant decrease in dietary calcium of 73.761
mg/d was observed when shifting from the urban (slope � 0.366) to the rural (slope � 0.335) location; the difference is not significant (P � 0.6383).
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In the rural subjects, vitamin D–deficient, –insufficient, and
–sufficient states were observed in 44%, 39.5%, and 16.5% of the
men and 70%, 29%, and 1% of the women, respectively. In the
urban subjects, vitamin D–deficient, –insufficient, and –suffi-
cient states were observed in 62%, 26%, and 12% of the men and
75%, 19%, and 6% of the women, respectively.

N-tact PTH concentrations were negatively correlated with
25(OH)D in rural subjects (r � �0.24, P � 0.002) and in urban
subjects (r � �0.12, P � 0.0001) (Figure 2). No significant
difference was observed in the r values between rural and urban
subjects. In rural subjects, the N-tact PTH concentrations corre-
lated negatively with serum phosphorus (r � �0.3, P � 0.001)
and positively with SAP (r � 0.3, P � 0.0001). Similar corre-
lation was seen in the urban subjects. The r value for correlation
between N-tact PTH and serum phosphorus was significantly
higher in urban subjects than in rural subjects (P � 0.001).

DISCUSSION

Reports were recently made of a high prevalence of subopti-
mal dietary calcium intake and 25(OH)D insufficiencies in south
Indian populations (19, 20). A few reports available from north
India are from a group of healthy subjects (12) of urban and
semiurban children (21). The study reporting on a small group of
healthy adult subjects is limited for interpretation because of
critical values of 25(OH)D concentrations used for the definition
of vitamin D deficiency and vitamin D insufficiency (22, 23). In
India, metabolic bone disease secondary to dietary calcium in-
sufficiency and 25(OH)D deficiency is prevalent. There are no
reports of large population-based studies from other parts of the
country.

The dietary intake of calcium of first-generation healthy Asian
Indian immigrants in the United States (24) was found to be less
than two thirds of the dietary reference intake recommended for
a healthy person in the United States. Recently, the RDA was
revised and redefined as the dietary reference intake, which is a
result of collaborative effort between the United States and Can-
ada (25). The RDA for calcium in India as recommended by the
ICMR is lower than the recently revised dietary reference intake
(Table 3) (15, 25–28). Milk is not fortified with calcium or
vitamin D in India.

The dietary calcium intake by both the rural and urban subjects
(Table 1) was much lower than the RDA of calcium recom-
mended by the ICMR guidelines (15). Intake of a diet rich in
phytate (inositol hexaphosphate) retards the absorption of cal-
cium from the gut. Inositol hexaphosphate forms chelates with
divalent cations of calcium and reduces the absorption of calcium
from the gut. Studies by Panwar et al (29) have shown that the
calculated values for all nutrients are significantly higher than the
analytic values. Hence, a patient with a calculated low intake of
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FIGURE 2. Relation between serum concentrations of immunoreactive parathyroid hormone (N-tact PTH) and 25-hydroxyvitamin D [25(OH)D] by
category in the urban group (F and dashed line, n � 943) and the rural group (Œ and solid line, n � 205). The categories of 25(OH)D concentration were
�10 ng/mL (urban, n � 197; rural, n � 5), 10.1–20 ng/mL (urban, n � 490; rural, n � 110), 20.1 �30 ng/mL (urban, n � 189; rural, n � 71), and �30 ng/mL
(urban, n � 67; rural, n � 19). Significant parabolic trend is observed between 25(OH)D concentrations and N-tact PTH (model shown in figure). The relation
between N-tact PTH and 25(OH)D is well modeled by a second-degree curve with a downward slope for urban (R2 � 0.016; P � 0.0001) and rural (R2 � 0.06;
P � 0.0001) locations. A steep decrease in N-tact PTH is observed in rural subjects with relation to 25(OH)D when compared with urban subjects. The main
effects of sex and location (urban and rural) are significant (P � 0.05). The effect of 25(OH)D concentrations � N-tact PTH is significant (P � 0.0001). The
effect of location (urban and rural) on 25 (OH)D is significant (P � 0.001). The effect of sex on 25(OH)D is significant (P � 0.001). The effect of 25(OH)D
on N-tact PTH is significant in rural men (P � 0.05), rural women (P � 0.03), urban men (P � 0.0001), and urban women (P � 0. 0001). No significant sex
� location (urban and rural) interaction was observed on 25(OH)D concentrations. Serum N-tact PTH in the �10 ng/mL group was significantly different from
other groups (Tukey’s test).

TABLE 3
Recommended dietary allowances of calcium in India and the United
States

India1 United States2

mg/d
Men 400 800–1000
Women 400 800–1000
Pregnant and lactating mothers 1000 1200–1300

1 Recommendation from food composition table (15).
2 Recommendation from Sallamander concepts (25).
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calcium with the background of a diet that contains foods high in
phytates, as in the current study, may be more calcium deficient
than calculated from dietary intake data.

The quality of the diet in rural subjects was low in calcium and
high in the phytate-to-calcium ratio compared with the urban
diet; hence, the rural subjects are more affected. Although for
rural subjects more body surface area is exposed to sunlight for
longer durations by virtue of their occupation, the poor quality of
diet impedes the bone homeostasis significantly.

The calcium absorptive performance of the gut is a function of
a person’s 25(OH)D status (30, 31). When the 25(OH)D con-
centrations are low, the effective calcium absorption from the gut
is reduced (30, 31). It was shown that low dietary calcium con-
verts the 25(OH)D to polar metabolites in the liver and leads to
secondary 25(OH)D deficiency (32). The SHPT that ensues in-
creases the risk of fractures, especially in postmenopausal
women and elderly patients.

Also, low calcium intake increases PTH which increases con-
version of 25(OH)D to 1,25-dihydroxyvitamin D which, in turn,
stimulates the intestinal calcium absorption. In addition, 1,25-
dihydroxyvitamin D induces its own destruction by increasing
24-hydroxylase. This is the likely explanation for the low
25(OH)D concentrations in persons on a high-phytate or a low-
calcium diet.

In the present study, low prevalence of 25(OH)D deficiency
was seen in rural male subjects compared with that of the urban
male subjects. The same observation was made for the women.
This is probably due to occupation, dress code, and duration of
exposure to sunlight of the rural subjects, who are agricultural
laborers working for �8 h/d in sunlight. In the region of this study
season has little impact on cutaneous synthesis of vitamin D.
There are reports of low dietary intakes of calcium (�300 mg/d)
from the Indian subcontinent causing osteomalacia (33, 34) and
in postmenopausal women (19, 35), children (21), and pregnant
women and their offspring (36).

The work in baboons has shown the effect of low dietary
calcium intake on the development of rickets among vitamin
D–deficient animals (37, 38). The studies in rat models (37, 38)
have shown that a low-calcium diet or a high-phytate diet re-
sulted in increased catabolism of 25(OH)D concentrations, lead-
ing to the formation of inactive metabolites with resultant reduc-
tion in 25(OH)D concentrations. It was also proposed that the
pathogenesis of rickets in the Asian community in the United
Kingdom is attributable to a high-cereal, low-calcium diet which
induces mild hyperparathyroidism (39). Thus, the role of low
dietary calcium intake in the pathogenesis of 25(OH)D defi-
ciency is probably greater than originally recognized.

To the best of our knowledge, the current study is the first to
investigate and compare the relation among the dietary calcium
intakes, biochemical indicators of bone and mineral metabolism,
and vitamin D status in rural and urban subjects. There are meth-
odologic limitations in this study such as the urban subjects are
a sample of convenience. More subjects in all age groups in both
sexes in urban and rural locations in different parts of the country
should be studied in the future. Still, this study clearly brings
forth the low dietary calcium intake of both the urban and rural
subjects, high-phytate content of the rural diet, and the limited
exposure of the urban subjects to sunlight. This could have a
deleterious effect on bone mineral homeostasis and peak bone
mass achieved, and it subsequently reflects as a low bone mineral

density of the Indian population (14). Low 25(OH)D concentra-
tions were associated with a deleterious effect on bone mineral
homeostasis. Prospective longitudinal studies are required to
assess the effect on bone mineral density, a surrogate marker for
fracture risk or fracture rates.
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Magnesium intake and plasma concentrations of markers of
systemic inflammation and endothelial dysfunction in women1–3

Yiqing Song, Tricia Y Li, Rob M van Dam, JoAnn E Manson, and Frank B Hu

ABSTRACT
Background: Relations between magnesium intake and systemic
inflammation and endothelial dysfunction are not well established.
Objective: The aim of the present study was to examine whether and
to what extent magnesium intake is related to inflammatory and
endothelial markers.
Design: We conducted a cross-sectional study of 657 women from
the Nurses’ Health Study cohort who were aged 43–69 y and free of
cardiovascular disease, cancer, and diabetes mellitus when blood
was drawn in 1989 and 1990. Plasma concentrations of C-reactive
protein (CRP), interleukin 6 (IL-6), soluble tumor necrosis factor �
receptor 2 (sTNF-R2), E-selectin, soluble intercellular adhesion
molecule 1 (sICAM-1), and soluble vascular cell adhesion molecule
1 (sVCAM-1) were measured. Estimates from 2 semiquantitative
food-frequency questionnaires, administered in 1986 and 1990,
were averaged to assess dietary intakes.
Results: In age-adjusted linear regression analyses, magnesium in-
take was inversely associated with plasma concentrations of CRP
(P for linear trend � 0.003), E-selectin (P � 0.001), and sICAM-1
(P � 0.03). After further adjustment for physical activity, smoking
status, alcohol use, postmenopausal hormone use, and body mass
index, dietary magnesium intake remained inversely associated with
CRP and E-selectin. Multivariate-adjusted geometric means for
women in the highest quintile of dietary magnesium intake were
24% lower for CRP (1.70 � 0.18 compared with 1.30 � 0.10 mg/dL;
P for trend � 0.03) and 14% lower for E-selectin (48.5 � 1.84
compared with 41.9 � 1.58 ng/mL; P for trend � 0.01) than those for
women in the lowest quintile.
Conclusion: Magnesium intake from diet is modestly and inversely
associated with some but not all markers of systematic inflammation
and endothelial dysfunction in apparently healthy women. Am J
Clin Nutr 2007;85:1068–74.

KEY WORDS Magnesium intake, biomarkers, systemic in-
flammation, endothelial dysfunction, women

INTRODUCTION

Magnesium is an essential mineral with several dietary
sources, including whole grains, green leafy vegetables, le-
gumes, and nuts (1). National survey data indicate that dietary
magnesium intake is inadequate in the US general population,
particularly among adolescent girls, women, and the elderly (2,
3). Magnesium intake may be important in maintaining intracel-
lular magnesium homeostasis, which has been hypothesized to
be one of the common antecedents for the pathogenesis of insulin

resistance, type 2 diabetes, hypertension, and cardiovascular dis-
ease (CVD) (4, 5). Cross-sectional studies have shown that mag-
nesium intake correlates significantly with features of the met-
abolic syndrome (insulin resistance syndrome), including
adiposity, hyperinsulinemia, insulin resistance, hypertriglyceri-
demia, low HDL cholesterol, and hypertension (6, 7). In pro-
spective studies, dietary magnesium intake was inversely asso-
ciated with the incidence of the metabolic syndrome (8) and its
associated chronic diseases, including type 2 diabetes (9–11),
CVD (12–14), hypertension (15, 16), and colorectal cancer (17,
18). However, the pathophysiologic mechanisms underlying
these observed beneficial effects of magnesium intake are not
fully understood.

Recognition is growing that, because they are common ante-
cedents for the initiation of atherosclerosis and type 2 diabetes,
systemic inflammation and endothelial dysfunction may be 2
integral components of the metabolic syndrome, (19, 20). Pre-
vious cross-sectional studies suggested an inverse association
between magnesium intake and concentrations of high-
sensitivity C-reactive protein (CRP) (7). This finding has led to
the suggestion that the metabolic effects of magnesium intake
may be due, at least in part, to magnesium’s effects on systemic
inflammation. It has as yet to be verified whether magnesium
intake is related to other global inflammatory markers, such as
interleukin 6 (IL-6) and tumor necrosis factor � (TNF-�).

Several lines of experimental evidence have also suggested
that magnesium intake may have beneficial effects on endothe-
lial function (21–23). Endothelial dysfunction has been shown to
be closely related to insulin resistance (20, 24) and to precede the
onset of early atherosclerotic CVD and type 2 diabetes (25).
Early endothelial dysfunction can readily be assessed by mea-
suring circulating concentrations of endothelial soluble adhesion
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molecules. Because of limited data, it is unclear whether mag-
nesium intake is inversely related to circulating concentrations of
endothelial biomarkers.

We therefore conducted a cross-sectional analysis to investi-
gate the relations between magnesium intake and plasma con-
centrations of inflammatory and endothelial biomarkers, includ-
ing CRP, IL-6, soluble TNF-� receptor 2 (sTNF-R2), E-selectin,
soluble intercellular adhesion molecule 1 (sICAM-1), and solu-
ble vascular cell adhesion molecule 1 (sVCAM-1) in apparently
healthy women.

SUBJECTS AND METHODS

Study population

The Nurses’ Health Study (NHS) cohort was established in
1976 with 12 1700 female registered nurses residing in the
United States. Every 2 y, follow-up questionnaires are sent to
obtain updated information on potential risk factors and to iden-
tify newly diagnosed cases of chronic diseases. The present sub-
study included 657 women who were selected as control subjects
for a nested case-control study of diabetes. These women did not
have CVD, cancer, or diabetes mellitus at the time of blood
drawing, and they had complete data on lifestyle and dietary
information. The average age of the women at the time of blood
drawing was 56 y (range: 43–69 y).

All participants gave written informed consent. The Brigham
and Women’s Hospital Institutional Review Board approved the
study protocol.

Blood collection and assessment of biomarkers

Blood was collected in 1989 or 1990. Women who were will-
ing to provide blood specimens were sent instructions and a
phlebotomy kit. Blood specimens were returned by overnight
mail on ice, and 97% arrived within 26 h of phlebotomy. On
arrival, the samples were centrifuged (1200 � g, 15 min, room
temperature) to separate plasma from buffy coat and red blood
cells, and the samples were frozen in liquid nitrogen until they
were analyzed. Quality-control samples were routinely frozen
along with study samples to monitor plasma changes as a result
of long-term storage and to monitor changes in assay variability.
Study samples were analyzed in random order to further reduce
systematic bias and interassay variation. All markers were mea-
sured in the Clinical Chemistry Laboratory at Children’s Hospi-
tal (Boston, MA). CRP concentrations were measured with the
use of a latex-enhanced turbidimetric assay on a Hitachi 911
(Denka Seiken, Tokyo, Japan). IL-6 concentrations were mea-
sured with the use of an ultrasensitive enzyme-linked immu-
nosorbent assay (ELISA; R & D Systems (Minneapolis, MN) and
sTNF-R2 by an ELISA kit with the use of immobilized mono-
clonal antibody to human TNF-R2 (Genzyme, Cambridge, MA).
Concentrations of E-selectin, sICAM-1, and sVCAM-1 were
measured with the use of a commercial ELISA (R&D Systems).
The interassay CVs for the biomarkers were as follows: CRP,
3.4–3.8%; IL-6, 5.8–8.2%; sTNF-R2, 3.6–5.1%; E-selectin,
6.4–6.6%; sICAM-1, 6.1–10.1%; and sVCAM-1, 8.5–10.2%.

Assessment of dietary intake

In 1986 and 1990, a semiquantitative food-frequency ques-
tionnaire (SFFQ) was mailed to NHS participants. To minimize
misclassification, usual dietary intakes assessed from the SFFQs

administered in 1986 and 1990 were averaged for each partici-
pant to reflect long-term dietary intake during the time. In pop-
ulations of nurses and health professionals, this SFFQ has shown
reasonably good validity as a measure of long-term average
dietary intakes (26). Pearson’s correlation coefficient between
magnesium intake assessed by SFFQ and 2 wk of diet records
was 0.76 (15). The SFFQ included questions on 116 food items
and specified serving sizes that were described with the use of
natural portions or standard weight and volume measures of
servings commonly consumed in this study population. For each
food item, participants indicated the average frequency of their
consumption during the past year in terms of the specified serv-
ing size by checking 1 of 9 frequency categories, which ranged
from “almost never” to “�6 times/d.” Nutrient intakes were
computed by multiplying the frequency of consumption of each
unit of food from the SFFQ by the nutrient content of the spec-
ified portion size according to food composition tables from the
Harvard Food Composition Database (27).

On the baseline SFFQ, detailed information was also re-
quested on the use of specific vitamins and minerals (including
vitamins A, C, and E; iron; zinc; and calcium) and brands and
types of multivitamins, as well as the dose and duration of use.
Because the use of magnesium supplements was rare before
1990, no additional information was collected specifically on
the use of magnesium supplements. Data on multivitamin
preparations that provide the dose of magnesium in each prep-
aration were taken into account to assess the intake of sup-
plemental magnesium. Total magnesium represents the sum
of magnesium intake from both dietary and supplemental
sources. Each nutrient was adjusted for total energy with the
use of the residual method (28).

Assessment of other variables

Cigarette smoking and body weight were assessed in 1990.
Body mass index (BMI; in kg/m2) was calculated. Physical ac-
tivity was assessed in the number of hours per week spent in
common leisure-time physical activities, which was ex-
pressed as metabolic equivalent hours per week (MET-h/wk)
(29). Alcohol intake was the mean (in g/d) of intakes in 1986
and 1990. Hormone therapy use was ascertained among post-
menopausal women, who were classified as never, past, or
current users in 1990.

Statistical analysis

We categorized total magnesium intake in quintiles. We used
log-transformed plasma concentrations of biomarkers to achieve
normal distributions. Age-adjusted Pearson’s partial correlation
coefficients were calculated to evaluate associations between
these biomarkers and BMI. Multiple linear regression models (in
PROC GLM) were used to control for potential confounding
factors. Geometric means were computed by regressing the ln of
plasma concentrations on magnesium intake and then taking an
antilog of the resulting mean logarithmic value. We next calcu-
lated the exponential values of the means and the CIs for the
markers. Multiple linear regressions were used to calculate re-
gression coefficients for the relation between magnesium intake
and biomarker concentrations. First, we adjusted only for age
(�45, 45.1–50, 50.1–60, 60.1–65, or �65.1 y). In multivariate
models, we further adjusted for smoking status (never, past,
current 1–14 cigarettes/d, or current �15 cigarettes/d), physical
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activity (�1.5, 1.5–5.9, 6.0–11.9, 12.0–20.9, or �21.0 MET-h/
wk), alcohol intake (nondrinker, 0–4.9, 5.0–10.0, or �10.0 g/d),
total calorie intake (continuous), menopausal status, and post-
menopausal hormone use (never, past, or current). The final
multivariate model also adjusted for BMI (�23, 23–24.9, 25–
29.9, 30–34.9, or �35). Tests of linear trend across increasing
quintiles of intake were conducted by assigning the medians of
intakes in quintiles treated as a continuous variable. In addition,
potential effect modifications were evaluated by subgroup anal-
yses stratified by the prespecified factors, including BMI (�25 or
�25), smoking status (never, past, or current smoker), alcohol
intake (never, past, or current drinker), and postmenopausal hor-
mone use (yes or no). The Wald test was used to assess the
significance of multiplicative interaction terms.

The same analytic approach as above was used for analyses of
dietary magnesium intake after excluding magnesium intake
from supplements. All statistical analyses were conducted with
the use of SAS software (version 9.1; SAS Institute, Cary, NC).
All P values were two-tailed (� � 0.05).

RESULTS

In the present study, dietary sources accounted for �96% of
the total intake of magnesium. There were �1.5-fold differences
in total magnesium intake between the highest and lowest quin-
tiles of the study population (medians: 382 mg/d in the highest
quintile, 230 mg/d in the lowest). At baseline in 1990, women
with a higher intake of magnesium were older, less likely to be
current smokers, and more likely to be physically active than
were women with lower magnesium intake (Table 1). High
magnesium intake was also associated with a slightly lower BMI.

Women in the highest quintile of magnesium intake had lower
intakes of total and trans fat but higher intakes of dietary carbo-
hydrate, protein, and fiber.

Almost all markers except sVCAM-1 were correlated with
BMI; the partial correlation coefficients ranged from 0.13 to 0.47
(Table 2). Of inflammatory markers, CRP was the most strongly
correlated with BMI (r � 0.47), followed by IL-6 and sTNF-R2.
Of endothelial biomarkers, E-selectin was modestly correlated
with all markers except sTNF-R2. sVCAM-1 was positively
associated with sICAM-1, E-selectin, and sTNF-R2 but was not
associated with CRP and IL-6.

Age-adjusted geometric mean plasma concentrations of CRP,
E-selectin, and sICAM-1 trended toward significant decreases
with increasing quintiles of magnesium intake (P for linear
trend � 0.003 for CRP, 0.001 for E-selectin, and 0.03 for
sICAM-1) (Table 3). Further adjustment for smoking status,
alcohol use, exercise, total calorie intake, and postmenopausal
hormone therapy did not materially attenuate these associations
between magnesium intake and CRP and E-selectin. After addi-
tional adjustment for BMI, the inverse trends remained for CRP
and E-selectin (P for trend � 0.03 and 0.01, respectively). CRP
and E-selectin concentrations were 24% and 14% lower, respec-
tively, in women in the highest quintile of dietary magnesium
intake than in women in the lowest quintile (Table 3). Similarly
inverse associations, albeit less pronounced, also persisted for
total magnesium intake (data not shown).

Linear regression coefficients for the log-transformed bio-
markers in relation to a 100 mg/d increase in dietary magnesium
intake are shown in Table 4. Inverse associations were consistently
observed between dietary magnesium and plasma concentrations of

TABLE 1
Baseline characteristics according to quintile (Q) of total and dietary magnesium intakes in 657 apparently healthy women in the Nurses’ Health Study1

Characteristic

Total magnesium2 Dietary magnesium2

Q1
(n � 132)

Q3
(n � 129)

Q5
(n � 131)

P for
trend

Q1
(n � 131)

Q3
(n � 134)

Q5
(n � 132)

P for
trend

Median intake (mg/d) 230 297 382 225 289 356
Age (y) 54 � 6.8 57 � 6.5 59 � 6.1 �0.001 54 � 6.7 57 � 6.5 59 � 6.3 �0.001
BMI (kg/m2) 27 � 6.9 26 � 5.3 26 � 5.6 0.34 27 � 6.9 26 � 5.6 25 � 4.9 0.05
Alcohol consumption (g/d) 5.0 � 8.0 6.8 � 13 4.6 � 7.1 0.19 5.5 � 8.8 6.6 � 9.9 3.9 � 6.3 0.15
Current smoker (%) 15 12 7 0.15 15 14 8 0.21
Physical activity (MET-h/wk) 9.6 � 12 15 � 14 19 � 22 0.005 9.1 � 11 17 � 16 17 � 19 0.001
Current postmenopausal hormone

use (%)
35 47 40 0.67 39 38 37 0.45

Nutrient intakes4

Energy intake (kcal/d) 1757 � 536 1778 � 490 1716 � 474 0.39 1788 � 543 1744 � 484 1698 � 493 0.12
Protein (g/d) 69 � 11 76 � 12 82 � 16 �0.001 69 � 11 75 � 12 82 � 16 �0.001
Carbohydrate (g/d) 193 � 31 196 � 34 212 � 33 �0.001 193 � 33 198 � 32 213 � 33 �0.001
Total fat (g/d) 61 � 10 57 � 9.0 50 � 10 �0.001 61 � 9.3 56 � 8.9 50 � 10 �0.001
trans Fat (g/d) 3.2 � 1.0 2.7 � 1.0 2.1 � 0.8 �0.001 3.2 � 1.03 2.7 � 0.84 2.1 � 0.8 �0.001
Fiber (g/d) 14 � 3.6 18 � 4.4 23 � 7.5 �0.001 14 � 3.4 18 � 4.1 23 � 7.3 �0.001
Glycemic load5 107 � 20 103 � 21 107 � 22 0.09 107 � 21 105 � 21 107 � 22 0.16

1 MET, metabolic equivalent.
2 All covariate values are according to the quintile of total and dietary magnesium intake. Total magnesium intake included the total amount of magnesium

from both food and supplements; dietary magnesium accounted for 96% of the total amount of magnesium and did not include supplemental magnesium from
any multivitamin.

3 x� � SD (all such values).
4 All the means of nutrients are energy adjusted.
5 Defined as an indicator of blood glucose induced by a person’s total carbohydrate intake. Each unit of glycemic load represents the equivalent of 1 g

carbohydrate from white bread.
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CRP and E-selectin after adjustment for age, BMI, physical activity,
smoking status, alcohol consumption, and use of hormone replace-
ment therapy. We did not detect significant interactions of magne-
sium intake with BMI, waist circumference, current alcohol con-
sumption status, smoking status, and physical activity for plasma
concentrations of inflammatory and endothelial biomarkers (data
not shown).

We also examined the associations between the main
magnesium-rich foods and inflammatory and endothelial mark-
ers. Of the presented foods, whole grain was the main contributor
to dietary magnesium, followed by green leafy vegetables, nuts,
and legumes. However, the inverse associations were statisti-
cally significant only for green leafy vegetables and nuts with
CRP and for green leafy vegetables with IL-6 (Table 5).

TABLE 2
Age-adjusted Pearson’s partial correlation coefficients for log-transformed markers1

Variables CRP IL-6 sTNF-R2 E-selectin sICAM-1 sVCAM-1 BMI

CRP — 0.322 0.143 0.222 0.143 0.044 0.472

IL-6 — — 0.134 0.242 0.172 0.124 0.302

sTNF-R2 — — — 0.104 0.222 0.262 0.153

E-selectin — — — — 0.372 0.252 0.282

sICAM-1 — — — — — 0.392 0.133

sVCAM-1 — — — — — — 0.094

BMI — — — — — — —

1 CRP, C-reactive protein; IL-6, interleukin 6; sTNF-R2, soluble tumor necrosis factor � receptor 2; sICAM-1, soluble intercellular cell adhesion molecule
1; sVCAM-1, soluble vascular cell adhesion molecule 1.

2–4 Significantly different from square root; 2P � 0.0001, 3P � 0.001, 4P � 0.05.

TABLE 3
Plasma concentrations of biomarkers of inflammation and endothelial dysfunction by quintile (Q) of dietary magnesium intake in 657 apparently healthy
women in the Nurses’ Health Study1

Dietary magnesium intake
P for linear

trend2Q1 Q2 Q3 Q4 Q5

Median (mg/d) 225 262 289 316 356
CRP (mg/dL)

Age-adjusted 1.90 (1.50, 2.30)3 1.60 (1.30, 1.90) 1.50 (1.30, 1.90) 1.40 (1.20, 1.80) 1.20 (1.00, 1.50) 0.003
Model 14 1.80 (1.50, 2.30) 1.50 (1.20, 1.90) 1.60 (1.30, 2.00) 1.40 (1.20, 1.80) 1.20 (1.00, 1.40) 0.003
Model 25 1.70 (1.40, 2.10) 1.50 (1.30, 1.80) 1.50 (1.30, 1.80) 1.50 (1.30, 1.80) 1.30 (1.10, 1.50) 0.03

IL-6 (pg/mL)
Age-adjusted 1.99 (1.77, 2.25) 1.92 (1.70, 2.17) 1.95 (1.74, 2.20) 1.68 (1.49, 1.89) 1.83 (1.62, 2.06) 0.14
Model 14 1.96 (1.74, 2.22) 1.91 (1.69, 2.15) 1.99 (1.77, 2.25) 1.70 (1.51, 1.92) 1.81 (1.61, 2.05) 0.19
Model 25 1.93 (1.71, 2.17) 1.91 (1.70, 2.15) 1.96 (1.74, 2.20) 1.72 (1.52, 1.93) 1.86 (1.65, 2.09) 0.40

sTNF-R2 (pg/mL)
Age-adjusted 2246 (2079, 2427) 2414 (2236, 2605) 2490 (2309, 2685) 2236 (2070, 2415) 2253 (2087, 2433) 0.60
Model 14 2236 (2068, 2417) 2433 (2254, 2627) 2496 (2313, 2692) 2257 (2089, 2438) 2220 (2055, 2398) 0.49
Model 25 2205 (2041, 2383) 2435 (2256, 2627) 2475 (2295, 2668) 2277 (2109, 2459) 2249 (2083, 2427) 0.85

E-selectin (ng/mL)
Age-adjusted 50.0 (46.3, 53.9) 44.7 (41.4, 48.1) 41.5 (38.5, 44.7) 43.3 (40.2, 46.7) 41.5 (38.5, 44.7) 0.001
Model 14 49.2 (45.6, 53.0) 44.3 (41.1, 47.7) 42.1 (39.1, 45.3) 43.9 (40.8, 43.4) 41.3 (38.3, 44.5) 0.004
Model 25 48.5 (45.0, 52.2) 44.6 (41.4, 47.9) 41.5 (38.6, 44.6) 44.3 (41.1, 47.7) 41.9 (38.9, 45.1) 0.01

sICAM-1 (ng/mL)
Age-adjusted 257 (246, 269) 252 (241, 262) 250 (240, 260) 241 (231, 252) 243 (233, 254) 0.03
Model 14 255 (245, 266) 249 (239, 259) 251 (241, 261) 244 (234, 254) 244 (234, 254) 0.11
Model 25 254 (244, 265) 249 (239, 259) 251 (241, 261) 244 (234, 254) 246 (236, 256) 0.19

sVCAM-1 (ng/mL)
Age-adjusted 542 (519, 567) 538 (515, 562) 538 (515, 562) 513 (491, 536) 519 (497, 543) 0.08
Model 14 539 (515, 564) 540 (516, 564) 540 (517, 564) 515 (493, 539) 517 (495, 541) 0.09
Model 25 539 (515, 564) 538 (515, 562) 541 (517, 515) 515 (492, 538) 519 (496, 543) 0.12

1 CRP, C-reactive protein; IL-6, interleukin 6; sTNF-R2 soluble tumor necrosis factor � receptor 2; sICAM-1, soluble intercellular cell adhesion molecule
1; sVCAM-1, soluble vascular cell adhesion molecule. Magnesium intake from diet alone accounted for 96% of the total amount of magnesium; supplemental
magnesium from any multivitamins was excluded for dietary magnesium.

2 From multiple linear regression models for the relation between dietary magnesium intake and log-transformed biomarkers.
3 Adjusted geometric x�; 95% CIs in parentheses (all such values).
4 Multivariate model 1 was adjusted for age (�45, 45.1–50, 50.1–60, 60.1–65, or �65.1 y), smoking status (never, past, current 1–14 cigarettes/d, or

current �15 cigarettes/d), physical activity (�1.5, 1.5–5.9, 6.0–11.9, 12.0– 20.9, or �21.0 metabolic equivalent h/wk), alcohol intake (none, 0–4.9, 5.0–10.0,
or �10.0 g/d), total calorie intake (continuous), menopausal status, and postmenopausal hormone use (never, past, or current).

5 Multivariate model 2 was model 1 with additional adjustment for BMI [(in kg/m2) �23, 23–24.9, 25–29.9, 30–34.9, or �35].
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DISCUSSION

In this study of apparently healthy women, higher magnesium
intake was associated with lower concentrations of CRP and
E-selectin independently of age, BMI, smoking status, physical
activity, alcohol consumption, and postmenopausal hormone
use. Such observational data are likely to reflect overall benefi-
cial effects of magnesium intake from consumption of
magnesium-rich foods such as whole grains, green leafy vege-
tables, legumes, and nuts on systemic inflammation and endo-
thelial function.

Low-grade chronic inflammation, as reflected by elevated in-
flammatory markers, may be one of the common antecedents
underlying the clustering of obesity, impaired glucose tolerance,
dyslipidemia, and hypertension, that is known as the metabolic
syndrome. Previous experimental studies showed that diet-
induced magnesium deficiency led to elevated serum concen-
trations of inflammatory cytokines in rodent models (30–33).
Epidemiologic data, although limited, have provided some

cross-sectional evidence linking magnesium intake to systemic
inflammation, as reflected by elevated concentrations of CRP.
The inverse association between magnesium intake and CRP was
first reported in a large population of 11 686 apparently healthy
women in the Women’s Health Study (7). In a large representa-
tive sample of US adults aged �20 y from the National Health
and Nutrition Examination Survey 1999–2000 (34), persons
who consumed less magnesium than the recommended daily
allowance were 1.48–1.75 times more likely to have elevated
CRP (�3.0 mg/L) than were persons who consumed at least the
recommended daily allowansce, after control for demographic
and CVD risk factors. Those findings are also supported by one
cross-sectional study of 371 nondiabetic, normotensive, obese
Mexicans in which serum magnesium concentrations were found
to be inversely associated with CRP concentrations (35). In the
present study, we extended prior observations by assessing the
correlation of magnesium intake with 3 biomarkers of systemic
inflammation, including concentrations of CRP, IL-6, and

TABLE 4
Linear regression coefficients for the relation between each increase of 100 mg/d in dietary magnesium intakes and log-transformed biomarkers of
inflammation and endothelial dysfunction in 657 apparently healthy women in the Nurses’ Health Study1

Biomarkers

Dietary magnesium intake2

Age-adjusted Model 13 Model 24

CRP (mg/dL) 	0.20 � 0.08 (0.009) 	0.21 � 0.08 (0.006) 	0.14 � 0.07 (0.04)
IL-6 (pg/mL) 	0.02 � 0.05 (0.74) 	0.01 � 0.05 (0.84) 0.01 � 0.05 (0.83)
sTNF-R2 (pg/mL) 	0.03 � 0.03 (0.03) 	0.03 � 0.03 (0.03) 	0.02 � 0.03 (0.50)
E-selectin (ng/mL) 	0.08 � 0.03 (0.007) 	0.07 � 0.03 (0.02) 	0.06 � 0.03 (0.05)
sICAM-1 (ng/mL) 	0.02 � 0.02 (0.33) 	0.008 � 0.02 (0.62) 	0.003 � 0.02 (0.83)
sVCAM-1 (ng/mL) 	0.03 � 0.02 (0.14) 	0.02 � 0.02 (0.17) 	0.02 � 0.02 (0.21)

1 All values are x� � SE; P values in parentheses. CRP, C-reactive protein; IL-6, interleukin 6; sTNF-R2, soluble tumor necrosis factor � receptor 2;
sICAM-1, soluble intercellular cell adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion molecule 1.

2 P values are from the multiple linear regression models for the relation between dietary magnesium intake (per 100 mg/d increase) and log-transformed
biomarkers.

3 Multivariate model 1 was adjusted for age (�45, 45.1–50, 50.1–60, 60.1–65, or �65.1 y), smoking status (never, past, current, 1–14 cigarettes/d, or
current �15 cigarettes/d), exercise (�1.5, 1.5–5.9, 6.0–11.9, 12.0– 20.9, or �21.0 metabolic equivalent h/wk), alcohol intake (none, 0–4.9, 5.0–10.0, or �10.0
g/d), total calorie intake (continuous), menopausal status, and postmenopausal hormone use (never, past, or current).

4 Multivariate model 2 was model 1 with additional adjustment for BMI [(in kg/m2) �23, 23–24.9, 25–29.9, 30–34.9, or �35].

TABLE 5
Linear regression coefficients for concentrations of inflammatory and endothelial markers in relation to intakes of magnesium-rich food groups in 657
apparently healthy women in the Nurses’ Health Study1

Biomarkers

Magnesium-rich foods2

Whole grain
(per 100 g/d)

Green leafy vegetables
(per 1 serving/d)

Legumes
(per 1 serving/d)

Nuts
(per 1 serving/d)

CRP 	0.33 � 0.33 (0.32) 	0.29 � 0.07 (�0.001) 	0.37 � 0.26 (0.16) 	0.38 � 0.18 (0.04)
IL-6 	0.23 � 0.21 (0.29) 	0.11 � 0.05 (0.02) 0.12 � 0.17 (0.49) 	0.11 � 0.12 (0.35)
sTNF-R2 0.02 � 0.14 (0.87) 	0.05 � 0.03 (0.09) 	0.10 � 0.11 (0.36) 	0.03 � 0.12 (0.70)
E-selectin 	0.14 � 0.13 (0.31) 	0.03 � 0.03 (0.35) 	0.17 � 0.11 (0.10) 	0.11 � 0.08 (0.14)
sICAM-1 	0.03 � 0.07 (0.68) 	0.02 � 0.02 (0.26) 0.02 � 0.06 (0.73) 	0.03 � 0.04 (0.43)
sVCAM-1 0.03 � 0.08 (0.74) 	0.02 � 0.02 (0.37) 	0.005 � 0.06 (0.93) 	0.08 � 0.05 (0.09)

1 All values are x� � SE; P values in parentheses. CRP, C-reactive protein; IL-6, interleukin 6; sTNF-R2, soluble tumor necrosis factor � receptor 2;
sICAM-1, soluble intercellular cell adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion molecule 1.

2 The multiple linear regression models were adjusted for age (�45, 45.1–50, 50.1–60, 60.1–65, or �65.1 y), BMI [(in kg/m2) �23, 23–24.9, 25–29.9,
30–34.9, or �35], smoking status (never, past, current 1–14 cigarettes/d, or current �15 cigarettes/d), exercise (�1.5, 1.5–5.9, 6.0–11.9, 12.0–20.9, or �21.0
metabolic equivalent h/wk), alcohol intake (none, 0–4.9, 5.0–10.0, or �10.0 g/d), total calorie intake (continuous), menopausal status, and postmenopausal
hormone use (never, past, or current). Regression coefficients were based on per-unit increase per day: per 100-g increment in whole grain and per 1-serving
increment in green leafy vegetables, nuts (without peanut butter), and legumes.
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sTNF-R2. Although sTNF-R2, IL-6, and CRP may each serve as
sensitive markers of an underlying global inflammatory state,
our results showed a significant inverse association only be-
tween magnesium intake and CRP, a finding that may reflect the
intrinsic biological properties of CRP as the principal down-
stream mediator of the acute-phase response, as well as the in-
tegrated effects of both TNF-� and IL-6 (36). However, our
observations may also indicate that the CRP measurement is
exceptionally stable and measured by robust, well-standardized
immunoassays as compared with other inflammatory markers
(36, 37).

In the present analysis, we also assessed the correlations be-
tween magnesium intake and the concentrations of 3 endothelial
adhesion molecules, which are up-regulated in the early cascade
of endothelial dysfunction. Elevated plasma concentrations of
soluble forms of endothelial adhesion molecules, released from
shedding or proteolytic cleavage from the endothelial cell sur-
face, are considered useful indicators of endothelial dysfunction
and activation (20, 25). E-selectin is expressed exclusively by
endothelial cells, whereas ICAM-1 is constitutively expressed by
several cells, including endothelium and leukocytes (25).
VCAM-1 expression is found on activated endothelium and vas-
cular smooth muscle cells. The specificity of soluble E-selection
as a reflection of its membrane-bound form in the activated endo-
thelium may make it a better surrogate than are concentrations of
sICAM-1 and sVCAM-1. Our findings provide indirect evidence
supporting the link between magnesium intake and endothelial dys-
function. One randomized, double-blind, placebo-controlled trial
has shown that oral magnesium supplementation (30 mmol elemen-
tal magnesium/d) for 6 mo resulted in a significant improvement in
endothelium-dependentbrachialartery flow–mediatedvasodilation
in 50 patients with coronary artery disease (21), which indicates a
direct effect of magnesium intake on endothelial function.

The underlying mechanisms by which magnesium intake in-
fluences systemic inflammation and endothelial dysfunction re-
main to be elucidated, although the most likely explanation is a
causal link between magnesium homeostasis and insulin resis-
tance (4, 5). Circulating concentrations of endothelial adhesion
molecules and inflammatory cytokines are highly correlated
with insulin resistance and its related metabolic abnormalities. It
seems likely that the observed associations between magnesium
intake and markers of inflammation and endothelial dysfunction
may, at least in part, reflect the direct effect of magnesium intake
on glucose and insulin homeostasis. Alternatively, magnesium
may influence insulin resistance through a modulation of sys-
temic inflammation and endothelial function. Increasing evi-
dence points to systemic inflammation and endothelial dysfunc-
tion as 2 common and independent antecedents for the
pathogenesis of insulin resistance (19, 20, 24). Thus, the associ-
ations we observed may reflect a direct role of magnesium in
systemic inflammation and endothelial function.

The strengths of the present study include the large size and the
relatively homogeneous nature of the cohort, which reduced
confounding by several variables, such as access to medical care,
educational attainment, and socioeconomic status. The assess-
ment of multiple biomarkers with the use of robust and well-
standardized assays, detailed diet assessment, and adjustment for
principal risk factors all increased the validity of our results.
Nonetheless, several limitations of the present study merit con-
sideration. First, the cross-sectional design precludes inferences
about the role of magnesium intake in causing inflammation and

endothelial dysfunction. Second, biomarker concentrations were
assessed only once, and dietary assessments are inevitably af-
fected by some measurement errors. Nondifferential misclassi-
fication because of random measurement errors, especially for
VCAM-1, may have attenuated the observed associations. Third,
our evidence may be inadequate to support beneficial effects
from magnesium independent of other highly correlated dietary
nutrients, including fiber, calcium, and potassium. Because mag-
nesium intake from supplements alone contributed a small pro-
portion of total magnesium intake (�4%), our results largely
reflect the associations for dietary magnesium intake. Thus, our
results are more likely to support the potential benefits of high
consumption of magnesium-rich foods such as whole grains,
green leafy vegetables, legumes, and nuts. Although independent
effects of magnesium intake on endothelial function are biolog-
ically plausible according to experimental evidence, any causal
effects of magnesium intake on inflammation and endothelial
function warrant further investigation. Fourth, because the
present study population solely comprised female health profes-
sionals, most of whom were white, results from this study may
not be generalizable to the general US population.

In conclusion, we found that, in apparently healthy women,
dietary magnesium intake was inversely associated with plasma
concentrations of CRP and E-selectin but not with those of IL-6,
sTNF-R2, sICAM-1, or sVCAM-1. These data suggest that in-
creasingtheintakeofmagnesiumfromconsumptionofmagnesium-
rich foods such as whole grains, green leafy vegetables, legumes,
and nuts may have potential beneficial effects on systemic inflam-
mationandendothelial function.Theseobservedassociations,albeit
generally modest, may represent a pathophysiologic mechanism for
the pleiotropic effects of magnesium intake on the features of the
metabolic syndrome and its associated chronic diseases. Clinical
trials are warranted to separate out and establish the possible causal
effects of magnesium supplements on chronic inflammation and
endothelial function.
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Use of stable-isotope techniques to validate infant feeding practices
reported by Bangladeshi women receiving breastfeeding
counseling1–3

Sophie E Moore, Andrew M Prentice, W Andy Coward, Antony Wright, Edward A Frongillo, Anthony JC Fulford,
Adrian P Mander, Lars-Åke Persson, Shams E Arifeen, and Iqbal Kabir

ABSTRACT
Background: The World Health Organization recommends exclu-
sive breastfeeding until age 6 mo. Studies relying on mothers’ self-
reported behaviors have shown that lactation counseling increases
both the rate and duration of exclusive breastfeeding.
Objective: We aimed to validate reported infant feeding practices in
rural Bangladesh; intakes of breast milk and nonbreast-milk water
were measured by the dose-given-to-the mother deuterium dilution
technique.
Design: Subjects were drawn from the large-scale Maternal and
Infant Nutrition Interventions, Matlab, study of combined interven-
tions to improve maternal and infant health, in which women were
randomly assigned to receive either exclusive breastfeeding coun-
seling or standard health care messages. Data on infant feeding
practices were collected by questionnaire at monthly visits. Intakes
of breast milk and nonbreast-milk water were measured in a sub-
sample of 98 mother-infant pairs (mean infant age: 14.3 wk) and
compared with questionnaire data reporting feeding practices.
Results: Seventy-five of the 98 subjects reported exclusive breast-
feeding. Mean (�SD) breast milk intake was 884 � 163 mL/d in that
group and 791 � 180 mL/d in the group reported as nonexclusively
breastfed (P � 0.0267). Intakes of nonbreast-milk water were 40 �
80.6 and 166 � 214 mL/d (P � 0.0001), respectively. Objective
cross-validation using deuterium dilution data showed good accu-
racy in reporting of feeding practices, although apparent misreport-
ing was widely present in both groups.
Conclusions: The dose-given-to-the-mother deuterium dilution
technique can be applied to validate reported feeding behaviors.
Whereas this technique shows that the reports of feeding practices
were accurate at the group level, it is not adequate to distinguish
between feeding practices in individual infants. Am J Clin Nutr
2007;85:1075–82.

KEY WORDS Human milk, breastfeeding, Bangladesh, deu-
terium dilution

INTRODUCTION

The importance of breastfeeding during the first months of life
has led to a World Health Organization (WHO) recommendation
that exclusive breastfeeding should be continued until 6 mo of

age and that nutritionally adequate, safe, and appropriate com-
plementary foods should be introduced, in conjuction with con-
tinued breastfeeding, thereafter (1). This recommendation is sup-
ported by a large systematic review of evidence showing that, on
a population basis, exclusive breastfeeding to age 6 mo provides
for the healthy growth and development of the infant and for the
health of the mother (2). Until recently, national policy in Bang-
ladesh recommended that exclusive breastfeeding be continued
until the infant reached 5 mo of age, but this policy is currently
being considered with a view to the international recommenda-
tions. However, a population-based survey using data for 4126
mother-child pairs from the 2004 Bangladesh Demographic
Health Survey estimated the median duration of exclusive breast-
feeding to be as little as 1.7 mo (3), whereas an earlier study of
1100 lower-middle-class mothers from urban Dhaka reported
that the prevalence of exclusive breastfeeding was 15% and that
complementary foods were introduced at a median of 1 mo (4).
It is relevant that this study found that many mothers misinter-
preted the term exclusive breastfeeding, believing that it meant
feeding both breast milk and water; this misunderstanding may
explain the higher recorded rates observed within the national
survey.
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In Bangladesh, the WHO/UNICEF’s Baby-Friendly Hospital
Initiative is the main strategy for breastfeeding promotion (5).
However, this initiative primarily targets women who receive
prenatal care and then deliver their infants in health care facili-
ties. Because �91% of Bangladeshi women have home deliver-
ies (3), messages on breastfeeding promotion fail to reach the
vast majority of pregnant women. A randomized controlled trial
of community-based peer counseling on exclusive breastfeeding
practices in Dhaka found that this counseling significantly in-
creased the prevalence of reported exclusive breastfeeding at
infant age 5 mo from 6% in the control group (ie, the group
receiving no counseling) to 70% in the intervention group (5). No
such data are available from rural Bangladesh.

A recognized problem in assessing the effect of lactation coun-
seling is that the effect is based on mothers’ self-reported behav-
ior, and it is a concern that mothers in the intervention group may
overreport rates of exclusive breastfeeding (5). Whereas meth-
ods such as unannounced observations of mother-child interac-
tions, monitoring of infant weight gain, and monitoring of the
duration of lactational amenorrhea can help validate reports, no
gold standard method of validation is available. In a recent study
from Brazil, Albernaz et al (6) used a stable-isotope dosing
method to show that lactation counseling increases breastfeeding
duration but does not increase breast milk intakes in infants
assessed at 4 mo of age. Because this stable-isotope method also
estimates the intake of nonmilk fluids, it could potentially be used
to validate mothers’ reports of infant feeding practices. The cur-
rent study was specifically designed to measure breast-milk and
nonbreast-milk water intakes by using the dose-given-to-the-
mother (dose-to-mother) deuterium dilution technique and to
validate reported exclusive breastfeeding in a subgroup of
mother-infant pairs from the Maternal and Infant Nutrition In-
terventions, Matlab (MINIMat) study in rural Bangladesh.

SUBJECTS AND METHODS

Study population

The study was conducted in the Matlab region of Bangladesh,
a rural but densely populated riverine area of Bangladesh situated
�70 km southeast of the capital, Dhaka. Since 1963, the Inter-
national Centre for Diarrhoeal Disease Research, Bangladesh
(ICDDR,B; formerly the Cholera Research Laboratory), has
conducted a demographic surveillance and health-related re-
search program in the region. In 2001, ICDDR,B initiated the
MINIMat study, randomly assigning all pregnant women in Mat-
lab to receive a combination of protein-energy and micronutrient
supplements. The prenatal arm of the study was completed in
June 2004, by which time a total of 3267 singleton infants had
been born in the region. Key findings from the main study will be
reported elsewhere. In addition to the prenatal dietary supple-
mentation scheme, all women were randomly assigned either to
receive (intervention group) or not to receive (control group)
exclusive breastfeeding counseling; all women received the stan-
dard health counseling provided by local community health
workers. Within the intervention group, women received coun-
seling in 8 sessions: 2 sessions before delivery, 1 session �7 d
after delivery, and 5 sessions at monthly intervals up to 6 mo after
delivery. All women received basic health care messages, as is
the usual practice in this region of Bangladesh. Analysis of the

effect of this intervention on the rates and duration of exclusive
breastfeeding within the main study is ongoing.

Written informed consent was obtained from all participating
mothers. Approval for the study was obtained from the Ethical
Review Committee of the ICDDR,B Centre for Health and Pop-
ulation Research.

Classification criteria for infant feeding

At monthly visits after delivery, a female fieldworker visited
each household to collect information on infant feeding prac-
tices. At these visits, the mother was asked to describe how her
infant had been fed during the previous 30 d, and data were
recorded separately for 2 time periods—the first 15 d and the
most recent 15 d. The purpose of using 2 times periods was to
capture, as accurately as possible, the age at which the child was
no longer exclusively breastfed. Because of the large geograph-
ical area covered by the study, and the fact that visits to subjects
can involve long distances on foot, bicycle, or boat, more fre-
quent visits were not possible. Information was recorded as to
whether the infant had received breast milk only; received breast
milk and additional foods including plain water, sugar water,
other milk, other liquids, semisolid foods, or solid foods; or
received only other foods including plain water, sugar water,
other milk, other liquids, semisolid foods, or solid foods. These
data were then coded, and the breastfeeding status was classified.
Classification was based on the current WHO recommendations
(7)—ie, exclusive breastfeeding (breast milk only), predominant
breastfeeding (breast milk plus other liquids such as water, tea, or
juice), and partial breastfeeding (other food or milk in addition to
breast milk). For the purpose of the current analysis, question-
naire data collected during the time of the deuterium study were
extracted from the main database, and infants were classified by
feeding pattern.

Measurement of breast milk intake

Intakes of breast milk and nonbreast-milk water were esti-
mated 3 mo after delivery by using the dose-to-mother deuterium
dilution technique. In addition to quantifying intakes, this
method allows for an estimation of the exclusivity of breastfeed-
ing, because the breast milk and nonbreast-milk water intakes
can be compared. At baseline, a 2-mL sample of saliva was
collected from each mother and a 2-mL sample of urine was
collected from her infant, after which the mother received a 10-g
oral dose of deuterium oxide (99.8% sterility-tested; CK Gas
Products Ltd, Hook, United Kingdom). Another 3 samples of
saliva were collected from each mother on days 1, 4, and 14, and
another 5 samples of urine were collected from each infant on
days 1, 3, 4, 13, and 14. After the analysis of an initial batch of the
samples, it was evident that rates of water turnover in these
women were high, which necessitated an adjustment in the pro-
tocol to include additional saliva samples from the participating
mothers on days 3 and 13. Maternal saliva was collected �30 min
after consumption of any food or drink. The mother was asked to
chew on a cottonwool ball for �5 min, and saliva was then
expressed from the cottonwool by using a plastic syringe. Urine
was collected from infants by placing cottonwool balls within a
disposable diaper and waiting for the infant to pass urine. The
diaper was checked every 15 min, and, if the diaper was dry, clean
cottonwool balls were inserted (8). If the infant had passed urine,
the cottonwool balls were removed with forceps, and the urine
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was expressed with the use of a plastic syringe. Urine and saliva
samples were then stored at �20 °C before transportation to
Cambridge, United Kingdom, for analysis.

The 2H enrichment in the saliva and urine samples was mea-
sured by isotope ratio mass spectrometry at the Elsie Widdowson
Laboratory, MRC Human Nutrition Research (Cambridge,
United Kingdom). Equilibration with hydrogen gas was per-
formed as described elsewhere (9), with the following slight
modifications: a 222 XL liquid handler (Gilson, Middleton, WI)
was used to fill sample bottles containing 0.4 mL sample with
hydrogen gas by using a venting needle that provides 3 mL
hydrogen gas at 1 bar to each bottle. Samples were equilibrated
in the presence of platinum catalyst rods online at 22 � 0.1 °C for
6 h before analysis. The precision of the 2H/1H measurements
was 0.26 ppm.

The intakes of breast milk and of water from nonbreast-milk
sources were calculated by fitting the isotopic (tracer) data to a
model for water (tracee) turnover in the mothers and infants and
measuring the transfer of milk from mother to the infant, as
described elsewhere (10).

Statistical analysis

Comparisons among group means were made by using
2-sample t tests. Comparisons between breast milk or nonbreast-
milk water intakes and infant and maternal characteristics were
tested by using analysis of variance (ANOVA). To validate re-
ported feeding practices against intakes measured by deuterium
dilution, 2 methods were employed—ie, the Markov Chain
Monte Carlo (MCMC) method and a finite-mixture model (11).

MCMC models were used to estimate the precision with which
the deuterium method estimates the proportion of each child’s
fluid intake that comes from breast milk. This Bayesian tech-
nique has the capacity to model complex systems—in this case,
the nonlinear simultaneous equations representing the trajecto-
ries of the mother’s and the child’s deuterium enrichment over
the 14 d after dosing. The MCMC method’s output is a series of
random values for each of the model parameters, sampled with
probability determined by their posterior distribution (ie, by their
“plausibility” as determined by the model and the data to which
it is fitted). In our models, the dynamics were represented by a
4-parameter model: 1 parameter each for the proportion of moth-
er’s and baby’s total body fluids that was replaced per unit of
time, 1 parameter for the proportion of the baby’s fluid intake that
came from the mother’s breast milk, and 1 parameter for the
mother’s initial (postdose) deuterium enrichment above base-
line. This parameterization removes the complications—and ad-
ditional variation—resulting from the need to estimate absolute
volumes of fluid and yields a slightly simpler solution to the
differential equations than that described by Coward et al (12).
Each parameter was fitted as a random effect (following a log-
normal distribution whose parameters were given flat, noninfor-
mative prior distribution). The MCMC method was used to draw
20 000 samples (after 20 000 “burn-in” cycles to avoid depen-
dence on the initial values; 3 chains were followed to check
convergence) from which an estimate of the means (and 95%
CIs) of the proportion of intake from breast milk was calculated
for each child. As in Coward et al (12), an adjustment was made
to allow for water exchange at the lungs. This was achieved by
multiplying the proportion of the intake from breast milk by an
appropriate factor, calculated to be 1.16. As with all methods, the

estimates obtained depend on the validity of the model’s assump-
tions, and it remains uncertain how sensitive the estimates are to
model misspecification (eg, to the assumption that the parame-
ters are constant with respect to time). We note that, in 3 children,
little or no deuterium enrichment could be detected, presumably
because they were receiving little or no breast milk, and conse-
quently their data could not be properly modeled.

In an attempt to estimate the accuracy of the reporting of
practices in each feeding and counseling group, a finite-mixture
model was applied. This model has been used in many fields to
represent mixtures of groups of data that follow normal or other
distributions (11). For this model, we assumed that the combined
distribution of infant intakes from both the reported EBF group
and the reported NEBF group was composed of a mixture of 2
normal distributions, as given in the following equation (11):

f �x� � � N��1, �1� � �1 � �� N��2, �2� (1)

where f(x) is the overall distribution, N refers to the normal (ie,
Gaussian) distribution, �1 and �2 are means, �1 and �2 are SDs,
and � is the proportion of the total sample that is in the first
distribution. The first distribution represents infants with no
nonbreast-milk water intake, and the second distribution repre-
sents infants with some nonbreast-milk water intake.

A maximum likelihood procedure implemented in the
NORMIX software program (version 2.2; proprietary to JH
Wolfe) (13) was used to estimate the parameters. Maximum
likelihood procedures work by estimating the values of param-
eters that were most likely to have generated the data in hand,
given the model assumed. The parameter estimates were then
used to further estimate sensitivity, specificity, and positive and
negative predictive values (14). Sensitivity and specificity are
measures of the accuracy of the mothers’ reports in comparison
with the estimation obtained from the deuterium dilution tech-
nique. Positive and negative predicted values are measures of
the efficiency of the mothers’ reports. It should be remembered
that this analysis is essentially “illustrative,” because the esti-
mates depend on rather strong and unsubstantiated assumptions
about normal finite mixtures.

RESULTS

Study population

A total of 101 mother-infant pairs were recruited from the
main MINIMat study into the current substudy. Of these 101
pairs, complete data were available for 98, and the remaining 3
pairs were rejected on the basis of incomplete saliva and urine
collection. Forty-four of the women had been randomly assigned
to the intervention arm of the study, and 54 were from the control
group. Mother and infant characteristics according to interven-
tion group are detailed in Table 1. Significant differences were
observed in parity and in years of schooling, with a higher parity
and lower number of years of schooling in the group that received
exclusive breastfeeding counseling. No other differences were
observed in either maternal or infant characteristics according to
intervention group.

Classification of infant feeding practices—reported data

Data on infant feeding practices were coded by using the
questionnaire data. Of the subjects, 75 reported that they were
exclusively breastfeeding their infant, 6 were predominantly
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breastfeeding, 15 were partially breastfeeding, and 2 were giving
only replacement feeds to their infants. The proportion of women
exclusively breastfeeding at follow-up was 79.5% in the inter-
vention group and 74% in the control group (P � 0.5250). The
full analysis of the effect of the intervention on the duration of
exclusive breastfeeding will be presented elsewhere.

Breast milk intake

Two infants were not breastfed during the study period, and the
data from 2 additional infants were excluded from the analysis
because of a poor fit in the model used for estimating intakes.
Data on breast milk and nonbreast-milk intakes are therefore
available for 94 mother-infant pairs. Mean breast milk intake
measured by the dose-to-mother deuterium dilution technique
was 863.0 � 170.3 mL/d. No significant correlations were ob-
served between breast milk or nonbreast-milk water intake and

any of the infant or maternal variables measured (data not
shown). Breast milk and nonbreast-milk water intakes according
to reported feeding status are detailed in Table 2. A significant
difference was observed in both breast-milk (P � 0.0267) and
nonbreast-milk water (P � 0.0001) intakes between the group re-
ported to be exclusively breastfed (reported EBF) and the other 2
groups (ie, predominantly and partially breastfed) combined. How-
ever, no significant difference was observed in total water intakes
between the groups (P � 0.1929). For all further analyses, the pre-
dominantly and partially breastfed groups have been combined to
form one group of reported nonexclusively breastfed infants (re-
ported NEBF group; n � 21). No significant differences existed
between the intervention and control groups in the intake of either
breast milk (866 and 860 mL/d, respectively; P � 0.8535), nonmilk
water (70.6 and 66.0 mL/d, respectively; P � 0.8683), or total water
(825 and 815 mL/d, respectively; P � 0.7235).

TABLE 1
Maternal and infant characteristics by randomization group1

Intervention group
(n � 44)

Control group
(n � 54)

Maternal characteristics
Age (y) 28.1 � 5.19 (18.0–39.1)2 26.9 � 5.62 (18.2–43.0)
Weight (kg) 45.0 � 4.42 (36.5–54.6) 44.7 � 7.26 (30.5–64.4)
Height (cm) 147.5 � 4.29 (137.6–156.0) 147.6 � 5.32 (135.0–162.0)
BMI (kg/m2) 20.7 � 1.66 (17.8–26.0) 20.44 � 2.61 (15.7–28.8)
Parity 2.07 � 1.66 (0–7) 1.133 � 1.41 (0–7)
Schooling (y) 3.86 � 3.75 (0–12) 5.673 � 3.81 (0–12)
Wealth index4 2.66 � 1.46 (1–5) 3.19 � 1.39 (1–5)

Infant characteristics
Males/females 22/22 30/24
Age (wk) 14.35 � 1.35 (10.9–16.5) 14.18 � 1.48 (10.8–17.2)
Birth weight (g) 2677 � 384 (1480–3403) 2777 � 387 (1660–3553)
Gestational age (wk) 39.08 � 2.08 (30.1–42.6) 39.3 � 1.62 (35.1–43.1)
Weight at follow-up (kg) 5.50 � 0.81 (3.60–6.90) 5.73 � 0.70 (3.3–7.4)

1 The intervention group received the usual health care message plus exclusive breastfeeding counseling; the control group received the usual health care
message only.

2 x� � SD; range in parentheses (all such values).
3 Significantly different from intervention group, P � 0.05 (2-sample t test).
4 Wealth index was based on information on household assets and estimated by principal component analysis, producing a weighted score. Scores were

grouped into quintiles.

TABLE 2
Breast milk, nonbreast-milk water, and total water intakes by reported feeding group1

Breast milk Nonbreast-milk water Total water2

mL/d

EBF (n � 73) 883.7 � 163.0 (527–1236)3 40.0 � 80.6 (�99–270) 809.7 � 120.7 (500–1106)
PredBF (n � 6) 821.2 � 163.0 (596–975) 119.3 � 264.6 (�50–639) 834.6 � 208.3 (542–1158)
PartBF (n � 15) 778.6 � 189.7 (514–1096) 184.9 � 198.0 (�71–593) 863.1 � 191.5 (536–1284)
All infants (n � 94)4 863.0 � 170.3 (514–1236) 68.2 � 133.0 (�99–639) 819.8 � 139.8 (500–1284)

1 EBF, exclusively breastfed (breast milk only); PredBF, predominantly breastfed (breast milk plus other liquids such as water, tea, or juice); PartBF,
partially breastfed (food or milk in addition to breast milk). Infant feeding status as recorded by questionnaire date. When PredBF and PartBF groups were
combined and compared with the reported EBF group (linear model analysis), significant differences were observed in intakes of breast milk (P � 0.0267) and
nonbreast-milk water (P � 0.0001) but not in total water (P � 0.4549). For individual group comparisons, this difference reached significance only for
nonbreast-milk water intakes between the EBF and PartBF groups (P � 0.001) (Scheffe’s post hoc test). No other group differences were significant.

2 Total water content calculated as water from breast milk (corresponding to �81.7% of breast milk intake after adjustment for milk solids) plus other water.
3 x� � SD; range in parentheses (all such values).
4 Two subjects were not breastfed during the study period, and the data from another 2 infants were excluded from the analysis because of poor fit of the

model.
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Validation of reported feeding using deuterium dilution
technique

Intakes of breast milk and nonbreast-milk water were com-
pared with mothers’ reported breastfeeding status. Breast milk
and nonbreast-milk water intakes in the infants from the reported
EBF group are shown in Figure 1A, and intakes in the reported
NEBF group are shown in Figure 1B. As illustrated, several
negative values were obtained for intakes of nonbreast-milk wa-
ter. These negative values arise because, in infants with no water
intake from nonbreast-milk sources, random methodologic error
will produce both negative and positive estimates of nonbreast-
milk water intake around a zero mean. Such a negative error has
been reported in previous studies using the deuterium dilution

method, but no previous study has attempted to estimate this error
to validate the mothers’ reported practices. We have therefore
used MCMC and a finite-mixture model to estimate this error
within the current study.

Using the data obtained from the MCMC simulation,
Figure 2 describes the estimated error according to each moth-
er’s reported feeding: estimates are expressed as a proportion of
the total water intake from breast milk (a value of 1 represented
exclusive breastfeeding). As shown, a proportion of the infants
from the reported EBF group had intakes of nonbreast-milk wa-
ter �0, as estimated by error bars that do not cross 1. However,
in the reported NEBF group, there also were several infants
receiving only negligible amounts of nonbreast-milk water,
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FIGURE 1. Breast-milk and nonbreast-milk water intakes in infants reported to be exclusively (n � 73; A) or not exclusively (n � 21; B) breastfed.

FIGURE 2. Markov Chain Monte Carlo model of total water intake in infants reported to be exclusively breastfed (EBF) or not exclusively breastfed.
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which suggests that these infants also may be exclusively breast-
fed. It should be noted, however, that the figure clearly describes
2 populations, with a greater proportion of infants from the re-
ported EBF group having estimated zero intakes of nonbreast-
milk water. We also note that the precision with which the pro-
portion of intake from breast milk is estimated varies
considerably. Whereas this proportion typically could be mea-
sured with 95% confidence to a precision of �7%, the error
occasionally (�8% of babies) could be more than twice that.
There appeared to be little correlation between the estimated
proportion and its precision, and few large discrepancies be-
tween self-assessment and deuterium estimate could be ac-
counted for by especially large imprecision in the deuterium
method. The deuterium enrichment of saliva samples from 3
children was insufficient to allow appropriate modeling. They
are plotted on the x-axis because they are believed to have re-
ceived little or no breast milk.

To estimate the proportion of misreporting within each group,
a finite-mixture model was fitted by using a likelihood method,
in which a likelihood ratio test indicated that a mixture of 2
normal distributions fitted the nonbreast-milk water intake data
better than did 1 normal distribution for both the reported EBF
(P � 0.001) and the reported NEBF (P � 0.03) groups. The
means (�SDs) and proportions estimated from the finite-
mixture models are shown in Table 3. For both the reported EBF
and reported NEBF groups, 1 of the 2 distributions was estimated
to have a mean near zero and an SD of �60 mL/d. For example,
87.4% of the reported EBF group was estimated to be in the first
distribution and to have a mean nonbreast-milk water intake of
24.6 mL/d—a very small amount. Under the assumption that the
first distribution represents those with truly no nonbreast-milk
water intake, the SD of the first distribution represented mea-
surement error in the estimates of nonbreast-milk water intake.
Each of the second distributions had means �0 and larger SDs
than those for the first distributions, which supports the assump-
tion that the second distribution group represents the infants
receiving measurable intakes of nonbreast milk—thus, those
who were not exclusively breastfed. The mean for the second
distribution in the reported NEBF group (382.2 mL/d) was larger
than that for the second distribution in the reported EBF group
(206.7 mL/d), which is consistent with the expectation that the

reported NEBF group was consuming nonbreast-milk water. For
both the reported EBF and reported NEBF groups, the true vari-
ability in nonbreast-milk water intake for the second distribution
was estimated to have an SD of 153, obtained by subtracting the
measurement error variance estimated from the first distribution
from the observed variance of the second distribution and then
taking the square root.

The sensitivity of the reporting—ie, the proportion of infants
receiving no nonbreast-milk water intakes who were reported to
be EBF—was estimated as 0.84 [64.68/(64.68 	 12.73) � 0.84],
whereas the specificity—ie, the proportion of infants receiving
some nonbreast-milk intake who were reported to be NEBF—
was estimated as 0.47 [8.27/(8.27 	 9.32) � 0.47]. The positive
predicted value—ie, the proportion reported to be EBF who had
no intake of nonbreast milk—was 0.87. The negative predicted
value—ie, the proportion reported to be NEBF who had some
nonbreast-milk intake—was 0.39.

DISCUSSION

Community-based peer counseling is considered an effective
strategy for improving infant feeding practices, especially in
populations whose access to health care facilities is poor. Several
published studies from a variety of population settings have now
reported a significant positive effect of counseling in improving
both the rate and duration of exclusive breastfeeding (6, 15–17),
and a randomized controlled trial in urban Bangladesh was
shown to increase the self-reported prevalence of EBF at age 5
mo from 6% in the control group to 70% in the counseled group
(5). Of key relevance in relation to these observations is a study
from Dhaka, Bangladesh, that found significantly greater risks of
mortality from all causes and specifically from respiratory in-
fections and diarrhea (2.23-, 2.40-, and 3.94-fold risks, respec-
tively) in partially breastfed or nonbreastfed groups than in in-
fants who were exclusively breastfed (18). Reported rates of
exclusive breastfeeding in this study were 6% at enrollment
(assessed shortly after birth and therefore low because of the use
of prelacteal feeds within this population), increased to 53% at 1
mo, and then declined as low as 5% at 6 mo of age. The potential
effect on infant health and survival of increasing both the rates
and duration of exclusive breastfeeding bears out the need for
community-based strategies in both urban and rural settings.
However, assessing the true effect of such interventions on infant
feeding practices and health outcomes requires a reliable tool for
validating the data obtained.

The use of stable-isotope techniques to quantify breast milk
intake has several important advantages over previously used
methods, such as test weighing and feeding frequency assess-
ment, but the key benefit is that isotopic methods do not interfere
with normal routines and behaviors and are not a burden to
participating mothers. In addition, measurement of breast milk
intake can be performed in the absence of direct supervision of
the research team, which encourages normal feeding behaviors.
The measurement of breast milk intake by isotopic methods has
been compared with test weighing methods in numerous studies,
such as the study by Butte et al (19), and a good correlation was
observed. In addition, the validity of the method for the assess-
ment of nonbreast-milk water intake has been investigated: a
good agreement was observed between the mean nonbreast-milk
water intake from weighed bottles and that obtained by using
labeled bottles (20). However, this method has not previously

TABLE 3
Estimated nonbreast-milk water intake by reported feeding status1

Distribution Value Proportion Count

mL/d % n

EBF group 1 24.6 � 62.12 87.4 65
(n � 73) 2 206.7 � 164.9 12.6 9

NEBF group 1 26.0 � 64.1 60.6 13
(n � 21) 2 382.2 � 166.6 39.4 8

1 EBF, reported to be exclusively breastfed (breast milk only); NEBF,
reported to be predominantly or partially breastfed (any foods or liquids in
addition to breast milk). Infant feeding status as recorded by questionnaire
data. Distribution 1 represents infants receiving no nonbreast-milk water, and
distribution 2 represents infants receiving some nonbreast-milk water. Val-
ues estimated by using the finite-mixtures model. A likelihood ratio test
indicated that a mixture of 2 normal distributions fitted the data better than did
1 normal distribution for both the EBF group (P � 0.001) and the NEBF
group (P � 0.03).

2 x� � SD (all such values).
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been used to objectively cross-validate reported feeding prac-
tices in a field-based setting.

A mean breast milk intake of 863 mL/d was observed for all
infants participating in the current study: intakes decreased from
884 mL/d in the exclusively breastfed group to 779 mL/d in the
partially breastfed group. The mean total intake across the group
is comparable to that in other studies in infants from Brazil (10)
that used the same isotopic technique. However, to the best of our
knowledge, this is the first reported study to use this method to
quantify breast milk intakes in Bangladeshi infants. Previous
studies from Bangladesh have used the test weighing method to
estimate breast milk intakes; reported mean intakes were 632 g/d
in children aged 6–12 mo (21), and significant variations were
observed according to the month of the year in which test weigh-
ing took place (22). The higher intakes observed in the current
study than in the study by Brown et al (21) may reflect the fact
that infants in that study had a higher mean age than did those in
the current study; the higher intakes also may reflect the fact that
the infants in the current study consumed a higher total propor-
tion of breast milk or, most likely, may reflect differences be-
tween the test weighing used by Brown et al and the isotopic
technique used in the current study. That is, test weighing is likely
to produce underestimates of intake owing to the artificial situ-
ation it imposes on mothers and their infants.

Within the current study, mean intakes of both breast milk and
nonbreast-milk water differed significantly between the groups
classified on the basis of report as exclusively or nonexclusively
breastfed, an observation that provides an initial validation of
both the use of the deuterium dilution technique to quantify
intakes within this population and also the accuracy in the clas-
sification of feeding practices by the mother. It should be noted
that, when total water intakes were compared, no significant
difference was observed, which suggests a consistent volumetric
intake between the exclusively breastfed and mixed-fed infants.
Breast milk intakes did not differ significantly between the in-
tervention group and the control group of infants, which suggests
that the intervention had no effect on breast milk intakes during
the time of this substudy or within the subset of infants included
in this substudy. This finding is consistent with an earlier study
from Brazil, in which lactation counseling was shown to increase
breastfeeding duration but to have no significant effect on breast-
milk intake (6).

In an attempt to validate reported feeding practices within the
MINIMat study, we have explored the relation between reported
feeding behaviors and intakes of breast milk and nonbreast-milk
water measured with the deuterium dilution technique. Using an
MCMC model to estimate errors within the model, we observed
a wide variation in the proportion of total water intake from breast
milk in both groups of infants. However, Figure 2 clearly shows
that this method discriminates between the 2 groups of infants,
with the group reported as not exclusively breastfed having
greater intakes than did the EBF group from nonbreast-milk
water sources. The MCMC results indicate that the proportion of
intake from breast milk can typically be estimated to within 7%
of the true value with 95% confidence. Although the precision
varies greatly, occasional, very imprecise estimates do not ap-
pear to be a major reason for large discrepancies between its
estimates and the mothers’ self-assessment reports.

To quantify the accuracy of reported practices, we fitted a
finite-mixtures model of the volume of nonbreast milk intake
separately for the women reporting exclusive breastfeeding and

those reporting some nonbreast milk intake. This method de-
pends on the strong assumptions that the subjects can be divided
into 2 discrete populations within which the nonbreast milk in-
take estimates are distributed normally. Whereas these assump-
tions may be contentious, the results are at least illustrative of the
possible scale of misclassification. The method, as implemented
here, does not fix one group to a mean of zero (ie, to explicitly
define a population of exclusive breastfeeders), but, reassur-
ingly, the estimated means of the lower population in both re-
porting groups were similar and within 0.33 SD of zero. With
regard to the accuracy of the mothers’ reported practices, both the
sensitivity and the positive predicted values were reasonably
high, but the specificity and negative predicted values were not.
These values illustrate that, whereas mothers’ reports of exclu-
sive breastfeeding accurately and efficiently predicted intake of
no nonbreast milk, their reports of nonexclusive breastfeeding
were much less accurate and efficient in predicting the intake of
some nonbreast milk.

Within the study protocol, women who reported having given
any nonbreast-milk foods during the study period were classified
as not exclusively breastfeeding their infant, although such in-
takes were not quantified, and thus admitting to having given
even very small quantities of nonbreast-milk sources would re-
sult in the infant’s automatically being categorized as not exclu-
sively breastfed, in accordance with the WHO classification.
Thus, one possible explanation why the finite mixtures model
estimates a very high proportion (60%) of misreporting among
women in the NEBF group is that most women in the NEBF
group gave only small amounts of nonbreast milk food or liq-
uid—ie, that the distribution of intakes is not normal, as assumed,
but is skewed, with a large proportion of the women in the NEBF
group giving a small quantity of nonbreast-milk food. It is almost
impossible to determine the relative extent of misreporting and
skewing of the distribution; estimates of the proportion of mis-
reported and hypothetical parameters that determine the shape of
the distribution would be highly confounded. This apparent over-
estimation of misreporting in women from the reported NEBF
group highlights the possibility that the deuterium dilution tech-
nique, although appropriate for quantifying intakes of breast
milk and nonbreast-milk water sources during the study period,
may not be specific enough to detect very small quantities of
nonbreast-milk sources. To improve the precision of the esti-
mates, future studies may consider increasing the number of
samples fitted.

In summary, we have shown that the dose-to-mother deute-
rium dilution technique can be used to measure breast milk and
nonbreast-milk water intakes in populations living in rural Ban-
gladesh. This method has several clear advantages over previ-
ously used methods. In addition, we describe how this method
can be used to validate reported infant feeding behaviors. Within
this study, an objective cross-validation between reported feed-
ing practices and measured intakes of breast milk found a high
degree of accuracy in the former. No quantitative recommenda-
tions on the proportion of water intake that comes from breast
milk are associated with the WHO categorization of breastfeed-
ing practices into exclusive, predominant, and partial breastfeed-
ing (1), but it is this value (� measurement error) that the deu-
terium dilution technique uniquely provides. The present work
suggests, however, that the estimated error in measurements,
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although small enough to allow discrimination between the ex-
clusive and partial categories, is not adequate to distinguish be-
tween exclusive and predominant categories in individual in-
fants. With respect to the use of the reported feeding status data
for evaluation of the main intervention, whereas this study does
highlight some apparent errors in the reporting of infant feeding
behaviors, further comparison with other variables, such as the
available data on infant growth and morbidity, will act as an
internal validation of the main effect of counseling.
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Subjective Global Nutritional Assessment for children1–3

Donna J Secker and Khursheed N Jeejeebhoy

ABSTRACT
Background: Subjective Global Assessment (SGA), a method of
nutritional assessment based on clinical judgment, has been widely
used to assess the nutritional status of adults for both clinical and
research purposes.
Objective: Foreseeing benefits of its use in children, we chose to
adapt SGA and test its validity and reproducibility in the pediatric
population.
Design: We prospectively evaluated the preoperative nutritional
status of 175 children (aged 31 d to 17.9 y) having major thoracic or
abdominal surgery with the use of Subjective Global Nutritional
Assessment (SGNA) and commonly used objective measurements.
Each child underwent nutritional assessment by 2 independent as-
sessors, one performing measurements of anthropometrics and
handgrip strength and one performing SGNA. To test interrater
reproducibility, 78 children had SGNA performed by a third asses-
sor. Occurrence of nutrition-associated complications was docu-
mented for 30 d postoperatively.
Results: SGNA successfully divided children into 3 groups (well
nourished, moderately malnourished, severely malnourished) with
different mean values for various anthropometric and biochemical
measures (P � 0.05). Malnourished children had higher rates of
infectious complications than did well-nourished children (P �
0.042). Postoperative length of stay was longer for malnourished
children (8.2 � 10 d) than for well-nourished children (5.3 � 5.4 d)
(P � 0.002). No objective nutritional measures showed association
with outcomes, with the exception of serum albumin, which was not
clinically predictive because mean concentrations were in the nor-
mal range irrespective of the presence or absence of complications.
Conclusion: SGNA is a valid tool for assessing nutritional status in
children and identifying those at higher risk of nutrition-associated
complications and prolonged hospitalizations. Am J Clin Nutr
2007;85:1083–9.

KEY WORDS Malnutrition, children, surgery, nutritional as-
sessment, Subjective Global Assessment, SGA, outcomes

INTRODUCTION

Current methods of assessing nutritional status in children rely
on a combination of objective anthropometric, dietary, biochem-
ical, and immunologic measures. Although epidemiologically
useful, these measures have several shortcomings that hamper
their effectiveness in clinical practice, and no single objective
marker has the sensitivity and specificity to be a reliable index of
protein-energy malnutrition or predictive of nutrition-related
complications (1–5).

Almost 25 y ago, Baker et al (6) published a study showing that
nutritional assessment using clinical judgment was a reproduc-
ible and valid technique for evaluating the nutritional status of
adults. With the use of a Bayesian analysis of pretest and posttest
probabilities they showed that a structured clinical approach,
called Subjective Global Assessment (SGA), was able to predict
nutrition-associated complications (NACs; ie, infections, use of
antibiotics, length of stay) better than serum albumin, transferrin,
delayed cutaneous hypersensitivity, the Prognostic Nutrition In-
dex, creatinine-height index, triceps skinfold thickness, and var-
ious combinations of these measures (7–10). The method of SGA
was since refined (11, 12) and was applied and validated inter-
nationally for clinical, epidemiologic, and research purposes
(13–20).

We hypothesized that SGA could be adapted to identify pre-
surgical malnutrition and to predict postsurgical nutrition-
associated morbidities that lead to prolonged hospital stay in
pediatric patients. The adapted version was called Subjective
Global Nutritional Assessment (SGNA). We then performed a
prospective cohort study to determine whether SGNA could bet-
ter predict NACs and length of hospital stay than current objec-
tive methods of pediatric nutritional assessment.

SUBJECTS AND METHODS

Subjects

Consecutive children scheduled for surgery by surgeons in the
Division of General Surgery at The Hospital for Sick Children, a
large pediatric academic health science center located in To-
ronto, Canada, were considered for the study. Children were
deemed eligible if they were aged 31 d to 17.9 y, required major
abdominal or noncardiac thoracic surgery on a nonemergency
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basis, and had not undergone surgery in the 30 d before screening.
Surgery was deemed major if it was performed in the operating
room, involved general anesthesia, and required at least one
night’s stay in the hospital after the surgical procedure. Subjects
were precluded from study entry if they were preterm infants who
had not reached 31 d corrected age, were clinically unstable, or,
along with their caregivers, were non-English speaking (because
SGNA depended on clear verbal communication with the chil-
dren and caregivers). Written consent was obtained from the
responsible caregivers of children aged �16 y or directly from
adolescents �16 y. Informed assent was obtained from children
aged 7-15.9 y. The study was approved by the Research Ethics
Board of The Hospital for Sick Children.

Study design

Five staff dietitians served as assessors for the study after
training for standardized performance of objective measure-
ments and the SGNA. Study results are not based on a single
assessor but are a composite of the data from the 5 different
assessors, who performed the assessments in random order. Each
child underwent nutritional assessment by 2 independent asses-
sors blinded to the results of the other, one performing measure-
ments of anthropometrics and handgrip strength, and one per-
forming the SGNA. To test interrater reproducibility of the
SGNA, a subset of 78 children were seen by a third assessor who
also performed the SGNA. Nutritional assessments were per-
formed the day before surgery for prior-day admissions or in-
patients and the morning of surgery for same-day admissions;
assessments took place in the Clinical Investigation Unit, the
patient’s individual hospital room, or the General Surgery Same-
Day Admission Unit. A blood sample for measurement of serum
albumin and transferrin was obtained coincidental with routine
preoperative blood work (ie, complete blood count) or by the
anesthetist at the time of intravenous induction. Children were
followed in a purely observational fashion, from the day of sur-
gery until 30 d after surgery, for the development of nutrition-
associated infectious and noninfectious morbidities related to
their surgical procedure. Medical and surgical risk factors that
might influence the occurrence of complications and outweigh
nutritional risk were documented. Data were accrued prospec-
tively and entered into a database (MICROSOFT ACCESS
2000, version 9.0; Microsoft Corp, Redmond, WA) and then
partially exported to NUTSTAT (Epi Info, version 3.3.2; Centers
for Disease Control and Prevention, Atlanta, GA) for calculation
of age, body mass index (in kg/m2), and anthropometric z scores.
Analyses compared the ability of SGNA and anthropometric and
biochemical measures to identify malnourished children and
those at increased risk of developing complications, as well as the
rate of agreement between the pairs of dietitians who performed
SGNA on the same child.

Subjective Global Nutrition Assessment

Assessors used a SGNA questionnaire to guide their interview
and to gather information on the child’s recent and current height
and weight history as well as parental heights, dietary intake
(type, volume, and frequency of liquid and solid feedings for
infants and frequency of eating and a brief description of a typical
day’s intake for children; rating of appetite and recent changes;
feeding or eating problems; diet restrictions), frequency and du-
ration of gastrointestinal symptoms (loss of appetite, vomiting,

diarrhea, and constipation for all ages plus stomach pain and
nausea for children), and current functional capacity and recent
changes (alertness, amount of energy or activity for infants and
school attendance, ability to run and play games or sports with
friends, and time sleeping for children). They then performed the
nutrition-related physical examination, looking at specific sites
on the body for signs of fat and muscle wasting (combined as
“general wasting” for infants and young toddlers), as well as
edema. Finally, they considered the presence or absence of the
specified historical features, metabolic demands of the underly-
ing condition, and physical signs associated with malnutrition to
come to a global assessment of the patient’s nutritional status,
assigning a global rating of well-nourished, moderately malnour-
ished, or severely malnourished. A rigid scoring system based on
specific criteria was not used.

Objective nutritional assessment

We examined the following objective markers of nutritional
status: length or height; weight; percentage of ideal body weight
for height; body mass index-for-age; midarm circumference;
triceps skinfold thickness; midarm muscle area; handgrip
strength; concentrations of serum albumin, transferrin, and he-
moglobin; and total lymphocyte count. Prealbumin measure-
ment was unavailable at our center and therefore was not in-
cluded. Measurements were performed with the use of calibrated
equipment and standardized techniques (21–23). Anthropomet-
ric z scores were calculated with the use of NUTSTAT anthro-
pometric software package (Epi Info, version 3.2.2; Centers for
Disease Control and Prevention) (24) or common reference data
(25, 26). Preterm infants (n � 22) were assessed with the use of
corrected age up to age 2 y.

Biochemical analysis was performed by the hospital’s De-
partment of Pediatric Laboratory Medicine with the use of the
bromocresol green dye– binding method for serum albumin
and immunonephelometry for serum transferrin. The z scores
for hemoglobin and transferrin were calculated from data
from the American National Health and Nutrition Examina-
tion Survey (27).

Outcome measures

Patients were followed for 30 d after surgery for the develop-
ment of NACs related to their surgical procedure. Complications
were subdivided into infectious and noninfectious complica-
tions, as well as major and minor complications, according to
published objective criteria (28–31). Secondary outcomes were
length of postoperative hospitalization, use of nonprophylactic
antibiotics, and unplanned rates of reoperation and readmission.
Monitoring after discharge continued until 30 d after surgery and
occurred by either a routine follow-up clinic visit or telephone
interview shortly thereafter.

Statistical analyses

According to previous observations (6, 32), we planned to
enroll 175 children for the study to have the capacity to detect a
3-fold difference in incidence of postoperative complications
between the malnourished and well-nourished groups (two-sided
� level: �0.05; � level: 0.8). To examine the relation among
SGNA and individual objective measurements, means of the
objective measures for the 3 groups defined by SGNA were
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tested with analysis of variance or the Kruskal-Wallis nonpara-
metric test and Tukey’s honest significant difference or the
Mann-Whitney nonparametric test for post hoc analysis. Asso-
ciations among numerical equivalents of the SGNA groups with
objective measures were tested by correlation analysis
(Kendall’s �). Correlation analysis (Kendall’s �) and multino-
mial logistic regression were used to explore the relation of
individual components of SGNA with the final SGNA rating.
The association between SGNA and clinical morbidity was
tested with the use of the chi-square test or Kendall’s � test for
categorical variables and the Kruskal-Wallis and Mann-Whitney
U nonparametric tests for length of stay. Relations between ob-
jective measures of nutritional status and morbidities were ex-
amined by the Student’s t test, Mann-Whitney U nonparametric
test, or correlation analysis (Kendall’s �).

Analysis was performed with the use of SPSS 14.0 for
WINDOWS GRADPACK (SPSS Inc, Chicago, IL). Data col-
lection, entry, and analysis were performed by the principal au-
thor (DJS). Results are reported as means � SDs, unless stated
otherwise. Results were considered significant at P � 0.05.

RESULTS

Between February 2003 and August 2004, 180 children were
enrolled and completed the study. One hundred seventy-five
children (99 males, 76 females) ranging in age from 31 d to 17.9 y
(x� � SD: 8.1 � 6.1 y) made up the final study group. Although
heterogeneous in terms of age, distribution by age group was
fairly even (Table 1). Data from 5 children were excluded from
final analysis for either discharge within 24 h of surgery (n � 4)
or preemptive surgery before the assessments were completed
(n � 1). Because of an outbreak of severe acute respiratory
syndrome, study activity was held for an 8-wk period between
March and May 2003.

Almost half of the children (n � 80, 46%) had one or more
disease processes or anomalies [eg, inflammatory bowel disease;
Hirschsprung disease; vertebral, anal, cardiac, tracheal, esopha-
geal, renal, and limb anomalies (VACTERL association; a ran-
dom association of birth defects); cerebral palsy; Down syn-
drome; cystic fibrosis; sickle cell disease]. Sixteen children (9%)
had cancer. On a 6-point scale of medical complexity [American
Society of Anesthesiologists (ASA) classification of physical
status score (33)], with 1 being the lowest complexity and 6 being
the highest, the majority of children were rated preoperatively by
the anesthetist as either ASA 2 (47%) or ASA 3 (32%). All but 8
children (5%) received prophylactic antibiotics before surgery.
The most commonly performed surgical procedures are listed in
Table 1. Distribution of surgical procedures classified by risk of
microbial infection (clean, clean-contaminated, contaminated,
dirty) did not differ across the 3 SGNA groups (P � 0.88) nor did
the proportion of children with cancer (P � 1.0).

Concurrent validity of SGNA

Nutritional status, as determined by SGNA, was compared
with objective measurements. With the use of SGNA, 85 children
(49%) were classified as well-nourished, 64 children (36%) were
classified as moderately malnourished, and 26 children (15%) as
severely malnourished. The 3 groups of children had mean ages
that did not differ, but they had significantly different mean

values for 7 of the 8 anthropometric measures, including hand-
grip strength and serum albumin, but not transferrin, hemoglo-
bin, or total lymphocyte count (Table 2). It should be noted that,
although the mean serum albumin concentrations of the 3 groups
of children classified by SGNA were statistically different, they
were not clinically different in that even the lowest mean serum
albumin (ie, the severely malnourished group, 38 � 7 g/L) fell
well within the hospital’s normal reference range. SGNA, with
the use of numerical equivalents of the clinical groups, showed
moderate-to-fair correlation with all of the objective anthropo-
metric and biochemical measurements of nutritional status, ex-
cept transferrin z score and total lymphocyte count (Table 2).
Handgrip strength, as a surrogate marker of muscle function and
impaired functional status, decreased with worsening nutritional
status (P � 0.001).

Predictive validity of SGNA

Seventy children had at least one complication, experiencing
97 complications in total; no deaths occurred. The majority of
complications were infectious in origin (80%), with an equal
percentage being major (49%) or minor (51%) in nature. Occur-
rence of complications did not differ by sex or by age, with the

TABLE 1
Characteristics of the study population (n � 175)

Value

Sex [n (%)]
Male 99 (57)
Female 76 (43)

Age (y) 8.1 � 6.1 (0.08–17.9)1

31 d–2 y [n (%)] 51 (29)
2–5 y [n (%)] 22 (13)
5–12 y [n (%)] 45 (26)
12–18 y [n (%)] 57 (32)

ASA score [n (%)]2

1) Normally healthy patient 25 (16)
2) Patient with mild systemic disease 73 (47)
3) Patient with severe systemic

disease that is not incapacitating
51 (32)

4) Patient with incapacitating
systemic disease that is a constant
threat to life

8 (5)

5) Moribund patient not expected to
survive for 24 h with or without
operation

0

6) Patient declared brain dead whose
organs are being removed for
donation

0

Primary surgical procedures [n (%)]
Bowel resection, abdominal pull-

through, ostomy closure
43 (25)

Excision of tumors and cysts 18 (10)
Cholecystectomy 13 (7)
Fundoplication 11 (6)
Interval appendectomy 10 (6)
Pectus repair 9 (5)
Lung lobectomy 5 (3)
Other 66 (38)

1 x� � SD; range in parentheses.
2 American Society of Anesthesiologists (ASA) classification of phys-

ical status score (32). Higher score reflects more severe illness. Eighteen of
175 children did not have an ASA score recorded by the anesthetist.
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exception of minor complications, which occurred more often in
younger children. A breakdown of complications is provided in
Table 3. Children identified by SGNA as malnourished (mod-

erately or severely) experienced a higher rate of infectious com-
plications (P � 0.04) and minor (infectious and noninfectious)
complications (P � 0.03) compared with children classified as
well-nourished (Table 4).

Postoperative length of stay was more than twice as long for
severely malnourished children (19.0 � 58.8 d) compared with
well-nourished (5.3 � 5.4 d) and moderately malnourished
(8.4 � 11.1 d) children (P � 0.002, Kruskal-Wallis nonparamet-
ric test). Mean postoperative hospitalization for severely mal-
nourished children was skewed by 1 child whose postoperative
stay was 306 d. Although unusual, an extreme length of stay such
as this does occur in malnourished patients and was not seen in

TABLE 2
Relation between Subjective Global Nutritional Assessment (SGNA) and anthropometric measures of nutritional status1

No. of
subjects

SGNA classification Significance

Well nourished
Moderately

malnourished
Severely

malnourished P2 r3
P for

association

n

Age (y) 175 8.3 � 6.2 (85)4 8.2 � 6.2 (64) 7.2 � 6.0 (26) 0.621 �0.033 0.577
Weight-for-age (z score) 175 0.12 � 1.20a (85) �0.68 � 1.23b (64) �1.88 � 1.18c (26) � 0.001 �0.387 � 0.001
Height-for-age (z score) 175 0.06 � 1.13a (85) �0.51 � 1.22a (64) �1.47 � 1.57b (26) � 0.001 �0.258 � 0.001
Ideal body weight (%) 175 103.1 � 16.0a (85) 98.3 � 17.2b (64) 92.0 � 14.8b (26) 0.002 �0.213 � 0.001
BMI-for-age (z score) 124 0.19 � 1.15a (59) �0.30 � 1.25a (47) �1.21 � 1.15b (18) � 0.001 �0.280 � 0.001
Midarm circumference (z score) 154 0.25 � 1.38a (76) �0.52 � 1.07b (58) �1.28 � 0.81c (20) � 0.001 �0.342 � 0.001
Tricep skinfold thickness (z score) 135 0.35 � 1.43 (67) �0.10 � 0.84 (51) �0.38 � 0.73 (19) 0.065 �0.167 0.014
Midarm muscle area (z score) 137 0.11 � 1.17a (67) �0.55 � 1.09b (51) �1.27 � 0.82c (19) � 0.001 �0.333 � 0.001
Handgrip (z score) 91 �0.69 � 1.38a (49) �1.22 � 0.96a (32) �2.12 � 0.99b (10) 0.001 �0.287 0.001
Albumin (g/L) 171 41 � 4a (83) 40 � 6ab (62) 38 � 7b (26) 0.027 �0.156 0.011
Transferrin (z score) 109 0.24 � 1.47 (55) 0.46 � 2.05 (39) 0.22 � 1.75 (15) 0.925 0.014 0.841
Hemoblobin (z score) 154 �0.46 � 1.60 (76) �1.03 � 1.87 (56) �1.19 � 2.08 (22) 0.100 �0.136 0.032
Total lymphocyte count (�109/L) 110 4.3 � 3.1 (49) 3.9 � 3.3 (42) 4.2 � 3.4 (19) 0.681 �0.051 0.499

1 Values in the same row with different superscript letters are significantly different, P � 0.05 (Tukey’s honestly significant difference or Mann-Whitney
nonparametric test, as appropriate).

2 P values were determined with the use of ANOVA or the Kruskal-Wallis nonparametric test.
3 Kendall’s � correlation coefficient was used for ordinal data.
4 x� � SD; n in parentheses (all such values).

TABLE 3
Breakdown of postoperative complications

No. of
episodes Children

n (% of sample)

Major infectious complication 39 36 (21)
Bacteremia or fungemia 4
Clinical sepsis 2
Severe surgical site infection (deep

incisional, organ, or space)
5

Pneumonia 8
Significant surgical site infection (superficial

incisional)
18

Major symptomatic urinary tract infection 1
Major febrile atelectasis 1

Major noninfectious complication 9 9 (5)
Anastomotic stricture 1
Gastrointestinal bleeding 1
Gastrointestinal obstruction 6
Persistent air leak 1

Minor infectious complication 39 37 (21)
Gastroenteritis 12
Secondary surgical site infection (superficial

incisional)
9

Urinary tract infection 4
Eye, ear, nose, throat, mouth infection 4
Lower respiratory tract infection 2
Skin infection (ie, candida) 2
Minor early sepsis 6

Minor noninfectious complication 10 8 (5)
Atelectasis 5
Pleural effusion 5

TABLE 4
Relation between malnutrition and outcomes

Outcome

Groups1

P2
Well-nourished

(n � 85)
Malnourished

(n � 90)

n (%)

Infectious complications2 24 (28) 39 (43) 0.042
Noninfectious complications2 7 (8) 10 (11) 0.614
Major complications2 16 (19) 27 (30) 0.114
Minor complications2 14 (17) 28 (31) 0.033
Nonprophylactic antibiotic use2 27 (32) 34 (38) 0.404
Unplanned reoperation2 5 (6) 6 (7) 0.831
Unplanned readmission2 5 (6) 12 (13) 0.096
Postoperative length of stay (d)3 5.3 � 5.4 8.2 � 10 0.001

1 Data presented as the number of children with that outcome; % within
nutritional classification in parentheses.

2 P values were determined with the use of Pearson chi-square test for
all outcomes except postoperative length of stay, which was tested with the
Mann-Whitney nonparametric test for independent means.

3 x� � SD; 1 child with severe malnutrition and a postoperative stay of
306 d was removed from this analysis as an extreme outlier.
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our well-nourished population. When this child was excluded as
an extreme outlier, the overall difference in mean stay across the
3 groups remained significant (P � 0.02, Kruskal-Wallis). When
the moderately and severely malnourished children were
grouped together, mean length of postoperative hospitalization
was 2.9 d (55%) longer than for the well-nourished children (P �
0.001) (Table 4). The percentages of children receiving nonpro-
phylactic antibiotics or requiring unplanned reoperation or read-
mission were not significantly different between the well-
nourished and malnourished children (Table 4).

No association was observed among any of the objective mea-
sures of nutritional status and outcomes, with the exception of
height-for-age and postoperative length of stay (r � �0.18, P �
0.001), and serum albumin, which was associated with infectious
(no complication, 41.4 � 4.5 g/L; complication, 38.2 � 5.9 g/L;
P � 0.001) and minor (no complication, 40.8 � 5.2 g/L; com-
plication, 38.6 � 5.3 g/L; P � 0.01) complications, postoperative
length of stay (r � �0.20, P � 0.001), and use of nonprophy-
lactic antibiotics (no antibiotic, 41.4 � 4.5 g/L; antibiotic, 38.2 �
5.9 g/L; P � 0.001). However, it must be emphasized that mean
serum albumin concentrations were within the normal reference
range for all 3 nutritional groups; therefore, serum albumin was
clinically not useful in identifying malnutrition or predicting
outcomes.

Interobserver reproducibility of SGNA

Interrater agreement occurred in 44 (56%) of 78 children hav-
ing duplicate SGNA assessments (unweighted �: 0.28). This
represents only fair agreement between the assessors (34, 35).
More discrepancies occurred between classifications of normal-
to-moderate malnutrition (22 of 34; 65%) than moderate-to-
severe malnutrition (11 of 34; 32%).

Individual components of SGNA and their contribution
to the overall SGNA rating

Each of the individual historical and physical characteristics
was univariately correlated with the overall SGNA ratings. For
infants and toddlers, the individual SGNA components that most
influenced the overall SGNA rating were physical signs of wast-
ing, gastrointestinal symptoms, and the metabolic stress of the
underlying disease. For the older age groups, controlling for age,
the most influential components were physical evidence of fat
wasting, serial weight loss, gastrointestinal symptoms, and stunt-
ing of height.

DISCUSSION

This study shows that SGNA is capable of identifying malnu-
trition, NACs, and increased length of stay in hospitalized chil-
dren. As such, it is a useful clinical tool that links nutritional
status to outcome and distinguishes children at risk of an adverse
outcome and prolonged hospitalization. Although serum albu-
min showed a significant relation to the occurrence of compli-
cations, it was abnormal in only 11 children and was clinically
nondiscriminatory because the mean concentrations for the 3
nutritional groups were in the normal range.

The relation of SGNA with commonly used objective mea-
surements of nutritional status was as good as that reported in
studies of SGA in adult surgical patients (6, 10, 36). A commonly
overlooked marker of nutritional status is functional capacity and
muscle power (37). With the use of maximal handgrip strength as

a surrogate measure of muscle function, we showed that mal-
nourished children had physical evidence of lower functional
capacity than did children who were well nourished, a relation
not previously shown. Hand dynamometry was easy to perform
and the children enjoyed testing their strength.

Children classified by SGNA as malnourished experienced
more frequent infectious complications than well-nourished
children as well as more minor infectious and noninfectious
complications combined. None of the objective anthropometric
or biochemical markers of nutritional status, aside from albumin,
showed association with complications or other morbidity. Oth-
ers have also found a lack of association with biochemical mark-
ers of visceral proteins or immune function that have been said to
be useful techniques of assessing nutritional status (6, 36) but are
now thought to be indicators of inflammation or infection rather
than malnutrition (1, 38, 39).

The finding of longer postoperative stays for children identi-
fied by SGNA as malnourished is particularly important because
extended hospitalization translates into increased hospital costs
where, at our center, the average cost of an inpatient day on the
general surgery ward is $587. On the basis of the lengths of
postoperative stay observed in this study, the average malnour-
ished child would stay 2.9 d (55%) longer than a well-nourished
child and generate added costs of $1702. Adult studies have also
reported significantly longer postoperative hospitalization for
malnourished persons (6, 40–42) and associated increases in
hospital and home-care costs (42, 43).

In contrast with the other objective measurements, serum al-
bumin was associated with infectious and minor complications
and 2 of the 4 markers of morbidity. Although correlated with
outcomes, serum albumin concentrations were well within the
normal reference range for even the severely malnourished chil-
dren and could not have been used clinically to identify malnu-
trition. Only 11 (6%) of 171 children were hypoalbuminemic. All
11 children were identified by SGNA as malnourished; hence,
the addition of albumin to SGNA would not have identified any
additional children as malnourished.

Concordance between assessors performing duplicate SGNA
in this study was lower than desired and lower than reported in
original studies of SGA in adults (agreement range: 79–91%; �:
0.66–0.78) (6, 10, 36). Considerable variability was observed
among the 5 dietitian assessors in terms of their years of work and
pediatric experience. Unlike the original SGA studies, in which
assessors were members of the gastroenterology team who fre-
quently performed rounds and discussed patients and therapy
together, none of the dietitians had previous experience with the
general surgery population. Training has perhaps the most sig-
nificant impact on concordance or reproducibility. After review-
ing all factors, we believe that more hands-on refresher training
several times throughout the study would have resulted in im-
proved rates of interrater agreement. Despite reduced concor-
dance based on formal testing, SGNA performed by 5 different
assessors nevertheless identified children likely to have compli-
cations and prolonged hospital stay and therefore is likely to be
clinically useful for this purpose. In contrast, currently used
techniques for identifying malnutrition were not able to detect the
risk of complications or longer length of stay.

Whereas objective measures of nutritional status cannot take
into account all of the variables that a clinician should consider
to identify malnutrition, SGNA represents an explicit model of
the thought process to be used in assessing nutritional status. It
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directs the clinician to piece together the nutritional components
to make a complete picture; that is, Is this child short or thin? Is
it by nature or because of inadequate intake? If intake is inade-
quate, what is the cause? Is there physical evidence of wasting to
support the historical findings? Are losses of body mass affecting
the child’s ability to perform? Is the child’s nutritional status and
functioning worsening or beginning to improve? Is the child
likely to continue to have problems? What needs to be treated? As
a result, after completing the SGNA and identifying the malnour-
ished child, the clinician has determined whether the child’s
nutritional status is likely to improve or worsen, has established
the potential cause or causes of malnutrition, and identified
where to target intervention.

A possible source of bias in our study is our exclusion of
non-English–speaking children and caregivers; however, it is
unlikely that this would have altered our conclusions about the
ability of SGNA to predict the risk of morbidity, because the bias
would potentially reduce the numbers of severely malnourished
children that we saw. Because such a reduction would make it
more difficult to show statistical differences in outcomes, the
inclusion of such patients would only reinforce our findings.

In conclusion, SGNA and its use of clinical judgment is a valid
method for assessing nutritional status in children. SGNA
showed good correlation with currently used objective nutri-
tional measures of nutritional status and was the only true nutri-
tional measure that identified children with higher incidence of
infectious and minor complications and longer postoperative
hospital stays, undesirable consequences for children and fami-
lies that also increase hospital costs. Is SGNA valid in all chil-
dren? We suggest that SGNA will be a useful tool in a wide
variety of children with chronic and systemic conditions, given
that our study included children with mild-to-moderate medical
complexity and a wide assortment of comorbidities and under-
lying illnesses, most of which involved the gastrointestinal tract.
Further study is needed to determine whether the fair degree of
reproducibility that we observed in this study was a function of
the heterogeneity of the patients, the assessors in our study, or
both and whether ongoing training throughout the study period
can effectively improve interrater agreement.
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Erythrocyte fatty acids and breast cancer risk: a case-control study
in Shanghai, China1–3

Jackilen Shannon, Irena B King, Rachel Moshofsky, Johanna W Lampe, Dao Li Gao, Roberta M Ray,
and David B Thomas

ABSTRACT
Background: The role of individual fatty acids in the development
and progression of breast cancer is unclear. Although in vitro and
animal experiments have supported an inverse association between
intake of long chain n�3 fatty acids [primarily eicosapentaenoic
acid (EPA) and docosahexaenoic acid] and breast cancer risk, find-
ings from population studies are inconsistent. Recent studies have
also shown associations between the ratio of saturated to monoun-
saturated fatty acids (SI) and breast cancer risk. The SI reflects the
activity of several genes involved in lipid metabolism, including
fatty acid synthase and steroyl coenzyme-A desaturase, that have
been shown to be overexpressed in breast cancer.
Objective: The purpose of this analysis was to determine the asso-
ciation between erythrocyte fatty acid concentrations and breast
cancer risk among women participating in a randomized trial of
breast self-examination in Shanghai, China.
Design: We conducted a case-control study. Erythrocyte fatty acid
concentrations were determined in specimens from 322 women with
histologically confirmed breast cancer and 1030 frequency age-
matched control women.
Results: We report a significant direct association among palmitic,
�-linolenic, palmitoleic, and vaccenic acids and risk of breast cancer.
Total n�3 fatty acids, EPA, and the SI for palmitic to palmitoleic
acid were associated with significantly lower risk of breast cancer.
Conclusion: Our results support a protective effect of n�3 fatty
acids on breast cancer risk and provide additional evidence for the
importance of evaluating the ratio of fatty acids when evaluating diet
and breast cancer risk. Am J Clin Nutr 2007;85:1090–7.

KEY WORDS Case-control study, fatty acids, breast cancer

INTRODUCTION

Data from migrant studies support the contention that, in ad-
dition to the known risk factors, other factors, including diet, are
likely to play an important role in determining risk of breast
cancer (1). One of the first dietary factors suggested to alter breast
cancer risk was total dietary intake of fat. However, the results of
numerous large, prospective studies have raised questions about
this hypothesis while bringing to the forefront several newer
hypotheses focusing on specific types of fats or fatty acids (2, 3).

In vitro and animal experiments suggest varying and some-
times opposing effects of individual fatty acids on expression of
genes involved in multiple biologic pathways, including inflam-
mation, lipid metabolism, and oxidative stress (4–9). Findings

from numerous case-control and cohort studies have inconsis-
tently reported an association between questionnaire-based as-
sessment of fatty acid intake and breast cancer risk. Results from
studies of fatty acid concentrations in adipose tissue, erythro-
cytes, and serum were somewhat more consistent.

In a recent meta-analysis, Saadatian-Elahi et al (10) described
11 case-control and 3 cohort studies that had been published
between 1966 and 2002. Results from that analysis confirmed the
inconsistency of findings from case-control studies but sug-
gested that data from the cohort studies support a significant
inverse association between total n�3 fatty acids and breast
cancer risk, and the suggestion of an inverse association for the
specific fatty acids, eicosapentaenoic acid (EPA) and docoso-
hexanoic acid (DHA).

Since publication of that meta-analysis, others have suggested
that the ratios of fatty acids in erythrocyte membranes or adipose
tissue may be of greater importance than individual fatty acids.
Recently, Bougnoux et al (11) found that a composite measure of
a low ratio of n�6 to n�3 fatty acid (n�6:n�3) and a high
concentration of monounsaturated fatty acids (MUFAs) was as-
sociated with reduced risk of breast cancer. Chajes et al (12) and
Pala et al (13) address this concept through the use of a saturation
index (SI), which represents ratios of the 2 most common satu-
rated fatty acids in tissues and MUFAs that are direct metabolites
of these saturated fatty acids. Thus, the ratios of 16:0 to 16:1n–7
and 18:0 to18:1n–9 correspond to SI (n–7) and SI (n�9), respec-
tively. The reciprocal of these ratios may in part reflect activity
of �-9 desaturase. �-9 Desaturase is a product of the steroyl
coenzyme-A desaturase gene family and has been shown to be
overexpressed in several cancers, including breast cancer (14–
17). Fatty acid synthase (FAS), which directs the synthesis of
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palmitic acid (16:0) when the cell is in a starvation state, is also
frequently overexpressed in breast cancer and other cancers (18–
21). Pala et al (13) found higher SI (n�9) in erythrocytes to be
strongly predictive of postmenopausal breast cancer in an Italian
cohort study. In another cohort study by Chajes et al (12) in
northern Sweden, the higher SI (n�9) in serum phospholipids
was also found to be associated with lower risk of breast cancer.
In the current study, we use the fatty acid composition of red
blood cells (RBCs) to address the association among individual
fatty acid concentrations, the SI, n�3:n�6, and breast cancer
risk in a case-control study in Shanghai, China.

SUBJECTS AND METHODS

Study subjects

Study subjects were selected from participants in a previously
described randomized trial of breast self-examination (BSE) in
Shanghai, China (22). The participants were all women who were
born between 1925 and 1958, were permanent residents of
Shanghai, and were either current or retired employees of the
Shanghai Textile Industry Bureau (STIB). Between 1989 and
1991, all women in the cohort were administered a baseline
questionnaire to collect information on the main demographic
and reproductive risk factors for breast cancer. All women were
actively followed through July 2000 for benign breast disease
and breast cancer. From 1995 through July 2000, 1429 women
had breast lumps that were diagnosed histologically at 1 of the 3
main hospitals affiliated with the STIB. Of those women, 432
were confirmed to have breast cancer, 336 of whom completed a
food-frequency questionnaire, completed a detailed risk-factor
questionnaire, and provided a blood sample. Six of these women
were excluded because they had a prior history of breast cancer,
and 8 were excluded because their blood sample was not ade-
quate for analyses, yielding a final sample of 322 breast cancer
case women for inclusion in the present study.

Control women were randomly selected from women in the
BSE trial with no breast biopsy. A single control group was
selected for studies of breast cancer and for concurrent studies of
benign breast conditions. For each benign and malignant case
woman enrolled between September 1995 and August 1997, 20
potential control women of the same age were randomly selected
and listed. Potential control women were contacted, starting with
the first 2 names on the list, until 2 women of the same age and
menstrual status as their matched case subjects were recruited.
Three hundred sixty-seven control women were recruited in this
manner (64% of the eligible women contacted). Control subjects
for case subjects that were enrolled between September 1997 and
August 2000 were frequency-matched to the case subjects by 5-y
age group and hospital affiliation of their factory at baseline.
In-person interviews were completed for 704 (82%) of 862 con-
trol women selected in this manner, for a total of 1071 control
women. One control woman was excluded because of a calcu-
lated daily energy intake �4000 kcal that was considered unre-
liable, 32 did not provide a blood sample, and for 8 the blood
sample provided was not adequate for analyses, yielding a total
of 1030 control women for inclusion in the present analyses. In
the statistical analyses for the present report, the individual
matching on age and menstrual status was not retained, and the
breast cancer case women were compared with all interviewed
control women from both studies.

Before enrollment, informed consent was obtained from each
woman. The institutional review board of the Fred Hutchinson
Cancer Research Center and the Station for Prevention and Treat-
ment of Cancer of the STIB approved the study, in accordance
with the assurances of the Office for Human Research Protec-
tions of the US Department of Health and Human Services.

Specimens were processed within 5 h of the blood draw, and
washed RBC aliquots were stored in a �70 °C freezer until being
air mailed to Seattle on dry ice. Blood was stored at the Fred
Hutchinson Cancer Research Center at �70 °C. A food-
frequency questionnaire and risk-factor questionnaire were ad-
ministered to each woman to collect information on the woman’s
dietary intake, demographic characteristics, reproductive and
gynecologic history, smoking and alcohol habits, medical his-
tory, family history of breast cancer, and occupational and rec-
reational physical activity.

Analyses of RBC fatty acids

RBCs (250 �L) were mixed with an equivalent volume of
distilled water, and lipids were extracted with 2-propanol and
chloroform according to Rose and Oklander (23). Butylated hy-
droxytoluene (5 mg) per 100 mL 2-propanol was added as an
antioxidant. The lipid extract was dissolved in 5 mL acetyl chlo-
ride reagent and processed according to Lepage and Roy (24).
After transesterification, fatty acid methyl esters were recovered
in hexane, dried under nitrogen (40 °C), and re-dissolved in 80
�L hexane for gas chromatography analysis.

Fatty acid methyl esters were injected in a split mode (1:50)
and were separated on a gas chromatograph (model 5890B;
Hewlett-Packard, Avondale, PA). The gas chromatograph sys-
tem was equipped with a flame ionization detector, electronic
pressure control, Chemstation software (Hewlett-Packard), and
automatic sampler (model 7673; Hewlett-Packard). As part of
quality control measures, the long-term precision of the RBC
fatty acids was monitored with repeat analysis of an in-house
RBC quality control pool that was extracted in each batch of 23
study samples. The accuracy of the chromatographic system was
monitored with the use of commercial standards (GLC-87,
NIH-D, and NIH_F; Nu Chek, Elysian, MN). The CVs of the
quality control pool for the major fatty acids ranging �5% were
�2%; for minor fatty acids ranging between 0.2% and 5% the
CVs were �9.8%. The case or control status was unknown to the
laboratory personnel. Fatty acid composition is reported as a
weight percentage of the total RBC fatty acids.

Statistical analyses

The frequency of demographic and reproductive characteris-
tics in the case and control women were compared, and the
percentages among the case women were standardized to the age
distribution of control women, with the use of indirect adjust-
ment methods (25). Fatty acid composition was first evaluated as
continuous variables. Differences in mean intake across the
group were evaluated with the use of a Satterwhite t test for
unequal variances. To model the associations more efficiently
we then categorized the fatty acid concentrations into quartiles
based on the distribution of fatty acid concentrations among the
control women. Conditional logistic regression models were
used to calculate odds ratios (ORs) as estimates of the relative
risks and their 95% CI for breast cancer associated with each
quartile of fatty acids (26). All statistical analyses were per-
formed with the use of the STATISTICAL ANALYSIS
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SYSTEM (SAS/PC V.8.2; SAS Institute, Cary, NC), and tests
were considered statistically significant at P � 0.05. Because
case and control women were not recruited and interviewed at an
equal rate during the 5 y of data collection, all analyses were
conditioned on year of interview (1995–1996, 1997, 1998–1999,
and 2000–2001). Further, because of the method of selecting
control women to match all women undergoing biopsy, the mean
age of the control women is significantly younger than the mean
age of the breast cancer case women. To account for this differ-
ence in age distribution, all frequencies are standardized to the
age distribution of the control women, and ORs for each con-
centration of RBC fatty acids were adjusted for age by using the
5-y age categories.

Potential confounding by other nondietary factors and instruc-
tion arm of the BSE trial was evaluated by conducting univariate
analyses and then adding each variable found to be independently
associated with breast cancer risk separately into the main model.
Family history of breast cancer, age at menarche, age at first
full-term pregnancy, age at first live birth, total live births, num-
ber of prior benign breast lumps, duration of oral contraceptive
use, duration of intrauterine device (IUD) use, number of induced
abortions, menopausal status, years of breastfeeding, years since
last induced abortion, frequency of BSE practice, education,
smoking habit, alcohol use, body mass index (in kg/m2), and
physical activity were evaluated as possible confounders. Vari-
ables were considered confounders if they changed the estimated
OR of the main independent variable (RBC fatty acid) by �10%.
Duration of breastfeeding, age at first birth, time since last in-
duced abortion, and duration of IUD use were all maintained as
covariates in the final model. To assess the potential for effect
modification as a result of menopausal status, we stratified the
data by menopausal status as determined at the time of interview.
The significance of a trend in risk across RBC fatty acid com-
position was evaluated by entering quartiles of the RBC fatty acid
proportions into the logistic model as different values of a single
ordinal variable.

RESULTS

Dietary, demographic, and reproductive characteristics of the
study subjects have been previously reported (27). Briefly, com-
pared with the control women, the case women were signifi-
cantly older and were more likely to have education beyond high
school, a family history of breast cancer, and a nonsmoking
spouse (Table 1). Case women were also more likely to have
been younger at menarche, to have been �30 y at their first live
birth, and to have breastfed for a longer duration and were less
likely to have used an IUD for �14 mo and ever had a clinical
breast examination (Table 2). The prevalence of alcohol con-
sumption (11% of case women and 12% of control women who
ever drank alcohol) and cigarette smoking (2% of case women
and 2.4% of control women who ever smoked) was low among
both case and control women.

Fatty acid values are presented in Table 3 as a percentage of
the total fatty acids in the RBCs. Palmitic and stearic acids, the
principal saturated fatty acids in the RBCs, were significantly
higher in case women than in control women. The percentages of
total n�3 polyunsaturated fatty acids (PUFAs), EPA, DHA, total
n�6 PUFAs, linoleic acid (LA), arachidonic acid (AA), total
PUFAs, total MUFAs, and erucic acid were lower in the case

women than in the control women. Also, the SI (n–7) was sig-
nificantly different between the case and control women.

In the multivariate models, the results of which are presented
in Table 4, a significant direct association was observed between
greater percentage of palmitic acid and breast cancer risk but no
association with stearic acid. The percentage of total n�3 PUFA
was associated with a significantly lower risk of breast cancer.
This association appeared to be explained primarily by the effect
of EPA. Also a nonsignificant inverse association was observed
between the percentage of DHA and risk of breast cancer. No
association was observed with the percentage of total n�6 fatty
acids or AA and breast cancer risk; however, higher LA concen-
trations were associated with a reduced risk of breast cancer.
Further, among women with a higher percentage of �-linolenic
acid (GLA), there was an increased risk. Also a significant direct
association was observed between a greater percentage of palmi-
toleic acid and breast cancer risk, although the ORs for the third
and fourth quartile were similar, suggesting a possible threshold
effect. A similar although less dramatic association was found for
higher concentrations of vaccenic acid. The SI for palmitic acid

TABLE 1
Selected demographic characteristics of breast cancer cases and control
women in Shanghai, China1

Characteristic
Cases

(n � 330)
Controls

(n � 1038)

n (%)

Age
35–39 y 12 (3.6) 13 (1.3)
40–44 y 90 (27.3) 462 (44.5)
45–49 y 71 (21.5) 216 (20.8)
50–59 y 47 (14.2) 121 (11.7)
�60 y 110 (33.3) 226 (21.8)

Education completed2

Elementary school or less 95 (28.8) 196 (18.9)
Middle school 210 (63.6) 811 (78.1)
College or more 25 (7.6) 30 (2.9)

BMI2

�20 kg/m2 51 (16.1) 196 (18.9)
�20 to �25 kg/m2 194 (61.4) 607 (58.5)
�25 kg/m2 85 (22.7) 235 (22.6)

Intensity of occupational and recreational
activity2

Light 74 (23.0) 188 (18.1)
Moderate 244 (73.5) 779 (75.1)
Heavy 12 (4.6) 71 (6.8)

Spouse smoking2

Nonsmoker 124 (47.4) 268 (35.5)
1–9 cigarettes/d 52 (17.5) 114 (11.0)
10–19 cigarettes/d 60 (19.9) 209 (20.1)
�20 cigarettes/d 94 (15.2) 347 (33.4)

Family history of breast cancer2,3

No 305 (93.3) 1004 (96.7)
Yes 14 (11.9) 17 (1.6)
Unknown 11 (2.6) 17 (1.6)

1 P values were determined from age-adjusted model stratified by year
of interview (1995–1996, 1997, 1998– 1999, and 2000–2001) with condi-
tional logistic regression; included 8 cases and 8 controls with inadequate
samples for red blood cell analyses.

2 Indirect age-adjusted percentages based on age distribution of the
controls.

3 P � 0.05.
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to palmitoleic acid was inversely associated with breast cancer
risk. This inverse association was driven primarily by lower
concentrations of palmitoleic acid (SI denominator) with in-
creasing SI quartile rather than changes in palmitic acid (SI
numerator).

DISCUSSION

In this case-control study of RBC fatty acids and breast cancer
risk, we observed a significant inverse association between total
n�3 fatty acids, and more specifically EPA, and risk of breast
cancer. GLA, palmitic acid, palmitoleic acid, and also vaccenic
acid were all positively associated with disease, whereas SI for
palmitic acid to palmitoleic acid was inversely associated with
breast cancer risk.

There are few epidemiologic studies of either RBC or serum
fatty acid concentrations and breast cancer risk. One cohort study
reported a significant reduction in risk with increasing DHA
concentrations (13), but another found no significant associa-
tions for either DHA or EPA (28). Of 6 case-control studies that
used fatty acid concentrations of either RBCs or adipose tissue,
3 found no significant association among any individual n�3
fatty acid and breast cancer (12, 28, 29). Maillard et al (30) found
that �-linolenic acid (ALA) and DHA concentrations in adipose
tissue, as well as a high ratio of ALA to LA, were associated
with decreased risk of breast cancer. Klein et al (31) also
reported that ALA concentrations in adipose tissue were as-
sociated with a reduced risk of breast cancer. Although our
results do not support an association with ALA specifically,
we do report an inverse association with total n�3 fatty acids.
Contrary to these results, a nested case-control study by Ris-
sanen et al (32), which used RBC fatty acid concentrations,
found that total n�6 fatty acids and LA were related to a
decrease in risk of breast cancer. Those same investigators
reported no association between n�3 fatty acids and breast
cancer risk. In 2 recent review articles it is stated that case-
control studies and cohort studies do not yet adequately sup-
port a clear association between n�3 fatty acids and breast
cancer risk (33, 34). However, the reviewed studies included
different and primarily questionnaire-based assessment mea-
sures and were conducted in populations that do not have a
wide variation in intake of EPA and DHA. It is possible that
some of the inconsistencies may be explained by variation (or
lack of variation) in the background diet or in intake of n�3
fatty acids in the target population.

To our knowledge, the positive association we report between
GLA and risk of breast cancer has not been previously docu-
mented. In vitro and animal work suggests that GLA has tumor-
reducing effects. Menendez et al (35) found that GLA increased
cytotoxicity in MDA-MB-231 and MCF-7 breast cancer cells. In
another study Menendez et al (36) found that GLA reduced the
growth rate of MDA-MB-231 cells. Those investigators also
report that GLA increased the cytotoxicity of paclitaxel (an an-
ticancer drug). It is unclear why our findings in a human popu-
lation do not support the published effects of GLA in vitro and in
animal studies.

We are aware of only 2 cohort studies and 1 case-control
study that have published an association between biomarker
concentrations of palmitoleic acid and breast cancer risk.
Consistent with our findings, Pala et al (13) report a positive

TABLE 2
Selected reproductive characteristics of breast cancer case (n � 330) and
control women (n � 1038) in Shanghai, China1

Characteristic Cases2 Controls

n (%)

Age at menarche3

�13 y 61 (20.8) 167 (16.1)
14 y 63 (19.1) 201 (19.4)
15 y 77 (23.3) 204 (19.7)
16 y 60 (18.2) 215 (20.7)
�17 y 69 (20.9) 250 (24.1)

Live births3

None 18 (4.9) 37 (3.6)
1 176 (65.8) 702 (67.6)
2 55 (16.4) 118 (11.4)
�3 81 (17.6) 177 (17.1)
Missing 0 (0.0) 4 (0.4)

Age at first live birth
No live births 20 (5.4) 41 (4.0)
�24 y 96 (22.6) 262 (25.2)
25–29 y 155 (53.4) 586 (56.5)
�30 y 59 (26.4) 149 (14.4)

Duration of breastfeeding3

Never 62 (20.7) 223 (21.48)
�6 mo 62 (20.7) 206 (19.9)
7–12 mo 96 (34.4) 357 (34.4)
13–24 mo 47 (11.5) 110 (10.6)
�25 mo 63 (19.1) 142 (13.7)

Duration of oral contraceptive use
Never used 293 (89.5) 949 (91.4)
�1 y 20 (6.1) 33 (3.2)
�1 y 17 (5.2) 55 (5.3)
Missing 0 (0.0) 1 (0.1)

Duration of intrauterine device use
Never used 164 (39.7) 358 (34.5)
�9 mo 33 (12.7) 113 (10.9)
�9 to �14 mo 68 (26.8) 238 (22.9)
�14 mo 52 (15.8) 292 (28.1)
Missing 13 (5.0) 37 (3.6)

Induced abortions
0 17 (4.4) 35 (3.4)
1 145 (42.1) 420 (40.5)
2 120 (37.0) 421 (40.6)
Missing 48 (16.5) 162 (15.6)

Time since last induced abortion
No induced abortions 145 (42.1) 420 (40.5)
0–10 y 35 (14.0) 126 (12.1)
11–15 y 46 (17.9) 181 (17.4)
16–20 y 24 (6.9) 119 (11.5)
�20 y 43 (9.2) 145 (14.0)
Missing 37 (9.9) 47 (4.5)

Frequency of clinical breast examination4

Never 115 (34.8) 208 (20.0)
Once or more 80 (25.8) 376 (36.2)
Missing 135 (39.4) 454 (43.7)

Breast lumps evaluated by medical worker
Missing 312 (93.9) 1006 (96.9)
1 13 (4.4) 22 (2.1)
2 3 (1.0) 7 (0.7)
3 2 (0.6) 3 (0.3)

Menopause
No 170 (64.6) 675 (65.0)
Yes 160 (35.5) 363 (35.0)

1 P values were determined from an age-adjusted model stratified by
year of interview (1995–1996, 1997, 1998– 1999, and 2000–2001) with
conditional logistic regression; included 8 cases and 8 controls with inade-
quate samples for red blood cell analyses.

2 Indirect age-adjusted percentages based on age distribution of the
controls.

3 P � 0.01.
4 P � 0.05.
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association between RBC fatty acid concentration of palmi-
toleic acid and risk of breast cancer (OR: 2.32; 95% CI: 1.03,
5.20). Chajes et al (12) reported no association between palmi-
toleic acid and breast cancer risk but, similar to our findings
and those of Pala et al (13), report a nonsignificant inverse
association between SI, as determined by the ratio of stearic
acid to oleic acid, and breast cancer risk. Contrary to our
findings, Simonsen et al (37, 38) report a significant reduction
in risk among women in the highest compared with the lowest
quartiles of serum palmitoleic acid. Thus, although findings
for palmitoleic acid alone have not been consistent, the in-
verse association between the SI and breast cancer risk sug-
gests that the ratio of the most prevalent saturated fatty acids
to MUFAs in the erythrocyte membrane may be of more
relevance than the concentration of either individual fatty
acid. Palmitic acid is the primary end product of FAS-
dependent de novo free fatty acid synthesis, and palmitoleic
acid is primarily produced through desaturation of palmitic
acid by �-9 desaturase. Hence, these 2 fatty acids and the ratio
of the 2 are more reflective of lipid metabolism than is dietary
intake. Because the inverse association appears to be primar-
ily due to lower concentrations of palmitoleic acid, this asso-
ciation may suggest a role for reduced �-9 desaturase activity
in breast cancer prevention.

RBC fatty acids reflect recent dietary intake (approximately
the past 3 wk) and thus are not appropriate measures for identi-
fying associations resulting from intake earlier in life. In addi-
tion, change in dietary intake, absorption, or metabolism because

of the presence of breast cancer could alter RBC fatty acid con-
centrations in women with this disease. However, this is an un-
likely explanation for our findings; such effects would be most
likely to occur in the later stages of disease. We found no differ-
ences in our results by disease stage at diagnosis (data not
shown).

Bias could also have been introduced into our results if the
women who agreed to participate in the study had a different diet
from those who chose not to participate. However, as both case
and control women chose not to participate in roughly similar
proportions, it is unlikely that this explains our results.

Another limitation of this study is that some control women
had their blood drawn later than did the case women. During
the period of this study, China underwent economic reform,
increasing market availability of some food products, includ-
ing meats. If this shift resulted in increases in meat intake over
the study period, it could bias our results to show evidence of
a protective effect of the saturated and n�6 fatty acids found
in meat products. However, our findings do not provide such
evidence. Also, we corrected for the effect of this possible
source of bias by stratifying by year of interview (1995–1996,
1997, 1998 –1999, and 2000 –2001) in the conditional logistic
regression models.

In summary, our results provide support for a protective
effect of total n�3 PUFAs and more specifically EPA for
breast cancer. Further, our results suggest the importance of
considering the ratio of fatty acids, because there was a sig-
nificant direct association among both palmitic acid and

TABLE 3
Percentage of fatty acids in red blood cell membranes of breast cancer cases and control women in Shanghai, China (n � 1352)1

Cases (n � 322) Controls (n � 1030) P2

Palmitic acid (16:0) 19.51 � 1.30 (16.72–25.57) 18.73 � 1.04 (13.02–26.67) � 0.0001
Stearic acid (18:0) 14.33 � 1.04 (9.73–17.13) 13.93 � 0.95 (9.60–18.00) � 0.0001
Total n–3 fatty acids3 7.43 � 1.29 (2.56–11.0) 7.69 � 1.07 (2.09–12.27) 0.001

EPA (20:5n�3) 0.53 � 0.16 (0.12–1.30) 0.60 � 0.22 (0.13–2.11) � 0.0001
DHA (22:6n�3) 4.78 � 1.03 (1.44–7.65) 4.92 � 0.85 (1.24–7.78) 0.02
DPA (22:5n�3) 1.84 � .36 (0.50–2.73) 1.86 � 0.34 (0.53–3.63) 0.22
ALA (18:3n�3) 0.25 � 0.16 (0.09–1.62) 0.27 � 0.13 (0.08–1.35) 0.10

Total n–6 fatty acids4 27.57 � 2.64 (13.59–37.54) 28.13 � 2.42 (15.74–41.15) 0.0004
LA (18:2n�6) 11.67 � 2.84 (6.98–27.17) 12.17 � 2.84 (6.57–29.96) 0.006
GLA (18:3n�6) 0.09 � 0.06 (0.01–0.54) 0.08 � 0.05 (0.02–0.69) 0.08
AA (20:4n�6) 11.82 � 1.58 (4.19–14.94) 12.08 � 1.19 (5.47–14.98) 0.006

Total n–3:total n–6 fatty acids5 0.27 � 0.05 (0.13–0.43) 0.28 � 0.05 (0.10–0.55) 0.13
Total PUFAs6 35.10 � 2.98 (18.67–43.30) 35.93 � 2.25 (17.96–45.45) � 0.0001
Total MUFA7 19.18 � 2.27 (15.23–30.55) 20.55 � 2.78 (14.05–30.97) � 0.0001

Oleic acid (18:1n�9) 10.38 � 1.22 (8.05–20.15) 10.50 � 1.06 (7.20–17.05) 0.12
Erucic acid (22:1n�9) 0.21 � .29 (0.03–3.21) 0.35 � 0.37 (0.02–3.64) � 0.0001
Palmitoleic acid (16:1n�7) 0.26 � 0.18 (0.02–1.77) 0.20 � 0.12 (0.07–1.07) � 0.0001
Vaccenic acid (18:1n�7) 0.96 � 0.13 (0.71–1.55) 0.93 � 0.13 (0.01–1.44) 0.02

Saturation index
(16:0/16:1n�7) 96.4 � 64.60 (14.18–1036.12) 112.46 � 44.38 (20.47–264.08) � 0.0001
(18:0/18:1n�9) 1.40 � 0.19 (0.52–1.87) 1.34 � 0.18 (0.56–2.11) � 0.0001

1 All values are x� � SD; range in parentheses (all such values). EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid;
ALA, �-linolenic acid; LA, linoleic acid; GLA, �-linolenic acid; AA, arachidonic acid; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid.

2 t Test for unequal variances.
3 18:3n�3 � 20:3n�3 � 20:5n�3 � 22:5n�3 � 22:6n�3.
4 18:2n�6 � 18:3n�6 � 20:2n�6 � 20:3n�6 � 20:4n�6 � 22:2n�6 � 22:4n�6.
5 (n�3 PUFAs)/(n�6 PUFAs).
6 n�3 PUFAs � n�6 PUFAs.
7 14:1 � 16:1n�7 � 16:1n�9 � 17:1n�9 � 18:1n�5 � 18:1n�8 � 18:1n�9 � 22:1n�9 � 24:1n�9.
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TABLE 4
Concentrations of red blood cell (RBC) fatty acids (FAs) among women in Shanghai, China (n � 1352), and risk of breast cancer1

Quartiles of RBC FA concentrations
P for
trend Continuous1 2 3 4

Palmitic acid (16:0)
No. of cases/controls2 32/261 43/257 81/256 166/256
RBC FA cutoff �18.16 �18.16 to �18.70 �18.70 to �19.27 �19.27
OR (95% CI) (% by wt of total) 1.00 0.98 (0.51, 1.89) 1.29 (0.70, 2.37) 2.20 (1.22, 3.96) 0.0003 1.45 (1.24, 1.71)
OR (95% CI)3 1.00 1.20 (0.58, 2.50) 1.34 (0.68, 2.64) 2.18 (1.14, 4.15) 0.004 1.40 (1.16, 1.69)

Stearic acid (18:0)
No. of cases/controls2 42/244 48/257 100/274 132/255
RBC FA cutoff �13.34 �13.34 to �14.03 �14.03 to �14.61 �14.61
OR (95% CI) (% by wt of total) 1.00 1.12 (0.61, 2.08) 0.84 (0.48, 1.47) 0.97 (0.56, 1.67) 0.73 0.95 (0.80, 1.14)
OR (95% CI)3 1.00 1.57 (0.79, 3.13) 1.06 (0.56, 2.01) 1.26 (0.68, 2.36) 0.83 1.03 (0.84, 1.27)

Total n–3 FAs4

No. of cases/controls2 103/258 69/255 85/261 65/256
RBC FA cutoff �7.05 �7.05 to �7.64 �7.64 to �8.36 �8.36
OR (95% CI) (% by wt of total) 1.00 0.67 (0.41, 1.08) 0.65 (0.41, 1.03) 0.49 (0.31, 0.80) 0.005 0.99 (0.98, 1.00)
OR (95% CI)3 1.00 0.78 (0.46, 1.31) 0.81 (0.48, 1.36) 0.55 (0.32, 0.94) 0.04 0.99 (0.98, 1.00)

EPA (20:5n–3)
No. of cases/controls2 107/253 97/261 72/248 46/268
RBC FA cutoff �0.46 �0.46 to �0.56 �0.56 to �0.69 �0.69
OR (95% CI) (% by wt of total) 1.00 1.19 (0.77, 1.87) 0.72 (0.46, 1.15) 0.46 (0.28, 0.75) 0.0006 0.97 (0.83, 1.12)
OR (95% CI)3 1.00 1.25 (0.77, 2.04) 0.82 (0.49, 1.37) 0.45 (0.26, 0.77) 0.003 0.92 (0.78, 1.09)

DHA (22:6n–3)
No. of cases/controls2 102/259 63/257 84/257 73/257
RBC FA cutoff �4.40 �4.40 to �4.90 �4.90 to �5.46 �5.46
OR (95% CI) (% by wt of total) 1.00 0.61 (0.38, 1.00) 0.71 (0.45, 1.13) 0.55 (0.34, 0.88) 0.03 0.98 (0.96, 1.00)
OR (95% CI)3 1.00 0.70 (0.40, 1.20) 0.72 (0.43, 1.21) 0.61 (0.36, 1.04) 0.09 0.98 (0.96, 1.00)

DPA (22:5n–3)
No. of cases/controls2 85/258 76/264 92/253 69/255
RBC FA cutoff �1.62 �1.62 to �1.85 �1.85 to �2.09 �2.09
OR (95% CI) (% by wt of total) 1.00 0.59 (0.34, 0.97) 0.79 (0.49, 1.30) 0.49 (0.29, 0.82) 0.03 0.57 (0.34, 0.94)
OR (95% CI)3 1.00 0.52 (0.29, 0.90) 0.69 (0.40, 1.20) 0.59 (0.33, 1.04) 0.18 0.65 (0.36, 1.16)

ALA (18:3n–3)
No. of cases/controls2 108/237 110/304 43/231 61/258
RBC FA cutoff �0.18 �0.18 to �0.23 �0.23 to �0.32 �0.32
OR (95% CI) (% by wt of total) 1.00 0.79 (0.53, 1.19) 0.69 (0.40, 1.19) 1.21 (0.71, 2.06) 0.80 1.22 (0.79, 1.89)
OR (95% CI)3 1.00 0.80 (0.50, 1.25) 0.63 (0.35, 1.13) 0.99 (0.54, 1.82) 0.59 1.04 (0.63, 1.72)

Total n–6 FA5

No. of cases/controls2 95/254 92/257 77/261 58/258
RBC FA cutoff �26.61 �26.61 to �27.76 �27.76 to �29.48 �29.48
OR (95% CI) (% by wt of total) 1.00 0.77 (0.49, 1.19) 0.76 (0.48, 1.20) 1.03 (0.61, 1.74) 0.84 1.00 (0.999, 1.001)
OR (95% CI)3 1.00 0.70 (0.43, 1.14) 0.74 (0.44, 1.23) 0.92 (0.51, 1.65) 0.64 1.00 (.998, 1.001)

LA (18:2n–6)
No. of cases/controls2 111/259 91/257 59/255 61/259
RBC FA cutoff �10.19 �10.19 to �11.40 �11.40 to �13.63 �13.63
OR (95% CI) (% by wt total) 1.00 0.66 (0.43, 1.03) 0.46 (0.29, 0.75) 0.88 (0.52, 1.48) 0.15 0.79 (0.34, 1.85)
OR (95% CI)3 1.00 0.64 (0.39, 1.04) 0.38 (0.22, 0.64) 0.67 (0.37, 1.21) 0.02 0.48 (0.18, 1.29)

GLA (18:3n–6)
No. of cases/controls2 67/246 94/328 64/172 97/284
RBC FA cutoff �0.05 �0.05 to �0.07 �0.07 to �0.09 �0.09
OR (95% CI) (% by wt of total) 1.00 1.08 (0.70, 1.69) 1.87 (1.09, 3.20) 2.27 (1.37, 3.78) 0.0003 1.89 (1.33, 2.70)
OR (95% CI)3 1.00 0.98 (0.60, 1.62) 1.72 (0.92, 3.17) 2.05 (1.16, 3.63) 0.003 1.94 (1.31, 2.87)

AA (20:4n–6)
No. of cases/controls2 99/261 67/252 88/258 68/259
RBC FA cutoff �11.43 �11.43 to �12.17 �12.17 to �12.92 �12.92
OR (95% CI) (% by wt of total) 1.00 0.66 (0.41, 1.06) 1.05 (0.66, 1.68) 0.74 (0.46, 1.20) 0.57 1.12 (0.97, 1.30)
OR (95% CI)3 1.00 0.65 (0.38, 1.11) 1.25 (0.74, 2.12) 0.87 (0.51, 1.50) 0.73 1.16 (0.98, 1.38)

Total n–3:total n–66

No. of cases/controls2 85/261 71/216 102/299 64/254
RBC FA cutoff �0.24 �0.24 to �0.27 �0.27 to �0.31 �0.31
OR (95% CI) (% by wt of total) 1.00 0.99 (0.59, 1.64) 0.84 (0.53, 1.33) 0.59 (0.36, 0.97) 0.03 0.02 (0.001, 0.41)
OR (95% CI)3 1.00 0.95 (0.54, 1.67) 0.93 (0.56, 1.55) 0.66 (0.38, 1.15) 0.16 0.04 (0.001, 1.35)

(Continued)
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palmitoleic acid and breast cancer risk when analyzed inde-
pendently, yet when considered as a SI (palmitic acid to palmi-
toleic acid), there was a significant inverse association with
risk. These findings suggest that evaluating the ratio of fatty
acids may be an important approach to understanding the
impact of variations in lipid metabolism on breast cancer risk.

Finally, to our knowledge we are the first to report positive
associations between RBC concentrations of GLA and vac-
cenic acid and risk of breast cancer. These findings, although
intriguing, should be viewed with caution until they are re-
produced by others. Overall, our study findings strengthen the
argument for an increased intake of n�3 PUFAs to prevent

TABLE 4 (Continued)

Quartiles of RBC FA concentrations
P for
trend Continuous1 2 3 4

Total PUFAs7

No. of cases/controls2 108/256 88/259 66/258 60/257
RBC FA cutoff �34.72 �34.72 to �35.78 �35.78 to �37.04 �37.04
OR (95% CI) (% by wt of total) 1.00 0.66 (0.42, 1.03) 0.48 (0.30, 0.76) 0.84 (0.50, 1.41) 0.13 0.94 (0.87, 1.00)
OR (95% CI)3 1.00 0.75 (0.46, 1.22) 0.45 (0.26, 0.75) 0.82 (0.46, 1.46) 0.1 0.92 (0.85, 1.00)

Total MUFAs8

No. of cases/controls2 149/257 95/258 47/256 31/259
RBC FA cutoff �18.42 �18.42 to �20.07 �20.07 to �22.34 �22.34
OR (95% CI) (% by wt of total) 1.00 1.08 (0.73, 1.62) 1.10 (0.66, 1.81) 1.26 (0.68, 2.33) 0.47 1.04 (0.96, 1.12)
OR (95% CI)3 1.00 1.09 (0.70, 1.70) 1.06 (0.60, 1.89) 1.37 (0.69, 2.73) 0.44 1.05 (0.97, 1.15)

Oleic acid (18:1n–9)
No. of cases/controls2 99/255 86/261 67/258 70/256
RBC FA cutoff �9.81 �9.81 to �10.38 �10.38 to �11.02 �11.02
OR (95% CI) (% by wt of total) 1.00 1.05 (0.68, 1.64) 0.90 (0.57, 1.44) 1.32 (0.80, 2.17) 0.47 1.90 (0.33, 10.80)
OR (95% CI)3 1.00 1.08 (0.67, 1.75) 0.93 (0.56, 1.56) 1.28 (0.72, 2.27) 0.6 1.19 (0.15, 9.27)

Erucic acid (22:1n–9)
No. of cases/controls2 143/268 117/253 35/254 27/255
RBC FA cutoff �0.13 �0.13 to �0.22 �0.22 to �0.44 �0.44
OR (95% CI) (% by wt of total) 1.00 1.27 (0.86, 1.88) 0.69 (0.41, 1.15) 0.67 (0.37, 1.22) 0.11 0.87 (0.67, 1.13)
OR (95% CI)3 1.00 1.49 (0.97, 2.31) 0.89 (0.50, 1.59) 0.77 (0.39, 1.52) 0.53 0.97 (0.73, 1.31)

Palmitoleic acid (16:1n–7)
No. of cases/controls2 30/241 61/293 107/234 124/262
RBC FA cutoff �0.13 �0.13 to �0.17 �0.17 to �0.24 �0.24
OR (95% CI) (% by wt of total) 1.00 1.95 (1.10, 3.45) 5.02 (2.86, 8.79) 5.72 (3.23, 10.13) �0.0001 3.60 (2.41, 5.38)
OR (95% CI)3 1.00 1.63 (0.87, 3.07) 4.80 (2.60, 8.88) 4.83 (2.58, 9.06) �0.0001 3.16 (2.02, 4.93)

Vaccenic acid (18:1n–7)
No. of cases/controls2 71/250 75/283 87/246 89/251
RBC FA cutoff �0.85 �0.85 to �0.93 �0.93 to �1.01 �1.01
OR (95% CI) (% by wt of total) 1.00 1.09 (0.68, 1.76) 1.52 (0.94, 2.44) 1.82 (1.12, 2.96) 0.006 3.56 (1.77, 7.17)
OR (95% CI)3 1.00 1.33 (0.78, 2.26) 1.93 (1.13, 3.27) 2.21 (1.25, 3.88) 0.002 3.71 (1.64, 8.39)

Saturation index (n–7) (16:0/16:1
n–7)

No. of cases/controls2 114/258 118/257 57/257 33/258
RBC FA cutoff �77.8 �77.8 to �112.3 �112.3 to �141.5 �141.5
OR (95% CI) (% by wt of total) 1.00 0.99 (0.63, 1.56) 0.38 (0.23, 0.64) 0.17 (0.10, 0.30) �0.0001 0.99 (0.98, 0.99)
OR (95% CI)3 1.00 1.16 (0.70, 1.91) 0.45 (0.25, 0.80) 0.19 (0.10, 0.36) �0.0001 0.99 (0.99, 1.00)

Saturation index (n–9) (18:0/18:1
n–9)

No. of cases/controls2 53/249 64/280 82/251 123/250
RBC FA cutoff �1.23 �1.23 to �1.36 �1.36 to �1.47 �1.47
OR (95% CI) (% by wt of total) 1.00 0.67 (0.38, 1.18) 0.79 (0.46, 1.36) 0.76 (0.45, 1.29) 0.6 0.76 (0.30, 1.95)
OR (95% CI)3 1.00 0.97 (0.51, 1.84) 1.02 (0.54, 1.91) 0.98 (0.53, 1.80) 0.99 1.02 (0.35, 3.02)

1 All analyses were stratified by year of interview (1995–1996, 1997, 1998–1999, and 2000–2001) with conditional logistic regression. OR, odds ratio;
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; ALA, �-linolenic acid; LA, linoleic acid; GLA, �-linolenic acid; AA,
arachidonic acid; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid.

2 Number of subjects in age-adjusted model; 130 subjects were dropped from multivariate model because of missing covariates (48 cases and 82 control
women).

3 Adjusted for age, duration of breastfeeding, age at first birth, time since last induced abortion, and duration of intrauterine device use.
4 18:3n–3 � 20:3n–3 � 20:5n–3 � 22:5n–3 � 22:6n–3.
5 18:2n–6 � 18:3n–6 � 20:2n–6 � 20:3n–6 � 20:4n–6 � 22:2n–6 � 22:4n–6.
6 (n–3 PUFAs)/(n–6 PUFAs).
7 n–3 PUFAs � n–6 PUFAs.
8 14:1 � 16:1n–7 � 16:1n–9 � 17:1n–9 � 18:1n–5 � 18:1n–8 � 18:1n–9 � 22:1n–9 � 24:1n–9.
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breast cancer. They also support the assertion that fatty acid
analyses must move beyond a simple analysis of individual
fatty acids to account for both direct effects of the fatty acids
and to reflect alterations in lipid metabolism pathways.
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A functional 19-base pair deletion polymorphism of dihydrofolate
reductase (DHFR) and risk of breast cancer in multivitamin users1–3

Xinran Xu, Marilie D Gammon, James G Wetmur, Manlong Rao, Mia M Gaudet, Susan L Teitelbaum, Julie A Britton,
Alfred I Neugut, Regina M Santella, and Jia Chen

ABSTRACT
Background: Dihydrofolate reductase (DHFR) converts dihydro-
folate (DHF) into tetrahydrofolate (THF) and plays an essential role
in cell metabolism and cellular growth. Folic acid from multivita-
mins needs to be reduced by DHFR before it participates in cellular
reactions.
Objectives: We examined the relation of a 19-base pair (bp) deletion
polymorphism of the DHFR gene with the risk of breast cancer by
using data from the Long Island Breast Cancer Study Project, a
population-based case-control study. We also investigated the tran-
scriptional effect of this deletion polymorphism.
Design: Dietary data and habitual use of multivitamins were as-
sessed from a modified Block food-frequency questionnaire (FFQ).
Genotypes of DHFR were ascertained from 1062 case subjects and
1099 control subjects by allele-specific polymerase chain reaction.
Unconditional logistic regression was used to estimate odds ratios
(ORs) and 95% CIs.
Result: Although the DHFR 19-bp deletion polymorphism was not
associated with overall breast cancer risk, we observed a borderline
significant additive interaction (P � 0.06) between the DHFR ge-
notype and multivitamin use. The �19-bp allele was associated with
greater breast cancer risk in multivitamin users (51.2% of the study
population) with an OR of 1.26 (95% CI: 0.96, 1.66) and 1.52 (95%
CI: 1.08, 2.13) for the �/� and �/� genotypes, respectively (P for
trend � 0.02) than in multivatimin nonusers. A dose-dependent
relation (P for trend � 0.001) between DHFR expression and the
deletion genotype was observed. Compared with the subjects with
the 19-bp �/� genotype, subjects with the �/� genotype had 4.8-
fold DHFR mRNA levels.
Conclusions: The DHFR 19-bp deletion polymorphism affects the
transcription of DHFR gene in humans. Multivitamin supplements
may place a subgroup of women (ie, those with the �19-bp allele) at
elevated risk of developing breast cancer. Am J Clin Nutr 2007;
85:1098–102.

KEY WORDS Folate, dihydrofolate reductase, DHFR, one-
carbon metabolism, breast cancer, multivitamins, prospective study,
epidemiology, diet

INTRODUCTION

Folate and its derivatives play a central role in transporting the
methyl moiety in one-carbon metabolism (Figure 1) that facil-
itates the cross-talk between DNA synthesis and methylation (1).
Given that few modifiable risk factors have been identified for

breast cancer, there has been intense interest in the potential
anticarcinogenic role of folate in breast cancer. Several epide-
miologic studies, including 3 large prospective cohorts—the
Nurses’ Health Study, the Canadian National Breast Screening
Study, and the Iowa Women’s Health Study—suggest that ade-
quate folate intake is important in the prevention of breast cancer,
particularly in women with moderate alcohol consumption (2–
4). However, no effects of folate consumption on the risk of
breast cancer were observed in 2 other cohorts, including the
American Cancer Society’s Cancer Prevention Study (5) and
Melborne Collaborative Cohort (6). Adding to these conflicting
results, the latest report from a large cohort, the Prostate, Lung,
Colorectal, and Ovarian Cancer Screening Trial, indicated an
�20% increase of breast cancer risk associated with folic acid
supplemental use of �400 �g/d in postmenopausal women (7).

Ingested folate must be fully reduced by dihydrofolate reduc-
tase (DHFR), a key enzyme in one-carbon metabolism, before
being used in cell metabolism (8). The DHFR gene encodes the
enzyme that catalyzes the conversion of dihydrofolate (DHF)
into tetrahydrofolate (THF). It plays an essential role in cell
metabolism and cellular growth (8) by shuttling the methyl group
with the use of THF for de novo synthesis of a variety of essential
metabolites. Although folate naturally found in foods are not
fully absorbed through the intestinal lining, they are predomi-
nantly in the fully reduced form, 5-methyl-THF; meanwhile, the
fully unreduced (eg, folic acid) and partially reduced (eg, DHF)
forms are also found (9). In contrast, folate in multivitamin sup-
plements and food fortification is purely folic acid, the fully
unreduced form that requires the action of DHFR before it can
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participate in cellular reactions (8). These properties led us to
hypothesize that alteration of DHFR function may affect folate
utilization from supplement use.

A 19-bp deletion (hereafter, the 19-bp deletion allele is re-
ferred to as the �19-bp allele) polymorphism in intron 1 of the
DHFR gene was identified (10). This polymorphism may be
functional, because the �19-bp allele removes a putative tran-
scription factor binding site for Sp1, which affects gene regula-
tion (11). However, there is no direct mechanistic evidence to
illustrate the functionality of this polymorphism.

To the best of our knowledge, the 19-bp deletion polymor-
phism of DHFR has not been investigated in the context of any
human cancer. Herein, we examined the association of DHFR
polymorphism and risk of breast cancer in the Long Island Breast
Cancer Study Project (12), a population-based case-control
study. We also explored the functionality of this deletion poly-
morphism by examining DHFR expression levels with respect to
different genotypes.

SUBJECTS AND METHODS

Study population

We utilized the resource of Long Island Breast Cancer Study
Project, which was designed to determine whether the risk of
breast cancer is associated with polycyclic aromatic hydrocar-
bon–DNA adducts and organochlorine compounds. Detailed de-
scriptions of the study have been published elsewhere (12, 13).
Briefly, case subjects (hereafter termed cases) were women res-
idents of Nassau and Suffolk counties on Long Island, NY, who
were of any age or race, spoke English, and were newly diag-
nosed with in situ or invasive breast cancer between 1 August
1996 and 31 July 1997. Control subjects (hereafter termed con-
trols) were frequency-matched to the expected age distribution of
the cases, and identified through random-digit dialing for women

aged �65 y and through the Center for Medicare and Medicaid
Services rosters for women aged �65 y. Eligible controls were
women who spoke English and resided in the same Long Island
counties as the cases, but with no personal history of breast
cancer. In-person interviews were completed for 82.1% of cases
(n � 1508) and 62.8% of controls (n � 1556). Of those who
completed an interview, 73.1% of cases (n � 1102) and 73.3% of
controls (n � 1141) donated a blood sample (12). As previously
reported (12), an increase in breast cancer in women from Long
Island was found to be associated with lower parity, late age at
first birth, little or no breastfeeding, a family history of breast
cancer, and increasing income and education. Results were sim-
ilar when the analyses were restricted to respondents who do-
nated blood or for those with DNA available for these analyses
(14). Dietary intake in the year before the interview was assessed
with a modified Block Food Frequency Questionnaire (FFQ)
(15, 16). The frequency and portion sizes data were translated to
daily intakes of nutrients from both dietary and supplement
sources by using the National Cancer Institute’s DietSys version
3. Habitual use of multivitamin supplements was also obtained
from the FFQ. The questions included multivitamin use over the
past 10–15 y before the interview, type of multivitamin, and
dosage. These multivitamins were assigned a 400 �g folic acid
dose. The study protocol was approved by the Institutional Re-
view Boards at the collaborating institutions.

Genotyping

DNA was isolated from the blood specimens by using the
methods previously described (13). Genotypes were determined
by modified PCR amplification by using allele-specific primers
described elsewhere (10). The products were separated on 3%
agarose gels and visualized with ethidium bromide. About 10%
of the study population were randomly duplicated and included
as quality control samples; the concordancy rate was 99%. The
call rate for our genotyping assay was 96%. The main reason for
those genotypes not ascertained was insufficient amount of DNA
left for genotyping.

DHFR expression

We obtained blood samples from 36 healthy blood donors
from the New York Blood Center. The lymphocytes were ho-
mogenized by using the QIAshredder Mini Spin Column
(QIAGEN, Valencia, CA); total RNA was then isolated by using
RNeasy Mini-Kit (QIAGEN) with DNase treatment (RNase-
Free DNase Kit; QIAGEN). The purity of the isolated total RNA
was analyzed by absorption at 260 nm and 280 nm, and the
concentration was measured by NanoDrop ND-1000 Spectro-
photometer (NanoDrop Technologies, Wilmington, DE).

�-actin was used as an internal control to normalize the DHFR
mRNA levels. The primers used in the real-time RT-PCR were as
follows: DHFR forward: 5�-TTCCGGCGAGACATGGCA-
GGGCAA-3�; DHFR reverse: 5�-CGCCCGCAGACGCCTGG-
GAA-3�; �-actin forward: 5�-ACTGGAACGGTGAAGGT-
GAC-3�; and �-actin reverse: 5�-GTGGACTTGGGAGAGG-
ACTG-3�.

Real-time qPCR was performed by using an ABI 7900HT
instrument (Applied Biosystems, Foster City, CA), and the sig-
nal was detected with SYBR Green I (Invitrogen, Eugene, OR).
Total RNA was reverse-transcribed and subsequently amplified
by AccuRT, a thermostable magnesium activated reverse

FIGURE 1. Schematic illustration of the one-carbon metabolism path-
way. Key genes involved in one-carbon metabolism include methylenetet-
rahydrofolate reductase (MTHFR), thymidylate synthase (TS), methionine
synthase (MTR), methionine synthase reductase (MTRR), serine hydroxy-
methyltransferase (SHMT), dihydrofolate reductase (DHFR), and betaine-
homocysteine methyltransferase (BHMT). 5,10-methylenetetrahydrofolate
(5,10-methyleneTHF) is the substrate for synthesis of both thymidylate and
5-methylTHF. The latter reaction directs the folate pool toward remethyla-
tion of homocysteine (Hcy) to methionine. SAM, S-adenosylmethionine;
SAH, S-adenosylhomocysteine.
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transcriptase–DNA polymerase that was provided generously by
Roche Molecular Systems (Alameda, CA). The PCR specificity
was checked by melting curve analysis. Ct values (the cycle
number at the point at which the fluorescence from the template
crosses the threshold) for each reaction were determined with the
instrument’s software, SDS 2.2, choosing the threshold at 0.76.
Measurements were performed in triplicate from which the me-
dian value was chosen for statistical analyses. Levels of DHFR
mRNA were normalized to the housekeeping gene, �-actin. The
relative expression level was calculated as follows: 1/(2e�Ct),
where �Ct � Ct(DHFR) – Ct(�-actin). As one can see, the higher the
�Ct values, the lower the DHFR expression relative to �-actin.

Statistical analysis

The Hardy–Weinberg equilibrium was tested with the Pearson
goodness-of-fit statistic to compare the observed and expected
genotype frequencies in cases and controls, respectively (17).
Univariate analyses were done to compare distributions of co-
variates in cases and controls. Unconditional logistic regression
was used to estimate odds ratios (ORs) and corresponding 95%
CIs for the association between the DHFR 19-bp deletion poly-
morphism and breast cancer, with adjustment for the frequency-
matching variable age (as a continuous variable) in addition to
other potential confounding factors (18, 19).

Besides age-adjusted models, we also evaluated for potential
confounding. A priori, we did not expect genotype status to be
associated with many of these factors, but because of their po-
tential association with breast cancer, we considered the follow-
ing: family history of breast cancer in a first-degree relative,
history of benign breast disease, education, body mass index
(BMI) at age 20 y, BMI at diagnosis, alcohol drinking, parity,
ever lactation, contraceptive use, hormone replacement therapy
(HRT) use, age at menarche, months of lactation, age at first
birth, number of miscarriages, history of fertility problems, race,
religion, and marital status. If addition of the selected covariate
to the logistic regression model changed the effect estimate by
10% or more, then the covariate was considered a confounder
(18). None of the variables met such criteria, so only the age-
adjusted model results are presented.

We evaluated interactions on additive and multiplicative
scales between DHFR genotypes and multivitamin supplement
use by using indicator terms for those with the genotypes only,
exposures only, and those with both the genotypes and exposures
of interest. Multiplicative interactions were examined by a
comparison of the log-likelihood statistic for models that in-
cluded a multiplicative interaction term in the logistic regres-
sion model to those without (19). The magnitude of an addi-
tive interaction effect was determined by estimating the
interaction contrast ratio (ICR) and 95% CI departures from
additive effects with the following formula (20) using PROC
LOGISTIC program in SAS (21):

ICR � OReg � ORe � ORg � 1 (1)

where OReg is the OR for exposure with variant genotype, ORe

is the OR for exposure with a wild-type genotype, and ORg is the
OR for variant genotype in nonexposed. The 95% CI of the ICR
was obtained from ICR � 1.96 SE (ICR). An ICR � 0 implies a
greater than additive interaction (positive interaction), whereas
an ICR � 0 implies no interaction and an ICR � 0 implies a less
than an additive effect (negative interaction).

ANOVA was carried out to examine mean DHFR expression
levels with respect to genotypes. All statistical analyses were
performed by using SAS version 9.1 (SAS Institute, Cary, NC).

RESULTS

The DHFR �19-bp genotypes were ascertained in 1062 cases
and 1099 controls. The DHFR �19-bp allele frequencies were
0.40 and 0.42 in the cases and controls, respectively. The geno-
type distribution was in agreement with Hardy-Weinberg Equi-
librium in both cases (P � 0.73) and controls (P � 0.25). Overall,
the DHFR 19-bp deletion polymorphism was not significantly
associated with breast cancer risk. Compared with individuals
with the 19-bp �/� genotype, those with the �/�-genotype had
an OR of 1.18 (95% CI: 0.93, 1.51) (Table 1). The association
between DHFR and breast cancer did not differ significantly with
respect to menopausal status (pre- or postmenopausal) and can-
cer type (in situ versus invasive; data not shown).

The age-adjusted ICR suggested deviations from the additive
scale for the DHFR deletion allele combined multivitamin sup-
plement use (ICR: 0.43; 95% CI: �0.02, 0.87; P � 0.06), which
indicated an additive interaction with borderline significance
between the DHFR-deletion polymorphism and multivitamin
use. Furthermore, examination of the association between DHFR
and breast cancer by multivitamin use showed a stronger effect of
the DHFR genotype in multivitamin users (Table 1). About one-
half (51.2%) of the study population used multivitamins on a
regular basis (�1 time/wk) over the 10–15 y before enrollment.
As previously reported (16), in our study population, multivita-
min use was not significantly associated with the risk of breast
cancer (OR: 0.95; 95% CI: 0.83, 1.10). However, as shown in
Table 1, in these 536 multivitamin users, the 19-bp �/� geno-
type was associated with a 52% increase in breast cancer risk
(95% CI: 1.08, 2.13) compared with individuals with the �/�
genotype. The DHFR �19-bp allele has an additive effect on the
risk of breast cancer in this group (P for trend � 0.02). No
apparent association between the DHFR 19-bp deletion poly-
morphism and the risk of breast cancer was observed in nonusers.
Furthermore, there were no significant interactions between the

TABLE 1
Effects of DHFR genotypes and breast cancer risk

Genotype Case subjects Control subjects OR (95% CI)1

n (%)

Overall
19 bp �/� 335 (31.5) 375 (34.1) 1.00 (reference)
19 bp �/� 518 (48.8) 518 (47.1) 1.14 (0.94, 1.38)
19 bp �/� 209 (19.7) 206 (18.7) 1.18 (0.93, 1.51)2

Multivitamin user
19 bp �/� 157 (29.3) 202 (35.3) 1.00 (reference)
19 bp �/� 258 (48.1) 268 (46.8) 1.26 (0.96, 1.66)
19 bp �/� 121 (22.6) 103 (18.0) 1.52 (1.08, 2.13)3

Multivitamin nonuser
19 bp �/� 170 (33.3) 170 (33.3) 1.00 (reference)
19 bp �/� 252 (49.4) 243 (47.5) 1.03 (0.78, 1.36)
19 bp �/� 88 (17.3) 98 (19.2) 0.95 (0.66, 1.36)

1 Adjusted for age (continuous).
2 P � 0.06 for additive interaction between DHFR deletion polymor-

phism and multivitamin use.
3 P for trend � 0.02.
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DHFR 19-bp deletion polymorphism and dietary or total folate
intake (data not shown).

As an attempt to investigate the function of the DHFR poly-
morphism, we quantified DHFR mRNA levels from freshly col-
lected lymphocytes of 36 healthy blood donors from the New
York Blood Center. The mean �Ct of these 36 samples was 3.4,
indicating that DHFR expression level was �10% of �-actin
expression. Nine individuals had the 19-bp �/� genotype, 22
had the �/� genotype, and 5 had the �/� genotype. The mean
�Ct values were 4.5, 3.4, and 2.0 for the 19-bp �/�, �/�, and
�/� genotypes, respectively, translating to 6%, 15%, and 29%
expression levels relative to �-actin (Table 2). These numbers
represented a significant dose-dependent relation (P for trend �
0.001) between DHFR expression and the deletion genotype.
Compared with the 19-bp �/� genotype, the �/� and �/�
genotypes had a 2.4-fold and 4.8-fold increase in mRNA levels,
respectively (Table 2).

DISCUSSION

Despite intense interest in potential preventive effects of folate
against breast cancer, the role of folate in breast carcinogenesis
is far from elucidated. Although several large cohort studies
suggested that higher folate intake was associated with lower
breast cancer risk, particularly in moderate alcohol drinkers (2–
4), the latest results from a large screening trial indicated that
overconsumption of folate, particularly from vitamin supple-
ments, was detrimental in terms of breast cancer risk (7). Folic
acid from vitamin supplements and food fortification needs to be
reduced before participating in cellular reactions (8). Folic acid
fortification of the US diet was implemented by the Food and
Drug Administration in January 1998. Subjects of the Long Is-
land Brest Cancer Study Project were recruited between 1996
and 1997, before this mandate. Thus, we anticipate little contri-
bution of folic acid to dietary folate from food fortification;
however, more than one-half of these women habitually took
multivitamin supplements.

We observed that the DHFR 19-bp �/� genotype, which was
associated with increased gene expression in our functional
study, increased the risk of breast cancer in multivitamin users in
a dose-dependent fashion. This finding seems to support the
latest findings from the Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial (7)—that too much folic acid from sup-
plements may be procarcinogenic. Higher expression of DHFR,
presumably leading to higher enzyme activity of DHFR, may
lead to depletion of the 5,10-methylene-THF pool, the critical

substrate for both DNA synthesis and homocysteine remethyla-
tion that provides the methyl donor for methylation reactions
(Figure 1). High DHFR activity may tilt the balance of one-
carbon metabolism in favor of DNA synthesis at the expense of
methyl supply (ie, S-adenosylmethionine) for methylation reac-
tions; a suboptimal methyl supply can lead to aberrant DNA
methylation, which has been associated with breast carcinogen-
esis (22).

Our functional study showed that the DHFR �19-bp allele
was associated with increased gene expression in a dose-
dependent fashion. One possible mechanism is that this 19-bp
sequence resides within an inhibitory element that regulates tran-
scription. On removal, gene expression is up-regulated and more
mRNA is made. The 19-bp deletion is located in intron 1 of the
DFHR gene. Intron 1 is well known to be a site of regulatory
sequences for some genes, eg, as either a transcription factor
binding site or a site that affects splicing (23, 24). An intron 1
regulatory sequence has been documented for mouse DHFR
(11). Although there is a report that used an in silico approach and
predicted the removal of a potential Sp1 binding site by the 19-bp
deletion polymorphism of human DHFR (25), there has been no
direct laboratory evidence showing the intron 1 region of DHFR
has any transcriptional effect before our study.

A limitation of our expression assay is that DHFR expression
may be influenced by diet or supplement use, so that mRNA
levels would be heterogeneous in samples tested due to lack of
lifestyle information on these individuals. However, we were
unable to find reports suggesting that environmental factors af-
fect DHFR expression level. Elevated DHFR activity in response
to methotrexate treatment has been reported (26), but the increase
was at the protein (ie, translational) level because it was unaf-
fected by the transcriptional inhibitor actinomycin D but was
blocked by the translational inhibitor cycloheximide (27). More
importantly, should there be an environmental influence on
DHFR expression, the environmental factor would unlikely be
differentially related to genotype.

The major strength of the present study lies in its study design
in which subjects were drawn from a population-based sample
and detailed assessment of diet and risk factors of breast cancer
were obtained. The relatively large sample size allowed stratified
analyses by various lifestyle factors such as multivitamin use. In
our case, the sample size (536 cases and 573 controls who were
multivitamin users) provided 80% power to detect an OR of 1.4
(� at 0.05 level). We also used a functional genomic approach to
help us gain insight of the relation between DHFR and breast

TABLE 2
Quantification of DHFR mRNA in 3 different genotypes1

DHFR genotype

P2�/� (n � 9) �/� (n � 22) �/� (n � 5)

�Ct3 4.5 � 1.14 3.4 � 1.4 2.0 � 0.8 0.003
DHFR/�-actin mRNA levels5 0.06 � 0.07 0.15 � 0.14 0.29 � 0.18 0.013
Increase in expression (-fold) 1 (ref) 2.4 4.8

1 DHFR mRNA was standardized to �-actin mRNA.
2 ANOVA was used to test for significant differences between means of expression of different genotypes by comparing their variances.
3 �Ct � Ct(DHFR) � Ct(�-actin).
4 x� � SD (all such values).
5 Relative mRNA level � 1/(2e �Ct).
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cancer. The major potential limitation is the lack of measure-
ments of folate concentrations in blood. These concentrations
were not measured for the subjects in our study population be-
cause of the case-control study design; biological samples col-
lected after disease diagnosis may have been influenced by the
onset, development, or even treatment of the disease. Another
limitation lies in the fact that the individuals selected for the
functional study of DHFR were different from the main study
population. Our study used the existing resource of the Long
Island Breast Cancer Study Project. Like most of the existing
epidemiologic studies, only whole blood was collected, and no
mRNA was available for functional analyses. Nevertheless,
functional results from healthy blood donors from the New York
Blood Center should be generalizable to the general population
including the Long Island Breast Cancer Study Project, because
potential confounders such as environmental influence are un-
likely to be differentially related to genotypes.

In conclusion, we reported that a common 19-bp deletion
polymorphism of DHFR affected gene transcription. This poly-
morphism modifies the risk of breast cancer in multivitamin
supplement users. The use of multivitamin supplements may
exert adverse risks in a subgroup of women (ie, those with the
�19-bp allele). If these findings are replicated by other study, it
may warrant careful reconsideration of multivitamin supplement
use for disease prevention.

XX, MDG, JGW, and JC contributed to study design. XX, MR, MDG, and
JC contributed to data analysis. XX was responsible for writing and revising
the manuscript. JGW, MMG, SLT, JAB, AIN, RMS, and JC provided sub-
stantive editorial comments on manuscript drafts. None of the authors had
any personal or financial conflict of interest.
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Plasma n�3 fatty acids and the risk of cognitive decline in older
adults: the Atherosclerosis Risk in Communities Study1–3

May A Beydoun, Jay S Kaufman, Jessie A Satia, Wayne Rosamond, and Aaron R Folsom

ABSTRACT
Background: Plasma fatty acids may affect the risk of cognitive
decline in older adults.
Objectives: We prospectively studied the association between
plasma fatty acids and cognitive decline in adults aged 50–65 y at
baseline and conducted a subgroup analysis.
Design: From 1987 through 1989, the Atherosclerosis Risk in Com-
munities (ARIC) Study analyzed plasma fatty acids in cholesteryl esters
and phospholipids in whites residing in Minneapolis, MN. From 1990
through 1992 and from 1996 through 1998, 3 neuropsychological tests
in the domains of delayed word recall, psychomotor speed, and verbal
fluency were administered. We selected cutoffs for statistically reliable
cognitive decline in each of these domains and a measure of global
cognitive change computed by principal-components analysis. Multi-
variate logistic regression was conducted. Focusing on n�3 highly
unsaturated fatty acids (HUFAs), a subgroup analysis assessed differ-
ential association across potential effect modifiers implicated in oxida-
tive stress and increased risk of neurodegenerative disease.
Results: In the 2251 study subjects, the risk of global cognitive
decline increased with elevated palmitic acid in both fractions and
with high arachidonic acid and low linoleic acid in cholesteryl esters.
Higher n�3 HUFAs reduced the risk of decline in verbal fluency,
particularly in hypertensive and dyslipidemic subjects. No significant
findings were shown for psychomotor speed or delayed word recall.
Conclusions: Promoting higher intakes of n�3 HUFAs in the diet of
hypertensive and dyslipidemic persons may have substantial benefits in
reducing their risk of cognitive decline in the area of verbal fluency.
However, clinical trials are needed to confirm this finding. Am J
Clin Nutr 2007;85:1103–11.

KEY WORDS Aging, cognitive decline, fatty acids, cho-
lesteryl esters, phospholipids

INTRODUCTION

The effect of dietary intake on cognitive functioning has drawn
interest over the past few years. Several epidemiologic studies
have shown that n�3 fatty acids in blood differ significantly
between persons with normal cognitive functioning and those
with some form of cognitive impairment (1–3). These fatty
acids in biomarkers of lipid intake have been historically
associated with a lower risk of cardiovascular disease, includ-
ing stroke (4) and coronary heart disease (5, 6). They were also
linked with greater insulin sensitivity (7), a lower risk of
dyslipidemia (8), a hypocoagulable profile (9), greater pulmonary
function (10), and a lower risk of major depression (11), among
other health benefits.

Many of these conditions were related to greater oxidative
stress (12–17), which in turn causes neuronal loss and cogni-
tive impairment in older adults (18). Consequently, it is es-
sential to unveil any putative interaction between these con-
ditions and the ability of this class of fatty acids to fulfill their
beneficial effects. In addition, agenetic factor (ApoE�4allele)has
been consistently associated with greater risks of cognitive decline
(19, 20) and progression from the preclinical stage to Alzheimer
disease (21). It has also been associated with higher levels of oxi-
dative stress (22).

The current study assessed the association of plasma cho-
lesteryl ester and phospholipid concentrations of n�3 fatty acids
with decline in 3 areas of cognition. We conducted a subgroup
analysis of possible interaction between n�3 fatty acids and high
levels of oxidative stress and the risk of neurodegenerative dis-
ease. We hypothesized that those subgroups with elevated phys-
iologic oxidative stress would benefit most from higher intakes
of dietary n�3 fatty acids as measured by plasma concentrations
in cholesteryl esters and phospholipids. The main rationale be-
hind this hypothesis is that oxidative stress triggers neurodegen-
erative processes by depleting the brain of vulnerable highly
unsaturated fatty acids (HUFAs). Their replenishment, which
can be achieved by increased dietary intake, can lead to the
prevention of cognitive decline.

SUBJECTS AND METHODS

Subjects

The Atherosclerosis Risk in Communities (ARIC) Study is a
cohort study established in 1987. It was designed to investigate
the etiology of atherosclerosis and its clinical sequelae. In the
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original study, approximately 4000 adults aged 45–64 y were
recruited in each of 4 US communities—Forsyth County, NC;
Jackson, MS; suburbs of Minneapolis, MN; and Washington
County, MD (for a total of 16 000 subjects)—and invited to 4
examinations 3 y apart (between 1987 and 89, between 1990
and 1992, between 1993 and 1995, and between 1996 and
1998), termed visits 1 through 4, respectively. Three of the 4
cohorts represented the ethnic mix of their communities,
whereas in Jackson, MS, only African American residents
were recruited (23).

In the current study, we focused on subjects with complete
plasma fatty acid data, which were collected and analyzed at visit
1 (1987–1989) at the ARIC Study field center in Minneapolis
(n � 3570). We excluded those aged �50 y because research
clearly shows that the risk of cognitive decline in general, and of
dementia in particular, is negligible before the age of 60 y (24),
which is the age at which the youngest persons in the cohort were
reexamined at visit 4. After exclusion of those without cognitive
testing at visits 2 and 4, the remaining sample available for
analysis was 2251 subjects.

Cognitive assessment

Three measurements of cognitive functioning were made dur-
ing visits 2 and 4 of the ARIC Study. These measurements relied
on the following instruments: the Delayed Word Recall Test
(DWRT; 25); the Digit Symbol Substitution Test portion of the
Wechsler Adult Intelligence Scale–Revised (DSST/WAIS-R;
26), and the Word Fluency Test (WFT) of the Multilingual Apha-
sia Examination, also known as the controlled oral-word asso-
ciation (27).

Delayed Word Recall Test

The DWRT screening tool assesses verbal learning and recent
memory. It requires the respondent to recall 10 common words
after a 5-min interval during which another test is administered.
Test scores may range between 0 and 10 words recalled, and the
time limit for recall is set at 60 s. The 6-mo test-retest reliability
of the DWRT was previously shown to be high in 26 healthy
elderly persons (Pearson correlation coefficient, r � 0.75) (25).

Digit Symbol Substitution Test of the Wechsler Adult
Intelligence Scale–Revised

The DSST/WAIS-R is a paper-and-pencil test requiring timed
translation of numbers 1 through 9 to symbols with the use of a
key. The test measures psychomotor performance and, for most
adults, is relatively unaffected by intellectual ability, memory, or
learning (27). It appears to be a sensitive and reliable marker of
brain damage (28). The test score can range from 0 to 93, and it
reflects the correctly translated number of digit-symbol pairs
within a time limit of 90 s. Short-term test-retest reliability over
2–5 wk has been found to be high (r � 0.82) in persons aged
45–54 y (26).

Word Fluency Test

The WFT requires subjects to think of as many words begin-
ning with the letters F, A, and S as possible and to record these
words in 60 s for each of the 3 groups of words. The total score
corresponds to the total number of words generated during these
3 trials. The test is particularly sensitive to linguistic impairment
(27, 29) and early mental decline in older persons (30). It is also

a sensitive marker of damage in the left lateral frontal lobe (27,
29). The immediate test-retest correlation coefficient based on an
alternative test form has been found to be high (r � 0.82; 31).

Decline in the 3 separate areas of cognition was assessed.
Cutoffs were determined for decline in each domain of cognition
by using the Reliable Change Index (RCI) method to correct for
measurement error and practice effects (32). RCI is defined as
[(X2–X1)–(M2–M1))/SD of the difference, where X1 is the per-
son’s score at baseline, X2 is the person’s score at follow-up, M1

and M2 are the group mean pretest and follow-up scores, respec-
tively, and SD of the difference is the observed SD of the differ-
ence scores. Scoring below an RCI of �1.645 was regarded as
showing a “statistically reliable” deterioration in test scores. A
composite measure of the 3 RCIs (obtained from DWRT, DSST,
and WFT change scores) to assess global cognitive decline
(GCD) was created by using principal-components analysis
(PCA). Similarly, the cutoff chosen corresponded to a composite
score of reliable decline ��1.645. Multivariate analysis in-
cluded control for the baseline cognitive score in its continuous
form (assessed at visit 2) on the particular instrument. Models
with GCD as the main outcome controlled for the baseline
measure of GCD. Similar approaches were previously used by
others (33, 34).

Plasma fatty acid exposures

Twelve-hour fasting blood was collected according to the
ARIC Study–wide protocol. The Minneapolis field center con-
ducted fatty acid analysis in plasma phospholipid and cholesteryl
ester fractions on visit 1 blood specimens. The procedure is
described in detail elsewhere (35). The identity of 28 fatty acid
peaks was shown by gas chromatography by comparing each
peak’s retention time to the retention times of fatty acids in
synthetic standards of known compositions. The relative amount
of each fatty acid (as a percentage of all fatty acids) was com-
puted by integration of the area under the peak and division of the
result by the total area for all fatty acids (�100). Data from the
chromatogram were transferred electronically to a computer for
analysis. Fatty acids are expressed as a percentage of the total in
each fraction. Although all groups of fatty acids [saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA), linoleic acid
(LA), �-linolenate (LNA), and n�3 and n�6 HUFAs)] were
assessed in relation to GCD, one main exposure of interest was
considered for domain-specific and interaction analysis—ie,
eicosahexaenoic acid (EPA) �docosahexaenoic acid (DHA)
(20:5 � 22:6n�3, respectively), which were also the n�3
HUFAs. Test-retest reliability coefficients (subjects sampled 3
times at 2-wk intervals) for various plasma fatty acids ranged
from 0.50 to 0.93 for cholesteryl esters and from 0.50 to 0.89 for
phospholipids (36).

Covariates

Most covariates considered were measured at visits 1 or 2,
although some were defined according to measurements that
spanned all 4 visits. Age, sex, and education were all self-
reported. Behavioral factors measured at visit 1 included smok-
ing, alcohol and caffeine consumption, and physical activity
(37). A validated index of physical activity, derived at visit 1,
summed sports, work, and leisure indexes, which ranged from a
score of 1 (low) to a score of 5 (high) (38). Body mass index
(BMI; in kg/m 2) was computed at visit 1. Baseline dietary intakes
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of antioxidants and other micronutrients (mainly vitamins B-6
and B-12 and folate) were also considered. The usual dietary
intake of these nutrients was estimated from an interviewer-
administered semiquantitative food-frequency questionnaire
(FFQ) modified from a 61-item questionnaire developed and
validated by Willett et al (39) against multiple food records
among a subsample of the Nurses’ Health Study cohort. Results
of the validation study suggested that, for all nutrients consid-
ered, only �3% extreme quintile misclassification was seen, and
that overlap between the upper 2 and lower 2 quintiles between
the 2 methods was �70% (39). Daily intake of nutrients has
been calculated by multiplying the nutrient content of each
food in the portion specified by the frequency of daily con-
sumption and summing the results. The nutrient content of
each food was obtained from the Harvard Nutrient Database,
for which the primary source was the Department of Agricul-
ture handbook (40).

All of these covariates were considered as potential confound-
ers in the multivariate analysis. Potential effect modifiers were
grouped as genetic (presence of ApoE �4 allele) and comorbid
conditions. To measure hypertensive status, blood pressures
were calculated as the average of the second and third of 3
consecutive measurements taken with a random-zero sphygmo-
manometer (DINAMAP* 1846 SX automated oscillometer;
Critikon, Inc, Tampa, FL). The cutoff often used for hypertension
is �140 mm Hg for systolic (SBP) and �90 mm Hg for diastolic
(DBP) blood pressure. Hypertensive subjects were defined as
those who screened positive for measured hypertension at any
visit of visits 1 through 4 or who were taking antihypertensive
medication during the 2 wk immediately before any of the visits.
Other conditions included stroke or transient ischemic attacks
(TIAs), type 2 diabetes mellitus (defined as fasting blood glucose
� 140 mg/dL, self-reported diabetes, or the use of glucose-
lowering medication), and dyslipidemia [fasting blood HDL
cholesterol � 40 (men) or � 50 (women) and triacylglycerol
level � 150 mg/dL as recommended by the National Cholesterol
Education Program (41)] at any visit, hypercoagulable profile
(upper quintile of �2 of fibrinogen, van Willebrand factor, and
factor VIII), poor pulmonary function [forced expiratory volume
in 1 s (FEV1) to forced vital capacity (FVC) � 0.70 as measured
by a spirometer at visits 1 or 2], and depressive symptoms at visit
2 using 21-item vital exhaustion scale (42, 43). A binary cutoff
for depression was chosen on the basis of the 80th percentile of
the scale scores.

Statistical analysis

We carried out univariate analyses of predictor and outcome
variables as well as covariates. For bivariate analyses of exposure
and outcome, we computed means of predictor variables across
outcome groups (0: no decline; 1: declined) and assessed statis-
tical significance of differences by using an independent-sample
t test for continuous predictors and the chi-square test for cate-
gorical predictors at � of 0.05. We computed the ORs of decline
by each 1-SD change in exposure by conducting multivariate
logistic regression analysis. Control for confounding was done
using backward elimination, retaining in the model those vari-
ables that changed the estimated effect (odds ratio) of the expo-
sure by �5%. This level is more suitable than 10% because the
sensitivity of odds ratios to confounding effects tends to increase

with increase in sample size (44). After obtaining a parsimonious
model, we first presented odds ratios for global cognitive decline
and plasma concentrations of various groups of fatty acids. Sub-
sequently, and focusing on n�3 HUFAs, we presented stratum-
specific odds ratios for each subgroup of interest (eg, hyperten-
sives versus normotensives). We also carried out multivariate
logistic regression models adding the interaction term (n�3
HUFA � binary subgroup variable) into a model with the main
effects included as well (ie, n�3 HUFA and binary subgroup
variable). We compared this model with the one without the
interaction term and used likelihood ratio tests to assess statistical
significance of interaction between exposure and potential effect
modifiers in determining the outcome. For this purpose, a type I
error level of 0.10 was considered valid (45, 46). Statistical
analyses were conducted with STATA software (version 8.2;
Stata Corp, College Station, TX; 47).

RESULTS

Baseline characteristics

A total of 2251 study subjects had complete plasma analysis at
visit 1 and cognitive decline data between visits 2 and 4. All
subjects were white men and women residing in the suburbs of
Minneapolis (one of the ARIC Study centers). Looking at dis-
tribution of characteristics of this sample of subjects by cognitive
status, those who did not decline differed from those who did on
several demographic, behavioral, and health-related factors.
Specifically, they were on average younger and more physically
active, reported less depressive symptoms, and had a relatively
hypocoagulable profile. Those who declined compared with
those who did not, also had higher baseline cognitive score and
as expected, greater decline in cognitive function between the 2
visits (Table 1).

Plasma fatty acids and global cognitive decline

The mean plasma concentration of individual as well as fam-
ilies of fatty acids across global cognitive decline categories is
shown in Table 2. Within the cholesteryl ester fraction, those
who declined had higher concentrations of palmitic and arachi-
donic acids and lower concentration of linoleic acid. After con-
trol for other potentially confounding factors, including other
fatty acids, total PUFAs, total n�6 PUFAs, and linoleic acid,
were all inversely related to decline, whereas a higher concen-
trations of arachidonic acid remained a significant risk factor for
decline. In the plasma phospholipid fraction, the unadjusted
means revealed the same pattern across cognitive status. How-
ever, adjusted odds ratios of decline with each SD increment in
these fatty acids did not differ significantly from the null value of
1, with the exception of palmitic acid (an SFA), which was
consistently associated positively with the risk of cognitive de-
cline. Hence, n�3 PUFAs in general and DHA�EPA in partic-
ular had no significant effect on global cognitive decline.

n�3 Fatty acids and cognition: a subgroup analysis

A set of multivariate logistic models of plasma n�3 HUFAs
(DHA�EPA) on cognitive decline in the 3 areas of interest as
well as globally for both the cholesteryl ester and phospholipid
fractions is shown in Table 3. Covariates considered as potential
confounders included baseline cognitive score and demographic,
behavioral, and nutritional factors (including other groups of

PLASMA n�3 FATTY ACIDS AND COGNITIVE DECLINE 1105



fatty acids in that particular fraction). In contrast to what was
noted in Table 2, Table 3 shows that the greater DHA�EPA was
associated with less decline in verbal fluency (WFT) for both
cholesteryl ester and phospholipid fractions (Odds ratios were:
0.74 (0.57, 0.97) and 0.73 (0.58, 0.93), respectively).

Subgroup analysis by selected cardiovascular, genetic, and
other health conditions associated with greater oxidative stress
indicated that some of these factors may modify the effect of
DHA�EPA on the main outcomes of interest. In particular, when

the outcome was decline in verbal fluency (WFT), DHA�EPA
was mostly protective among hypertensive subjects for both the
cholesteryl ester and phospholipids fraction and among dyslip-
idemic subjects for the phospholipids fraction only. In addition,
a higher plasma phospholipids concentration of n�3 HUFAs
was protective against decline in verbal fluency only among
subjects with a lower score on depressive symptoms. These sig-
nificant findings are based on likelihood ratio test at type I error
of 0.10. For all other domains of cognition (DWRT and DSST/

TABLE 1
Characteristics of study subjects with complete cognitive and plasma data by global cognitive decline (GCD) status: Atherosclerosis Risk in Communities
Study, 1987–1998

Characteristic

GCD (Reliable Change Index �� 1.645)

No decline
(n � 2111)

Decline
(n � 140)

Women (%) 50.69 50.70
Age (y)2 56.21 	 4.223,4 57.74 	 4.22
Education (%)2

Incomplete high school 6.78 5.00
High school 36.40 32.86
� High school 56.82 62.14

ApoE �4 allele2 28.74 30.37
Smoking status (%)2

Never smoker 40.38 40.71
Former smoker 41.94 40.0
Current smoker 17.68 19.28

Alcohol (g/d)2 8.01 	 13.48 9.04 	 13.47
Caffeine (mg/d)2 350.59 	 326.82 310 	 311
Physical activity scale2 7.34 	 1.324 7.09 	 1.39
BMI (kg/m2)2 27.21 	 4.41 26.60 	 4.33
Total energy intake (kcal/d)2 1583 	 559 1546 	 568
Vitamin A (in 1000 IU/d)2 8.65 	 6.90 8.63 	 5.82
Vitamin B-6 (mg/d)2 1.75 	 0.67 1.74 	 0.64
Vitamin B-12 (�g/d)2 7.06 	 3.47 7.01 	 3.97
Vitamin C (mg/d)2 112.80 	 70.78 110.66 	 56.16
Vitamin E (mg/d)2 4.66 	 3.02 4.66 	 2.99
Folate (�g/d)2 218.80 	 95.21 213.80 	 91.48
Stroke/TIAs (%)5 9.00 13.6
Hypertensive (%)5 48.93 54.58
Dyslipidemia (%)5 37.38 32.14
Type 2 diabetes mellitus (%)5 13.64 17.14
Depression scale6 8.08 	 7.034 9.73 	 8.25
Poor pulmonary function (FEV1/FVC �70) (%)6 18.82 20.71
Hypercoagulable profile (%)2 10.754 16.43

Fibrinogen value 293.87 	 59.95 302.91 	 74.32
vWF 110.71 	 39.504 117.75 	 41.77
Factor VIII 124.00 	 32.33 128.29 	 37.63

Baseline cognitive scores (visit 2)6

DWRT 6.75 	 1.434 7.29 	 1.32
DSST/WAIS-R 51.58 	 10.10 52.76 	 0.91
WFT 37.05 	 11.284 45.66 	 12.09

Cognitive decline (visit 4 � visit 2)6

DWRT �0.10 	 1.424 �1.94 	 1.62
DSST/WAIS-R �3.88 	 5.794 �13.1 	 8.06
WFT �1.12 	 7.134 �12.77 	 8.91

1 n � 2251. TIAs, transient ischemic attacks; FEV1, forced expiratory volume at 1 s; FVC, forced vital capacity; vWF, von Willebrand factor; DWRT,
Delayed Word Recall Test; DSST/WAIS-R, Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale–Revised; WFT, Word Fluency Test.

2 Covariate measured at visit 1.
3 x� 	 SD (all such values).
4 P � 0.05 for null hypothesis that means (Student’s t test) or percentages (chi-square test) are equal between the 2 groups.
5 Covariate measured at visits 1 through 4.
6 Covariate with other time frame.
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WAIS-R), there were weak to null effects of DHA�EPA on
cognitive decline in both fraction (cholesteryl esters and phos-
pholipids), overall and across subgroups.

DISCUSSION

This is one of the few published reports on the association of
plasma fatty acids with cognitive decline among middle-aged
and older adults using a prospective cohort design. Our findings
indicated global cognitive decline was affected by a greater rel-
ative amount of palmitate (an SFA) in both fractions. In cho-
lesteryl esters, risk of global cognitive decline was increased by
a greater arachidonic acid concentration (an n�6 HUFA) and a
lower amount of linoleic acid (an n�6 medium-chain PUFA),

even after control for several demographic, behavioral, and nu-
tritional factors. These factors were shown previously to influ-
ence plasma fatty acids (48) as well as cognitive decline (49). It
is worth noting that most of our models did not retain �2 poten-
tial confounders, which most often were other fatty acid groups
in the plasma fraction. More important, lower concentrations of
our main exposure of interest—n�3 HUFAs (mainly DHA and
EPA)—was associated with a higher risk of decline in verbal
fluency, particularly among hypertensive and dyslipidemic sub-
jects and in those who were less depressed at baseline. These
interactions, however, were only consistent between cholesteryl
ester and phospholipid fractions of plasma for hypertensive sta-
tus, which may suggest a specific mechanism involving high
blood pressure. No effect was observed on delayed word recall

TABLE 2
Plasma concentrations of fatty acid groups by cognitive decline status and adjusted odds ratios (ORs) for decline in global cognitive functioning by 1-SD
changes in fatty acid concentration: Atherosclerosis Risk in Communities Study, 1987–19981

Fatty acid

Global cognitive decline
(Reliable Change Index ��1.645)

OR (95% CI)
No decline
(n � 2111)

Decline
(n � 140)

Plasma cholesteryl esters
Total SFAs 17.93 	 1.982 18.16 	 1.93 1.11 (0.95, 1.31)

Stearic acid (18:0) 0.89 	 0.19 0.86 	 0.15 0.85 (0.70, 1.03)
Palmitic acid (16:0) 10.02 	 0.793 10.22 	 0.83 1.28 (1.07, 1.54)3

Total MUFAs 15.91 	 1.96 16.04 	 2.04 0.69 (0.46, 1.02)
Oleic acid (18:1n�9) 15.83 	 1.95 15.96 	 2.03 0.70 (0.47, 1.04)

Total PUFAs 65.86 	 3.73 65.26 	 3.86 0.55 (0.37, 0.81)3

Total n�6 PUFAs 64.39 	 3.82 63.76 	 3.92 0.54 (0.36, 0.82)3

AA (20:4n�6) 8.27 	 1.673 8.72 	 1.77 1.21 (1.00, 1.47)3

Linoleic acid (18:2n�6) 54.26 	 4.643 53.13 	 4.91 0.64 (0.49, 0.83)3

Total n�3 PUFAs 1.42 	 0.43 1.46 	 0.39 1.08 (0.92, 1.26)
EPA (20:5n�3) 0.55 	 0.29 0.57 	 0.25 0.84 (0.66, 1.05)
DHA (22:6n�3) 0.45 	 0.16 0.47 	 0.17 1.18 (0.97, 1.44)
Linolenic acid (18:3n�3) 0.41 	 0.10 0.41 	 0.09 0.97 (0.82, 1.16)
DHA�EPA 1.01 	 0.40 1.04 	 0.36 1.09 (0.94, 1.27)
(DHA�EPA)/AA 0.12 	 0.05 0.12 	 0.04 0.96 (0.80, 1.15)

Plasma phospholipids
Total SFAs 49.36 	 2.95 49.31 	 2.75 0.98 (0.82, 1.16)

Stearic acid (18:0) 13.31 	 1.18 13.15 	 1.31 1.04 (0.84, 1.29)
Palmitic acid (16:0) 25.36 	 1.613 25.72 	 1.88 1.24 (1.05, 1.47)3

Total MUFAs 9.23 	 1.09 9.22 	 1.13 0.97 (0.82, 1.16)
Oleic acid (18:1n�9) 8.50 	 1.09 8.50 	 1.15 1.00 (0.84, 1.18)

Total PUFAs 41.91 	 1.67 41.92 	 1.65 0.99 (0.84, 1.17)
Total n�6 PUFAs 38.20 	 1.78 38.08 	 1.74 0.93 (0.79, 1.10)

AA (20:4n�6) 11.47 	 1.933 11.92 	 1.98 1.16 (0.93, 1.43)
Linoleic acid (18:2n�6) 21.96 	 2.603 21.37 	 2.68 0.87 (0.70, 1.09)

Total n�3 PUFAs 3.59 	 1.05 3.71 	 1.07 1.11 (0.95, 1.30)
EPA (20:5n�3) 0.57 	 0.31 0.57 	 0.25 0.96 (0.80, 1.16)
DHA (22:6n�3) 2.87 	 0.88 2.98 	 0.94 1.13 (0.96, 1.32)
Linolenic acid (18:3n�3) 0.14 	 0.05 0.14 	 0.04 1.03 (0.87, 1.22)
DHA�EPA 3.44 	 1.05 3.56 	 1.07 1.11 (0.95, 1.29)
(DHA�EPA)/AA 0.31 	 0.11 0.31 	 0.11 0.99 (0.83, 1.18)

1 n � 2251. SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; AA, arachidonic acid. Each fatty acid exposure was included in a separate multivariate logistic model. Both covariates considered and
the control for confounding are described in Subjects and Methods.

2 x� 	 SD (all such values).
3 P � 0.05 for null hypothesis that means are equal between the 2 groups (Wald test).
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(DWRT) or psychomotor speed (through DSST/WAIS-R test)
among any of the subgroups considered. Additional linear re-
gression analyses of the association between n�3 fatty acids and
baseline cognitive scores in the total sample shows a positive and
significant relation in the case of verbal fluency and global
cognitive functioning for both cholesteryl esters and phospho-
lipids. In our logistic regression models of cognitive decline and
n�3 fatty acids (Tables 2 and 3), those specific outcomes re-
tained the baseline score on selection of potential confounders.

Our study included a group of white, middle-aged men and
women residing in the suburbs of Minneapolis. They were in
general highly educated; very few had less than a high school

education. Because education tends to affect most neuropsycho-
logical tests, having a relatively homogenous group remained an
advantage, even as we were able to control for educational level in
the analysis. Average changes in cognitive scores over a period of
6 y were relatively small when looking at the range of values that
each test can take. Another strength was the use of the RCIs with a
cutoff of �1.645, which was validated in previous neuropsycho-
logical research as a method to reflect statistically reliable deterio-
ration in the test scores, given that RCIs capture participants with
changes in cognitive function tests that probably lie outside the
range of random error. RCIs were also shown to adjust for measure-
ment error and practice effects (32).

TABLE 3
Multivariate logistic regression of plasma n�3 highly unsaturated fatty acids (HUFAs) on cognitive decline: a subgroup analysis from the Atherosclerosis
Risk in Communities Study, 1987–19981

Cognitive decline (Reliable Change Index��1.645)

DWRT DSST/WAIS-R WFT Global cognitive decline
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Plasma cholesteryl esters
All subjects 1.02 (0.85, 1.21) 1.00 (0.83, 1.20) 0.74 (0.57, 0.97)2 1.09 (0.94, 1.27)
Normotensive 1.07 (0.85, 1.36) 1.07 (0.84, 1.36) 0.99 (0.71, 1.38) 1.16 (0.95, 1.41)
Hypertensive 0.94 (0.72, 1.23) 0.90 (0.67, 1.21) 0.55 (0.36, 0.84)3 1.05 (0.81, 1.36)
ApoE�4 (no allele) 1.05 (0.84, 1.31) 0.97 (0.76, 1.25) 0.61 (0.43, 0.87) 1.08 (0.90, 1.30)
ApoE�4 (1 or 2 alleles) 0.99 (0.72, 1.35) 1.10 (0.82, 1.46) 0.80 (0.45, 1.36) 1.01 (0.90, 1.30)
Normal lipid profile 0.94 (0.73, 1.20) 1.04 (0.83, 1.29) 0.87 (0.66, 1.15) 1.10 (0.93, 1.30)
Dyslipidemia 1.16 (0.87, 1.53) 0.92 (0.66, 1.28) 0.49 (0.28, 0.87) 1.05 (0.76, 1.44)
No stroke or TIA 1.02 (0.85, 1.23) 1.02 (0.84, 1.23) 0.74 (0.55, 1.00) 1.10 (0.94, 1.29)
Stroke or TIA 0.96 (0.46, 1.99) 0.86 (0.44, 1.66) 0.72 (0.38, 1.38) 0.95 (0.58, 1.55)
Nondiabetic 1.00 (0.81, 1.22) 0.99 (0.80, 1.24) 0.79 (0.59, 1.05) 1.13 (0.96, 1.34)
Type 2 diabetes mellitus 1.09 (0.79, 1.49) 0.96 (0.67, 1.38) 0.65 (0.32, 1.33) 0.93 (0.61, 1.42)
Hypocoagulable profile 1.02 (0.85, 1.22) 1.00 (0.82, 1.22) 0.79 (0.59, 1.05) 1.13 (0.97, 1.32)
Hypercoagulable profile 0.98 (0.53, 1.82) 1.08 (0.65, 1.80) 0.55 (0.27, 1.11) 0.83 (0.48, 1.43)
Depressive symptoms (�10) 1.03 (0.85, 1.27) 1.03 (0.83, 1.27) 0.62 (0.43, 0.88) 1.13 (0.95, 1.35)
Depressive symptoms (�10) 0.99 (0.71, 1.39) 0.95 (0.65, 1.37) 0.97 (0.73, 1.31) 0.99 (0.74, 1.34)
Good pulmonary function 1.07 (0.88, 1.29) 0.96 (0.77, 1.20) 0.77 (0.66, 1.04) 1.07 (0.89, 1.28)
Poor pulmonary function 0.86 (0.56, 1.31) 1.13 (0.82, 1.54) 0.61 (0.31, 1.20) 1.16 (0.88, 1.53)

Plasma phospholipids
All subjects 0.87 (0.71, 1.06) 1.02 (0.84, 1.24) 0.73 (0.58, 0.93)2 1.11 (0.95, 1.29)
Normotensive 0.98 (0.73, 1.32) 1.04 (0.78, 1.38) 0.89 (0.65, 1.23) 1.18 (0.95, 1.48)
Hypertensive 0.78 (0.59, 1.03) 0.97 (0.74, 1.28) 0.64 (0.44, 0.91)3 1.06 (0.84, 1.33)
ApoE�4 (no allele) 0.95 (0.73, 1.23) 0.97 (0.75, 1.25) 0.68 (0.51, 0.91) 1.14 (0.95, 1.38)
ApoE�4 (1 or 2 alleles) 0.77 (0.55, 1.08) 1.18 (0.85, 1.64) 0.61 (0.35, 1.08) 0.86 (0.61, 1.22)
Normal lipid profile 0.77 (0.59, 1.01) 0.99 (0.78, 1.26) 0.85 (0.66, 1.10) 1.13 (0.94, 1.35)
Dyslipidemia 1.06 (0.77, 1.46) 1.04 (0.74, 1.44) 0.49 (0.30, 0.84)3 1.09 (0.80, 1.49)
No stroke or TIA 0.87 (0.71, 1.07) 1.02 (0.83, 1.25) 0.74 (0.57, 0.96) 1.10 (0.93, 1.30)
Stroke or TIA 0.91 (0.44, 1.84) 1.00 (0.57, 1.76) 0.61 (0.34, 1.11) 1.10 (0.72, 1.68)
Nondiabetic 0.85 (0.69, 1.06) 1.01 (0.81, 1.27) 0.75 (0.58, 0.97) 1.17 (0.99, 1.38)
Type 2 diabetes mellitus 0.92 (0.60, 1.40) 0.99 (0.66, 1.46) 0.73 (0.37, 1.43) 0.90 (0.57, 1.42)
Hypocoagulable profile 0.87 (0.71, 1.07) 0.97 (0.79, 1.19) 0.74 (0.58, 0.96) 1.10 (0.95, 1.31)
Hypercoagulable profile 0.83 (0.44, 1.56) 1.58 (0.89, 2.80) 0.69 (0.30, 1.23) 1.19 (0.77, 1.86)
Depressive symptoms (�10) 0.80 (0.63, 1.02) 1.01 (0.81, 1.27) 0.62 (0.46, 0.84) 1.08 (0.89, 1.32)
Depressive symptoms (�10) 1.04 (0.74, 1.45) 1.01 (0.69, 1.48) 1.00 (0.71, 1.39)3 1.18 (0.91, 1.52)
Good pulmonary function 0.89 (0.72, 1.12) 0.96 (0.77, 1.20) 0.79 (0.61, 1.02) 1.09 (0.91, 1.31)
Poor pulmonary function 0.78 (0.50, 1.20) 1.21 (0.83, 1.78) 0.52 (0.28, 0.96) 1.17 (0.86, 1.59)

1 OR, odds ratio; DWRT, Delayed Word Recall Test; DSST/WAIS-R, Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale–Revised;
ApoE, apolipoprotein E; TIAs, transient ischemic attacks. WFT, Word Fluency Test. Cognitive decline was measured per 1-SD increase in n�3 HUFA
exposure. Both covariates considered and the control for confounding are described in Subjects and Methods.

2 P � 0.05 for testing the null hypothesis that regression coefficient �1 � 0 (Wald test).
3 P � 0.10 for testing the null hypotheses that interaction term (n�3 HUFA � binary subgroup variable) coefficient � is equal to 0 when the likelihood

ratio test is used.
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The study had a few limitations. First, it made use of tissue
composition of fatty acids, which does not necessarily reflect the
proportion of fatty acids in the diet. Nevertheless, the ARIC
Study had also collected dietary intake data by using a semiquan-
titative FFQ at the same baseline visit (ie, visit 1). A study by Ma
et al (35) showed that intake of DHA and EPA in the ARIC Study
was highly correlated with their concentrations in both cholesteryl
esters and phospholipids. Previous studies also indicated that
plasma concentrations of HUFAs may also be a good reflection of
long-termdietaryintake(48,50–53). Inaddition, repeatedmeasures
of a subsample of the plasma specimens collected by the ARIC
Study Minnesota center indicated that fatty acid concentration in
both fractions is reliable over the short and long term (reliability
coefficient for most fatty acids: � 0.65), which indicates little in-
traindividual variability (36). It was shown that low reliability may
lead to attenuation of causal effects and this fact should also be taken
into consideration (54). However, the main advantage of using a
biomarker rather thanaself-reportof intake is thatwearecertain that
errors in the exposure are independent of errors in our outcome
measure.This independenceofexposureerrors fromoutcomestatus
would in most cases lead to an attenuation of effect in the presence
of measurement error and hence lead to an odds ratio that is biased
toward the null value of 1. Another limitation is that the sum of fatty
acids in each fraction is 100. Therefore, a higher percentage of a
specific group (eg, SFAs) will automatically reflect a lower percent-
age of another. Hence, there is a problem of interdependence which
makes it difficult to interpret the effect of a single constituent or
group of constituents. We are also unable to translate these findings
quantitatively into dietary recommendations (eg, number of
servings of fish per week). In terms of timing of the exposure,
one limitation is that it does not reflect the period in which
cognitive decline is taking place but rather predates it by 3 y.
A final limitation of the current study is the relatively narrow
scope of the cognitive assessment. A more detailed assess-
ment might have revealed associations undetected by the cur-
rent measures.

Previous observational studies suggested that the biochemical
composition of blood components in terms of fatty acids differs
significantly between subjects with normal cognitive function-
ing and patients with some form of cognitive impairment. A
study by Conquer et al (1) found that a lower plasma concentra-
tion of n�3 fatty acids, and in particular DHA, is associated with
Alzheimer disease as well as other forms of cognitive impair-
ment. Another case-control study, conducted by Tully et al (3),
found that patients with Alzheimer disease had significantly
lower concentrations of serum cholesteryl ester–EPA than did
control subjects. A third recent nested case-control study found
that, whereas total n�6 PUFAs in erythrocyte membranes were
associated with a greater risk of cognitive decline with an odds
ratio of 1.59 (95% CI: 1.04, 2.44), a higher proportion of total
n�3 fatty acids were associated with a lower risk of cognitive
decline, with an odds ratio of 0.59 (95% CI: 0.38, 0.93) (2).
Whereas most of these studies showed an inverse association of
plasma and erythrocyte n�3 fatty acids with cognition among
older adults, others found either a null association for specific
fatty acids or an opposite relation (55).

Our hypothesized effect of this class of fatty acids on cognition
has been linked with several biologically plausible mechanisms.
These include preventing vascular abnormalities (56), reducing
inflammation (57), or both, as well as influencing membrane
fluidity and ultimately neurotransmission (58). For example,

excess n�3 HUFAs (mainly DHA and EPA) can reduce the risk
of thrombosis and reduce blood pressure, although both condi-
tions are thought to alter arterial walls and impair oxygen and
nutrient supplementation needed for normal cerebral functioning
(59, 60). It has also been established that n�3 HUFAs can reduce
the plasma concentration of triacylglycerols (8, 61) and improve
glycemic control and insulin sensitivity in type 2 diabetes (7, 62).
Their ability to lower LDL cholesterol has also been shown (63),
although this effect was not necessarily specific to this class of
fatty acid, but rather to all PUFAs, including LA.

On the basis of our findings, reason exists to believe that
subjects who are under increased oxidative stress, particularly
hypertensive and dyslipidemic subjects, may benefit from en-
riching their diet with n�3 HUFAs, which are mostly found in
cold-water fish (eg, salmon, tuna, and mackerel) and other foods
of marine origin. Future research should attempt to conduct sub-
group analysis by using actual markers of oxidative stress (64).
In addition, a randomized trial may be warranted comparing
subjects with varied levels of oxidative stress in terms of their
cognitive change response to increasing dietary intake of n�3
HUFAs using a more comprehensive battery of neuropsycho-
logical tests.
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The contribution of plant foods to the vitamin A supply of lactating
women in Vietnam: a randomized controlled trial1–4

Nguyen Cong Khan, Clive E West, Saskia de Pee, Diane Bosch, Ha Do Phuong, Paul JM Hulshof, Ha Huy Khoi,
Hans Verhoef, and Joseph GAJ Hautvast

ABSTRACT
Background: More information is needed on the efficacy of caro-
tenoids from plant foods in improving vitamin A status.
Objective: We aimed to quantify the efficacy of provitamin A–rich
vegetables and fruit in improving vitamin A status.
Design: Breastfeeding women in 9 rural communes in Vietnam were
randomly allocated to 1 of 4 groups: the vegetable group (n � 73),
which ingested 5.6 mg �-carotene/d from green leafy vegetables; the
fruit group (n � 69), which ingested 4.8 mg �-carotene/d from
orange or yellow fruit; the retinol-rich group (n � 70), which in-
gested 610 �g retinol/d from animal foods and 0.6 mg �-carotene/d;
and the control group (n � 68), which ingested 0.4 mg �-carotene/d.
Meals of groups 1, 2, and 4 contained �30 �g retinol/d. Lunch and
dinner were provided 6 d/wk for 10 wk.
Results: Mean (95% CI) changes in serum retinol concentrations of
the vegetable, fruit, retinol-rich, and control groups were 0.09 (0.03,
0.16), 0.13 (0.07, 0.19), 0.25 (0.17, 0.33), and 0.00 (�0.06,
0.06) �mol/L, respectively. Mean (95% CI) changes in breast-milk
retinol concentrations were 0.15 (0.04, 0.27), 0.15 (0.02, 0.28), 0.48
(0.32, 0.64), and �0.06 (�0.21, 0.09) �mol/L, respectively. Ac-
cording to these findings, the equivalent of 1 �g retinol would be
12 �g �-carotene (95% CI: 8, 22 �g) for fruit and 28 �g �-carotene
(17, 84 �g) for green leafy vegetables. Thus, apparent mean vitamin
A activity of carotenoids in fruit and in leafy vegetables was 50%
(95% CI: 27%, 75%) and 21% (7%, 35%), respectively, of that
assumed.
Conclusion: The bioavailability of carotenoids from vegetables and
fruit is less than previously assumed. Am J Clin Nutr 2007;85:
1112–20.

KEY WORDS Bioavailability, vitamin A, Vietnam, breast-
feeding women, carotenoids, food-based approaches

INTRODUCTION

Vitamin A deficiency continues to be an important public
health problem in many developing countries (1, 2). It may be
prevented by strategies that increase vitamin A intake, including
pharmaceutical approaches and dietary approaches (including
foods naturally rich in vitamin A or food whose vitamin A con-
tent has been increased through fortification, breeding, or genetic
modification), and by public health approaches to reduce the
need for high utilization of vitamin A. In developing countries,
vegetables and fruit are estimated to provide �70–80% of total
vitamin A intake (3, 4). Consumption of vegetables and fruit is

promoted because they contain provitamin A carotenoids and
other nutrients. Apart from being precursors of retinol, carote-
noids may have distinct functions of their own in humans and
animals that are based on their antioxidant capacities (5).

One of the problems of relating the dietary intake of carote-
noids to health status is that information on the bioavailability of
carotenoids and their bioefficacy as a source of vitamin A is
limited. Until the mid-1990s, it was assumed that consuming 6
�g dietary �-carotene was equivalent to consuming 1 �g retinol
(3), and thus the conversion ratio was considered to be 6:1.
However, a study of breastfeeding women in Indonesia found no
improvement in serum and breast-milk concentrations of retinol
after feeding dark-green leafy vegetables and carrots (6), and a
subsequent study of anemic Indonesian schoolchildren found ap-
parent �-carotene conversion factors of 12:1 and 26:1 in fruit and in
leafy vegetables, respectively (7). In 2001, on the basis of data from
developed countries, the US Institute of Medicine revised its rec-
ommended conversion factors to 12:1 for dietary �-carotene and
24:1 for other carotenoids (8). The International Vitamin A Con-
sultative Group has adopted the Institute of Medicine’s conversion
factors but suggested that those factors should be even lower (re-
flecting lower bioefficacy, which is defined as the efficiency with
which ingested dietary provitamin A carotenoids are first absorbed
and thenconverted to retinol) inmalnourishedpopulations (9).West
et al (10) argued that the conversion factor for dietary �-carotene
from a mixed diet (ratio of vegetables to fruit � 4:1) may be closer
to 21:1. Other investigators, by identification of signs specific to
vitaminAdeficiency(eg,nightblindness)orbyusingstable-isotope
methods, confirmed that the bioavailability and hence the bioeffi-
cacy of carotenoids from fruit and vegetables were lower than pre-
viously thought (11–14).
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The study reported here was conducted in breastfeeding
women in Vietnam; its design was similar to that of the study
of Indonesian schoolchildren: to assess the bioefficacy of
�-carotene provided by either fruit or vegetables and to compare
it with the efficacy of �-carotene obtained from the consumption
of retinol in retinol-rich foods. On the basis of this comparison,
we estimated conversion factors.

SUBJECTS AND METHODS

Subjects

The study was carried out in 9 rural communes in the Pho Yen
district, Thai Nguyen Province, Vietnam (�60 km from Hanoi)
from April through August 1996. Communes are the lowest
administrative unit in the country, and each consists of a few
subcommunes or villages. By Vietnamese national standards, the
inhabitants had a low or middle socioeconomic status. Rice is the
staple food and the main constituent of the 3 meals that are
commonly eaten each day (ie, breakfast, lunch, and dinner).
Green vegetables are consumed frequently, but consumption
of ripe yellow or orange fruit is low because those types of
fruit are more expensive. At the time of the study, there was a
local abundance of spring vegetables, but mangoes were im-
ported because they were not yet in season. Breastfeeding is
universally practiced, and the average duration of breastfeed-
ing is 18 –20 mo. Many women return to physical labor 1 or 2
mo after delivery.

Using a power calculation based on the study of breastfeeding
women in Indonesia (8), we estimated that 61 women per group
would yield a 90% probability % of detecting a between-group
difference of change in serum retinol concentrations of � 0.20
�mol/L (� � 0.05). We decided to enroll 75 mothers per group,
assuming that data on �65 subjects would be available for anal-
ysis. Selection criteria for the study were anemia (a hemoglobin
concentration � 120 g/L), breastfeeding an infant aged 5–14 mo,
and no chronic illness. Anemia was a selection criterion because
anemic subjects are more likely to have a low vitamin A status,
as measured by serum retinol concentration (6, 15, 16), and hence
their serum retinol concentration would be more likely to change
in response to an increased dietary intake of vitamin A. Breast-
feeding an infant aged �4 mo was a criterion because women in
this area were eligible to receive a high-dose vitamin A capsule
shortly (within 6 wk) after delivery, and a maximum age of 14 mo
for breastfeeding was used to reduce the chance that these women
would cease breastfeeding during the 10-wk intervention period.

The commune health centers had been asked to provide a list
of all breastfeeding women in each commune and to specify the
age of the infants. All women breastfeeding an infant aged 5–15
mo were invited to have their hemoglobin concentration mea-
sured by finger-prick (Hemocue, Angelhölm, Sweden). All
those with a hemoglobin concentration � 120 g/L were in-
vited to participate in the study. Nine communes were in-
cluded to obtain the 300 women required. The purpose and
procedures of the study were explained to the women and their
family members, and almost all of these women were willing
to participate in the study.

All subjects provided written informed consent. The study was
approved by the Ministry of Health and the Scientific and Med-
ical Ethics Committee of The National Institute of Nutrition,
Vietnam.

Assignment of treatment group

At each commune, selected participants were stratified by the
age of their breastfed child and then randomly assigned to 1 of 4
experimental groups—vegetables (V), fruit (F), retinol-rich (R),
and control (C)—by using alternating sequences (V, F, R, C, V, �
for one age group in a commune; F, R, C, V, F, � for another age
group in the commune; and so on). In that way, each commune
also had nearly equal numbers of subjects in each treatment
group. On each of 6 d/wk (Monday through Saturday) for 10 wk,
the treatment groups received 2 meals (lunch and dinner) that
differed in the amount and sources of retinol and provitamin A
carotenoids. The vegetable group received provitamin A from
leafy vegetables, the fruit group received provitamin A from
yellow or orange fruit, the retinol-rich group received retinol-rich
foods, and the control group received meals low in both provi-
tamin A and retinol. To provide a complete meal to all groups,
foods with high vitamin A content were replaced by foods with
low vitamin A content. For example, the fruit group received
carotene-rich fruit (eg, mango or papaya), low-carotene vegeta-
bles (eg, cabbage), and low-retinol foods (eg, pork). Meals con-
tained sufficient fat to allow maximal absorption of carotenoids
and retinol [minimum required amount is 3 g/meal (17)]. The size
of the side dishes was fixed, whereas rice consumption was ad
libitum (on average, 450 rice/d was provided per woman). The
local custom is that lunch and dinner are main meals, whereas a
small dish of rice with fish sauce is consumed for breakfast.
Provision of lunch and dinner to the participants allowed control
of most of the variability in their vitamin A intake.

Interventions

Meal preparation and eating

To standardize meals and supervise consumption, meals were
provided from central kitchens, one per subcommune. A total of
29 kitchens were established, each of which served �10 women
under the supervision of cooks and a field team. At each kitchen,
the meals were prepared by 2–3 volunteers who were members of
the Women’s Union (a structure that exists throughout Vietnam,
through which women are organized at the local level to partic-
ipate in community activities). Every 6 d, these volunteers were
provided with recipes and lists of the amount of each food to be
purchased, cleaned, and cooked per day. Foods not available at
the local market, such as mangoes, were provided by the field
team. After the foods had been cleaned, the cooks weighed and
divided them in half: one half was to be prepared for lunch and the
other half for dinner. Each woman was allocated a seat in the
dining room to ensure that she received the correct meal. Lunch
was served at 1200 and dinner was served between 1700 and
1900. Participants and family members were informed thor-
oughly about the importance of consuming all of the side dishes.
The cooks kept a record of attendance and recorded the foods left
over after each meal, excluding rice. The women were asked
what they ate for breakfast each day and for their meals on
Sunday.

Measurements

On the day before the first meal and on the day after the last
meal (10 wk after start of the intervention), women were exam-
ined medically, a venous blood sample was drawn, and a breast-
milk sample was collected. Blood (6 mL) was collected from an
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antecubital vein between 0730 and 0930, placed on ice, and
protected from light. Breast milk was collected between 0800
and 1100 from one breast, which had not been used to feed the
child in the previous hour. Milk was collected with a breast-milk
pump, stored in dark-brown glass bottles, and transported on ice
to the laboratory, which was located 5–6 km from the commu-
nities studied. Food-consumption data (24-h recalls and double
portions) and stool samples were collected, and anthropometric
measurements were made. Weight was measured to the nearest
0.1 kg while the women were wearing light clothing with the
use of a SECA BEAM scale (Seca Corporation, Hanover, MD);
height was measured to the nearest 0.1 cm with the use of
a wall-mounted stadiometer (Seca Corporation). Food-
consumption data were collected weekly during the intervention
period. On the day after consumption of the last meal, all women
also received 30 iron tablets (60 mg Fe/tablet), 1 of which was to
be consumed each day for the next 30 d. Those who were in-
fected by hookworm as assessed by stool examination of stool at
baseline were given a single dose of albendazole (400 mg),
which was taken in the presence of a member of the study team.

Analyses

Breast milk

Immediately upon arrival at the nearby laboratory, breast milk
was stored at �20 °C for �3 wk, and then it was sent in dry ice
to the laboratory of the Division of Human Nutrition and Epide-
miology, Wageningen University, where the samples were
stored at �80 °C until analysis of retinol and carotenoids. The
samples were prepared for HPLC analysis under subdued yellow
light. To 1000 �L milk, 125 �L ammonia (25% wt:vol) and
1000 �L ethanol (96% by vol) were added. The mixture was
extracted twice with 4 mL of a mixture of petroleum ether (boil-
ing point: 40–60 °C) and diethylether (1:1 by vol). The upper
layers were removed, pooled, and evaporated under nitrogen at
35 °C until they reached near-dryness. The residue was saponi-
fied for 3 h in the dark with 1.5 mL of 5% (wt:vol) potassium
hydroxide in ethanol (96% by vol); after the addition of 1.5 mL
water, the compounds were extracted twice with 3.0 mL hexane.
The hexane layers were pooled and evaporated to dryness under
nitrogen; the residue was dissolved in a 250-�L mixture of
methanol and tetrahydrofuran (3:1 by vol), and 25 �L was in-
jected for HPLC analysis. Separations were monitored at 320
nm (retinol) and 450 nm (carotenoids). Within- and between-run
CVs were 6.0% and 1.5% for retinol and 3.8% and 5.4% for
�-carotene, respectively. Mean (�SD) recoveries (n � 10) were
101 � 6% for retinol and 103 � 4% for �-carotene.

Blood

For baseline and evaluation assessment, hemoglobin concen-
trations were measured by using the cyanmethemoglobin
method (Merkotest, Merck, Darmstadt, Germany), and hemato-
crit was measured by using a centrifuge method. The remaining
blood was centrifuged (1200 � g for 15 min at room tempera-
ture), and serum was frozen for subsequent shipping in dry ice for
analysis of retinol and carotenoid concentrations (18) at the lab-
oratory of the Division of Human Nutrition and Epidemiology.
To 500 �L serum, 500 �L sodium chloride (0.9% wt:vol in
water) and 1000 �L ethanol (containing retinyl acetate as an
internal standard) were added; next, they were extracted twice

with 2.0 mL hexane. The hexane layers were pooled and evap-
orated to dryness under nitrogen at 35 °C. The residue was dis-
solved in a 250-�L mixture of methanol and tetrahydrofuran (3:1
by vol), and 25 �L was injected for HPLC analysis. Separations
were monitored at 320 nm (retinol) and 450 nm (carotenoids). All
sample preparations were done under subdued yellow light.
Within- and between-run CVs were 1.6% and 1.9% for retinol,
3.4% and 8.2% for �-carotene, 4.6% and 7.0% for �-carotene,
3.6% and 11.4% for �-cryptoxanthin, 4.1% and 6.6% for lutein,
and 9.6% and 9.3% for zeaxanthin, respectively.

Feces

Stool samples were examined for the presence of worm eggs
by a parasitologist using the Ridley method. The load of worm
eggs was quantified by using the Kato-Katz method (19).

Duplicate food portions

Duplicate samples of the meals, without rice, were collected
on 2 occasions (week 2 and week 9 of the intervention). On each
occasion, portions were collected for analysis over 3 consecutive
days, which corresponded to the 3-d menu cycle. Duplicate sam-
ples of the meals were pooled per treatment group per 3 consec-
utive days, frozen at �20 °C, and later shipped (in dry ice) to the
Division of Human Nutrition and Epidemiology for analyses of
fat, protein, dietary fiber, ash, dry matter, iron, retinol, and caro-
tenoids (20, 21). Carbohydrate content was calculated by the
difference from the analyzed content of the above substances.
For analysis of retinol and carotenoids, samples were homoge-
nized and extracted with tetrahydrofuran, and the volume of the
solvent was reduced to near-dryness. The residue was saponified
overnight at room temperature with 25 mL of 5% (wt:vol) po-
tassium hydroxide in methanol. Dichloromethane (100 mL) and
water (75 mL) were added, and, after removal of the upper water
layer, the lower dichloromethane layer was washed with water
until the pH was �9.5. The dichloromethane layer was
then evaporated to dryness, and the residue was dissolved in
methanol:tetrahydrofuran (3:1, by vol) and analyzed by HPLC.
The results were averaged per treatment group.

Nutrient intake

The Vietnamese food composition table was used to calculate
the nutrient intake other than from the meals provided (except
carotene content) on the basis of the 24-h recall data collected
once a week (22). For some fruit and vegetables, the data on
carotene content were taken from the results of analysis done at
Wageningen University (20); for other fruit and vegetables, the
data were taken from the table with the most recent data on the
carotene content of food in developing countries (23). Nutrient
intake was then calculated at the Institute of Nutrition (Hanoi,
Vietnam) by using FOXPRO software (version 2.5; Cambria,
Palo Alto, CA).

Statistical analysis and estimation of conversion factors

Descriptive data are reported as means and SDs for normally
distributed parameters and as medians and 25th and 75th per-
centiles for nonnormally distributed parameters. Nutrient intake
during the intervention period other than that from the foods
provided was calculated from the median intake of each woman
as assessed by weekly 24-h recall data. The effect of consumption
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of a diet rich in vegetables, fruit, or retinol was assessed by
comparing serum and breast-milk indicators of vitamin A and
carotenoid status measured at 10 wk with the values measured at
10 wk in women consuming the control diet. Distributions of
serum indicators were normalized by log transformation before
analysis in a multivariate linear regression model. For each indica-
tor, we used multivariate regression to adjust for stratification fac-
tors (ie, age of the child and community of residence) and to inves-
tigate potential confounding effects due to differences between
groups in baseline characteristics (ie, serum indicator concentration
at baseline or infection with Ascaris lumbricoides, Trichuris tri-
chiura, or hookworm), whether significant or not. Because adjust-
ment did not substantially affect the estimates of effect, we present
changes and effects adjusted only for the baseline concentration of
the indicator. Bonferroni’s adjustment was used for multiple com-
parisons, and the changes in normally distributed, log-transformed
variables in serum and of breast-milk retinol are expressed relative
to those value in the control group to ascertain the magnitude of the
difference. When log transformation did not result in normally dis-
tributed values, we compared absolute within-group changes be-
tween baseline and 10 wk in serum and breast-milk indicators by
using the Kruskal-Wallis test for �2 groups and then the Mann-
Whitney U test (pairwise comparison) with Bonferroni correction.
Wilcoxon’s signed-rank test was then used to examine the signifi-
cance of within-group changes.

The conversion factor (x) for calculating the amount of retinol
equivalents provided by provitamin A carotenoids from fruit was
derived from the following formula (9):

� Serum retinol concentration/(retinol intake

� [�-carotene equivalent intake/x])Retinol-rich group

� � serum retinol concentration/(retinol intake

� [�-carotene equivalent intake/x])Fruit group (1)

where � serum retinol concentration was calculated by

subtracting the values at the end of follow-up from those at
baseline, by using the following equations:

Retinol intake � �g retinol/g food (2)

and

�-Carotene equivalent intake �

(�g all-trans-�-carotene � 0.5 � �g �-carotene

� 0.5 � �g �-cryptoxanthin � 0.5 �

�g cis-isomers of �-carotene)/g food (3)

The conversion factor for vegetables was obtained similarly.
Upper and lower limits of the 95% CI for conversion factor x
were estimated by using the limits of the 95% CIs for the changes
in serum concentrations in the respective treatment groups. We
used SPSS for WINDOWS software (version 11.5.1; SPSS Inc,
Chicago, IL) for all statistical calculations.

RESULTS

Subjects

Of 1512 women who were screened, 298 met our inclusion
criteria. Of the 298 breastfeeding women who were randomly
assigned, 280 (93.9%) completed the 10-wk intervention. One
woman refused further participation during the intervention, 2
women moved away from the study area, 6 women became
pregnant, 2 women were sick when follow-up data were col-
lected, 1 woman lost her child, and 6 women refused to give
blood at follow-up. Further details are provided in Figure 1. At
baseline, the demographic, anthropometric, biochemical, and
parasitologic characteristics of the women did not differ signif-
icantly between groups (Table 1).

FIGURE 1. Selection and retention of subjects in the study. Hb, hemoglobin.
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Food consumption and nutrient intake
The record of attendance and leftovers indicated that the pro-

portion of the provided fruit consumed by the fruit group was
96% (95% CI: 92%, 100%), the proportion of the provided veg-
etables consumed by the vegetable group was 94% (91%, 97%),
and the proportion of the provided retinol-rich foods consumed
by the retinol-rich group was 98% (96%, 100%). Food eaten
apart from that provided by the intervention was mainly break-
fast, which generally contained 1–2 bowls of rice (60–120 g rice)
with either fish sauce or tofu. The vitamin A content, largely
provitamin A carotenoids, of the foods eaten apart from those
provided was very small and did not differ significantly between
groups, and therefore it was not considered in subsequent anal-
yses. Energy and nutrient intakes during the intervention, includ-
ing the intakes from the food provided, are shown in Table 2. The
high energy intake is largely due to high consumption of rice
among breastfeeding women in the study area, which is related to
the belief that greater consumption of rice increases breast-milk
production. The meals provided 5.6 mg �-carotene equivalent
plus 27 �g retinol for the vegetable group, 4.8 mg �-carotene
equivalent plus 15 �g retinol for the fruit group, 0.6 mg
�-carotene equivalent plus 610 �g retinol for the retinol-rich
group, and 0.4 mg �-carotene equivalent plus 1 �g retinol for the
control group. The dietary fiber content in food provided was
10 g in the vegetable and fruit groups and 7 g in the retinol-rich
and control groups (data not shown). The intakes of fat, protein,
and carbohydrates did not differ significantly between the 4
groups, but iron intake was slightly but significantly higher in the
retinol-rich group. Fat intake contributed �16% of energy in-
take, and the intake of �50 g/d was sufficient to allow maximum
absorption of carotenoids and retinol.

Effects of interventions on serum indicators of vitamin A
status

Each group’s serum concentrations of retinol and carotenoids
at baseline and after the intervention are shown in Table 3. The
only significant difference in serum concentrations of retinol and
carotenoids at baseline between groups was the significantly
(P � 0.001) higher concentration of �-cryptoxanthin in the veg-
etable group. At the end of follow-up, serum concentrations of
retinol were 24% higher in the retinol-rich group and 10% and
12% higher in the vegetable and fruit group, respectively, than in
the control group (see Table 3). The serum concentrations of
�-cryptoxanthin increased significantly (P � 0.05) more in the
fruit group than in the control group; the difference between the
increase in the retinol-rich and control groups was small but
significant. Moreover, significantly (P � 0.05 for all) greater
increases than in the control group were found in the serum
concentrations at 10 wk and after correction for baseline values
for all-trans-�-carotene in all 3 groups, for cis-�-carotene in the
fruit group, for �-carotene in the vegetable and fruit groups, for
zeaxanthin in the fruit and retinol-rich groups, and for lutein in
the vegetable group. It should be noted that most concentrations
decreased during the intervention period, particularly in the con-
trol group.

Estimation of apparent conversion factors

The absolute change in serum retinol concentrations is shown
in Table 3. To estimate the apparent conversion factor, this
change and the intake of �-carotene equivalents and of retinol
(see Table 2) were used. The estimation is based on the assump-
tion that the ratio of the intake of retinol equivalents derived from
different sources to the change in serum concentration of retinol
is constant. Because the concentration of retinol had not changed

TABLE 1
Characteristics of breastfeeding women at baseline1

Vegetable group
(n � 73)

Fruit group
(n � 69)

Retinol-rich group
(n � 70)

Control group
(n � 68)

Demographic and anthropometric data
Age

Mother (y) 26.1 � 4.52 26.0 � 5.0 25.9 � 5.3 26.2 � 5.0
Child (mo) 8.6 � 2.8 8.7 � 2.6 8.9 � 2.7 8.9 � 2.8

Parity 1.8 � 1.6 1.9 � 1.4 1.8 � 1.5 1.8 � 1.6
Body weight (kg) 44.8 � 5.4 44.3 � 4.0 44.2 � 4.8 44.5 � 4.4
Height (m) 1.50 � 0.05 1.50 � 0.05 1.50 � 0.06 1.50 � 0.06
BMI (kg/m2) 19.8 � 1.9 19.3 � 2.4 19.7 � 1.8 19.7 � 1.8
Midupper arm circumference (cm) 23.1 � 1.7 23.0 � 1.3 22.7 � 1.5 22.8 � 1.5
Parasitic infestation

Positive stool (%)
Ascaris lumbricorides 62.8 62.5 73.8 66.7
Trichuris trichiura 34.2 31.3 34.2 37.5
Hookworm 90.0 95.3 93.8 95.3

Egg loads (eggs/g feces)
Ascaris lumbricorides 4620 (2478–13 020)3 7080 (2538–16 800) 8200 (3420–23 460) 7200 (2800–1800)
Trichuris trichiura 720 (252–1770) 960 (420–1680) 660 (240–1530) 1017 (480–2364)
Hookworm 3480 (1560–6720) 4800 (1680–7800) 3460 (1560–6000) 4800 (1680–7800)

Negative stool (%) 4.3 3.1 1.5 1.6

1 There were no significant differences between the groups for any of the variables.
2 x� � SD (all such values).
3 Median; 25th–75th percentiles in parentheses (all such values).
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over the intervention period in the control group, and because the
amount of provitamin A carotenoids and retinol from consumed
foods other than foods provided was almost negligible, we could
use the formula given in the Methods section to estimate the
conversion factor for �-carotene to retinol. Thus, we estimated
that 28 �g �-carotene (95% CI: 17, 84 �g) from dark-green leafy
vegetables or 12 �g �-carotene (95% CI: 8, 22 �g) from fruit
provides the equivalent of 1 �g retinol. In other words, the ap-
parent mean vitamin A activity of carotenoids in fruit was 50%
(95% CI: 27%, 75%) and that in leafy vegetables was 21% (7%,
35%) of that assumed.

Effects of the intervention on breast-milk indicators of
vitamin A status

Breast-milk concentrations of retinol and carotenoids in
each group at baseline and 10 wk after the start of the inter-
ventions are shown in Table 4. After the intervention, breast-
milk retinol concentrations were 1.4, 1.3, and nearly 2.0 times
as high in the fruit, vegetable, and retinol-rich groups, respec-
tively, as they were in the control group. At 10 wk, the breast-
milk �-carotene concentrations in the control group were
significantly lower than at baseline. The breast-milk
�-carotene concentrations at 10 wk were lowest in the control
group, somewhat higher than that in the retinol-rich group,
higher still in the vegetable group, and highest in the fruit
group. Breast-milk lutein concentrations remained the same
in the vegetable group and decreased less in the retinol-rich
than in the fruit and control groups; �-cryptoxanthin concen-
tration increased in the fruit group but decreased the most in
the control group; and zeaxanthin decreased in all 4 groups.

DISCUSSION

According to our findings, an appropriate estimation would be
that 12 �g �-carotene (95% CI: 8, 22 �g) from fruit and 28 �g
�-carotene (95% CI: 17, 84 �g) from dark-green leafy vegetables
is equivalent to 1 �g retinol for ratios of 12:1 and 28:1, respec-
tively, rather than the previously assumed ratio of 6:1 for all
dietary �-carotene (3). The results of the current study agree
highly with those of the study in Indonesian schoolchildren by de
Pee et al (7), who found apparent onversion factors of 12:1 for
fruit and 26:1 for vegetables, and were part of the evidence on
which West et al (10) based their proposed conversion factor
for dietary �-carotene from a mixed diet (ratio of vegetables to
fruit � 4:1) of 21:1.

Our method of estimating the apparent conversion factors is
based on changes in serum retinol concentration in humans after
consumption of �-carotene and retinol-rich food, which appears
appropriate, at least for the current study and that in Indonesia (7).
The main reason that this method appears to be appropriate is that
the largest change in serum retinol concentration occurred in the
retinol-rich group (the positive control group), which indicated
that the serum retinol concentration at baseline was suboptimal.
Therefore, and because the increase in serum retinol in the veg-
etable group was smaller than that in the fruit group, that mea-
surement proved to be a good quantitative indicator of improve-
ment in vitamin A status. Another reason that this method
appears to be appropriate is that the findings do not differ sig-
nificantly between this study and the study from Indonesia (7) or
from findings from more recent studies that used stable-isotope
techniques. Tang et al reported conversion factors of 27:1 for
dark-green leafy vegetables (11) and 20.9:1 for pureed spinach

TABLE 2
Nutrient intake during intervention, including foods provided1

Energy or nutrient consumed per day

Vegetable group Fruit group Retinol-rich group Control group

Energy (kcal) 2817 (2602–2950)2 2781 (2565–2956) 2745 (2507–2956) 2755 (2510–2958)
Fat (g) 49 (48–52) 52 (51–56) 50 (49–54) 50 (48–53)
Protein (g) 92 (86–97) 94 (89–100) 94 (86–101) 95 (89–97)
Carbohydrate (g) 485 (438–513) 465 (421–501) 467 (426–508) 475 (438–507)
Iron (mg)3 18 (17–19)a 17 (16–18)a 21 (20–22)b 17 (16–18)a

Vitamin C (mg)3 120 (115–132)b 173 (161–186)c 48 (36–50)a 49 (35–52)a

Vitamin A and carotenoids4

Retinol (�g) 27 15 610 1
all-trans-�-Carotene (�g) 5037 3443 436 239
cis-�-Carotene (�g) 777 404 67 35
�-Carotene (�g) 437 383 323 194
�-Cryptoxanthin (�g) 18 2157 67 3
Lutein (�g) 7590 1661 1022 709
Zeaxanthin (�g) 320 348 103 35
�-Carotene equivalent (�g)5 5652 4792 644 355

1 Values were summed of nutrients from foods provided (analyzed) and intake of nutrients from foods besides foods provided, calculated from
food-composition tables. Rice provided was estimated at 450 g/d for all subjects. Macronutrient intake did not differ significantly between the 4 groups.
Micronutrient intakes (retinol, carotenoids, iron, and vitamin C) differed according to the design of the study. Values in a row with different superscript letters
are significantly different (Kruskal-Wallis test for multiple comparisons); if P � 0.05, Mann-Whitney U test for 2 comparisons was also used, with Bonferroni
correction for multiple comparisons.

2 Median; 25th–75th percentiles in parentheses (all such values).
3 P � 0.001 (Kruskall-Wallis test).
4 Mean (of 2 analyses of pooled samples) (all such values). Values obtained from analysis of the meal provided, because foods consumed besides food

provided had very low retinol and carotenoid content. No range or significance of differences is reported.
5 �-Carotene equivalent (�g) � all-trans-�-carotene (�g) 	 1/2 (cis-�-carotene 	 �-carotene 	 �-cryptoxanthin) (�g).
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and 14.8:1 for carrots (14). The first study was conducted among
Chinese children and the latter among healthy adults in the
United States. A study by Haskell et al (12) in Bangladeshi men
used the deuterated-retinol-dilution (DRD) technique and found
factors of 13:1 for fruit and 10:1 for spinach. The difference
between the conversion factor found in the latter study and the
conversion factors in studies in Indonesia and Vietnam or those
reported by Tang et al may be related to one of several factors.
Those factors include the food preparation techniques used—ie,
variations in the extent of matrix destruction—(24–26), varia-
tions in the presence and intensity of helminthes infestation—
because the Bangladeshi men underwent deworming, but the
Indonesian children and the Vietnamese women did not—(27,
28), the other foods in the meal that may contain fewer or more
enhancers or inhibitors of absorption—eg, fat, cellulose, and
pectin—(17, 29, 30), and, probably, the particular variety of
vegetable—ie, the kind of matrix.

Although we used changes in the serum retinol concentration
for our comparisons, the question could be asked as to whether

changes in the breast-milk retinol concentration could also be
used to compare the bioefficacy of carotenoids from vegetables
or fruit with that of carotenoids from retinol-rich foods. The
relative changes in the retinol concentration in breast milk were
much greater than those in all 3 groups compared with the control
group (12). The large breast-milk retinol response suggests an
important benefit for the breastfed child, especially when the
mother increases her consumption of retinol-rich food. However,
less is known about how the retinol concentration in breast milk
is regulated, and the findings of the present study in Vietnam and
the study in Indonesia also do not identify the breast-milk retinol
concentration as a better quantitative indicator of changes of a
woman’s vitamin A status than her serum retinol concentration.
The changes of breast milk carotenoid concentrations also are not
parallel to those in serum. The concentration of lutein remained
stable in the vegetable group, whereas it decreased in the other
groups, and that of �-cryptoxanthin increased in the fruit group;
however, the change in the �-carotene concentrations in breast

TABLE 3
Effects of interventions on serum indicators of vitamin A and carotenoid status1

Vegetable group
(n � 73)

Fruit group
(n � 69)

Retinol-rich group
(n � 70)

Control group
(n � 68)

Retinol (�mol/L)
At baseline 1.15 (1.07, 1.24)2 1.11 (1.03, 1.19) 1.12 (1.03, 1.21) 1.12 (1.04, 1.21)
At 10 wk3 1.26 (1.19, 1.33)b 1.25 (1.19, 1.32)b 1.39 (1.31, 1.47)c 1.12 (1.04, 1.21)a

� Baseline–10 wk4 0.09 (0.03, 0.16) 0.13 (0.07, 0.19) 0.25 (0.17, 0.33) 0.00 (�0.06, 0.06)
� Relative to control group5 1.10 (1.03, 1.18) 1.12 (1.05, 1.20) 1.24 (1.16, 1.32) 1.00

all-trans-�-Carotene (�mol/L)
At baseline 0.51 (0.43, 0.60) 0.44 (0.37, 0.52) 0.46 (0.39, 0.53) 0.43 (0.36, 0.51)
At 10 wk3 0.45 (0.41, 0.51)c 0.52 (0.46, 0.60)d 0.29 (0.25, 0.32)b 0.21 (0.18, 0.24)a

� Baseline–10 wk4 �0.11 (�0.19, �0.04) 0.07 (0.00, 0.14) �0.23 (�0.30, �0.16) �0.29 (�0.36, �0.23)
� Relative to control group5 1.98 (1.73, 2.28) 2.45 (2.13, 2.82) 1.32 (1.15, 1.52) 1.00

cis-�-Carotene (�mol/L)
At baseline 0.052 (0.029–0.075)6 0.041 (0.028–0.072) 0.041 (0.024–0.058) 0.037 (0.019–0.066)
At 10 wk3 0.039 (0.026–0.055)a,7 0.052 (0.032–0.070)b 0.025 (0.009–0.038)a,8 0.009 (0.009–0.027)a,8

�-Carotene (�mol/L)
At baseline 0.038 (0.031, 0.046) 0.050 (0.043, 0.058) 0.050 (0.043, 0.057) 0.046 (0.040, 0.054)
At 10 wk3 0.090 (0.082, 0.098)b 0.081 (0.071, 0.092)b 0.064 (0.057, 0.073)a 0.058 (0.050, 0.067)a

� Baseline–10 wk4 0.040 (0.026, 0.054) 0.034 (0.024, 0.044) 0.015 (0.007, 0.023) 0.014 (0.004, 0.023)
� Relative to control group5 1.65 (1.42, 1.93) 1.36 (1.17, 1.59) 1.08 (0.93, 1.26) 1.00

Lutein (�mol/L)
At baseline 0.95 (0.81, 1.12) 0.84 (0.70, 1.01) 0.95 (0.85, 1.06) 0.91 (0.82, 1.01)
At 10 wk3 0.91 (0.84, 0.99)b 0.46 (0.41, 0.51)a 0.53 (0.46, 0.60)a 0.44 (0.39, 0.49)a

� Baseline–10 wk4 �0.16 (�0.28, �0.03) �0.51 (�0.61, �0.41) �0.45 (�0.54, �0.37) �0.50 (�0.59, �0.42)
� Relative to control group5 2.06 (1.79, 2.38) 1.06 (0.92, 1.23) 1.19 (1.03, 1.37) 1.00

�-Cryptoxanthin (�mol/L)
At baseline2 0.059 (0.039–0.078)b 0.031 (0.020–0.048)a 0.032 (0.020–0.046)a 0.029 (0.019–0.051)a

At 10 wk3 0.032 (0.023–0.060)a,7 0.409 (0.222–0.701)c,8 0.036 (0.025–0.047)b,9 0.020 (0.009–0.032)a,7

Zeaxanthin (�mol/L)
At baseline 0.036 (0.023–0.059) 0.027 (0.009–0.045) 0.034 (0.020–0.052) 0.034 (0.024–0.046)
At 10 wk3 0.018 (0.009–0.027)a,8 0.026 (0.009–0.039)b 0.027 (0.016–0.036)b,8 0.009 (0.009–0.023)a,8

1 �, change. Values in a row with different superscript letters are significantly different, P � 0.05. For normally distributed parameters, which had been
log transformed, linear regression was used after control for baseline values, and a Bonferroni adjustment was made because of multiple comparisons. For
nonnormally distributed variables, a comparison among groups of the absolute difference between baseline and 10-wk values used the Kruskal-Wallis test
(multiple comparisons); if P � 0.05, the Mann-Whitney U test (2 comparisons) with Bonferroni correction for multiple comparisons was also used.

2 Geometric x�; 95% CI in parentheses (all such values).
3 P � 0.001 (overall F test for normally distributed parameters and Kruskall-Wallis test for nonnormally distributed parameters).
4 Differences between groups were not tested, because 10-wk values were compared after control for baseline values (see the 10-wk values above).
5 Proportional difference in values measured at 10 wk in each group relative to values measured at 10 wk in the control group, as derived by exponentiation

of effect estimates in a linear regression model with log-transformed values of the serum indicator. Thus, 1.10 represents a 10% greater increase and 2.00
represents a 100% greater increase in the particular serum concentration than was observed in the control group.

6 Median; 25th–75th percentiles in parentheses (all such values).
7–9 Significant difference between baseline and 10-wk concentrations within the treatment group for nonnormally distributed parameters (Wilcoxon

signed-rank test): 7P � 0.01, 8P � 0.001, 9P � 0.05.
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milk in both groups, as compared with that in the control group,
was much smaller than that observed in serum.

Another functional indicator of vitamin A status is night blind-
ness, which is the first sign of vitamin A deficiency. Haskell et al
(13) found that changes in serum retinol concentrations in preg-
nant Nepali women with night blindness differed by group, de-
pending on the specific dietary or pharmaceutical source of the
vitamin A the group received. However, the reduction in the
prevalence of night blindness was substantial (and not signif-
icantly different) in all groups that received a form of vitamin
A (13). This finding highlights an important issue—that of
whether we are interested in conversion factors for estimating
adequacy of vitamin A intake or for assessing whether a par-
ticular diet can reduce the severity of disorders that are due to
vitamin A deficiency.

The estimation of conversion factors serves the purposes of
allowing the calculation of how much vitamin A can be obtained
from a particular diet or from specific foods, the assessment of
the extent to which the needs for vitamin A of most of a particular
target group are likely to be met, and the determination of the
relative importance of different dietary and pharmaceutical
sources of vitamin A. Because the estimates of the conversion
factors obtained from several recent studies, including the
present study, are similar and consistent (7, 11, 12, 14), it is clear
that values previously reported (6:1 for �-carotene and 12:1 for
other provitamin A carotenoids) overestimate the vitamin A
equivalency of plant foods. Thus, green, yellow, orange, and red

fruit and vegetables, when consumed in normal quantities, pro-
vide an amount of vitamin A that may be enough to overcome
night blindness or to reduce the increased risk of morbidity
and mortality. However, these foods alone cannot meet the
recommended daily allowance for vitamin A of most persons
in a population, and, therefore, they should be part of a strat-
egy including additional interventions to control vitamin A
deficiency and its disorders, eg, increased intakes of animal
source foods and fortified foods, and supplementation for
specific target groups.

In conclusion, this study found apparent conversion factors for
�-carotene to retinol of 12:1 (95% CI: 8, 22) for fruit and 28:1
(95% CI: 17, 84) for green leafy vegetables, a finding that is
similar to findings of other recent studies and that supports the
conversion factor of 21:1 for dietary �-carotene from a mixed
diet that was proposed by West et al (10). Further research should
focus on quantifying the effects of parasitic infection and various
food matrices on the bioefficacy of �-carotene, on assessing
interindividual variations in response to intake of dietary provi-
tamin A carotenoids, and on estimating the absorption of differ-
ent carotenoids.
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also thank the late Peter van de Bovenkamp and coworkers for laboratory

TABLE 4
Effects of interventions on breast-milk indicators of vitamin A and carotenoid status1

Vegetable group
(n � 71)

Fruit group
(n � 65)

Retinol-rich group
(n � 69)

Control group
(n � 63)

Retinol (�mol/L)
At baseline 0.74 (0.66, 0.83)2 0.74 (0.66, 0.83) 0.72 (0.63, 0.83) 0.69 (0.59, 0.80)
At 10 wk3 0.86 (0.76, 0.97)b 0.90 (0.81, 0.99)b 1.23 (1.12, 1.35)c 0.63 (0.55, 0.73)a

�Baseline�10 wk4 0.15 (0.04, 0.27) 0.15 (0.02, 0.28) 0.48 (0.32, 0.64) �0.06 (�0.21, 0.09)
� Relative to control group5 1.33 (1.14, 1.56) 1.39 (1.19, 1.63) 1.92 (1.64, 2.24) 1.00

Total �-carotene (�mol/L)
At baseline 0.031 (0.026, 0.039) 0.030 (0.024, 0.038) 0.029 (0.024, 0.036) 0.028 (0.022, 0.033)
At 10 wk3 0.029 (0.025, 0.035)c 0.039 (0.032, 0.047)c 0.020 (0.016, 0.026)b 0.013 (0.010, 0.015)a

Lutein (�mol/L)
At baseline 0.135 (0.119, 0.153) 0.122 (0.105, 0.143) 0.134 (0.118, 0.151) 0.116 (0.102, 0.133)
At 10 wk3 0.120 (0.109, 0.131)c 0.053 (0.047, 0.060)a 0.070 (0.063, 0.081)b 0.055 (0.049, 0.061)a

�-Cryptoxanthin (�mol/L)
At baseline 0.005 (0.004, 0.007) 0.005 (0.004, 0.007) 0.005 (0.004, 0.006) 0.005 (0.004, 0.006)
At 10 wk3 0.006 (0.005, 0.007)b 0.064 (0.049, 0.082)c 0.006 (0.005, 0.007)b 0.003 (0.002, 0.004)a

Zeaxanthin (�mol/L)
At baseline 0.013 (0.008–0.017)6 0.011 (0.006–0.017) 0.011 (0.008–0.016) 0.010 (0.006–0.016)
At 10 wk 0.006 (0.005–0.008)7 0.007 (0.005–0.010)7 0.007 (0.005–0.010)7 0.004 (0.003–0.006)7

1 �, change. Values in a row with different superscript letters are significantly different, P � 0.05. For normally distributed, log-transformed parameters,
linear regression controlled for baseline values and with Bonferroni adjustment for multiple comparisons. For nonnormally distributed parameters, Kruskal-
Wallis test (multiple comparisons) was used for comparison between groups of mean differences between baseline and 10-wk values.

2 Geometric x�; 95% CI in parentheses (all such values).
3 P � 0.001 (overall F test for normally distributed parameters and Kruskall-Wallis test for nonnormally distributed parameters).
4 The differences between groups were not tested, because 10-wk values were compared after control for baseline values (see the 10-wk values above).
5 Proportional difference in values measured at 10 wk in each group relative to values measured at 10 wk in the control group, as derived by exponentiation

of effect estimates in a linear regression model with log-transformed values of the serum indicator. Thus, 1.10 represents a 10% greater increase and 2.00
represents a 100% greater increase in the particular serum concentration than was observed in the control group.

6 Median; 25th–75th percentiles in parentheses (all such values).
7 Significant difference between baseline and 10-wk concentrations within treatment group, P � 0.001 (Wilcoxon’s signed-rank test for nonnormally

distributed parameters).
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Body mass index and serum leptin concentration independently
estimate percentage body fat in older adults1–3

Constance E Ruhl, Tamara B Harris, Jingzhong Ding, Bret H Goodpaster, Alka M Kanaya, Stephen B Kritchevsky,
Eleanor M Simonsick, Frances A Tylavsky, and James E Everhart for the Health ABC Study

ABSTRACT
Background: Because serum concentrations of leptin, a hormone
produced by adipocytes, can be relatively reliably and inexpensively
measured, it may be considered complementary to, or even a sub-
stitute for, body mass index (BMI) as a measure of adiposity.
Objective: We examined the ability of BMI and leptin concentra-
tions, separately and together, to estimate total percentage fat in older
adults.
Design: Total percentage fat measured by dual-energy X-ray ab-
sorptiometry and fasting serum leptin concentrations were measured
in 2911 well-functioning 70–79-y-old participants (42% black, 51%
women) in the Health, Aging, and Body Composition Study.
Results: Mean (�SD) total percentage fat was 29.2 �5.0% in men
and 40.5 � 5.7% in women, and the geometric mean (�SD) serum
leptin concentration was 5.6 � 2.5 ng/mL in the men and 16.4 � 2.3
ng/mL in the women. Among men, total percentage fat was strongly
associated with both BMI (R2 � 0.56) and leptin (R2 � 0.57) in
separate linear regression analyses and in a combined linear regres-
sion analysis (R2 � 0.68). Similarly, among women, total percentage
fat was associated with both BMI (R2 � 0.65) and leptin (R2 � 0.54)
separately and in combination (model R2 � 0.71). Independent re-
lations of BMI and leptin with total percentage fat were also found
among both black and white participants. With the population di-
vided into quintiles according to percentage fat, BMI and serum
leptin correctly classified 49% of men and 50% of women in the
correct quintile.
Conclusions: Among older adults, total percentage fat was better
estimated by using both serum leptin concentrations and BMI than
by using either alone. However, their performance does not suggest
that they can substitute for more accurate measures. Am J Clin
Nutr 2007;85:1121–6.

KEY WORDS Leptin, body composition, anthropometry,
dual-energy X-ray absorptiometry, race, epidemiology, Health, Ag-
ing, and Body Composition Study, Health ABC

INTRODUCTION

Obesity is defined as excess body fat. Body mass index (BMI)
is nearly universally used as a measure for obesity in large studies
that examine the association of obesity with morbidity and mor-
tality—yet it does not discriminate between fat and lean body
mass. The percentage variation of percentage body fat, as mea-
sured by hydrodensitometry, that can be explained by BMI (R2)
has ranged from 0.50 to 0.68 in men and from 0.58 to 0.74 in

women (1–7). Because techniques that can discriminate between
fat mass and fat-free mass, such as dual-energy X-ray absorpti-
ometry (DXA), are generally not feasible among large popula-
tions, an accurate, reliable measure of total body fat that can be
easily determined in clinical care and population studies is
needed. One such possible measure is leptin, which is produced
by adipocytes and whose serum concentration appears to reflect
total body fat (8–10). Because leptin can be relatively reliably
and inexpensively measured, it may be considered complemen-
tary to, or even a substitute for, BMI as a measure of adiposity.
However, we are unaware of any full-scale studies of the relative
value of BMI and leptin in estimating body fat. We examined
these issues in a large cohort of healthy, elderly blacks and whites
from the Health, Aging, and Body Composition (Health ABC)
Study.

SUBJECTS AND METHODS

The Health ABC study is a population-based, longitudinal
study of 3075 community-dwelling, nondisabled white and black
men and women aged 70–79 y that was begun in 1997. The main
goal was to investigate changes in weight and body composition,
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weight-related health conditions, and incident functional limita-
tions (11). Participants were recruited from a random sample of
white Medicare beneficiaries and all age-eligible black commu-
nity residents residing in designated zip codes in the metropolitan
areas of Pittsburgh, PA, and Memphis, TN. The sample was
selected to represent well-functioning older persons. Eligible
participants reported no difficulty walking one-fourth mile,
walking up 10 steps, or performing basic activities of daily living.
The study was approved by the Institutional Review Boards at the
Universities of Pittsburgh and Tennessee, and all participants
provided written, informed consent to participate. The present
analysis used cross-sectional data from the baseline examination
conducted between 1997 and 1998 on all 2911 participants with
data on serum leptin concentration, total percentage fat, and
BMI.

Serum leptin concentrations were measured in duplicate by
radioimmunoassay on a morning fasting venous blood sample
[Sensitive Human Leptin RIA Kit (product no. SHL-81K); Linco
Research Inc, St Charles, MO] (12). The minimum detectable
concentration of the assay is 0.05 ng/mL. The mean intraassay
CV is 5.8% (range: 3.7–7.5%) and the mean interassay CV is
7.4% (range: 3.2–8.9%). The linear range of leptin concentration
was 0–99 ng/mL. Six participants with leptin concentrations
�99 ng/mL, for whom an accurate value could not be determined
by the laboratory, were excluded from analysis.

Total body fat was estimated from DXA (QDR 4500A, with
Software Version 8.21 for analysis; Hologic Inc, Waltham, MA)
(13). Height was measured to the nearest mm by using a Harp-
enden stadiometer (Holtain Ltd, Crosswell, Wales, United King-
dom) with the participant barefoot, and weight was measured to
the nearest 0.1 kg by using a standard balance beam scale with the
participant wearing lightweight clothing. BMI [weight (in kg)/
height2 (in m)] was calculated.

Leptin concentration was log 10 transformed to normalize its
distribution. Means and SDs for total percentage fat, serum leptin
concentration, and BMI were calculated, and means were com-
pared between sex and race subgroups by using analysis of vari-
ance. A P value � 0.05 indicated statistical significance. Multi-
ple linear regression analysis was used to calculate the proportion
of variation (R2) in percentage fat explained by BMI and leptin
individually and jointly. Quadratic terms for BMI and leptin were
considered for inclusion in the models and retained if they im-
proved the R2. Analyses were adjusted for age, field center site,

and race (in analyses of men and women). Sex-specific models
that best predicted percentage fat from BMI and leptin individ-
ually and jointly were determined. The models were tested by
calculating the proportion of participants for whom they pre-
dicted the correct percentile group (as fifths, quarters, or thirds)
of the measured percentage fat. The proportions correctly clas-
sified were compared between models by using McNemar’s test.
The effects of sex and measured percentage fat percentile on the
ability of BMI and log10 leptin, independently and jointly, to
correctly classify participants were evaluated using logistic re-
gression analysis. Because BMI and leptin were correlated (� �
0.56), collinearity in multiple regression models was evaluated
by using variance inflation factor and tolerance (14). Substantial
collinearity was not found. Analyses were performed by using
SAS 9.1 software (15).

RESULTS

Total percentage fat, serum leptin concentrations, and BMI
were measured in 2911 participants (889 white men, 528 black
men, 807 white women, and 687 black women). Mean (�SD)
total percentage fat was higher in the women than in the men
(40.5 � 5.7% compared with 29.2 � 5.0%) and, within sex
groups, was higher in the black women and in the white men
(Table 1). Geometric mean leptin concentrations were higher in
the women than in the men (16.4 � 2.3 ng/mL compared with
5.6 � 2.5 ng/mL) and higher in the black women than in the white
women. No significant ethnic differences in leptin concentra-
tions were observed among the men. BMI was higher in the
women than in the men and higher in the black than the white
women, but it did not differ significantly between black and
white men.

Percentage fat was strongly associated with BMI, leptin, and
log10 leptin in separate analyses in both the men and the women
(Figure 1, Figure 2, Figure 3, and Table 2). A test for inter-
action on total percentage fat was significant for sex, race, and
log10 leptin (P � 0.002) and borderline for sex, race, and BMI
(P � 0.090). Two-way interactions were nonsignificant for sex
and BMI (P � 0.39) and for sex and race (P � 0.56) and signif-
icant for race and BMI (P � 0.014). Because of significant
interactions, separate sex-race models are shown. In analyses

TABLE 1
Characteristics of the study subjects by sex and race

Characteristic

Men Women P1

White
(n � 889)

Black
(n � 528)

White
(n � 807)

Black
(n � 687) Sex Race Sex � race

Total percentage fat (%)2 29.9 � 4.7 28.0 � 5.3 40.0 � 5.5 40.9 � 6.0 � 0.001 0.016 � 0.001
Serum leptin concentration (ng/mL)3 5.7 � 2.2 5.5 � 2.8 13.9 � 2.3 19.7 � 2.2 � 0.001 � 0.001 � 0.001
BMI (kg/m2)2 26.9 � 3.7 27.1 � 4.3 26.0 � 4.5 29.5 � 5.7 � 0.001 � 0.001 � 0.001
Age (y)2 73.9 � 2.9 73.5 � 2.8 73.6 � 2.8 73.3 � 3.0 0.029 0.005 0.41
Examination site (%) 0.95 0.025 0.059

Memphis 51 50 55 47
Pittsburgh 49 50 45 53

1 From 2-factor ANOVA.
2 Values are x� � SD.
3 Values are geometric x� � SD.
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with BMI and log10 leptin, percentage fat remained indepen-
dently associated with both in both sexes. As a result, the pro-
portion of variation in percentage fat explained by BMI and log10

leptin jointly was greater among both the men (R2 � 0.68) and the
women (R2 � 0.71) than was that explained by BMI and log10

leptin alone (Table 2). Among the men, there was little difference
between log10 leptin and BMI in the ability to predict percentage
fat. This was true for both blacks and whites. Among the women,
BMI appeared to be a better predictor of percentage fat than was
log10 leptin among both whites and blacks. BMI and log10 leptin
combined had a similar ability to predict percentage fat in the
men and women. The combined predictive ability of BMI and
log10 leptin was lowest in the white men and highest in the black
women but did not vary greatly among sex-ethnicity subgroups
(R2 � 0.65–0.72) (Table 2).

To evaluate the linearity of the relations of percentage fat with
log10 leptin and BMI and to develop the best fitting predictive
equations, the addition of quadratic terms to the models was
tested. Inclusion of quadratic terms for BMI to predict percentage
fat increased the R2 by 1% in equations for the men and 3–4% in
equations for the women. However, in combination with log10

leptin, BMI squared increased the R2 only in equations for
women and only by 1%. Inclusion of quadratic terms for log10

leptin had minimal effect on the R2 (Table 2). The models that
best predicted percentage fat from BMI and log10 leptin individ-
ually and jointly are shown in Table 3.

The ability of BMI and log10 leptin to correctly categorize
percentage fat by DXA is shown in Table 4 according to quintiles

for men and for women. Inclusion of both BMI and log10 leptin
increased the proportion correctly classified over using just one
measure. Log10 leptin contributed more among the men than the
women (P � 0.001), and BMI contributed more among women
than the men (P � 0.001). BMI alone classified women with the
lowest and highest DXA-measured percentage fat more accu-
rately than for women with percentage fat in the midrange (P �
0.044), whereas there was no significant difference based on
percentage fat quintile among the men (P � 0.37; P for sex-
percentage fat quintile interaction � 0.042). Log10 leptin alone
predicted percentage fat better among the women than among the
men (P � 0.047) and better among the participants with lower
DXA-measured percentage fat than among those with higher
levels (P � 0.001). BMI and log10 leptin combined did not
significantly differ in predictive ability by sex (P � 0.74), but
predicted percentage fat better at the lowest and highest quintiles
than in the middle (P � 0.005). The overall correct classification
was 49% among the men and 50% among the women when using
the equations in Table 3. As expected, if percentage fat was
divided into larger categories, a higher proportion would be cor-
rectly classified. With 4 categories (quartiles), the percentage
classified correctly was 54% among the men and 58% among the
women. With 3 categories (tertiles), the percentage classified
correctly was 67% among the men and 68% among the women.

DISCUSSION

In the United States and many other countries, overweight and
obesity are problems of epidemic proportion that increase the risk

FIGURE 1. Distribution of percentage fat and body mass index (BMI)
among well-functioning older black (‚, n � 528) and white (E, n � 889) men
(A) and among well-functioning older black (‚, n � 687) and white (E, n �
807) women (B).

FIGURE 2. Distribution of percentage fat and leptin among well-
functioning older black (‚, n � 528) and white (E, n � 889) men (A) and
among well-functioning older black (‚, n � 687) and white (E, n � 807)
women (B).
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of numerous medical conditions (16, 17). Consequently, accu-
rate and easily measured indicators of body fat are needed to
perform comparisons across populations, to monitor trends, and
to study the increased health risks of obesity. They may have a
place in clinical medicine as well. BMI is a commonly used
surrogate for adiposity that is inexpensive and easily measured,
but its correlation with body fat is imperfect. The greatest limi-
tation is that BMI does not discriminate between fat and lean
body mass. This can be misleading, because the relation between
BMI and body fat is dependent on sex, age, race-ethnicity, and

fitness level. Women have a higher proportion of body fat than do
men with the same BMI. For example, in the current study, white
women had lower BMI than did white men but had considerably
higher percentage body fat. Percentage body fat increases with
age for a given BMI, particularly after middle age and during
menopause in women (18, 19). African Americans have a lower
percentage body fat than do whites at a given BMI, whereas the
reverse is true of many Asian ethnicities (18, 20, 21).

In the current study of older black and white adults, total
percentage fat was better estimated by using both log10 serum
leptin concentrations and BMI than by using either alone. Inde-
pendent relations of log10 leptin and BMI with total percentage
fat were found across strata of sex and ethnicity. BMI was a better
predictor of percentage fat in the women than was log10 leptin,
whereas there was no significant difference between the 2 in the
men. Because BMI reflects lean mass as well as fat mass, it may
have been a less accurate predictor in men who have a higher
proportion of lean mass compared with women. The men exhib-
ited greater variation in percentage fat within BMI categories
than did the women (data not shown), so the addition of log10

leptin improved specificity in the men and compensated for the
lower predictive ability of BMI.

Although the present analysis shows an improved estimate of
percentage fat with the use of both BMI and log10 leptin, their
performance does not suggest that they can substitute for more
accurate measures. By using DXA as the reference and best fit
equations that included log10 leptin, BMI, ethnicity, age, and
examination site, not more than one-half of the men and women
were classified into the correct quintile of percentage body fat
(Table 4). Although this is much better than the expected 20%
correct classification by chance alone, this degree of accuracy is
somewhat disappointing given the relatively narrow age-range.
The lower predictive ability at the highest percentage fat quintiles
may have resulted in part from flattening of the leptin-percentage
fat curves at higher levels of percentage fat (Figure 2A and B).
However, we attempted to address this nonlinear relation using
log10 transformed leptin in the regression models and by evalu-
ating quadratic terms for log10 leptin and BMI in the models. The
flattening of the leptin curves reflects a greater increase in leptin
per unit increase in percentage fat at higher levels of percentage
fat. This is consistent with leptin resistance that occurs in most
obese persons (22, 23). Substituting height and weight, or the

FIGURE 3. Distribution of percentage fat and log10 leptin among well-
functioning older black (‚, n � 528) and white (E, n � 889) men (A) and
among well-functioning older black (‚, n � 687) and white (E, n � 807)
women (B).

TABLE 2
Relation (R2) of total percentage fat with BMI and serum leptin concentration by sex and race1

Model

Men Women

Total
White

(n � 889)
Black

(n � 528) Total
White

(n � 807)
Black

(n � 687)

BMI (kg/m2) and BMI2 0.56 0.53 0.56 0.65 0.64 0.67
Log10 leptin (ng/mL) and

log10 leptin2
0.57 0.54 0.59 0.54 0.56 0.52

Log10 leptin (ng/mL),
log10 leptin2, BMI
(kg/m2), and BMI2

0.68 0.65 0.70 0.71 0.71 0.72

1 From linear regression analysis adjusted for race (models for all men and all women), age, and examination site. Quadratic terms were included in all
models of BMI alone; in models of leptin alone for all men, all women, black men, and black women; for log10 leptin in the combined model for black men;
and for BMI in combined models for all women, white women, and black women. All P for BMI and log10 leptin were � 0.05. A test for interaction on total
percentage fat was significant for sex, race, and log10 leptin (P � 0.002) and borderline for sex, race, and BMI (P � 0.090). Two-way interactions were
nonsignificant for sex and BMI (P � 0.39) and for sex and race (P � 0.56) and significant for race and BMI (P � 0.014).
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reciprocal of BMI, for BMI did not improve the predictive ability
(data not shown). Furthermore, the best fitted equations for es-
timating percentage fat included ethnicity, age, and study site,
which suggests that they could not be generalized to other pop-
ulations. Whether leptin and BMI independently predict percent-
age fat in younger adults and among other ethnic groups requires
further study.

A better estimate of body fat can be obtained with DXA than
with BMI or leptin, but DXA is more complex, time consuming,
and expensive than is measuring BMI or leptin. DXA has its own
limitations as a measure of fat. The estimation of fat depends on
the model of the machine used and even varies from machine to
machine, although differences between machines tend to be sys-
tematic across the range of body weights. Further, very obese
persons cannot undergo DXA measurements because of weight
limitations for the equipment. The correlation with other crite-
rion measures of body fat is excellent, although the model used
in the current study may underestimate total fat (24).

Because obesity is defined as an excess of body fat and is
increasingly common in nearly all age groups and in all popula-
tions, it is critical that more accurate measures of body fat be
developed that can be applied to large populations. With the
ever-increasing public health significance of obesity, it is per-
haps surprising that few studies have examined measures other
than height and weight and a limited number of other anthropo-
metric measures for this purpose. Bioelectrical impedance is a
simple, fast, inexpensive, and reproducible method to use in
epidemiologic studies; however, its use is limited by the inability
to generalize the prediction equations (25). Leptin may yet prove
to be one element in such a search for body fat measures for use
in population studies, but the results of the current analysis in-
dicate that it performs better when combined with BMI. Longi-
tudinal studies of body composition changes and health out-
comes will demonstrate whether leptin has additional clinical
utility.
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TABLE 3
Coefficients for best-fit linear regression models for percentage fat using BMI, log10 leptin, or both and after control for race, age, and examination site1

Men
(n � 1417)

Women
(n � 1494)

BMI alone Leptin alone BMI and leptin BMI alone Leptin alone BMI and leptin

Intercept �15.1 20.0 3.5 �5.8 26.5 3.6
Age (y) 0.13 0.046 0.11 0.040 �0.0044 0.053
Race2 �2.0 �1.8 �1.9 �2.2 �1.1 �2.2
Site3 0.16 0.98 0.62 0.28 2.0 0.92
BMI (kg/m2) 1.8 — 0.55 2.4 — 1.4
BMI2 �0.016 — — �0.026 — �0.013
Log10 leptin (ng/mL) — 7.9 5.9 — 8.3 5.7
Log10 leptin2 — 1.3 — — 1.8 —

1 All variables were significant (P � 0.05) except age in all models for women and in the model for leptin alone in men and except site in the models for
BMI alone in men and in women.

2 1 for white and 2 for black.
3 1 for Memphis and 2 for Pittsburgh.

TABLE 4
Correct quintile categorization of percentage fat among men and women
by BMI, log10 leptin, and BMI and log10 leptin regression models1

Percentage fat BMI Log10 leptin BMI and log10 leptin

Men (n � 1417)
�25.1 (%) 42 50 57
25.1 to �28.0 (%) 35 43 46
28.0 to �30.4 (%) 38 46 47
30.4 to �33.3 (%) 36 47 42
�33.3 (%) 46 36 52
Total [n (%)] 558 (39) 630 (44) 693 (49)

Women (n � 1494)
�35.8 (%) 60 47 64
35.8 to �39.4 (%) 44 40 47
39.4 to �42.3 (%) 39 43 41
42.3 to �45.3 (%) 33 37 37
�45.3 (%) 56 36 58
Total [n (%)] 693 (46) 610 (41) 740 (50)

1 Models were adjusted for race, age, and examination site. The effects
of sex and dual-energy X-ray absorptiometry (DXA)–measured percentage
fat quintile on the ability of the models to correctly categorize the participants
were evaluated by using logistic regression analysis with “correctly catego-
rized (yes or no)” as the dependent variable and sex, DXA-measured per-
centage fat quintile, and the interaction between sex and percentage fat
quintile as independent variables. The interaction between sex and percent-
age fat quintile was significant for “correctly categorized by BMI” (P �
0.042), but not for “correctly categorized by log10 leptin” (P � 0.99) or for
“correctly categorized by BMI and log10 leptin” (P � 0.56). Correct catego-
rization by BMI was associated with DXA-measured percentage fat quintile
in the women (P � 0.044), but not in the men (P � 0.37). Correct categori-
zation by log10 leptin was associated with both sex (P � 0.047) and DXA-
measured percentage fat quintile (P � 0.001). Correct categorization by BMI
and log10 leptin was associated with DXA-measured percentage fat quintile
(P � 0.005), but not sex (P � 0.74).

BMI AND SERUM LEPTIN PREDICT PERCENTAGE FAT 1125



the data, edited the manuscript, and provided advice and consultation for the
study. None of the authors have a conflict of interest.

REFERENCES
1. Allen TH, Peng MT, Chen KP, Huang TF, Chang C, Fang HS. Prediction

of blood volume and adiposity in man from body weight and cube of
height. Metabolism 1956;5:328–45.

2. Keys A, Fidanza F, Karvonen MJ, Kimura N, Taylor HL. Indices of
relative weight and obesity. J Chronic Dis 1972;25:329–43.

3. Womersley J, Roche AF, Sievogel RM, Chumlea WC, Webb P. A
comparison of the skinfold method with extent of ‘overweight’ and
various weight-height relationships in the assessment of obesity: grading
body fatness from limited anthropometric data. Br J Nutr 1977;38:271–
84.

4. Roche AF, Sievogel RM, Chumlea WC, Webb P. Grading body fatness
from limited anthropometric data. Am J Clin Nutr 1981;34:2831–8.

5. Revicki DA, Israel RG. Relationship between body mass indices and
measures of body adiposity. Am J Public Health 1986;76:992–4.

6. Willett W. Nutritional epidemiology. New York, NY: Oxford, 1990:
231–5.

7. Gray DS, Fujioka K. Use of relative weight and body mass index for the
determination of adiposity. J Clin Epidemiol 1991;44:545–50.

8. Rosenbaum M, Nicolson M, Hirsch J, et al. Effects of gender, body
composition, and menopause on plasma concentrations of leptin. J Clin
Endocrinol Metab 1996;81:3424–7.

9. Hickey MS, Israel RG, Gardiner SN, et al. Gender differences in serum
leptin levels in humans. Biochem Mol Med 1996;59:1–6.

10. Couillard C, Mauriege P, Prud’homme D, et al. Plasma leptin concen-
trations: gender differences and associations with metabolic risk factors
for cardiovascular disease. Diabetologia 1997;40:1178–84.

11. Harris TB, Visser M, Everhart J, et al. Waist circumference and sagittal
diameter reflect total body fat better than visceral fat in older men and
women. The Health, Aging and Body Composition Study. Ann N Y
Acad Sci 2000;904:462–73.

12. Ma Z, Gingerich RL, Santiago JV, Klein S, Smith CH, Landt M. Radio-
immunoassay of leptin in human plasma. Clin Chem 1996;42:942–6.

13. Tylavsky FA, Fuerst T, Nevitt M, et al. Measurement of changes in soft
tissue mass and fat mass with weight change: pencil- versus fan-beam
dual-energy X-ray absorptiometry. Health ABC Study. Ann N Y Acad
Sci 2000;904:94–7.

14. Wetherill GB, Duncombe P, Kenward M, Köllerström J, Paul SR,
Vowden BJ. Regression analysis with applications. London, United
Kingdom: Chapman and Hall, 1986.

15. SAS Institute Inc. SAS/STAT 9.1 user’s guide. Cary, NC: SAS Institute
Inc, 2004.

16. Hedley AA, Ogden CL, Johnson CL, Carroll MD, Curtin LR, Flegal KM.
Prevalence of overweight and obesity among US children, adolescents,
and adults, 1999–2002. JAMA 2004;291:2847–50.

17. Bray GA. Medical consequences of obesity. J Clin Endocrinol Metab
2004;89:2583–9.

18. Prentice AM, Jebb SA. Beyond body mass index. Obes Rev 2001;2:
141–7.

19. Cohn SH. New concepts of body composition. In: Ellis KJ, Yasumura S,
Morgan WD, eds. In vivo body composition studies. London, United
Kingdom: The Institute of Physical Sciences in Medicine, 1987:1–14.

20. Banerji MA, Faridi N, Atluri R, Chaiken RL, Lebovitz HE. Body com-
position, visceral fat, leptin, and insulin resistance in Asian Indian men.
J Clin Endocrinol Metab 1999;84:137–44.

21. Deurenberg P, Yap M, van Staveren WA. Body mass index and percent
body fat: a meta analysis among different ethnic groups. Int J Obes Relat
Metab Disord 1998;22:1164–71.

22. Considine RV, Sinha MK, Heiman ML, et al. Serum immunoreactive-
leptin concentrations in normal-weight and obese humans. N Engl J Med
1996;334:292–5.

23. Arch JR. Central regulation of energy balance: inputs, outputs and leptin
resistance. Proc Nutr Soc 2005;64:39–46.

24. Tylavsky F, Lohman T, Blunt BA, et al. QDR 4500A DXA overesti-
mates fat-free mass compared with criterion methods. J Appl Physiol
2003;94:959–65.

25. Kuczmarski RJ. Bioelectrical impedance analysis measurements as part
of a national nutrition survey. Am J Clin Nutr 1996;64(suppl):453S–8S.

1126 RUHL ET AL



Community-level micronutrient fortification of a food supplement in
India: a controlled trial in preschool children aged 36-66 mo1–3

Jessica L Varma, Soumita Das, Rajan Sankar, Marthi G Venkatesh Mannar, F James Levinson, and Davidson H Hamer

ABSTRACT
Background: Children participating in the Integrated Child Devel-
opment Service (ICDS) in India have high rates of iron and vitamin
A deficiency.
Objective: The objective was to assess the efficacy of a premix
fortified with iron and vitamin A and added at the community level
to prepared khichdi, a rice and dal mixture, in increasing iron and
vitamin A stores and decreasing the prevalence of iron deficiency,
anemia, and vitamin A deficiency.
Design: This cluster, randomized, double-blind, controlled trial was
initiated in 30 Anganwadi centers (daycare centers) in West Bengal
state, India. Children aged 36–66 mo (n � 516) attending village-
based ICDS centers were randomly assigned to receive either a
fortified or a nonfortified premix for 24 wk. Blood was drawn at 0
and 24 wk by venipuncture for the measurement of hemoglobin,
serum ferritin, and serum retinol.
Results: The change in the hemoglobin concentration of anemic
children was significantly different between fortified and nonforti-
fied khichdi groups (P � 0.001). Prevalence rates of anemia, iron
deficiency, and iron deficiency anemia were significantly lower after
24 wk in the fortified-khichdi group than in the nonfortified-khichdi
group (P � 0.001). There were no significant differences in serum
retinol concentrations or in the prevalence of vitamin A deficiency
between the fortified- and nonfortified-khichdi groups.
Conclusion: A premix fortified with iron, vitamin A, and folic acid
and added to supplementary food at the community level can be
effective at increasing iron stores and reducing the prevalence of iron
deficiency and anemia. Am J Clin Nutr 2007;85:1127–33.

KEY WORDS Iron deficiency, vitamin A deficiency, fortifi-
cation, anemia, India, children

INTRODUCTION

Deficiencies in the essential micronutrients vitamin A and iron
are major public health concerns in India. The prevalence of iron
deficiency anemia in India has been estimated to be as high as
74% in preschool-age children (1). National prevalence data for
subclinical vitamin A deficiency in this age group does not exist,
but regional prevalence rates range from 26.3% in New Delhi to
80.1% in Hyderabad (2). Existing micronutrient programs in
India target the distribution of iron tablets and high-dose vitamin
A syrup to preschool-age children. These programs, in place
since the 1970s, have had mixed results because of inadequate
coverage and compliance (3).

The Integrated Child Development Service (ICDS) is the larg-
est child nutrition program in the world, with 32 million children

aged 3–6 y enrolled in 568 888 Anganwadi centers (daycare
centers) distributed throughout India (NC Saxena and J Ravi,
unpublished observations, 2005). A major focus of the ICDS is
the distribution of a food supplement, often khichdi (a rice and
lentil mixture), to these children. This supplement provision aims
to improve the health and nutritional status of the children while
relieving short-term hunger (4). Each 200-g serving of khichdi
provides sufficient macronutrients (�300 kcal and 8 g protein
per serving); however, it lacks adequate iron and vitamin A.

The addition of a fortified premix to the ICDS supplementary
nutrition program would be unique because the fortification
would occur at the community level in Anganwadi centers. Most
fortification programs combine either a fortified premix with the
target food vehicle at a central processing factory or provide a
fortified premix directly to the household (5–8). Fortification at
the Anganwadi center is advantageous because instills owner-
ship of the fortification program in the village community and
demystifies the fortification process. The use of locally con-
sumed food vehicles, such as khichdi, in community-level nu-
trition programs has been shown to increase the acceptability,
sustainability, and adherence to the program while often gener-
ating employment for local women (9). To determine the efficacy
of this local fortification of khichdi with encapsulated ferrous
fumarate and vitamin A, we examined the effect of fortified
khichdi on hemoglobin, serum ferritin, and serum retinol con-
centrations and on prevalence rates of anemia, iron deficiency,
vitamin A deficiency, and low vitamin A status in children aged
3–6 y.

SUBJECTS AND METHODS

Study sites

This study was conducted in Anganwadi centers throughout
Mahestala block in South 24 Parganas, West Bengal. Mahestala
block is a semiurban area �60 km south of Kolkata. There is an
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average of 1 Anganwadi center per 1000 person in the general
population and an average of 20–30 children per center. Preva-
lence rates of malaria, hookworm, and other intestinal parasites
are low in this section of West Bengal (10).

Study design

This was a double-blind, cluster, randomized trial. Cluster
randomization was used because it was determined that the sep-
arate preparation of the fortified and nonfortified premixes and
separation of randomly assigned children in each Anganwadi
center was impractical and would overburden the Anganwadi
worker. Enrollment forms and Anganwadi monitoring forms
were used to determine eligible centers. To be eligible, a center
had to have �20 regularly attending children and a regular sup-
ply of rice and lentils from the ICDS, and Anganwadi personnel
needed to be willing to participate. Participating centers (n � 30)
were randomly assigned with the use of a random number table
to receive either fortified khichdi or nonfortified khichdi. All
attending children received a single 200-g portion of the khichdi
treatment assigned to their Anganwadi center 6 times/wk for
24 wk.

The fortified premix has a dextrose anhydrous base prepared
by Nicolas Piramals India Ltd (Mumbai, India). For each 200-g
serving of khichdi, the premix provides 14 mg encapsulated
ferrous fumarate, 500 IU vitamin A (retinyl acetate: particle size
of 250; cold water soluble), and 0.05 mg folic acid. The placebo
premix contained only dextrose anhydrous. Both premixes were
packed in resealable polyethylene bags in 500-g increments.
Each selected Anganwadi center received 500 g premix at base-
line and after 3 mo of the intervention.

Study population

The subjects were children aged 36–66 mo from the 30 se-
lected Anganwadi centers. Exclusion criteria included severe
anemia (hemoglobin concentration �80 g/L) and a history of not
attending the Anganwadi center �5 times/wk during the past 6
mo. Children with severe anemia were treated with a therapeutic
course of oral iron. Children with severe vitamin A deficiency
were not removed from the study. Consent for the study was
obtained first from local Panchayet (village council) leaders and
West Bengal public health officials. Informed consent for par-
ticipation in the study was obtained from the mother or legal
guardian of participating children in the study at enrollment. The
study was approved by the Tufts University Health Science/
Tufts–New England Medical Center Institutional Review Board.

Sample size

Assuming an estimated change in hemoglobin concentration
of 0.6 g/L, an SD of 1.66, an � value of 0.05, and a � value of 0.20,
120 children per group would be required (11). A design effect of
2 was included to account for the cluster randomized design (12).
This number was increased by 45%, to account for loss to follow
up, for a total of 696 children enrolled.

Data collection

Height and weight were measured at 0 wk and 24 wk by using
standardized techniques (13). At 0 and 24 wk, 5 mL whole blood
was collected from enrolled children by venipuncture for the
measurement of hemoglobin, serum ferritin, serum retinol, and

C-reactive protein (CRP). Blood was collected by finger prick for
the analysis of hemoglobin at 12 wk.

Training of Anganwadi workers and Panchayet monitors

Anganwadi workers from enrolled centers participated in a
half-day training session before the initiation of the study. In
training, Anganwadi workers were taught proper storage proce-
dures for the fortified premix to ensure that the premix was not
exposed to excessive light or high humidity. Anganwadi workers
were also taught proper preparation techniques, ie, they were
instructed to thoroughly mix the premix with the khichdi after the
khichdi had cooled for 10 min to ensure a homogeneous mixture.
The maintenance of monitoring forms was also reviewed during
training. The Panchayet monitors attended a half-day training
session at which they received instructions on the collection of
program monitoring forms for the study.

Monitoring forms

Anganwadi workers maintained monitoring forms to record
the daily attendance of enrolled children for receipt of the
khichdi. Workers also recorded any vitamin A supplement use by
the children during the intervention period. The Panchayet mon-
itors collected weekly monitoring forms from 2 Anganwadi cen-
ters for the preparation of khichdi, the storage of the premix, and
the amount of khichdi consumed by each enrolled child. All
monitoring forms were collected by ICDS local supervisors and
reviewed by ICDS Child Development Program Officers.

After 2 wk of the intervention, the monitoring forms indicated
that 85% of Anganwadi workers were experiencing minor prob-
lems with the packaging of the premix, including breakage of the
polyethylene bag and failure of the bag to properly seal. In an
effort to reduce exposure of the premix, all Anganwadi workers
were asked to place any torn or broken bags of premix into clean
polyethylene containers provided by the ICDS.

Demographic, economic, and health survey

Mothers or legal guardians of enrolled children were surveyed
at baseline and at the end of the study to assess their child’s
demographic, economic, and health status. The survey was based
on the National Family Health Survey developed by the Inter-
national Institute of Population Sciences in Mumbai, India (1).
Enumerators carried out the entire survey at baseline and then
repeated the economic and health sections at 24 wk. Health data
collected in the survey included the history of fever, abdominal
pain, blood in the stool, and cough occurring anytime in the 2 wk
before the survey.

Laboratory analysis

Immediately after blood was collected, a few drops were
placed into a separate vial for the measurement of hemoglobin
with an AcT8 counter (Beckman Coulter, Krefeld, Germany)
(14). The remaining collected blood was allowed to clot at room
temperature and centrifuged at 3000 � g for 5 min. The serum
was collected and transported to the Molecular Diagnostics Lab-
oratory in Lucknow for further analysis. Serum ferritin was mea-
sured by enzyme-linked immunosorbent assays (RAMCO,
Houston, TX) (15). CRP was measured by using nephelometry
(TURBOX; Orion Diagnostics, Espoo, Finland) (16) and serum
retinol by HPLC (17).
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Study definitions

Anemia was defined as a hemoglobin concentration �110
g/L, iron deficiency as a serum ferritin concentration �15 �g/L,
and iron deficiency anemia as a hemoglobin concentration �110
g/L and a serum ferritin concentration �15 �g/L. A CRP con-
centration �10 mg/L was considered to be elevated. Vitamin A
deficiency was defined as a serum retinol concentration �0.70
�mol/L, and low vitamin A status was defined as a serum retinol
concentration �0.70 but �1.05 �mol/L.

Statistical analyses

Data processing and statistical analysis were performed with
the use of SPSS 13.0 (SPSS Inc, Chicago, IL) and EXCEL
(XP2002; Microsoft, Seattle, WA). When data were normally
distributed, 2-factor repeated-measures analysis of variance was
done to compare the effects of group � time for hemoglobin,
serum retinol, CRP, and serum ferritin. If the interaction effect
was significant (P � 0.05), Student’s t tests between groups and
paired Student’s t tests within groups were conducted and ad-
justed for multiple comparisons by using a Bonferroni correc-
tion. Log transformation was used for serum ferritin, which was
not normally distributed. Binary logistic regression was done to
compare the effects of group � time for anemia, iron deficiency,
iron deficiency anemia, vitamin A deficiency, and low vitamin A
status. Proportions were compared by using Pearson’s chi-square
test. Significance was set at P � 0.05.

During the course of the study, 3 children received vitamin A
supplementation and were removed from the analysis. No chil-
dren received iron supplementation.

RESULTS

Baseline characteristics

In April 2005, 684 children were screened and enrolled in 30
Anganwadi centers (Figure 1). Of the children enrolled, 168
(24.5%) were lost to follow-up before the 24-wk assessment;
thus, 516 completed the 24-wk trial. Reasons for loss to
follow-up were refusal of further venipuncture (n � 161), change
of location (n � 5), and low attendance at the Anganwadi center
(n � 2). Most of the characteristics of the children who dropped
out of the study did not differ significantly from those of the
children who completed the trial, including age, sex, iron status,
and mean hemoglobin concentration. However, the prevalence
of anemia was significantly greater in the children lost to
follow-up (35.1%) than in those who completed the trial (26.2%)
(P � 0.05).

Age, sex, weight, and height did not differ significantly be-
tween the 2 treatment groups (Table 1). The hemoglobin, serum
retinol, and CRP concentrations were significantly different at
baseline between the fortified-khichdi (n � 246) and
nonfortified-khichdi (n � 270) groups. Children in the

Assessed for Eligibility:

(n=696)

Cluster Randomization:

(n=684)

Allocated to nonfortified-

khichdi group: (n=342) khichdi group: (n=342)

Withdrew: (n=70)

Lost to follow-up: (n=3)

Allocated to fortified

Withdrew: (n=94)

Lost to follow-up: (n=4)

(n=269)

Completed trial:Completed trial:

(n=244)

1 Excluded for not meeting inclusion criteria
(n=12)

2 Failure to atttend Anganwadi center ≥5 d wk
(n=10)

3 Hemoglobin concentration <80 g/L (n=2)

FIGURE 1. Enrollment procedure for the fortified-khichdi group.
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nonfortified-khichdi group had a lower hemoglobin concentra-
tion (P � 0.003) and a higher prevalence of anemia (P � 0.001)
than did children in the fortified-khichdi group. When the chil-
dren were separated by anemia status, we observed that the mean
hemoglobin concentration of the anemic children was not sig-
nificantly different between the 2 groups (99.8 � 1.3 compared
with 98.9 � 0.8 g/L). The serum retinol concentration was
greater in the nonfortified-khichdi group (P � 0.003); however,
the prevalence of vitamin A deficiency and low vitamin A status
were not significantly different (Table 1).

There were significant differences in the prevalence of ele-
vated CRP (P � 0.008) and the CRP concentration (P � 0.001)
between the 2 groups (Table 1). Children with an elevated CRP
concentration did not have a higher prevalence of recent fever,
abdominal pain, bloody stool, or cough (data not shown), and no
significant difference in these factors was found between the
fortified- and nonfortified-khichdi groups.

Compliance

Compliance was high among enrolled children. Children in
the fortified and nonfortified groups, on average, received the
khichdi 90.2% and 89.3% of the days, respectively, during the
study period. According to the monitoring reports, 98.9% of the
enrolled children consumed 100% of the khichdi at each sitting.
Weekly collected monitoring forms showed that the Anganwadi
workers had no difficulties with the preparation or storage of the
khichdi at the Anganwadi centers once the initial packaging
problems were resolved. The workers strictly followed training
instructions on the preparation and storage of the fortified pre-
mix.

Efficacy trial

As shown in Table 2, there was no significant difference in the
mean hemoglobin concentrations of the participants in the 2

TABLE 1
Baseline characteristics of the nonfortified (NF) and fortified (F) groups

NF
(n � 130 F, 139 M)

F
(n � 133 F, 113 M) P1

Age (y) 3.9 � 0.62 3.9 � 0.7 0.322
Weight (kg) 12.1 � 1.7 12.3 � 1.7 0.146
Height (cm) 93.0 � 5.5 94.3 � 6.0 0.140
C-reactive protein (mg/L) 3.3 � 4.0 2.2 � 3.1 0.001
Hemoglobin (g/L) 120 � 18 124 � 15 0.003
Serum ferritin (�g/L)3 26.3 � 2.0 25.1 � 1.9 0.573
Anemia [% (n)]4 32.6 (88) 19.1 (47) �0.001
Iron deficiency [% (n)]5 20.7 (56) 22.5 (55) 0.655
Iron deficiency anemia [% (n)]6 9.6 (26) 4.9 (12) 0.039
Serum retinol (�g/L) 1.23 � 0.51 1.10 � 0.44 0.003
Vitamin A deficiency [% (n)]7 13.0 (35) 17.5 (43) 0.174
Low vitamin A status [% (n)]8 40.8 (110) 47.9 (117) 0.120

1 Two-factor repeated-measures ANOVA and binary logistic regression.
2 x� � SD (all such values, except where indicated otherwise).
3 All values are geometric x� � 1 SD.
4 Defined as hemoglobin � 110 g/L.
5 Defined as serum ferritin � 12 �g/L.
6 Defined as hemoglobin � 110 g/L and serum ferritin � 12�g/L.
7 Defined as serum retinol � 0.70 �g/L.
8 Defined as 0.70 � serum retinol �1.05 �g/L.

TABLE 2
Hemoglobin, hemoglobin in anemic children, and serum ferritin and serum retinol concentrations in fortified (F; n � 244) and nonfortified (NF; n � 269)
groups over 24 wk

Time

Hemoglobin (g/L) Hemoglobin in anemic children (g/L)1 Serum ferritin (�g/L)1 Serum retinol (�g/L)

NF F NF F NF F NF F

0 wk 120 � 182 124 � 15 98.9 � 7.2 99.9 � 9.1 25.7 � 2.03 25.1 � 1.9 1.2 � 0.5 1.1 � 0.4
12 wk 124 � 12 127 � 12 116.2 � 9.8 116.6 � 11.2
24 wk 124 � 14 128 � 11 109.9 � 10.34 116.9 � 10.34,5 22.9 � 2.44 35.5 � 2.16,7 1.4 � 0.5 1.4 � 0.4

1 Significant treatment � time interaction, P � 0.01 (repeated-measures ANOVA).
2 x� � SD (all such values, except where indicated otherwise).
3 Geometric x� � 1 SD.
4,6 Significantly different from baseline: 4 P � 0.05, 6 P �0.01.
5,7 Significantly different from NF group: 5 P � 0.05, 7 P � 0.001.
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groups between baseline and the end of the study. Because of a
significant interaction between anemia, treatment group, and
time (P � 0.01), a subgroup analysis was performed in the chil-
dren with anemia. Hemoglobin concentrations in the anemic
children increased significantly in the fortified group when com-
pared with the nonfortified group from weeks 0 to 24 (P � 0.04).
After 24 wk, serum ferritin significantly increased in all partic-
ipants in the fortified group, and the change in serum ferritin was
significantly different from that of the nonfortified group (P �
0.001). Although serum retinol increased significantly in both
groups during the study period, there was no significant differ-
ence in serum retinol between the 2 groups at the end of the
intervention.

As shown in Table 3, the prevalence of anemia, iron defi-
ciency, and iron deficiency anemia were significantly lower after
24 wk in the fortified group (P � 0.001). A continued reduction
trend in anemia was found in the fortified group while prevalence
of anemia in the non-fortified group increased between weeks 12
and 24. The prevalence of iron deficiency decreased significantly
in the fortified group, and the change in iron deficiency was
significantly different from the nonfortified group after the
24-wk intervention (P � 0.001). The prevalence of iron defi-
ciency anemia was nearly eliminated in the fortified group,
whereas it remained almost unchanged in the nonfortified group
(P � 0.001). There was no significant difference in the preva-
lence of vitamin A deficiency or low vitamin A status between
the nonfortified and fortified groups after 24 wk of intervention.

DISCUSSION

This study clearly showed that khichdi locally fortified with an
encapsulated ferrous fumarate and vitamin A premix was effi-
cacious in improving iron status and reducing the prevalence of
anemia, iron deficiency, and iron deficiency anemia in West
Bengal preschool children. Although previous studies have re-
ported the efficacy of iron-fortified salt, fish sauce, sugar, bev-
erages, and complementary food, this study was unique in that it
used an existing targeted supplementary nutrition program to
provide community-level fortification. The addition of a fortified

premix to prepared khichdi in the ICDS Anganwadi centers pro-
vides an excellent opportunity to prevent and reduce micronu-
trient deficiencies in at-risk children without the additional costs
associated with the development and implementation of a new
program infrastructure.

The fortified khichdi significantly increased iron stores, de-
spite the low absorption of dietary iron from the khichdi and the
utilization of no additional absorption promoter in the fortified
premix. The estimated iron absorption from the fortified khichdi
was �4%, which was due to the high content of phytic acid, low
consumption of ascorbic acid, and absence of heme iron in the
khichdi (18). Although this level of iron absorption is not differ-
ent from that estimated in other studies, we chose not to integrate
EDTA or ascorbic acid into the fortified food vehicle to enhance
the absorption of available iron. Although beneficial, EDTA and
ascorbic acid add to the expense of the fortified premix, and
losses of ascorbic acid would be unacceptably high under the
normal storage conditions of the fortified premix used in this
study (19). The increase in iron stores of the fortified-khichdi
group may have been facilitated by the estimated low prevalence
of malaria and severe helminth infection in the study population,
which would keep iron losses low (10, 20).

Cluster randomization was largely effective in this study, al-
though there were baseline differences in hemoglobin concen-
tration, serum retinol concentration, and the prevalence of ane-
mia between the 2 groups. The mean hemoglobin concentration
was significantly higher in the fortified-khichdi group, whereas
the mean serum retinol concentration and the prevalence of ane-
mia were higher in the nonfortified group. The demographic,
economic, and health survey results indicated that the study pop-
ulation was remarkably homogeneous, and no significant differ-
ences between the fortified and nonfortified groups were ob-
served in any of the measures (data not shown). The baseline
differences in hemoglobin concentration, serum retinol concen-
tration, and prevalence of anemia may have resulted because of
the high dropout in the study (24.6%). The dropout was unevenly
distributed between the fortified and nonfortified groups—a
higher proportion of children who dropped out of the study were
from the fortified group (28% compared with 21%). The dropout

TABLE 3
Prevalence of anemia, iron deficiency, iron deficiency anemia, vitamin A deficiency, and low vitamin A status in nonfortified (NF; n � 269) and fortified
(F; n � 244) groups at 0 and 24 wk

Time

Anemia1,2 Iron deficiency2,3
Iron deficiency

anemia2,4 Vitamin A deficiency5 Low vitamin A status6

NF F NF F NF F NF F NF F

n (%) n (%) n (%) n (%) n (%)

0 wk 88 (32.6) 47 (19.1)7 56 (20.7) 55 (22.5) 26 (9.6) 12 (4.9)7 35 (13.0) 43 (17.5) 110 (40.8) 117 (47.9)
12 wk 36 (13.3)8 24 (9.8)8

24 wk 56 (20.7)8 10 (4.1)8,9 82 (30.4)8 25 (10.2)8,9 25 (9.3) 1 (0.4)8,9 17 (6.3) 20 (8.1) 55 (20.4) 52 (21.5)

1 Defined as hemoglobin � 110 g/L. Significant difference between time-and-group model and time-only model, P � 0.01 (binary logistic regression).
Significant difference between time-and-group model, P � 0.001 (binary logistic regression).

2 Significant treatment � time interaction, P � 0.01.
3 Defined as serum ferritin � 15 �g/L.
4 Defined as hemoglobin � 110 g/L and serum ferritin � 12 �g/L.
5 Defined as serum retinol � 0.70 �g/L.
6 Defined as 0.70 � serum retinol � 1.05 �g/L.
7,9 Significantly different from NF group: 7 P � 0.05, 9 P � 0.01.
8 Significantly different from baseline, P � 0.01.
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children from the fortified group had a lower mean hemoglobin
concentration at baseline than did the children in the fortified
group enrolled in the study. Although significantly different, the
mean hemoglobin concentrations of both treatment groups were
well above 110 g/L, and both groups had a lower prevalence of
anemia than expected for this population. Although the preva-
lence of anemia was significantly greater in the nonfortified
group, the hemoglobin concentrations in the anemic children
were not different between groups. This finding indicates that the
severity of anemia was not different between groups, but that the
nonfortified group included more children who were anemic.
This may have been attributed to the large dropout in the study
and the unequal distribution of dropouts in the fortified group.

The hemoglobin concentration was relatively high in both the
fortified and nonfortified groups at baseline, and the prevalences
of anemia and iron deficiency anemia were lower than in previ-
ous studies (1, 21, 22). This may be explained by the exclusion of
children under the age of 2 y in this study. Almost all previous
reports on the prevalence of anemia and iron deficiency anemia
in India included children aged 0–60 mo inclusive. The inclusion
of children aged �24 mo skewed the prevalence data downward
because this age group is at a much greater risk of anemia and iron
deficiency anemia than are slightly older children. This greater
risk was attributed to a rapidly expanding blood volume, which
requires high levels of iron for erythropoiesis (23). Children
older than 24 mo experience a dramatic decrease in their growth
rate and, therefore, have lower requirements for iron. India-wide
research by the Indian Council Medical Research corroborates
our findings in their 1997 report, which found the prevalence of
anemia to be 63% in children aged 1–3 y and 44% in children
aged 3–5 y (24).

The failure of the fortified khichdi to increase serum retinol
concentrations or to reduce the prevalence of vitamin A defi-
ciency and low vitamin A status might have resulted because of
the deterioration of vitamin A in the fortified premix. Despite the
provision of resealable polyethylene bags and plastic containers,
neither prevented light exposure of the premix. Because of the
length of the duration of light exposure, it may be assumed that
losses of vitamin A were very high during the intervention. The
abundance of inexpensive fresh fruit and vegetables during the
study period might also have accounted for the increase in serum
retinol in both study groups. The provision of proper packaging
for the fortified premix was expected to increase the fortified
premix’s ability to increase serum retinol concentrations and
decrease vitamin A deficiency and low vitamin A status. Further
studies to determine the efficacy of the fortified premix after the
provision of proper packaging are needed.

The addition of an encapsulated ferrous fumarate– and vitamin
A–fortified premix to the ICDS Anganwadi khichdi program was
efficacious in reducing iron deficiency and anemia in preschool-
age children. The use of locally fortified khichdi can therefore be
considered an effective means of addressing both macro- and
micronutrient malnutrition in preschool-age children in India. Its
high adaptability suggests that it also would be an effective
means of meeting the micronutrient needs of pregnant and lac-
tating women and of younger children who are consuming solid
food. Given its integration with the existing ICDS food-
supplementation program, expansion of such local fortification
would be relatively simple to implement and inexpensive. The

fortification of khichdi presents a locally acceptable and self-
sustaining micronutrient program, compared with the distribu-
tion of iron and vitamin A supplements, and an effective alter-
native to home fortification (25). The addition of a fortified
premix to khichdi in ICDS Anganwadi centers provides an ex-
cellent opportunity to provide the needed micronutrients to chil-
dren with or at risk of micronutrient deficiencies throughout
India.
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More acidic dietary acid-base load is associated with reduced
calcaneal broadband ultrasound attenuation in women but not in
men: results from the EPIC-Norfolk cohort study1–3

Ailsa A Welch, Sheila A Bingham, Jonathan Reeve, and KT Khaw

ABSTRACT
Background: Dietary patterns that promote mild metabolic acidosis
may have a negative effect on bone density.
Objective: We investigated the relation between a measure of di-
etary acid-base load, potential renal acid load (PRAL), and calcaneal
broadband ultrasound attenuation (BUA) after adjustment for con-
founders and also compared the results with different estimates of
acid-base load.
Design: A cross-sectional study was conducted in 14 563 men and
women aged 42–82 y living in Norfolk, United Kingdom, in which
measures of calcaneal BUA and dietary PRAL were estimated by
using the European Prospective Investigation into Cancer and Nu-
trition Norfolk (EPIC-Norfolk) food-frequency questionnaire.
Results: A more acidic dietary intake (high PRAL) was significantly
associated with lower calcaneal BUA in women but not in men; there
was a difference of �2% in BUA between the highest and lowest
quintiles of PRAL, independent of age, body mass index, smoking
habit, physical activity, diagnosed osteoporosis, and history of frac-
ture, and (in women) hormone replacement therapy. No relation was
observed between history of fracture or incident fracture and PRAL.
Those with the greatest PRAL had higher intakes of meat, fish, eggs,
and cereal and cereal products and lower intakes of fruit and vege-
tables, tea, and coffee.
Conclusion: PRAL was inversely associated with bone ultrasound
measures in women, but the magnitude of the association was rela-
tively small compared with other known risk factors. Further longi-
tudinal studies are required to establish whether, in the long term,
these small effects are important in overall fracture risk in
populations. Am J Clin Nutr 2007;85:1134–41.

KEY WORDS Acid-base balance, diet, broadband ultrasound
attenuation, BUA, bone density, potential renal acid load, PRAL,
European Prospective Investigation into Cancer and Nutrition Nor-
folk, EPIC-Norfolk

INTRODUCTION

Osteoporosis and osteoporotic fractures have substantial clin-
ical and health effects. An estimated 75 million persons in Eu-
rope, Japan, and the United States are affected by osteoporosis (1,
2). Osteoporosis is characterized by low bone density and mi-
croarchitectural deterioration of bone tissue, and there is increas-
ing interest in behavioral factors that may influence bone density.

The acid-base balance in the body is important to bone health
and is modifiable by diet (3–5). The organic acids that are pro-
duced during metabolism and the hepatic oxidation of sulfur-
containing amino acids (cysteine and methionine) lower blood
pH through increased production of hydrogen ions (5, 6). Alka-
line dietary salts contain the cations (potassium, calcium, and
magnesium) and act as buffers for organic acids that have the
potential to raise pH. If insufficient levels of buffering capacity
are available from alkaline salts, mild metabolic acidosis devel-
ops, even in healthy persons (5, 7, 8). In healthy persons in whom
acid production is increased experimentally, acid production in-
creases more than does renal net acid excretion, so that acid
balances become positive (8).

The suggested mechanism for the negative effect of increased
metabolic acidosis on bone is bone resorption (8–12). Mature
osteoclasts are activated, and osteoclastic calcium mobilization
is stimulated so that bone matrix mineralization is inhibited (10,
13, 14). Because bone provides a large reservoir of buffering
capacity from the content of carbonate and hydroxyapatite salts,
mobilization of this reservoir ameliorates acidosis (13–15). The
release of CaCO3 is stimulated by acidosis, and increased excre-
tion of calcium and markers of bone resorption has been found
during metabolic acidosis (5, 8, 16, 17), which indicates that
buffering by bone is a mechanism by which large changes in pH
are avoided in the body (8, 13). Although indirect evidence is
available for the effect of metabolic acidosis on bone from in vivo
intervention studies and in vitro experiments, studies of bone
density in general populations are limited—2 in women, 1 in
children, and none in men (18–20). The dietary potential renal
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acid load (PRAL) is one measure of acid-base load. It is calcu-
lated by taking into account the mineral and protein composition
of foods, the average intestinal absorption rates of nutrients,
sulfur metabolism, and urinary excretion of organic acids (21,
22).

The purpose of the present study was to investigate the cross-
sectional relation between a dietary measure of acid-base load
(PRAL), calcaneal broadband ultrasound attenuation (BUA; a
measure of bone density), and incident fracture risk in a general
population of men and women aged 42-82 y in the Norfolk area
of the United Kingdom. Second, because adequate intakes of
calcium and protein were shown to determine bone density, we
investigated whether a relation existed between intakes of cal-
cium and protein and the effect of dietary acid-base load (23–25).
Third, because different methods of calculating dietary acid-base
load are available, we wanted to compare the effect of different
methods of estimation, specifically the net rate of noncarbonic
endogenous acid production (NEAP) and the protein-to-
potassium ratio (protein:potassium), on BUA (4, 7).

SUBJECTS AND METHODS

Subjects

Approximately 25 000 men and women aged 40–79 y living in
the general community participated in a baseline examination in
Norfolk, United Kingdom, between 1993 and 1997 as part of the
European Prospective Investigation into Cancer (EPIC), a 10-
country collaboration on diet and cancer, and in the EPIC-
Norfolk study of other health outcomes (26). Between 1997 and
2000, men and women then aged 42–82 y were invited to attend
a second visit at which quantitative ultrasound measurements of
the calcaneum were conducted by trained nurses according to
standard protocols (27, 28).

All participants gave written informed consent and then were
asked to complete a self-administered food-frequency question-
naire (FFQ) and a detailed health and lifestyle questionnaire (29,
30). The FFQ was designed to estimate habitual intake during the
previous year, and nutrients were computed with the use of an
in-house program, the CAFE (Compositional Analyses from
Frequency Estimates) program (29). Ethical permission was
granted by the Norfolk and Norwich Ethics Committee.

History of fracture was established from the answers to the
question, “Has your doctor ever told you that you have any of the
following? ” The question was followed by a list of conditions
that included osteoporosis, hip fracture, wrist fracture after age
20 y, and vertebral fracture (spinal fractures). Participants were
followed for health events and the number of incident fractures
by site (hip, wrist, spine, and other). The number of incident
fractures was obtained between date of entry to the study (1997–
2000) and mid-2005 for participants admitted to the hospital with
the use of the unique National Health Service number by linking
to the East Norfolk Health Authority database (ENCORE),
which identifies all hospital contacts throughout England and
Wales for Norfolk residents.

Quantitative ultrasound scanning was used to measure BUA
and velocity of sound of the calcaneum with the use of the CUBA
clinical machine (McCue Ultrasonics, Winchester, United King-
dom) at least twice on each foot, as described elsewhere (27, 28).
Five machines were used, and each was calibrated daily with its
physical phantom and monthly with a roving phantom and on one

operator’s calcaneum. We previously examined the data for ev-
idence of systematic differences in temperature and machine by
using multivariate regression models of BUA on age, weight,
height, body mass index (BMI; in kg/m2), smoking habit, use of
hormone replacement therapy (HRT) for women, and previous
fracture history. We found that no further adjustments for tem-
perature, machine, or machine drift informed the fit of the data;
therefore, the data are presented unadjusted for temperature (27).
Height and weight were measured to the nearest 0.1 cm and 0.2
kg, respectively, while participants were wearing light clothing
and no shoes (26, 27).

The PRAL index was calculated by using individual nutrients
derived from the FFQ by using the following formula (22, 29):

PRAL (in mEq/d) � [(mg phosphorus/d � 0.0366)

� (g protein/d � 0.4888)] � [(mg potassium/d

� 0.0205) � (mg calcium/d � 0.0125)

� (mg magnesium/d � 0.0263)] (1)

The PRAL index was divided into sex-specific quintiles for anal-
ysis. Chloride and sodium are sometimes included in the PRAL
index but were excluded in these analyses because of their
equimolar content in dietary salt and because urine chloride and
sodium excretion concentrations are similar. The food types that
are the main contributors to the nutrients included in the PRAL
index were also derived from the FFQ.

Because previous studies also used other measures of acid-
base load and because it was indicated that protein:potassium is
the main determinant of PRAL, protein:potassium was calcu-
lated (protein g/d divided by potassium mEq/d), and renal net
acid excretion, hereafter referred to as NEAP, was also calculated
according to equations determined by Frassetto et al (7) (unad-
justed for energy). The analyses were repeated with the use of
these 2 measures, as in the following equation:

NEAP (in mEq/d) � 54.5 (g protein/mEq potassium)

� 10.2 (2)

Physical activity level was estimated by using a validated score
devised from a question about work-based and recreational phys-
ical activity. The scores represented physical activity levels de-
scribed as inactive, moderately inactive, moderately active, and
active (31).

We compared mean BUA in men and women in the different
quintiles of PRAL before and after adjustment for age, BMI,
smoking status, physical activity, and previously diagnosed os-
teoporosis and for HRT status in women; these factors were
previously established as having a significant relation to calca-
neal BUA within this population (27, 32). Men and women were
studied separately because we previously found important sex
differences in age-related bone loss in this population (21). Be-
cause the effect of acid-base load may be expected to differ
depending on adequate intakes of calcium and because protein
could also affect bone health independently of acid-base load, the
analyses were repeated and additionally adjusted for calcium and
protein. Analyses were also repeated and included adjustment for
total energy intake. We also repeated the analyses with the use of
velocity of sound. However, because the results did not differ
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substantially from those for BUA, only data for BUA are pre-
sented here.

Because the effect of HRT on bone density in postmenopausal
women is well established, the analyses were repeated after ex-
cluding women currently taking HRT and after adjustment for
total energy intake. Because a history of fracture is also known
to affect BUA, the analyses were repeated after the exclusion
of persons with a history of fracture. Mean PRAL was calcu-
lated according to incident fracture status and was adjusted for
age, BMI, total energy intake, previously diagnosed osteopo-
rosis, physical activity, and smoking status and (in women)
the use of HRT.

Intakes of nutrients and food types were stratified by quintiles
of PRAL. In the United Kingdom, the main sources of potassium
are potatoes and savory snacks, fruit and vegetables, and meat
and meat products (33). The main sources of magnesium are
cereals and cereal products, fruit and vegetables, and beverages
(33). The main sources of protein and phosphorus are meat and
meat products, milk and milk products, and cereals and cereal
products (33).

Statistical analysis

Statistical analyses were performed with STATA statistical
software (version 7.0; Stata Corp, College Station, TX). All
analyses were stratified by sex. Mean BUA, adjusted for covari-
ates, was calculated by analysis of covariance. Analysis of vari-
ance was used to test for differences among quintiles of PRAL for
all variables except physical activity, smoking, and HRT status,
for which chi-square tests were performed. Relative risks were
calculated with the use of single-variable and multivariate logis-
tic regressions.

In a further analysis to compare the relative magnitude of
effect of PRAL with other known osteoporotic risk factors, the

continuous variables were standardized and run in a multivari-
able regression. PRAL was analyzed by SD (z score), BMI by
3-unit groups, and age by 10-y groups. The inactive and moder-
ately active categories of exercise were compared with the mod-
erately active and active categories; current smoking was com-
pared with no smoking; and the use of HRT medication was
compared with no use of HRT medication.

To quantify the effects of dietary acid-base load on urinary
acid-base excretion, a further analysis of urine pH in a subsample
of 363 men and women aged 43–79 y was conducted with the use
of a pH meter (model 3310; Jenway, Dunmow, United Kingdom)
in 24-h urine collections. The pH was regressed against quintiles
of PRAL.

RESULTS

Bone ultrasound measurements and data from the FFQ were
available for 6375 men and 8188 women. There were 95 incident
fractures in men and 242 in women (Table 1).

Mean daily PRAL was significantly lower (ie, more alkaline)
in women than in men (P � 0.001) (Table 1). For each quintile
of PRAL, mean PRAL was more acidic in men than women, and
in men the CV was higher (men: 253%; women: 160%), which
indicated greater variability in values (Table 1). In men, increas-
ing PRAL was significantly associated with age (P � 0.01),
whereas, in women, it was significantly associated with physical
activity (P � 0.04) and use of HRT medication (P � 0.05). In
the substudy of PRAL and pH measured in 24-h urine, the �
was �0.08 units of pH per quintile of PRAL, which was signif-
icant (P � 0.001).

When classified by quintiles of PRAL, the trends for the nutrients
comprising PRAL and also NEAP and protein:potassium were sig-
nificant (P � 0.001) (Table 2). Men and women in the top quintile

TABLE 1
Characteristics of the population stratified by quintiles (Q) of potential renal acid load (PRAL) in 6375 men and 8188 women aged 42–82 y

PRAL

P for trend2All Q1 Q2 Q3 Q4 Q5

Men
n 6375 1275 1275 1275 1275 1275
Age (y) 62.9 � 9.03 62.0 � 9.0 62.9 � 8.9 62.9 � 8.9 63.4 � 9.2 63.4 � 9.0 � 0.01
BMI (kg/m2) 26.9 � 3.3 26.9 � 3.3 27.0 � 3.3 26.8 � 3.2 26.9 � 3.4 26.8 � 3.5 0.36
Current smokers [n (%)] 502 (7.9) 104 (8.2) 93 (7.3) 87 (6.8) 101 (7.9) 115 (9.0) 0.32
Physical activity 2.42 � 1.11 2.44 � 1.09 2.42 � 1.10 2.42 � 1.12 2.43 � 1.11 2.41 � 1.15 0.59
History of fractures [n (%)] 363 (7.7) 76 (6.0) 84 (6.6) 71 (5.6) 65 (5.1) 67 (5.3) 0.16
Incident fractures [n (%)] 95 (1.5) 24 (1.9) 13 (1.0) 16 (1.3) 21 (1.6) 21 (1.6) 0.94

Women
n 8188 1640 1639 1639 1639 1639
Age (y) 61.5 � 9.0 61.1 � 8.7 61.6 � 9.0 61.8 � 8.9 61.7 � 9.1 61.4 � 9.3 0.31
BMI (kg/m2) 26.5 � 4.4 26.5 � 4.3 26.3 � 4.3 26.6 � 4.2 26.6 � 4.4 26.6 � 4.6 0.28
Current smokers [n (%)] 652 (7.9) 153 (9.3) 125 (7.6) 126 (7.7) 121 (7.4) 126 (7.7) 0.11
Physical activity 2.32 � 1.04 2.39 � 1.04 2.31 � 1.03 2.33 � 1.06 2.28 � 1.01 2.32 � 1.06 0.04
Current HRT [n (%)] 1734 (21.1) 372 (22.7) 362 (22.1) 325 (19.8) 344 (21.0) 331 (20.2) 0.05
History of fractures [n (%)] 607 (7.4) 109 (6.7) 126 (7.7) 142 (8.7) 107 (6.5) 123 (7.5) 0.79
Incident fractures [n (%)] 242 (3.0) 51 (3.1) 52 (3.2) 53 (3.2) 44 (2.7) 42 (2.6) 0.23

1 PRALs were �101.28 to �14.07, �14.06 to �7.28, �7.27 to �1.60, �1.61–4.58, and 4.59–99.86 mEq/d in men and �119.71 to �16.27, �16.26 to
�9.73, �9.74 to �4.11, �4.12–1.66, and 1.67–68.18 mEq/d in women in Q1, Q2, Q3, Q4, and Q5, respectively.

2 Calculated with the use of ANOVA. P for trend was not calculated for quintiles of PRAL because this was the categorization variable. There was a
significant interaction between sex and all variables except for smoking behavior (P � 0.001).

3 x� � SD (all such values).
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of PRAL (most acidic) consumed approximately twice as much
meat, approximately one-quarter as much fish, and �40% more
cereals and cereal products than did those in the bottom quintile
(Table 3). Intakes of fruit and vegetables and of tea and coffee in the
top quintile of PRAL were �60% and �80%, respectively, of those

in the lowest quintile. Trends in intake of food types associated with
quintile of PRAL were significant (P � 0.001).

Mean (�SD) BUA was 90.0 � 17.5 dB/MHz in men and
72.1 � 16.5 dB/MHz in women. Mean BUA was analyzed in the
following 10-y age groups: 40–49 y (men: 92.9 � 17.3 dB/MHz;

TABLE 2
Intake of nutrients contributing to the potential renal acid load (PRAL) index and net rate of noncarbonic endogenous acid production (NEAP) and protein-
to-potassium ratio stratified by quintile (Q) of PRAL in 6375 men and 8188 women aged 42–82 y1

All Q1 Q2 Q3 Q4 Q52

Men
n 6375 1275 1275 1275 1275 1275
PRAL (mEq/d) �4.77 � 12.09 �21.65 � 7.64 �10.38 � 1.95 �4.36 � 1.63 1.36 � 1.79 11.17 � 7.37
Protein (g/d) 85.3 � 21.8 78.0 � 19.7 78.1 � 18.2 81.8 � 18.9 87.7 � 19.1 100.9 � 23.9
Phosphorus (mg/d) 1524 � 377 1471 � 368 1432 � 343 1469 � 346 1538 � 358 1709 � 401
Calcium (mg/d) 1049 � 298 1033 � 310 1002 � 284 1024 � 280 1057 � 288 1127 � 312
Magnesium (mg/d) 346 � 91 378 � 91 338 � 83 331 � 88 332 � 89 349 � 95
Potassium (mg/d) 3904 � 897 4430 � 967 3880 � 797 3736 � 814 3700 � 828 3775 � 860
NEAP (mEq/d) 46.9 � 9.1 35.3 � 4.4 41.8 � 2.7 46.5 � 2.5 51.5 � 2.8 59.4 � 6.3
Protein:potassium 1.0 � 0.2 0.8 � 0.1 1.0 � 0.0 1.0 � 0.0 1.1 � 0.1 1.3 � 0.1

Women
n 8188 1638 1638 1637 1638 1637
PRAL (mEq/d) �7.61 � 12.18 �24.89 � 9.75 �12.77 � 1.88 �6.85 � 1.59 �1.33 � 1.65 7.81 � 5.89
Protein (g/d) 81.6 � 20.7 75.2 � 20.4 76.2 � 18.3 79.3 � 18.7 82.7 � 18.6 94.8 � 21.0
Phosphorus (mg/d) 1462 � 360 1423 � 373 1397 � 329 1430 � 346 1455 � 342 1604 � 371
Calcium (mg/d) 998 � 288 1002 � 305 969 � 267 987 � 281 987 � 275 1046 � 304
Magnesium (mg/d) 337 � 87 370 � 93 336 � 79 327 � 84 319 � 81 333 � 88
Potassium (mg/d) 3887 � 917 4463 � 1065 3910 � 786 3757 � 810 3623 � 810 3679 � 828
NEAP (mEq/d) 44.8 � 8.9 33.4 � 4.8 40.0 � 2.9 44.4 � 2.5 49.0 � 2.4 57.0 � 5.8
Protein:potassium 1.0 � 0.2 0.8 � 0.1 0.9 � 0.1 1.0 � 0.0 1.1 � 0.0 1.2 � 0.1

1 PRALs were �101.28 to �14.07, �14.06 to �7.28, �7.27 to �1.60, �1.61–4.58, and 4.59–99.86 mEq/d in men and �119.71 to �16.27, �16.26 to
�9.73, �9.74 to �4.11, �4.12–1.66, and 1.67–68.18 mEq/d in women in Q1, Q2, Q3, Q4, and Q5, respectively.

2 P for trend � 0.001 between Q1 and Q5 of PRAL all nutrients and for NEAP and protein:potassium. There was a significant interaction between sex and
all variables except potassium (P � 0.001).

3 x� � SD (all such values).

TABLE 3
Intake of selected food types stratified by quintile (Q) of potential renal acid load (PRAL) in 6375 men and 8188 women aged 42–821

All Q1 Q2 Q3 Q4 Q5

Men
n 6375 1275 1275 1275 1275 1275
Meat and meat products (g/d) 98 � 522 73 � 40 82 � 38 92 � 41 106 � 42 138 � 663

Dairy foods (g/d) 425 � 182 408 � 191 414 � 180 422 � 173 432 � 177 449 � 1863

Eggs (g/d) 13 � 13 10 � 9 11 � 10 12 � 12 14 � 13 17 � 173

Fish (g/d) 37 � 26 34 � 24 34 � 22 35 � 23 38 � 24 44 � 323

Fruit and vegetables (g/d) 417 � 219 572 � 297 428 � 192 387 � 171 365 � 164 332 � 1583

Cereals and cereal products (g/d) 291 � 136 250 � 119 262 � 112 283 � 132 309 � 132 352 � 1573

Tea and coffee (g/d) 1068 � 381 1222 � 432 1111 � 377 1050 � 342 1005 � 339 954 � 3493

Women
n 8188 1638 1638 1637 1638 1637
Meat and meat products (g/d) 91 � 49.0 65 � 41 77 � 40 86 � 41 98 � 41 129 � 543

Dairy foods (g/d) 413 � 176 405 � 184 403 � 166 415 � 177 416 � 171 427 � 1783

Eggs (g/d) 11 � 11 9 � 9 10 � 10 10 � 9 11 � 10 14 � 153

Fish (g/d) 38 � 26 35 � 26 36 � 24 38 � 25 39 � 25 45 � 293

Fruit and vegetables (g/d) 514 � 260 725 � 351 537 � 211 479 � 202 429 � 180 400 � 1743

Cereals and cereal products (g/d) 256 � 118 226 � 107 235 � 101 252 � 113 264 � 115 304 � 1343

Tea and coffee (g/d) 1041 � 385 1202 � 428 1090 � 372 1034 � 355 972 � 345 909 � 3533

1 PRALs were �101.28 to �14.07, �14.06 to 7.28, �7.27 to �1.60, �1.61–4.58, and 4.59–99.86 mEq/d in men and �119.71 to �16.27, �16.26 to
�7.73, �9.74 to �4.11, �4.12–1.66, and 1.67–68.18 mEq/d in women for Q1, Q2, Q3, Q4, and Q5, respectively.

2 x� � SD (all such values).
3 P for trend �0.001 (ANOVA).
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women: 81.7 � 15.8 dB/MHz), 50 –59 y (men: 91.0 �
17.3 dB/MHz; women: 78.3 � 15.2 db/MHz), 60–69 y (men:
89.9 � 17.1 dB/MHz; women: 70.0 � 14.9 dB/MHz), and �70
y (men: 88.6 � 18.2 dB/MHz; women: 62.2 � 15.0 dB/MHz).
Because little difference was observed after adjustment for en-
ergy intake, results are presented unadjusted for energy intake,
except for those presented in Figure 1. No relation was observed

between PRAL and BUA either before or after adjustment for
covariates in men (Table 4). However, in women, a significant
trend was observed between BUA and PRAL (ie, a more acidic
dietary intake was associated with a lower BUA), which re-
mained significant after adjustment for age and other covariates
(Table 4). A 2.1% difference in BUA was observed between
quintiles 1 and 5 of PRAL in women in the fully adjusted model.
When women taking HRT were excluded from the analyses, the
results did not differ significantly (Figure 1).

In men, no relation was observed between PRAL and history
of fracture or incident fracture risk, but, in women, a nonsignifi-
cantly lower risk was observed between increasing quintiles of
PRAL and incident fracture, after exclusion of those women with
a history of fracture (Table 4). Mean PRAL according to
incidence of fracture, after adjustment for covariates, was
�8.75 mEq/d in female subjects with fractures and �7.59
mEq/d in female control subjects (P for difference � 0.20)
and �4.83 mEq/d in male subjects with fractures and �4.77
mEq/d in male control subjects (P � 0.96).

When the analyses were repeated with NEAP and protein:
potassium, the results did not differ significantly (data not
shown). The correlation between the different measures of acid-
base load was 0.93 (P � 0.001) for the relation between PRAL
and protein-potassium and for that between PRAL and NEAP.

In the comparative regression analysis that used standardized
variables all variables except smoking status were significant in
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FIGURE 1. Relation of broadband ultrasound attenuation (BUA) by
quintile (Q) of dietary potential renal acid load (PRAL) in all women after
exclusion of women taking hormone replacement therapy. x� � SD BUA was
70.9 � 0.30 dB/MHz (Q1), 70.6 � 0.21 dB/MHz (Q2), 70.2 � 0.17 dB/MHz
(Q3), 69.8 � 0.21 dB/MHz (Q4), and 69.5 � 0.30 dB/MHz (Q5); P � 0.003
with dietary PRAL for all women (n � 6455) after adjustment for age, BMI,
physical activity, diagnosed osteoporosis, smoking status, and energy intake.

TABLE 4
Calcaneum broadband ultrasound attenuation (BUA) stratified by quintile (Q) of potential renal acid load (PRAL) in 6375 men and 8188 women aged 42–
82 y, adjusted for age, BMI, physical activity, and smoking status and for hormone replacement therapy (HRT) status in women1

PRAL
P for
trend2Q1 Q2 Q3 Q4 Q5

Men
BUA (dB/MHz)3 90.0 � 17.6 89.7 � 17.2 90.4 � 17.4 90.1 � 17.7 89.9 � 17.9 0.89

Model 14,5 89.9 � 0.38 90.0 � 0.27 90.1 � 0.22 90.1 � 0.27 90.2 � 0.38 0.58
Model 24,6 89.4 � 0.40 89.7 � 0.27 90.0 � 0.22 90.4 � 0.27 90.7 � 0.40 0.068

History of fractures 1.0 1.11 (0.81, 1.53)7 0.93 (0.67, 1.30) 0.85 (0.60, 1.19) 0.88 (0.63, 1.23) 0.14
Model 15 1.0 1.10 (0.80, 1.51) 0.92 (0.66, 1.29) 0.83 (0.59, 1.17) 0.86 (0.62, 1.21) 0.14

Incident fractures 1.0 0.54 (0.27, 1.06) 0.66 (0.35, 1.25) 0.87 (0.48, 1.58) 0.87 (0.48, 1.58) 0.88
Model 15 1.0 0.52 (0.26, 1.03) 0.65 (0.34, 1.23) 0.84 (0.46, 1.51) 0.84 (0.46, 1.51) 0.99
Model 38 1.0 0.46 (0.22, 0.95) 0.63 (0.33, 1.21) 0.75 (0.40, 1.40) 0.85 (0.46, 1.57) 0.97

Women
BUA (dB/MHz)3 73.2 � 16.5 72.4 � 16.2 72.1 � 16.4 71.5 � 16.7 71.5 � 16.6 � 0.001

Model 14,5 72.9 � 0.27 72.5 � 0.19 72.1 � 0.16 71.7 � 0.19 71.3 � 0.27 � 0.001
Model 26 72.8 � 0.28 72.5 � 0.20 72.1 � 0.16 71.8 � 0.20 71.4 � 0.28 0.004

History of fractures 1.0 1.17 (0.90, 1.53) 1.33 (1.03, 1.73) 0.98 (0.74, 1.29) 1.14 (0.87, 1.49) 0.99
Model 1

5
1.0 1.13 (0.86, 1.48) 1.28 (0.98, 1.67) 0.92 (0.59, 1.17) 1.09 (0.62, 1.21) 0.90

Incident fractures 1.0 1.02 (0.69, 1.51) 1.04 (0.70, 1.54) 0.86 (0.57, 1.29) 0.82 (0.54, 1.24) 0.23
Model 15 1.0 0.97 (0.65, 1.43) 0.98 (0.66, 1.45) 0.81 (0.53, 1.22) 0.77 (0.51, 1.17) 0.14
Model 38 1.0 0.86 (0.56, 1.34) 0.88 (0.57, 1.37) 0.90 (0.58, 1.38) 0.59 (0.36, 0.97) 0.08

1 PRALs were �101.28 to �14.07, �14.06 to �7.28, �7.27 to �1.60, �1.61–4.58, and 4.59–99.86 mEq/d in men and �119.71 to 16.27, �16.26 to
�9.73, �9.74 to �4.11, �4.12–1.66, and 1.67–68.18 mEq/d in women in Q1, Q2, Q3, Q4, and Q5, respectively.

2 P for trend calculated with use of ANOVA. Sex � BUA, sex � history of fractures, and sex � incident fractures interactions were significant (P � 0.001).
3 All values in row are x� � SD (except P value).
4 All values in row are x� � SE (except P value).
5 Adjusted for age, BMI, physical activity, previously diagnosed osteoporosis, and smoking status and for HRT status in women.
6 Adjusted for age, BMI, physical activity, previously diagnosed osteoporosis, calcium, protein intake, and smoking status and for HRT status in women.
7 Odds ratio; 95% CIs in parentheses (all such values).
8 Excluded persons with history of fractures and adjusted for age, BMI, physical activity, and smoking status and for HRT status in women (n � 6018 men;

n � 7588 women).
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women (Table 5). Age and the use of HRT were the variables
most strongly associated with BUA in women, followed by BMI,
physical activity, smoking status, and PRAL, whereas, in men,
the effects were all much smaller but differed significantly from
those in women for age and BMI.

DISCUSSION

In the present study, we found a significant negative associa-
tion between a more acidic diet (more positive PRAL) and cal-
caneal BUA in women but not in men. We found no association
with history of fracture or incident fracture in either men or
women. To our knowledge, the present study is the first large
population-based study of dietary acid-base load in men and
premenopausal and postmenopausal women.

PRAL is a measure of the relative consumption of foodstuffs
supplying the nutrients included in the acid load. The foods
contributing the most to the acid load are meat, fish, milk and
milk products, and eggs; cereal grains and foods are also main
contributors (34). In the present study, there were significant
(P � 0.001) trends of all food groups with PRAL, with higher
intakes of meat, fish, eggs, and cereal and cereal products and
lower intakes of fruit and vegetables, tea, and coffee between the
highest quintile of PRAL and the lowest.

Mean PRAL was more alkaline in our study (3.68 � 10.51
mEq/d; range: �46.2–84.9 mEq/d) than in another UK study
(�7.60 mEq/d; range: �119.71–68.18 mEq/d; (35). The PRAL
index does not include the contribution from organic acids, and,
in populations with relatively alkaline intake, organic acids could
be more important (13). However, because organic acids are
calculated from body size and because BMI is the main deter-
minant of BUA, we wanted to determine the effect of dietary
acid-base load independent of body weight. Although the diet in
the present study was more alkaline than that in another UK
study, our average estimate of NEAP was 46 mEq/d, which is
similar to that in the United States (48 mEq/d) (34).

The size of association between BUA and dietary acid-base
load in women between quintiles 1 and 5 of PRAL—the most
alkaline and most acidic, respectively—was �2% after adjust-
ment for known factors that affect BUA (ie, BMI, age, smoking
status, exercise behaviors, previously diagnosed osteoporosis,
and use of HRT medication in women) and after exclusion of
subjects taking HRT medication and subjects with a history of

fracture. When protein and calcium intakes were accounted for,
there was little difference in the results. However, compared with
other known risk factors, the effect of PRAL is small. In addition,
no association was found with either a history of fracture or
incident fracture.

The magnitude of the associations found are similar to those in
another UK study, in which a 2–4% reduction in lumbar spine
and hip bone density between quartiles 1 and 4 of dietary NEAP
was found (1056 premenopausal and perimenopausal women
aged 45–54 y) (19). In further analyses of premenopausal, peri-
menopausal, and postmenopausal women, no significant differ-
ence was observed in the bone mineral density of the lumbar
spine or femoral neck with NEAP; however, in menstruating
women, significant associations were observed with energy-
adjusted NEAP at the femoral neck (P � 0.04) and with NEAP
(P � 0.026) and energy-adjusted NEAP (P � 0.014) at the
lumbar spine (18). In a study with children aged 6–18 y, those
with a higher PRAL had significantly less cortical area (P �
0.05) and bone mineral content (P � 0.01) after adjustment for
protein intake (20). PRAL accounted for 2% of the variation in
bone indexes.

The correlations between the different dietary indexes of
acidity—PRAL, NEAP, and protein:potassium—were high and
were similar to those in another study (35). The results of anal-
yses with the use of these indexes also did not differ signifi-
cantly, which indicated that they capture the same elements of
dietary acid-base load.

We found no association between dietary intake of PRAL and
BUA in men in this population. It is well documented that bone
density and BUA decrease with age in women. Although our
previous study confirmed these findings in women, we found
only small age-related differences in BUA in men (27, 36–43).
Why women should be more sensitive than men to the effects of
dietary acid load remains an open question. Bone loss in women
is related to reduced production of circulating estrogen during
and after menopause. It is possible that the effects of mild met-
abolic acidosis induced by diet could interact with the effects of
estrogen withdrawal in women. Although the relation between
PRAL and BUA in women was small, because there is an age-
related decline in renal function that leads to development of
low-grade diet-dependent metabolic acidosis, the effect of ex-
cess dietary acid could have a greater effect as people age (44).

TABLE 5
Mean calcaneum broadband ultrasound attenuation regression with age, BMI, smoking status, physical activity level, and potential renal acid load (PRAL)
and (for women) use of hormone replacement therapy (HRT) in 6375 men and 8188 women aged 42–82 y

Men Women

� 95% CI P � 95% CI P

Age (per 10-y group) �1.46 �1.89, �0.92 �0.001 �7.601 �7.96, �7.24 �0.001
BMI (per 3-unit group) 1.67 �1.28, 2.06 �0.001 3.111 2.90, 3.33 �0.001
Smoking (yes or no) �2.39 �3.98, �0.79 0.003 �1.02 �2.16, 0.11 0.078
Physical activity2 0.65 �0.22, 1.52 0.14 0.80 0.17, 1.44 0.013
PRAL (per SD)3 �0.06 �0.49, 0.37 0.78 �0.49 �0.80, �0.18 0.002
HRT (yes or no) 5.56 4.79, 6.32 �0.001

1 Women were significantly different from men (P � 0.001).
2 Inactive and moderately active compared with moderately active and active physical activity.
3 SD � 12.2 mEq/d (z score).
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The present study has several limitations. The cross-sectional
associations limit the causal inferences that can be made, al-
though there are biologically plausible mechanisms for the rela-
tion between dietary acid load and bone metabolism. It is unlikely
that persons with different bone measures across the normal
range would change their dietary intake. Of course, we cannot
exclude confounding, although the associations in women were
independent of known factors that influence bone health, such as
smoking and BMI. The study could have lacked power to detect
associations or could have underestimated any associations be-
cause of measurement errors in assessment of diet and bone
health or because of the range of dietary intake or bone measures.
Measurements with BUA were made of the calcaneum and not of
the spine or hip. Nevertheless, previous associations with known
osteoporotic risk factors and increased risk of incident fracture
with BUA were shown in this population (27, 28). As with other
studies reporting associations, we used an FFQ to measure diet;
in a substudy, we found significant relations with PRAL and
urinary pH, which indicated that the dietary measurement re-
flects the acid-base balance in the body.

Evidence that mild metabolic acidosis is detrimental to bone
health has been available for some time (3, 4, 8, 45, 46), although
the present study is the largest population study to show an
association between a more acidic dietary load and bone health in
women. Our findings concur with previous small-scale human
intervention and animal studies that found measurable effects of
dietary interventions designed to modify the acid-base load on
measures of blood and urine pH and bone turnover (5, 8, 16, 17).
Supplementation studies with alkaline salts have found effects on
markers of bone turnover and urinary pH and net acid excretion
(8, 16, 47). In addition, animal and in vitro studies have eluci-
dated the mechanisms for the effect of metabolic acidosis on
bone metabolism (10–12, 45, 48, 49) and have also established
that metabolic—not respiratory—acidosis is responsible for the
effect of modified (blood) pH on bone cells and that this effect is
mediated by prostaglandin E2 (12, 49).

In conclusion, we found that a more acidic PRAL was asso-
ciated with a significantly lower calcaneal BUA in women but
not in men. We also found no evidence that risk of history of
fracture or incident fracture was affected in either men or women.
Although the association in women was independent of other
known factors that influence bone, the magnitude of these asso-
ciations was relatively small compared with other known risk
factors. However, longitudinal studies are required to establish
whether, in the long term, these small effects are important to
overall fracture risk in populations.
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Fish consumption, n�3 fatty acids, and subsequent 5-y cognitive
decline in elderly men: the Zutphen Elderly Study1–4

Boukje Maria van Gelder, Marja Tijhuis, Sandra Kalmijn, and Daan Kromhout

ABSTRACT
Background: Indications have been seen of a protective effect of
fish consumption and the intake of n�3 fatty acids on cognitive
decline. However, studies are scarce and results inconsistent.
Objective: The objective of the study was to examine the associa-
tions between fish consumption, the intake of the n�3 fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
from fish and other foods, and subsequent 5-y cognitive decline.
Design: Data on fish consumption of 210 participants in the Zutphen
Elderly Study, who were aged 70–89 y in 1990, and data on cogni-
tive functioning collected in 1990 and 1995 were used in the study.
The intake of EPA and DHA (EPA�DHA) was calculated for each
participant. Multivariate linear regression analysis with multiple
adjustments was used to assess associations.
Results: Fish consumers had significantly (P � 0.01) less 5-y sub-
sequent cognitive decline than did nonconsumers. A linear trend was
observed for the relation between the intake of EPA�DHA and
cognitive decline (P � 0.01). An average difference of �380 mg/d
in EPA�DHA intake was associated with a 1.1-point difference in
cognitive decline (P � 0.01).
Conclusions: A moderate intake of EPA�DHA may postpone cog-
nitive decline in elderly men. Results from other studies are needed
before definite conclusions about this association can be
drawn. Am J Clin Nutr 2007;85:1142–7.

KEY WORDS Fish, n�3 fatty acids, cognition, elderly

INTRODUCTION

Dementia and Alzheimer disease are preceded by a progres-
sive degenerative cognitive decline. Evidence is accumulating
that fish consumption and the intake of the n�3 polyunsaturated
fatty acids (PUFAs) eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) may protect against dementia and Alz-
heimer disease (1–3). Most epidemiologic studies suggested a
protective effect of fish or n�3 PUFAs, but one did not (4).

Less evidence with respect to cognitive functioning is avail-
able. A cross-sectional analysis of a Dutch study showed that
both fish consumption and EPA�DHA intake were inversely
associated with cognitive impairment in middle-aged men and
women (5). In the Zutphen Elderly Study (6), fish consumption
tended to be inversely associated with cognitive impairment and
with 3-y cognitive decline, although the results were not signif-
icant after multiple adjustments [odds ratio (OR): 0.63; 95% CI:
0.33, 1.21 and OR: 0.45; 95% CI: 0.17, 1.16]. In addition, the
intake of n�3 PUFAs was not related to cognitive impairment or
cognitive decline. The Canadian Study of Health and Aging also

did not find a protective effect of n�3 PUFAs in plasma on
cognitive decline or on dementia after a 5-y follow-up (7). The
Chicago Health and Aging Project showed that fish consumption
was associated with less cognitive decline, but no evidence was
found for an association between the intake of n�3 fatty acids
and the rate of cognitive decline (8).

Several mechanisms have been suggested for the association
between n�3 fatty acids and cognitive functioning. n�3 Fatty
acids have antiinflammatory and cardiovascular protective ef-
fects (9) and may therefore reduce the risk of atherothrombotic
complications such as stroke (10) and subsequent cognitive de-
cline. Furthermore, n�3 fatty acids may improve the composi-
tion of cell membranes and therefore stimulate the development
and regeneration of nerve cells (11).

EPA and DHA are frequently called fish fatty acids. However,
recent results of fatty acid analysis showed that these n�3 fatty
acids are present not only in fish and seafood but also in other
animal foods, such as meat and eggs, and in plant foods, such as
leek and cereal-based products (12). To study the association
between the intake of n�3 fatty acids and cognitive decline, it is
necessary also to take into account the intake of n�3 fatty acids
in foods other than fish and seafood.

This prospective cohort study used longitudinal data and was
focused on changes in cognitive functioning. New data recently
became available on the content of EPA and DHA in fish and
seafood and in other animal foods and plant foods. On the basis
of these new data, we calculated the EPA�DHA content of the
diet consumed by the participants in the Zutphen Elderly Study
in 1990 and 1995, in order to examine both the association be-
tween fish consumption and cognitive decline and that between
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the intake of EPA�DHA from different foods and cognitive
decline.

SUBJECTS AND METHODS

Study population

The Zutphen Elderly Study is a prospective cohort study of
men born between 1900 and 1920 who lived in Zutphen, a town
in the eastern part of the Netherlands. In 1985, 939 elderly men
were examined (response rate: 74%); in 1990 and 1995,
follow-up examinations in which information was collected on
cognitive functioning were carried out. In 1990, 556 men aged
70–89 y participated in the survey (response rate: 77%); in 1995,
307 of those 556 men, then aged 75–94 y, participated. Because
poor health status at baseline may influence both cognitive func-
tioning and food consumption, we selected men without myo-
cardial infarction, stroke, diabetes, or cancer at baseline (n �
228). Complete information on possible confounding factors was
available for 210 men.

Written informed consent was obtained from all participants.
The Zutphen Elderly Study was approved by the Medical Ethics
Committee of the University of Leiden (Leiden, Netherlands).

Dietary intake assessment

Information about habitual food consumption was collected in
1990 by using the cross-check dietary history method (13), which
is reproducible (13) and valid (14). Spearman correlation coef-
ficient for fish consumption in 1990 and 1995 was 0.62 and that
for the intake of EPA�DHA was 0.47.

Dietitians interviewed the participants in their homes with
respect to their usual food-consumption patterns. A checklist
providing information on the frequencies and quantities of foods
consumed during the previous 2–4 wk was used to verify the
participants’ food-consumption patterns. Total fish consumption
per day was calculated by adding the amount of different types of
fish. Energy, fatty acid, and antioxidant (vitamins C and E and
�-carotene) intakes for each participant were calculated with the
use of the computerized version of the Dutch Food Composition
Table (15). The fatty acid content of the foods consumed was
estimated for each participant. For EPA and DHA, we used
recently available data on the content of these fatty acids not only
in fish and seafood but also in other animal foods (eggs and meat)
and in plant foods (vegetables and cereal-based products) (12).

Assessment of cognitive functioning

The Mini-Mental State Examination (MMSE) was used in
1990 and 1995 as a screening test to assess global cognitive
functioning (16); it includes questions on orientation to time and
place, registration, attention and calculation, recall, language,
and visual construction. The maximum score is 30 points, and a
higher score indicates better cognitive functioning. If a subject
did not answer �4 individual items (of a total of 20), the total
MMSE score was considered missing. If �4 items were missing,
these items were rated as errors and a total MMSE score was
calculated (17). Originally, the MMSE was created for clinical
use, but it is now used extensively in epidemiologic studies, has
a good test-retest reliability, and is a valid indicator of cognitive
functioning (18–20).

Other measurements

Demographic, lifestyle, and other information was obtained
with standardized questionnaires in 1990. Education was as-
sessed as the number of years of education. Subjects’ smoking
status was categorized as current smokers and nonsmokers and
their alcohol consumption as alcohol users and nonusers. Phys-
ical activity was assessed by a validated questionnaire especially
designed for retired men and categorized into quartiles (21).
Depressive symptoms were measured with a Self-rating Depres-
sion Scale (SDS) developed by Zung (22). A value of �50 was
used to indicate the presence of depressive symptoms (yes or no).
Information about the prevalence of myocardial infarction,
stroke, diabetes, and cancer was collected by standardized ques-
tionnaires (yes or no) and validated by hospital registries, infor-
mation obtained from general practitioners, or both.

Statistical analysis

Differences in baseline variables among different categories
of fish consumers were evaluated by using the Kruskal-Wallis
test for skewed variables, and analysis of variance was used for
normally distributed continuous variables. Categorical data were
tested for differences with the chi-square test. EPA�DHA intake
is highly correlated (Spearman correlation coefficient: 0.88);
therefore, we used the sum of EPA and DHA in the analyses.

To investigate fish consumption as well as the intake of
EPA�DHA in 1990 in relation to cognitive functioning and
cognitive decline, different multivariate linear regression models
were used. Fish consumption (yes or no and classes of 0, �0–20,
and �20 g/d) and the intake of EPA�DHA (in tertiles of 0–56,
�56–148, and �148 mg/d) in 1990 were entered as class vari-
ables into the model, and the outcome variables baseline cogni-
tive functioning and 5-y cognitive decline (MMSE 1995 �
MMSE 1990), which were used singly in the different analyses,
were treated as continuous variables. Dose-response relations
were tested for trend by using a linear regression model.

Adjustments were made for the well-known confounding fac-
tors age and education (23). Because fish consumption may be
associated with a healthier lifestyle, we also adjusted for energy
intake, alcohol consumption, smoking status, and physical ac-
tivity. In longitudinal analyses, we adjusted for baseline cogni-
tive functioning because the level of baseline cognitive function-
ing may influence cognitive decline. Additional adjustments
were made for dietary antioxidants on the assumption that fish
consumers are more likely than are fish nonconsumers to follow
a healthy diet rich in fruit and vegetables (24). Dietary antioxi-
dants may protect against cognitive decline by scavenging free
radicals. Furthermore, a low intake of unsaturated fatty acids may
be associated with a high intake of trans fatty acids, which are
associated with a greater risk of Alzheimer disease (25). There-
fore, we also adjusted for these fatty acids. Because depression
may be associated with both fish consumption and cognitive
functioning, we adjusted for depressive symptoms (24). Finally,
to reduce reporting bias due to impaired cognitive functioning,
we excluded participants with an MMSE score �24 (impaired
cognition; 20) in 1990 (n � 25).

All statistical analyses were carried out with SAS software
(version 9.1; SAS Institute Inc, Cary, NC). A 2-sided P value of
�0.05 was considered significant.
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RESULTS

In 1990, 24% of the participants did not consume fish, 41%
consumed between �0 and 20 g fish/d, and 35% consumed �20
g fish/d. Fish consumption in the current study consisted of lean
fish (67%; raw lean fish contains �12 g fat), fatty fish (32%; raw
fatty fish contains �12 g fat), and crustacean and shellfish (1%).

Overall, few differences were found in characteristics and
daily nutrient intakes between men in the different categories of
fish consumption (Table 1). Men who did not consume fish were
the oldest and had the fewest years of education. Men who did not
consume fish had an average EPA�DHA intake of 15 mg/d
because of the small amounts of these fatty acids in animal foods
other than fish and in plant foods.

Some men did not participate in the current study because they
died before 1995, they did not respond in 1995, or they had poor
health status or missing values in 1990. These men overall were
older, had fewer years of education, had lower baseline cognitive
test scores, were less physically active, and had a lower percent-
age of alcohol users than did the men who participated. These non-
participants also had lower fish consumption and EPA�DHA in-
take in 1990 than did men who participated in the current study (data
not shown).

In the 210 men with complete information, cognitive func-
tioning in 1990 did not differ between those who consumed or did
not consume fish in 1990, after adjustment for age, education,
alcohol consumption, smoking status, physical activity, and en-
ergy intake (Figure 1). However, men who did not consume fish
had a subsequent cognitive decline of 1.2 points, which was 4
times the decline in men who consumed fish (P � 0.01).

Cognitive functioning in 1990 did not differ among the cate-
gories of fish consumers (Table 2). However, the decline in
cognitive functioning was 1.0 point stronger in men who did not
than in those who did consume fish.

No differences in cognitive functioning were found in 1990
among the tertiles of EPA�DHA intake (Table 3). However, a
dose-response relation was noted between tertiles of EPA�DHA
intake and 5-y cognitive decline (P � 0.01). The difference in
cognitive decline between the highest and the lowest tertiles of
EPA�DHA intake was 1.1 points.

Additional adjustments for the intakes of trans fatty acids and
antioxidants and for depressive symptoms did not attenuate our
results. The exclusion of men with impaired cognitive function-
ing (MMSE score � 24) in 1990 also did not change the results.

DISCUSSION

This study showed that fish consumption in older men was
associated with less subsequent 5-y cognitive decline than was no
fish consumption. Furthermore, a dose-response relation was
noted between the combined intake of the n�3 fatty acids EPA
and DHA and cognitive decline, which suggests that a higher
intake of EPA�DHA was associated with less cognitive decline.

The strengths of the current study are its prospective
population-based design, the availability of detailed information
on n�3 fatty acids, the ability to adjust for multiple possible
confounding factors, and the availability of repeated measure-
ments of cognitive functioning. The study has also limitations.

TABLE 1
Baseline characteristics and daily nutrient intakes of 210 healthy men aged 70–89 y according to fish consumption in 19901

Characteristic

Fish consumption

P2
0 g/d

(n � 51)
�0–20 g/d
(n � 86)

�20 g/d
(n � 73)

Age (y) 76.1 	 4.53 75.8 	 4.3 74.1 	 3.9 �0.01
MMSE score4 26.1 	 2.4 26.3 	 2.2 26.7 	 2.0 0.30
Education (y) 9.6 	 3.3 11.1 	 4.2 11.5 	 4.7 0.04
Physical activity (min/wk) 570.8 	 358.2 696.4 	 668.1 541.4 	 337.2 0.65
Alcohol consumers (%) 71 78 85 0.16
Current smoker (%) 9 24 18 0.10
Depressive symptoms (%)5 6 1 1 0.16
Energy intake (MJ/d) 8.8 	 1.8 8.9 	 1.9 9.1 	 2.0 0.82
Total fat (g) 88.2 	 25.8 91.3 	 28.1 92.4 	 29.7 0.88
Saturated fat (g) 37.9 	 13.3 39.6 	 12.9 37.7 	 13.5 0.39
Monounsaturated fatty acid (g) 31.7 	 8.6 32.2 	 10.6 33.1 	 10.9 0.95
trans Fatty acid (g) 7.2 	 3.4 6.1 	 3.2 6.7 	 4.1 0.14
Polyunsaturated fatty acid (g) 15.7 	 8.5 16.4 	 9.5 18.2 	 9.0 0.11
Linoleic acid (g) 13.4 	 8.7 14.1 	 9.3 15.4 	 8.7 0.19
�-Linolenic acid (g) 1.1 	 3.2 1.1 	 3.7 1.2 	 5.8 0.29
EPA and DHA (mg) 14.7 	 11.1 126.1 	 103.0 346.8 	 291.0 �0.001
Vitamin C (mg/d) 95.9 	 45.9 102.3 	 63.4 94.9 	 44.8 0.98
Vitamin E (mg/d) 9.5 	 8.2 14.0 	 25.1 10.4 	 7.8 0.38
�-Carotene (mg/d) 2.2 	 1.2 2.0 	 1.3 2.1 	 1.4 0.64

1 MMSE, Mini-Mental State Examination; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
2 Based on Kruskal-Wallis test, ANOVA, or chi-square test.
3 x� 	 SD (all such values).
4 Cognitive functioning measured with the MMSE (range: 0–30).
5 Depressive feelings measured with the Self-rating Depression Scale (range: 25–100) developed by Zung (21). A value of �50 was used to indicate the

presence of depressive symptoms; n � 49, 86, and 71 for the 0, �0–20, and �20 g/d groups, respectively.
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Selection bias due to death and nonresponse could have influ-
enced the results. However, that bias would probably have led
only to an underestimation of the strength of the associations,
because the men who dropped out of the current study consumed
less fish and had a lower intake of EPA�DHA and lower cog-
nitive test scores.

Bias due to cognitive impairment in 1990 could have influ-
enced our results, because men with an impaired cognition could
have changed their dietary habits or they may have given impre-
cise information about their actual food consumption. To reduce
this differential misclassification, we also excluded men who
were cognitively impaired (MMSE score � 24) in 1990 (20). The
results did not change after the exclusion of these men. There-
fore, differential misclassification was not a major problem in the
current study. Although we adjusted for many possible con-
founding factors, we cannot exclude residual confounding by
risk factors that we did not measure.

Because multiple measurements of cognitive functioning
were available, we were able to investigate associations for both
cognitive impairment and cognitive decline. The results of the
current study show that fish consumption and EPA�DHA intake
are not significantly related to cognitive impairment but are sig-
nificantly related to cognitive decline. This finding emphasizes
the importance of repeated measures of cognitive functioning.
Because the MMSE is a screening test that assesses overall cog-
nitive functioning, we recommend that future studies include a
more extensive battery of cognitive tests to obtain information
about different cognitive domains.

Only a few studies have investigated the relations between fish
consumption and the intake of n�3 fatty acids and cognitive
decline. Results of the current study differ from earlier results of
the Zutphen Elderly Study, in which no clear inverse association
between fish consumption and 3-y cognitive decline could be
shown (6). In the current study, we observed a strong inverse
association between the EPA�DHA intake and cognitive de-
cline. Possible explanations for the discrepancy between the
earlier results of the Zutphen Elderly Study and the current find-
ings could be the longer follow-up period in the current study and
the availability of data on the EPA and DHA content of animal
and plant foods in addition to fish and seafood. However, in the
Canadian Study of Health and Aging, an inverse relation between
n�3 PUFA in plasma (an indicator of the total dietary intake of
EPA�DHA) and cognitive decline was not found (7). The Chi-
cago Health and Aging Project showed that fish consumption but
not the intake of n�3 fatty acids (from different food items) was
associated with less cognitive decline (8).

Although fish is the major source of the EPA and DHA con-
sumed (71%), these fatty acids are also contained in other foods,
such as meat (20%), eggs (6%), and plant foods (such as leek and
cereal-based products; 3%) (12). In the past few years, several
foods have been enriched with n�3 fatty acids because of the
suggested positive effect of these n�3 fatty acids on health.
Therefore, information on the EPA and DHA content of all foods
in the diet is now required when associations between these fatty
acids and cognitive functioning are studied.

TABLE 2
Cognitive functioning of 210 elderly men per fish consumption category in 19901

Fish consumption

P for
trend2

0 g/d
(n � 51)

�0–20 g/d
(n � 86)

�20 g/d
(n � 73)

Cognitive functioning in 19903 26.4 (25.8, 26.9)4 26.8 (26.4, 27.3) 26.5 (26.0, 27.0) 0.81
5-y cognitive decline5 �1.2 (�1.9, �0.6) �0.2 (�0.7, 0.3) �0.3 (0.9, 0.2) 0.07

1 x� 	 SD consumption was 11 	 6 and 37 	 21 g/d in the �0–20 and �20 g/d groups, respectively.
2 Based on a multivariate linear regression.
3 Adjusted for age, education, alcohol consumption, smoking status, physical activity, and energy intake.
4 x�; 95% CI in parentheses (all such values).
5 Adjusted for age, education, alcohol consumption, smoking status, physical activity, energy intake, and baseline cognitive functioning.
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FIGURE 1. Multivariate linear regression analysis of 5-y cognitive decline in 210 elderly men in relation to fish consumption in 1990, showing the mean
change in cognitive functioning between 1990 and 1995, adjusted for age, education, alcohol consumption, smoking status, physical activity, energy intake,
and baseline cognitive functioning. MMSE, Mini-Mental Status Examination. �, Fish consumers; ■ , fish nonconsumers. *Significantly different from
cognitive decline in 51 fish nonconsumers, P � 0.01.
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Several biological mechanisms have been suggested for the
associations observed in the current study. The n�3 fatty acids
EPA and DHA provide protection against cardiovascular disease
(10, 26) by lowering blood triacylglycerols, improving platelet
aggregation and endothelial function (9, 27), and increasing an-
tiarrhythmia (28). They may also stabilize atherosclerotic
plaques and reduce the risk of atherothrombotic complications.
Furthermore, the n�3 fatty acids have antiinflammatory effects
(9) by inhibiting the synthesis of cytokines and mitogens (29).
High levels of inflammation, possibly due to �-amyloid peptides,
could contribute to cognitive decline (30). Finally, animal studies
have shown that n�3 PUFAs have an effect on membrane ex-
citability, play a role in brain development by stimulating syn-
aptic plasticity and increasing neurotransmission (11, 31), and
increase memory abilities (32).

Our results suggest that the n�3 fatty acids EPA and DHA
may protect against cognitive decline. Elderly men who con-
sumed an average of �400 mg EPA and DHA/d had less (by 1.1
points) cognitive decline than did those who consumed �20 mg
EPA and DHA/d. In the population in the current study, fish is the
main source of EPA�DHA intake, and it is therefore recom-
mended as a first choice to increase the intake of these fatty acids.
However, the results of the current study also show that approx-
imately one-third of EPA�DHA ingested comes from foods
other thanfish—eg,meat,eggs, leek,andcerealproducts—andthus
their consumption can also contribute to higher EPA�DHA intake.

In conclusion, the current study provides evidence that a com-
bined daily intake of �400 mg n�3 PUFAs EPA and DHA
[similar to 6 servings of �140 g lean fish/wk (total: �850 g) or
1 serving of 140 g fatty fish (such as mackerel and herring)/wk]
is associated with less subsequent cognitive decline in elderly
men. Fish is the most important source of these fatty acids in the
diet, and its consumption is inversely associated not only with
cognitive decline but also with cardiovascular disease (10, 26).
To prevent cardiovascular disease mortality, the American Heart
Association recommends the consumption of fish (preferably
fatty fish) at least twice a week (33). That recommendation is
compatible with the results of the current study. However, results
of other prospective cohort and intervention studies are needed to
make more definitive statements on the association between n�3
fatty acids and cognitive decline.
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Soy isoflavones lower serum total and LDL cholesterol in humans: a
meta-analysis of 11 randomized controlled trials1–3

Kyoko Taku, Keizo Umegaki, Yoko Sato, Yuko Taki, Kaori Endoh, and Shaw Watanabe

ABSTRACT
Background: Clinical trials have reported the cholesterol-lowering
effects of soy protein intake, but the components responsible are not
known.
Objective: This meta-analysis was primarily conducted to evaluate
the precise effects of soy isoflavones on lipid profiles. The effects of
soy protein that contains enriched and depleted isoflavones were also
examined.
Design: PUBMED was searched for English-language reports of
randomized controlled trials published from 1990 to 2006 that de-
scribed the effects of soy protein intake in humans. Eleven studies
were selected for the meta-analysis.
Results: Soy isoflavones significantly decreased serum total cho-
lesterol by 0.10 mmol/L (3.9 mg/dL or 1.77%; P � 0.02) and LDL
cholesterol by 0.13 mmol/L (5.0 mg/dL or 3.58%; P � 0.0001); no
significant changes in HDL cholesterol and triacylglycerol were
found. Isoflavone-depleted soy protein significantly decreased LDL
cholesterol by 0.10 mmol/L (3.9 mg/dL or 2.77%; P � 0.03). Soy
protein that contained enriched isoflavones significantly decreased
LDL cholesterol by 0.18 mmol/L (7.0 mg/dL or 4.98%; P � 0.0001)
and significantly increased HDL cholesterol by 0.04 mmol/L (1.6
mg/dL or 3.00%; P � 0.05). The reductions in LDL cholesterol were
larger in the hypercholesterolemic subcategory than in the normo-
cholesterolemic subcategory, but no significant linear correlations
were observed between reductions and the starting values. No sig-
nificant linear correlations were found between reductions in LDL
cholesterol and soy protein ingestion or isoflavone intakes.
Conclusions: Soy isoflavones significantly reduced serum total and
LDL cholesterol but did not change HDL cholesterol and triacyl-
glycerol. Soy protein that contained enriched or depleted isoflavones
also significantly improved lipid profiles. Reductions in LDL cho-
lesterol were larger in hypercholesterolemic than in normocholes-
terolemic subjects. Am J Clin Nutr 2007;85:1148–56.

KEY WORDS Soy isoflavones, soy protein, lipid, total cho-
lesterol, LDL cholesterol, HDL cholesterol, triacylglycerol, meta-
analysis

INTRODUCTION

A meta-analysis published in 1995 reported that ingestion of
47 g soy protein/d reduced serum total cholesterol by 9.3%, LDL
cholesterol by 12.9%, and triacylglycerol by 10.5% and in-
creased HDL cholesterol by 2.4% (1). Two more recent meta-
analyses reexamined the effects of soy protein that contained
isoflavones on the lipid profile as compared with the effects of

casein or other animal proteins (2, 3), and they found substan-
tially weaker effects. Anderson et al (1) and Zhan and Ho (3)
concluded that the effects were related to the initial serum lipid
concentrations.

The studies did not address possible mechanisms of the effects
of soy protein intake. Whether the changes were attributable to
the soy protein per se, other soy-derived factors (eg, constitutive
isoflavones), or both remained unclear. Zhan and Ho (3) reported
that studies with isoflavone intakes �80 mg/d found better ef-
fects on lipid profiles, whereas Weggemans and Trautwein (2)
concluded that consumption of soy-associated isoflavones was
not related to changes in LDL or HDL cholesterol. Two of the
authors of the current report (Kyoko Taku was formerly named
Xing-Gang Zhuo) previously performed a meta-analysis (4), in
which they found that the consumption of soy protein with a high
isoflavone content reduced serum LDL-cholesterol concentra-
tions more than did consumption of the same soy protein amount
with low isoflavone content. The decrease in hypercholester-
olemic subjects was larger than that in normocholesterolemic
subjects.

Clinical trial studies used various intakes of soy protein with
various amounts of isoflavones and different protocols. In the
present meta-analysis, we primarily attempted to evaluate the
precise effects of soy isoflavones, at the same time that we con-
trolled for the ingested amounts of soy protein, on serum total,
LDL, and HDL cholesterol and triacylglycerol. The effects of soy
protein that contained enriched and depleted isoflavones com-
pared with those of animal protein without isoflavones on lipid
profiles were examined within the current dataset.

SUBJECTS AND METHODS

Study identification and selection

The PUBMED database (National Library of Medicine, Be-
thesda, MD) was searched on May 29, 2006, for English-
language reports of randomized controlled trials published from
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1990 to 2006 that described effects of soy protein intake and
isoflavones on serum lipid concentrations in humans. The search
was performed with the key words “(soy protein OR soy OR
soybean OR soya) AND (isoflavones OR isoflavone) AND (cho-
lesterol OR lipid),” with the constraints noted previously. We
also looked for relevant articles in the reference lists of 3 meta-
analyses (1–3). Studies were selected for analysis if they met the
following criteria: 1) adult subjects ingested soy protein for 1–3
mo; 2) the study was a randomized controlled trial with either a
parallel or a crossover design; 3) the study had comparable
groups with enriched and depleted isoflavones for the same in-
gested amount of soy protein; 4) the study provided the intake
amount of soy isoflavones; and 5) the starting and endpoint lipid
concentrations were available. On the basis of these criteria, 15
studies (5–19) were identified. Two studies (5, 8) secondarily
analyzed a subset of subjects in the primary study (13), 1 study (6)
reported only 1 of 4 lipid concentrations for the same study
subjects in another study (12), and 1 study did not provide SD
values (7). These 4 studies (5–8) were excluded, and 11 studies
(9–19) were selected for the meta-analysis.

Data extraction

The number of participants in each group and the means and
SDs of serum lipid concentrations were extracted from the 11
studies and tabulated for analysis. The isoflavone-depleted soy
protein used in each study contained trace amounts of isoflavones
because of incomplete extraction. Although 3 studies had 3 (9) or
2 (17, 19) soy protein groups containing different amounts of
isoflavones, we selected the group with the highest concentra-
tions of isoflavones for analysis. One study had 2 groups of soy
protein that contained enriched isoflavones (10): the group with
normal phytate was selected for analysis. One study had 2 groups
of animal protein with and without isoflavones (13): we selected
animal protein without isoflavones for analysis. One study also
reported midstudy (ie, 4 wk) measurements, but we used mea-
surements from the full study period (ie, 12 wk) for analysis (11).
One study measured lipid concentrations during 4 phases of the
menstrual cycle, but we used mean values for this meta-analysis
(17). Because previous studies suggested that the effects of soy
protein are related to the initial plasma lipid concentrations (1, 3,
9, 13), we divided our data into 2 subcategories (hypercholes-
terolemic and normocholesterolemic) with the use of a baseline
LDL-cholesterol cutoff value of 4.14 mmol/L (160 mg/dL). Two
studies also divided their subject populations into 2 groups ac-
cording to baseline LDL-cholesterol concentrations (9, 13), but
Lichtenstein et al (13) did not provide baseline values for each
subgroup, and we used their data on the group as a whole for
analysis.

Meta-analysis and statistical analysis

We performed the meta-analysis with the use of REVMAN for
WINDOWS software (version 4.2.8; updated on July 8, 2005;
Cochrane Collaboration, Oxford, United Kingdom). The esti-
mate of the principal effect on lipid profiles of soy isoflavones
after control for amounts of soy protein ingestion was defined as
the mean difference in endpoint serum lipid concentrations be-
tween comparison groups (ie, value for the subjects ingesting soy
protein that contained enriched isoflavones minus that for the
subjects ingesting isoflavone-depleted soy protein). The esti-
mates of principal effect of isoflavone-depleted soy protein and

soy protein that contained enriched isoflavones compared with
that of animal protein without isoflavones were also defined as
the mean differences between comparison groups. We use a
fixed-effect model or a random-effects model to calculate
weighted mean differences; 95% CIs for each comparison; a
combined overall effect, with P values for the total population
and the hypercholesterolemic and normocholesterolemic subcat-
egories; and the P value for testing heterogeneity. Each compar-
ison was assigned a weight consisting of the reciprocal of its
variance based on n and SD. We present the results based on a
random-effects model when the test for heterogeneity of the total
population was significant (20). Otherwise, the results of a fixed-
effect model are presented. We examined potential publication
bias on the basis of a funnel plot, which plotted the SEM of the
studies against their corresponding effect sizes. Pearson corre-
lation coefficients were calculated with the use of SPSS for
WINDOWS software (version 14.0J; SPSS Inc, Chicago, IL).

RESULTS

Characteristics of the studies

The characteristics of treatment groups selected for analysis in
the 11 randomized controlled trials are summarized in Table 1.
Four studies used a parallel design (9–11, 14), and the others used
a crossover design (12, 13, 15–19). Seven studies focused on
postmenopausal women (10–14, 18, 19), 1 focused on men (15),
1 focused on premenopausal women (17), and 2 studies included
both sexes (9, 16). Two studies used casein as the animal protein
in the control group (9, 16), 3 used milk (11, 15, 18), 1 used dairy
and eggs (12), and 1 used dairy and meat (13). The study dura-
tions ranged from 4 wk (12) to 93 d (19). In each study, subjects
in different groups ingested the same amount of soy or animal
protein, ranging from 25 g/d (9, 18) to 133 g/d (16), and the
measured isoflavone intakes ranged from 1.64 mg/d (15) to
317.9 mg/d (16). Three studies had moderately hypercholester-
olemic subjects (9, 11, 13), 2 studies had hypercholesterolemic
subjects only (12, 14), and 6 studies had normocholesterolemic
subjects only (10, 15–19), according to the initial lipid concen-
trations. The reported mean starting serum total cholesterol con-
centrations ranged from 3.87 mmol/L (17) to 7.47 mmol/L (14)
(150–289 mg/dL).

Six studies reported serum lipid concentrations (10, 12–15,
18), and the others reported values for plasma (9, 11, 16, 17, 19).
Normally, serum cholesterol concentrations are �3% higher
than corresponding plasma concentrations (21), but, because we
were interested in mean differences in each study, we analyzed
plasma and serum concentrations without correction for this dif-
ference; we report all results as serum concentrations. The mean
age of subjects ranged from 26.3 y (17) to 62.7 y (13), and the
mean body mass index (in kg/m2) ranged from 22.8 to 27.9 (17).
Isoflavone amounts were reported in aglycone units in all but 1
study (14), and we considered all amounts as being in aglycone
form to calculate the mean intake amount. Ten studies used
alcohol (ethanol) extraction to prepare isoflavone-depleted soy
protein (9–12, 14–19), and 1 did not report the extraction method
used (13).

In addition, in most of the comparisons, subjects consumed
similar diets, with similar amounts of fat (total and saturated),
cholesterol, and fiber. No significantly different baseline body
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weights, body mass indexes, or lipid concentrations were re-
ported between comparison groups. Most of the studies were
designed to maintain body weight, and no significant weight
changes were reported (data not shown).

Effects of isoflavones after control for soy protein

Pooled estimates of treatment effects on the changes in serum
lipid concentrations are summarized in Table 2. To more pre-
cisely evaluate the effects on lipid profiles of isoflavones after
control for the ingestion of soy protein amount, 12 comparisons
(both groups ingested the same amount of soy protein that con-
tained either enriched or depleted isoflavones) in 11 studies were
selected for meta-analysis.

For the total population, total cholesterol decreased by 0.10
mmol/L [3.9 mg/dL (95% CI: �0.17, �0.02 mmol/L or �6.6,
�0.8 mg/dL); P � 0.02] in the group consuming soy protein that
contained enriched isoflavones (ISP� group) compared with the
group consuming the corresponding isoflavone-depleted soy
protein (ISP� group), or by 1.77% of the starting value in the

ISP� group. The test for heterogeneity was not significant (P �
0.54), which suggested that combining these studies for a meta-
analysis was valid. Of 12 comparisons (5 in hypercholester-
olemic and 7 in normocholesterolemic subcategories), 9 (75%)
reported reductions (Table 3, Figure 1). Only 2 comparisons in
the hypercholesterolemic subcategory reported significant re-
ductions (P � 0.05 and P � 0.005, respectively) (9, 11). No
significant reductions in total cholesterol were found for the
hypercholesterolemic (P � 0.13) or normocholesterolemic (P �
0.06) subcategories (Table 2).

For the total population, LDL cholesterol decreased by 0.13
mmol/L [5.0 mg/dL (95% CI: �0.20, �0.07 mmol/L or �7.7,
�2.7 mg/dL); P � 0.0001] in the ISP� group compared with the
corresponding ISP� group, or by 3.58%. The test for heteroge-
neity was not significant (P � 0.83), which suggests that com-
bining these studies for a meta-analysis was valid. All compar-
isons (5 in hypercholesterolemic and 7 in normocholesterolemic
subcategories) reported the reductions, and 2 comparisons in the
normocholesterolemic subcategory observed that the upper limit

TABLE 1
Characteristics of treatment groups selected for analysis in 11 randomized controlled trials1

Study and reference Design and subjects Group Duration
No. of

subjects Protein IFs
Initial
lipid

Starting value

TC LDL-C HDL-C TG

n d n g/d mg/d mmol/L

Crouse et al (9) Parallel; 94 men, Casein 63 16 25 0.0 HC 6.67 4.71 1.24 1.59
24 PrW, 38 PoW Casein 63 15 25 0.0 NC 5.72 3.77 1.06 1.87

ISP� 63 12 25 3.0 HC 6.75 4.78 1.16 1.76
ISP� 63 16 25 3.0 NC 5.77 3.83 1.24 1.54
ISP� 63 15 25 62.0 HC 6.75 4.78 1.19 1.65
ISP� 63 15 25 62.0 NC 5.84 3.80 1.22 1.82

Engelman et al (10) Parallel; 55 PoW ISP� 42 14 40 1.2 NC 5.82 3.60 1.36 1.90
ISP� 42 14 40 85.8 NC 6.08 3.91 1.68 1.13

Gardner et al (11) Parallel; 94 PoW Milk 84 30 42 0.0 MHC 6.10 4.00 1.50 1.30
ISP� 84 33 42 3.0 MHC 5.90 3.90 1.40 1.30
ISP� 84 31 42 80.0 MHC 5.90 3.90 1.50 1.30

Jenkins et al (12) Crossover; 41 PoW Dairy, egg 28 40 Unknown 0.0 HC 6.84 4.62 1.33 1.96
ISP� 28 39 52 10.0 HC 6.68 4.52 1.32 1.84
ISP� 28 40 50 73.0 HC 6.76 4.55 1.32 1.96

Lichtenstein et al (13) Crossover; 42 PoW Dairy, meat 42 42 Unknown 0.0 MHC 6.17 4.14 1.32 1.54
ISP� 42 42 62 7.4 MHC 6.17 4.14 1.32 1.54
ISP� 42 42 62 121.1 MHC 6.17 4.14 1.32 1.54

Mackey et al (14) Parallel; 49 PoW ISP� 84 24 28 4.0 HC 7.47 5.11 1.66 1.54
ISP� 84 25 28 65.0 HC 7.29 5.07 1.52 1.53

McVeigh et al (15) Crossover; 35 men Milk 57 35 32 0.0 NC 4.55 2.74 1.13 1.51
ISP� 57 35 32 1.6 NC 4.63 2.82 1.11 1.49
ISP� 57 35 32 61.7 NC 4.61 2.76 1.12 1.60

Meinertz et al (16) Crossover; 6 men, Casein 32 12 133 0.0 NC 4.02 2.05 1.54 0.87
6 PrW ISP� 32 12 133 14.6 NC 4.16 2.17 1.56 0.92

ISP� 32 12 133 317.9 NC 4.15 2.16 1.58 1.00
Merz-Demlow et al (17) Crossover; 13 PrW ISP� 90 13 53 10.0 NC 3.87 2.32 1.20 0.77

ISP� 90 13 53 128.7 NC 3.87 2.32 1.20 0.77
Steinberg et al (18) Crossover; 24 PoW Milk 42 24 25 0.0 NC 4.91 2.89 1.55 1.03

ISP� 42 24 25 2.0 NC 4.91 2.89 1.55 1.03
ISP� 42 24 25 107.0 NC 4.91 2.89 1.55 1.03

Wangen et al (19) Crossover; 18 PoW ISP� 93 18 63 7.1 NC 5.55 3.53 1.35 1.46
ISP� 93 18 63 132.0 NC 5.55 3.53 1.35 1.46

1 PrW, premenopausal women; PoW, postmenopausal women; ISP�, isoflavone-depleted soy protein; ISP�, soy protein that contains enriched isofla-
vones; IFs, isoflavones; HC, hypercholesterolemic; MHC, moderately hypercholesterolemic; NC, normocholesterolemic; TC, total cholesterol; LDL-C, LDL
cholesterol; HDL-C, HDL cholesterol; TG, triacylglycerol. To convert mmol/L to mg/dL, divide by 0.02586 for cholesterol and by 0.01129 for triacylglycerol.
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of the 95% CI was �0 (17, 19) (Table 4, Figure 1). Only 1
comparison in the hypercholesterolemic subcategory reported a
significant reduction (11). Significant reductions in LDL cho-
lesterol of 0.17 mmol/L or 4.68% [6.6 mg/dL (95% CI: �0.32,
�0.01 mmol/L or �12.4, �0.4 mg/dL); P � 0.04] and 0.13

mmol/L or 3.58% [5.0 mg/dL (95% CI: �0.20, �0.06 mmol/L or
�7.7, �2.3 mg/dL); P � 0.0005] were found for the hypercho-
lesterolemic and normocholesterolemic subcategories, respec-
tively. Tests for heterogeneity in both subcategories were not
significant (P � 0.65 and P � 0.68, respectively), which

TABLE 2
Pooled estimates of treatment effect on the lipid profile1

Variables
No. of

comparisons
Sample

size Weight WMD (95% CI) Change P
P for

heterogeneity

n n % mmol/L %
ISP� vs ISP�

Total cholesterol
Hypercholesterolemic 5 154 vs 152 19.32 �0.14 (�0.32, 0.04) �2.48 0.13 0.46
Normocholesterolemic 7 131 vs 131 80.68 �0.08 (�0.17, 0.00) �1.42 0.06 0.42
Total population 12 185 vs 283 100.00 �0.10 (�0.17, �0.02) �1.77 0.02 0.54

LDL cholesterol
Hypercholesterolemic 5 154 vs 152 16.71 �0.17 (�0.32, �0.01) �4.68 0.04 0.65
Normocholesterolemic 7 131 vs 131 83.29 �0.13 (�0.20, �0.06) �3.58 0.0005 0.68
Total population 12 185 vs 283 100.00 �0.13 (�0.20, �0.07) �3.58 �0.0001 0.83

HDL cholesterol
Hypercholesterolemic 5 154 vs 152 21.38 0.01 (�0.05, 0.08) 0.74 0.67 0.26
Normocholesterolemic 7 131 vs 131 78.62 0.01 (�0.03, 0.04) 0.74 0.59 0.33
Total population 12 185 vs 283 100.00 0.01 (�0.02, 0.04) 0.74 0.50 0.35

Triacylglycerol
Hypercholesterolemic 5 154 vs 152 18.80 0.00 (�0.15, 0.15) 0.00 1.00 0.46
Normocholesterolemic 7 131 vs 131 81.20 0.03 (�0.04, 0.10) 2.11 0.36 0.10
Total population 12 185 vs 283 100.00 0.03 (�0.04, 0.09) 2.11 0.41 0.21

ISP� vs AP�
Total cholesterol

Hypercholesterolemic 4 128 vs 129 30.85 �0.20 (�0.40, 0.00) �3.56 0.05 0.41
Normocholesterolemic 4 87 vs 86 69.15 �0.03 (�0.16, 0.10) �0.53 0.63 0.75
Total population 8 215 vs 215 100.00 �0.08 (�0.19, 0.03) �1.42 0.13 0.54

LDL cholesterol
Hypercholesterolemic 4 128 vs 129 28.90 �0.11 (�0.29, 0.06) �3.04 0.19 0.43
Normocholesterolemic 4 87 vs 86 71.10 �0.09 (�0.20, 0.02) �2.49 0.09 0.59
Total population 8 215 vs 215 100.00 �0.10 (�0.19, �0.01) �2.77 0.03 0.69

HDL cholesterol
Hypercholesterolemic 4 128 vs 129 32.26 0.00 (�0.07, 0.07) 0.00 0.99 0.67
Normocholesterolemic 4 87 vs 86 67.74 0.06 (0.01, 0.11) 4.50 0.03 0.48
Total population 8 215 vs 215 100.00 0.04 (0.00, 0.08) 3.00 0.07 0.59

Triacylglycerol
Hypercholesterolemic 4 128 vs 129 24.47 �0.16 (�0.34, 0.02) �10.97 0.08 0.81
Normocholesterolemic 4 87 vs 86 75.53 �0.03 (�0.13, 0.07) �2.06 0.59 0.39
Total population 8 215 vs 215 100.00 �0.06 (�0.15, 0.03) �4.11 0.18 0.59

ISP� vs AP�
Total cholesterol

Hypercholesterolemic 4 129 vs 129 42.65 �0.32 (�0.50, �0.14) �5.69 0.0006 0.57
Normocholesterolemic 4 86 vs 86 57.35 �0.05 (�0.21, 0.21) 0.00 1.00 0.05
Total population 8 215 vs 215 100.00 �0.14 (�0.30, 0.02) �2.49 0.09 0.03

LDL cholesterol
Hypercholesterolemic 4 129 vs 129 29.97 �0.28 (�0.44, �0.12) �7.75 0.0006 0.63
Normocholesterolemic 4 86 vs 86 70.03 �0.14 (�0.24, �0.03) �3.87 0.01 0.49
Total population 8 215 vs 215 100.00 �0.18 (�0.27, �0.09) �4.98 �0.0001 0.51

HDL cholesterol
Hypercholesterolemic 4 129 vs 129 29.87 0.03 (�0.05, 0.11) 2.25 0.47 0.78
Normocholesterolemic 4 86 vs 86 70.13 0.05 (0.00, 0.10) 3.75 0.06 0.12
Total population 8 215 vs 215 100.00 0.04 (0.00, 0.08) 3.00 0.05 0.41

Triacylglycerol
Hypercholesterolemic 4 129 vs 129 28.61 �0.17 (�0.34, 0.01) �11.65 0.07 0.86
Normocholesterolemic 4 86 vs 86 71.39 0.08 (�0.03, 0.20) 5.48 0.15 0.99
Total population 8 215 vs 215 100.00 0.01 (�0.08, 0.11) 0.69 0.82 0.52

1 ISP�, soy protein that contains enriched isoflavones; ISP� isoflavone-depleted soy protein; AP�, animal protein without isoflavones; WMD, weighted
mean difference. Weight assigned by REVMAN software using n and SD.
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indicated that it was valid to combine the comparisons in each
subcategory. The LDL-cholesterol reduction was larger in the hy-
percholesterolemic subcategory (subjects with higher baseline
LDL-cholesterol concentrations) than in the normocholesterolemic
subcategory, but no linear correlation (Pearson’s r � 0.199, P �
0.535) was observed between reductions (in percentage terms) and

starting LDL concentrations of the ISP� group. No linear correla-
tion (Pearson’s r � �0.231, P � 0.471) was observed between
LDL-cholesterol reductions and isoflavone intake differences (x�:
102 mg/d) for the same ingestion amounts (x�: 48 g/d) of soy protein
(Figure 2). No significant changes in HDL cholesterol and triacyl-
glycerol were found in the ISP� group compared with the

TABLE 3
Blood total cholesterol concentrations in groups ingesting soy protein that contains enriched isoflavones (ISP�) and isoflavone-depleted soy protein
(ISP�) and estimated treatment effect1

Study or subcategory

ISP� ISP�

Weight
WMD (95% CI) of
fixed effect modelValue Value

n mmol/L n mmol/L % mmol/L
Hypercholesterolemic

Crouse et al (9) 15 6.13 � 0.542 12 6.52 � 0.54 3.71 �0.39 (�0.80, 0.02)
Gardner et al (11) 31 5.70 � 0.50 33 5.90 � 0.90 4.98 �0.20 (�0.55, 0.15)
Jenkins et al (12) 41 6.32 � 0.77 41 6.22 � 0.77 5.62 0.10 (�0.23, 0.43)
Lichtenstein et al (13) 42 6.24 � 1.11 42 6.37 � 1.12 2.74 �0.13 (�0.61, 0.35)
Mackey et al (14) 25 6.94 � 0.84 24 7.15 � 1.02 2.27 �0.21 (�0.73, 0.31)

Normocholesterolemic
Crouse et al (9) 15 5.95 � 0.47 16 5.79 � 0.52 5.14 0.16 (�0.19, 0.51)
Engelman et al (10) 14 5.69 � 0.98 13 5.72 � 0.93 1.20 �0.03 (�0.75, 0.69)
McVeigh et al (15) 35 4.40 � 0.36 35 4.47 � 0.36 21.93 �0.07 (�0.24, 0.10)
Meinertz et al (16) 12 3.39 � 0.34 12 3.25 � 0.37 7.72 0.14 (�0.14, 0.42)
Merz-Demlow et al (17) 13 3.65 � 0.25 13 3.82 � 0.21 19.81 �0.17 (�0.35, 0.01)
Steinberg et al (18) 24 4.82 � 0.49 24 4.92 � 0.98 3.25 �0.10 (�0.54, 0.34)
Wangen et al (19) 18 4.93 � 0.26 18 5.09 � 0.26 21.63 �0.16 (�0.33, 0.01)

1 Endpoint value (mmol/L); WMD, weighted mean difference. Weight assigned by REVMAN software using n and SD.
2 x� � SD (all such values).

FIGURE 1. Weighted mean difference (WMD) with the fixed-effect model (fixed) in endpoint total and LDL cholesterol between the group ingesting soy
protein that contained enriched isoflavones (ISP�) and the group ingesting isoflavone-depleted soy protein (ISP–). The horizontal lines denote the 95% CI.
u, point estimates (the size of the square corresponds to its weight); �, the pooled estimate of treatment effect.

1152 TAKU ET AL



corresponding ISP� group for the total population and for the hy-
percholesterolemic and normocholesterolemic subcategories.

Effects of isoflavone-depleted soy protein

Eight comparisons in 7 studies (Table 2) were subsequently
selected from the current data set of 11 studies to examine effects
on the lipid profile of the ISP� group compared with the group
consuming animal protein without isoflavones. For the hyper-
cholesterolemic subcategory, total cholesterol decreased by 0.20
mmol/L [7.7 mg/dL (95% CI: �0.40, 0 mmol/L or �15.5, 0
mg/dL); P � 0.05] in the ISP� group compared with the corre-
sponding group consuming animal protein without isoflavones,
or by 3.56% of the starting value in the latter group. The test for

heterogeneity was not significant (P � 0.41), which indicated
that it was valid to combine the comparisons in the hypercholes-
terolemic subcategory for a meta-analysis. No significant reduc-
tions in total cholesterol were observed for the total population
(P � 0.13) or the normocholesterolemic subcategory (P � 0.63).

For the total population, LDL cholesterol decreased by
0.10 mmol/L [3.9 mg/dL (95% CI: �0.19, �0.01 mmol/L or
�7.3, �0.4 mg/dL); P � 0.03] in the ISP� group compared with
the group consuming the corresponding animal protein, or by
2.77%. The test for heterogeneity was not significant (P � 0.69),
which suggested that combining these studies for a meta-
analysis was valid. No linear correlation (Pearson’s r �
�0.321, P � 0.439) was observed between reductions (in
percentage terms) and the starting LDL concentrations in the
group consuming animal protein without isoflavones. No lin-
ear correlation (Pearson’s r � 474, P � 0.236) was observed
between the reductions and the ingested soy protein amounts.
No significant reductions in LDL cholesterol were found for
the hypercholesterolemic (P � 0.19) or normocholester-
olemic (P � 0.09) subcategories.

For the normocholesterolemic subcategory, HDL cholesterol
increased by 0.06 mmol/L [2.3 mg/dL (95% CI: 0.01,
0.11 mmol/L or 0.4, 4.3 mg/dL); P � 0.03] in the ISP� group
compared with the group consuming the corresponding animal
protein without isoflavones, or by 4.5%. The test for heteroge-
neity was not significant (P � 0.48), which indicated that it was
valid to combine comparisons in the normocholesterolemic sub-
category for a meta-analysis. No significant reductions in HDL
cholesterol were observed for the total population (P � 0.07) or
the hypercholesterolemic subcategory (P � 0.99). No significant
reduction in triacylglycerol was found in the ISP� group com-
pared with the group consuming the corresponding animal pro-
tein without isoflavones.

TABLE 4
Blood LDL-cholesterol concentrations in groups ingesting soy protein that contains enriched isoflavones (ISP�) and isoflavone-depleted soy protein
(ISP�) and estimated treatment effect1

Study or subcategory

ISP� ISP�

Weight
WMD (95% CI) of
fixed effect modelValue Value

n mmol/L n mmol/L % mmol/L
Hypercholesterolemic

Crouse et al (9) 15 4.22 � 0.472 12 4.53 � 0.44 3.58 �0.31 (�0.65, 0.03)
Gardner et al (11) 31 3.50 � 0.50 33 3.80 � 0.80 4.03 �0.30 (�0.62, 0.02)
Jenkins et al (12) 41 4.14 � 0.70 41 4.18 � 0.70 4.62 �0.04 (�0.34, 0.26)
Lichtenstein et al (13) 42 4.29 � 0.96 42 4.34 � 0.92 2.63 �0.05 (�0.45, 0.35)
Mackey et al (14) 25 4.71 � 0.73 24 4.78 � 0.96 1.85 �0.07 (�0.55, 0.41)

Normocholesterolemic
Crouse et al (9) 15 3.83 � 0.31 16 3.85 � 0.52 4.74 �0.02 (�0.32, 0.28)
Engelman et al (10) 14 3.47 � 0.93 13 3.49 � 0.72 1.09 �0.02 (�0.64, 0.60)
McVeigh et al (15) 35 2.65 � 0.30 35 2.71 � 0.30 21.49 �0.06 (�0.20, 0.08)
Meinertz et al (16) 12 1.61 � 0.36 12 1.71 � 0.41 4.46 �0.10 (�0.41, 0.21)
Merz-Demlow et al (17) 13 2.14 � 0.18 13 2.31 � 0.17 23.44 �0.17 (�0.30, �0.04)
Steinberg et al (18) 24 2.86 � 0.49 24 2.87 � 0.49 5.52 �0.01 (�0.29, 0.27)
Wangen et al (19) 18 3.01 � 0.21 18 3.22 � 0.21 22.56 �0.21 (�0.35, �0.07)

1 Endpoint value (mmol/L); WMD, weighted mean difference. Weight assigned by REVMAN software using n and SD.
2 x� � SD (all such values).

FIGURE 2. Linear correlation between isoflavone intake difference and
LDL-cholesterol reduction for soy protein that contained enriched isofla-
vones compared with isoflavone-depleted soy protein.
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Effects of soy protein that contained enriched isoflavones

Eight comparisons in 7 studies (Table 2) were selected from
the current dataset to examine effects on the lipid profile of the
ISP� group compared with the group consuming animal protein
without isoflavones. For the hypercholesterolemic subcategory,
total cholesterol decreased by 0.32 mmol/L [12.4 mg/dL (95%
CI: �0.50, �0.14 mmol/L or �19.3, 5.4 mg/dL); P � 0.0006] in
the ISP� group compared with the group consuming the corre-
sponding animal protein without isoflavones, or by 5.69% of the
starting value in the latter group. The test for heterogeneity was
not significant (P � 0.57), which indicated that it was valid to
combine the comparisons in the hypercholesterolemic subcate-
gory for a meta-analysis. No significant reductions in total cho-
lesterol were observed for the total population (P � 0.09) or the
normocholesterolemic subcategory (P � 1.00).

In the total population, LDL-cholesterol concentrations de-
creased by 0.18 mmol/L [7.0 mg/dL (95% CI: �0.27, �0.09
mmol/L or �10.4, �3.5 mg/dL); P � 0.0001] in the ISP� group
compared with the group consuming the corresponding animal
protein without isoflavones, or by 4.98%. The test for heteroge-
neity was not significant (P � 0.51), which suggested that com-
bining these studies for a meta-analysis was valid. Significant
reductions in LDL cholesterol of 0.28 mmol/L or 7.75% [10.8
mg/dL (95% CI: �0.44, �0.12 mmol/L or �17.0, �4.6 mg/dL);
P � 0.0006] and 0.14 mmol/L or 3.87% [5.4 mg/dL (95% CI:
�0.24, �0.03 mmol/L or �9.3, �1.2 mg/dL); P � 0.01] were
found for the hypercholesterolemic and normocholesterolemic
subcategories, respectively. Tests for heterogeneity in neither
subcategory were significant (P � 0.63 and P � 0.49, respec-
tively), which indicated that it was valid to combine the compar-
isons in each subcategory. The LDL-cholesterol reduction was
larger in the hypercholesterolemic subcategory (subjects with
higher baseline LDL-cholesterol concentrations) than in the
normocholesterolemic subcategory, but no linear correlation
(Pearson’s r � �0.443, P � 0.272) was observed between re-
ductions (in percentage terms) and the starting LDL-cholesterol
concentrations of the group consuming animal protein without
isoflavones. No linear correlations between LDL-cholesterol re-
ductions and soy protein ingestion (x�: 49 g/d; Pearson’s r �
0.326, P � 0.431) or isoflavone intakes (x�: 111 mg/d; Pearson’s
r � 0.451, P � 0.262) were observed (Figure 3).

In the total population, HDL-cholesterol concentrations in-
creased by 0.04 mmol/L [1.6 mg/dL (95% CI: 0, 0.08 mmol/L or
0, 3.1 mg/dL); P � 0.05] in the ISP� group compared with the
group consuming the corresponding animal protein without
isoflavones, or by 3.00% (Table 2). The test for heterogeneity
was not significant (P � 0.51), which suggested that combining
these studies for a meta-analysis was valid. No significant re-
ductions in HDL cholesterol were observed for the hypercholes-
terolemic (P � 0.47) or normocholesterolemic (P � 0.06) sub-
categories. No significant reduction in triacylglycerol was found
in the ISP� group compared with the group consuming the
corresponding animal protein without isoflavones.

Publication bias

The funnel plots of the effects on lipid profiles in comparison
groups did not indicate obvious publication bias (data not
shown).

DISCUSSION

This meta-analysis of 11 randomized controlled trials showed
that soy protein that contained enriched isoflavones significantly
decreased serum total and LDL cholesterol compared with the
same amounts of isoflavone-depleted soy protein. The results
suggest that ingesting 102 mg soy-derived isoflavones/d (the
mean difference between the 2 groups), independent of the
amount of soy protein ingested, for 1–3 mo would lower total
cholesterol by a mean of 0.10 mmol/L (1.77%) and LDL cho-
lesterol by a mean of 0.13 mmol/L (3.58%). The LDL choles-
terol–lowering effect was consistent with our previous meta-
analysis (4). An intake of 102 mg soy isoflavones/d (daidzein and
genistein) is equivalent to approximately twice the amount con-
sumed habitually in Japan (x�: 47.2 mg/d). This amount can be
attained by daily consumption of 1 block (227 g) of tofu (soybean
curd, packed type), 2 packs (105 g) of natto (fermented soybeans,
common type), 202 g miso (fermented soybean paste, dark yel-
low type), or 2 glasses (434 g) soymilk (22).

Reductions in total and LDL cholesterol associated with soy
isoflavones, after control for the amount of soy protein ingested,
were �50% of the results reported in 2 recent meta-analyses (2,
3), in which the effects of soy protein that contained isoflavones
were compared with those of a control group of other protein.
One of the 2 studies also conducted subgroup analyses and found
similar changes with soy protein that contained isoflavones and
with isoflavone-depleted soy protein (3). These results suggest
that soy isoflavones play an important role in lowering total and
LDL cholesterol. The mechanism of the cholesterol-lowering
effect of isoflavones is not well understood, but it may be a result
of the chemical and biological similarity to mammalian estro-
gens, which were shown to have cholesterol-lowering effects in
humans (23).

Although most of the 11 individual studies in this meta-
analysis found a slight decrease in total and LDL cholesterol, the
95% CI often included zero. However, the combined overall
effects in this meta-analysis were significantly different from
zero (95% CI), which suggested that limited sample sizes often
prevent detection of significant effects in individual studies.

A meta-analysis of 7 studies showed that isoflavone-depleted
soy protein when compared with animal protein without isofla-
vones was associated with a significant decrease in serum total

FIGURE 3. Linear correlation between isoflavone intake and LDL-
cholesterol reduction for soy protein that contained enriched isoflavones
compared with animal protein without isoflavones.
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cholesterol (0.20 mmol/L or 3.56%) in the hypercholesterolemic
subcategory and in LDL cholesterol (0.10 mmol/L or 2.77%) in
the total population. It also showed a significant increase in
serum HDL cholesterol (0.06 mmol/L or 4.50%) in the normo-
cholesterolemic subcategory. These results suggest that ingest-
ing an average of 49 g soy protein that contained extremely low
isoflavones/d (x�: 6 mg/d) during 1–3 mo would improve lipid
profiles. The results were consistent with a science advisory by
the American Heart Association (24), in which effects of soy
protein without isoflavones on LDL cholesterol and other li-
poproteins were also summarized. This cutoff for daily soy pro-
tein ingestion, 49 g, defines a large amount, �50% of the average
daily total protein intake in the United States. Consumption of
soy protein–rich foods may indirectly reduce cardiovascular dis-
ease risk if they replaced animal and dairy products that contain
saturated fat and cholesterol (25).

A meta-analysis of 7 studies found that soy protein that con-
tained enriched isoflavones, in comparison with animal protein
without isoflavones, was associated with a significant decrease
in serum total cholesterol (0.32 mmol/L or 5.69%) in the hyper-
cholesterolemic subcategory and LDL cholesterol (0.18 mmol/L
or 4.98%) in the total population. It also found a significant
increase in serum HDL cholesterol (0.04 mmol/L or 3.00%) in
the total population. The results suggest that ingesting an average
of 49 g soy protein that contained enriched isoflavones/d (x�:
111 mg/d) for 1–3 mo would improve lipid profiles. The
results were generally consistent with the 2 more recent meta-
analyses (2, 3).

Soy isoflavones and isoflavone-depleted soy protein contrib-
uted to 72% (by 3.58%) and 56% (by 2.77%), respectively, of the
effect (by 4.98%) associated with soy protein that contained
enriched isoflavones on lowering LDL cholesterol. These results
suggest that, when provided concurrently with soy protein, soy
isoflavones would have synergistic or additive effects on cho-
lesterol lowering.

One possible explanation for the lack of linear correlations
between reductions in LDL cholesterol and pretreatment values,
soy protein ingestion, or isoflavone intakes may be the different
amounts of constituent isoflavones or other components in the
various soy proteins tested. Another explanation may be the
individual differences in the capacity of intestinal flora to convert
daidzein into its metabolite, equol. Equol is easily absorbed and
possesses substantial estrogenic activity because of its affinity
for both the estrogen � and � receptors (26).

In conclusion, soy isoflavones significantly lowered serum
total and LDL cholesterol but did not change HDL cholesterol
and triacylglycerol. Soy protein with or without isoflavones also
significantly improved lipid profiles. Reductions in LDL cho-
lesterol were larger in hypercholesterolemic subjects than in
normocholesterolemic subjects, but they had no linear correla-
tion with pretreatment values or isoflavone intakes. When pro-
vided concurrently with soy protein, soy isoflavones would have
synergistic or additive effects on cholesterol lowering.
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Effects of soluble fiber (Plantago ovata husk) on plasma lipids,
lipoproteins, and apolipoproteins in men with ischemic
heart disease1–3

Rosa Solà, Gemma Godàs, Josep Ribalta, Joan-Carles Vallvé, Josefa Girona, Anna Anguera, MaAdoración Ostos,
Delia Recalde, Juliana Salazar, Muriel Caslake, Francisco Martín-Luján, Jordi Salas-Salvadó, and Lluı́s Masana

ABSTRACT
Background: New dietary strategies to reduce cardiovascular dis-
ease (CVD) risk include the addition of fiber to the diet. The effect
of soluble-fiber consumption derived from Plantago ovata husk on
lipid risk factors in patients with CVD is unknown.
Objective: We compared the effects of soluble fiber (P. ovata husk)
with those of insoluble fiber (P. ovata seeds) on plasma lipid, li-
poprotein, and apolipoprotein (apo) concentrations within a CVD
secondary prevention program.
Design: In a randomized, crossover, controlled, single-blind design,
28 men with CVD (myocardial infarction or stable angina) and an
LDL-cholesterol concentration �3.35 mmol/L consumed for 8 wk,
under controlled conditions, a low-saturated-fat diet supplemented
with 10.5 g P. ovata husk/d or 10.5 g P. ovata seeds/d. Fasting
plasma lipid concentrations and polymorphisms of genes involved in
lipid metabolism, such as apo A-IV, apo E, and fatty acid–binding
protein, were measured.
Results: Plasma triacylglycerol decreased (6.7%; P � 0.02), the
ratio of apo B 100 to apo A-I decreased (4.7%; P � 0.02), and apo
A-I increased (4.3%; P � 0.01) in the P. ovata husk consumers.
Compared with the intake of insoluble fiber, the intake of P. ovata
husk increased HDL-cholesterol concentrations by 6.7% (P �
0.006) and decreased the ratio of total to HDL cholesterol and of
LDL to HDL cholesterol by 10.6% (P � 0.002) and 14.2% (P �
0.003), respectively.
Conclusion: In the secondary prevention of CVD, P. ovata husk
intake induces a more beneficial effect on the cardiovascular lipid
risk-factor profile than does an equivalent intake of insoluble
fiber. Am J Clin Nutr 2007;85:1157–63.

KEY WORDS Dietary fiber, Plantago ovata (Ispaghula
husk), psyllium, secondary prevention of cardiovascular disease,
blood lipids, low saturated fat, FABP2 gene, apo A-IV gene, apo E
gene, polymorphism

INTRODUCTION

Dietary fiber intake may reduce the risk of cardiovascular
disease (CVD) (1). Consumption of diets high in fiber reduces the
risk factors of CVD by acting, in part, on plasma lipid concen-
trations (2). Numerous studies have shown that soluble fibers are
more effective in lowering blood cholesterol than are insoluble
fibers (2–4).

Current advice is to increase the amount of dietary fiber, spe-
cifically of soluble (viscous) fiber, to 10–25 g/d to more effec-
tively lower cholesterol concentrations (5, 6). Thus, an increased
soluble fiber intake, within a therapeutic lifestyle, takes on an
essential modality in the clinical management of CVD risk re-
duction (6–8). Plantago ovata husk is a source of natural, con-
centrated, soluble fiber obtained from the outer membranous
green envelope of the P. ovata seed. P. ovata husk and P. ovata
seeds, the latter often used as a source of control insoluble fiber,
are well-accepted, safe, and effective bulk laxatives.

Differences in genetic background are known to affect lipid
metabolism and the response to diet (9). Identifying common
variations in genes involved in the intestinal absorption of lipids
and, hence, in the dietary response to P. ovata husk is an attrac-
tive goal. These genes would include those affecting apolipopro-
tein (apo) (9–12) A-IV (9), apo E (10, 11), and fatty acid–binding
protein (FABP2) (12).

The present study was completed before the results of recent
clinical trials were assessed for their global implications concerning
cholesterol management in the secondary prevention of CVD (7).
The purpose of our study was to compare, in a crossover design
protocol, the effects of soluble P. ovata husk fiber and an equivalent
insoluble fiber as therapeutic measures in combination with a diet
low in saturated fat and cholesterol. The target variables were
plasma lipids, lipoproteins, and apolipoproteins in patients with
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43201 Reus, Spain. E-mail: rosa.sola@urv.cat.

Received July 18, 2006.
Accepted for publication November 9, 2006.

1157Am J Clin Nutr 2007;85:1157–63. Printed in USA. © 2007 American Society for Nutrition



established coronary heart disease and with plasma LDL-
cholesterol concentrations �3.35 mmol/L (130 mg/dL). The po-
tential interactions with genes involved in the response to dietary
fiber therapy were explored as well.

SUBJECTS AND METHODS

Patients

Adult men with ischemic heart disease (myocardial infarction
and stable angina) were selected from among those attending the
University Hospital Sant Joan, Reus, Spain. We contacted those
outpatients who were currently not receiving any hypolipidemic
drug therapy.

Eligible patients were those with fasting plasma LDL-
cholesterol concentrations �3.35 mmol/L (130 mg/dL) and tri-
acylglycerol concentrations �2.84 mmol/L (250 mg/dL). The
subjects were �75 y of age, were clinically stable, and had no
medical or social conditions that would impair their ability to
participate in the trial. Patients being treated with antiplatelet
drugs (n � 28), � blockers (n � 12), calcium-channel-blocking
drugs (n � 6), angiotensin-converting enzyme inhibitors (n � 6),
nitrates (n � 7), and diuretics (n � 3) were included. Neither the
drugs that the patients were receiving nor the doses of the drugs
were altered during the study. There was no evidence of alcohol,
tobacco, or recreational-drug abuse.

The criteria for exclusion, derived from the medical history
and a complete physical examination, were diabetes mellitus,
congestive heart failure, renal insufficiency, thyroid or other
endocrine disease, blood pressure �140 (systolic)/90 (diastolic)
mm Hg, and the current use of lipid-lowering drugs. Of 50 eli-
gible patients, 31 met the inclusion criteria and were randomly
assigned to 2 different dietary supplement sequences. There was
no monetary inducement to participate in the trial.

The study was approved by the Clinical Research Ethical
Committee of Hospital Universitari Sant Joan de Reus and by the
Spanish Agency for Drug Monitoring. The study protocol was
fully explained to the patients and they gave their written in-
formed consent on enrollment.

Study design

In a controlled, single-blind, crossover study (Figure 1) con-
sisting of a 4-wk dietary adaptation period, the patients were
randomly assigned to 2 different fiber-supplement periods of 8
wk each (4, 13). We incorporated a washout period of 8 wk
between the first and second periods of the study to test possible
interactions between treatment and sequence order (carryover
effect).

The participants were randomly assigned, per a computer-
generated random number sequence, to consume either the P.
ovata husk or an equivalent amount of insoluble fiber (Figure 1).
Allocation was concealed in sealed study folders that were held
in a central, secure location until informed consent had been
obtained. The dietitian who scheduled the study visits and the
laboratory personnel responsible for the analyses were blinded to
the patient-group assignment.

The patients attended the outpatient clinic, where a full clinical
history was recorded and anthropometric measurements were
made. To reinforce the dietary requirements of the study, each
subject received expert dietary counseling from the dietitian
twice during the adaptation period and at weeks 4, 8, 12, 16, 20,

and 24 of the study. Blood was extracted for laboratory measure-
ments, as described below.

Diet and fiber treatments

Since the time of their CVD diagnosis, all patients had been
advised to follow a low-fat diet. From the start of the adaptation
period of the present trial, the subjects consumed the recom-
mended low-fat diet and cholesterol under strictly controlled
conditions in which compliance was assessed by a research di-
etitian.

The diet was isocaloric and contained 30% of total energy as
fat (�7% of energy as saturated fatty acids) and �300 mg cho-
lesterol daily. The diet followed the consensus recommendations
of several expert committees for the prevention of CVD (5–8,
14). On weekdays, lunches were prepared by the nutrition re-
search kitchen of the Sant Joan University Hospital and were
consumed in the hospital’s restaurant. All breakfasts, dinners,
and weekend lunches were consumed on the premises under the
supervision of the research dietitian. Three-day food records (a
total of 7 records per patient) were maintained to monitor dietary
compliance during the study. The nutrient composition of the diet
was calculated with the Répertoire Géneral Des Aliments data-
base (15).

P. ovata husk (Plantaben; Madaus SA, Barcelona, Spain) is
manufactured as a palatable orange-flavored, sugar-free product.
The insoluble fiber used as control additive was hemicellulose
and lignin klason obtained from P. ovata seeds (Madaus SA).
The 2 products are obtained from the same P. ovata plant; P.
ovata husk consisted of only the epidermis and collapsed adja-
cent layers removed from the dried ripe P. ovata seeds.

The patients received three 5-g sachets daily, of which �70%
(3.5 g) was the soluble fiber (test additive) or an equivalent
insoluble fiber (control additive). The patients were instructed to
mix each sachet of soluble fiber in 150 mL water or, in the case
of the insoluble fiber, to consume it directly with a spoon if
convenient. In both cases, the participants were encouraged to
drink 250 mL water. The sachets were consumed 15 min before
the 3 main meals.

In each treatment period, the sachets were provided before the
start and in the middle (at 4 wk) of each of the 2 periods. Com-
pliance was monitored by interviewing the patients and counting
the unopened sachets returned at each follow-up visit. We de-
fined noncompliance as any deviation from instructions of
�20% regarding diet and fiber supplement consumption.

Safety

Information on adverse events possibly related to the supple-
ment products was solicited at each visit to the clinic during the
dietary supplement period. The patients were asked an open-
ended question regarding any unusual symptoms, or discomfort,
or side effects such as more defecation, bloating, flatulence,
fullness, or any other events over the previous 4 wk.

We evaluated vitamin and mineral salt status before and after
treatment to monitor any potential adverse effects of P. ovata
husk or of the control insoluble fiber. Serum analyses included
magnesium, iron, ferritin, hemoglobin, calcium, prothrombin
time (as indirect measure of vitamin K status), and vitamins A
and E.
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Laboratory measurements

Blood was drawn from each patient after an overnight fast. To
reduce intraindividual day-to-day variability, the blood sampling
was performed on 2 separate days before (days �32 and �30)
and at the end of the adaptation period (days �4 and �2). The
measurements were recorded as baseline values. Additional
blood samples were obtained at the beginning and at the end of
each supplement period.

Plasma total cholesterol and triacylglycerol concentrations
were measured with enzymatic kits (Boehringer Mannheim,
Mannheim, Germany) adapted for a Cobas Mira centrifugal an-
alyzer (Roche Pharmaceuticals, Basel, Switzerland) with
Precilip EL and Precinorm (Boehringer Mannheim) as quality
controls. Immunoturbidimetry was used for the measurement of
apo A-I and apo B with the use of specific antiserum purchased

from Boehringer Mannheim. Apo A-IV was determined by
enzyme-linked immunosorbent assay (16).

HDL cholesterol was measured subsequent to the precipita-
tion of the apo B–containing lipoproteins by using polyethylene
glycol (Immuno AG, Vienna, Austria). LDL was calculated by
using the Friedewald algorithm [LDL-cholesterol � total cho-
lesterol � (triacylglycerols/2.2 � HDL cholesterol)] (17). The
interassay CVs ranged from 2.5% to 3.0% for total plasma cho-
lesterol, 2.4% to 3.1% for HDL cholesterol, and 2.6% to 4.8% for
total plasma triacylglycerols.

Vitamins A and E were determined with an HPLC system
(model 1050; Hewlett-Packard, Palo Alto, CA) equipped with an
ultraviolet-visible detector. Retinol acetate and tocopherol ace-
tate were used as internal standards. The column used was a
Spherisorb ODS (125 � 4 mm, 5 �m), and the mobile phase

FIGURE 1. Study flow.
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was methanol:water (100% for vitamin E and 98% for
vitamin A) (18).

Gene polymorphisms

The apo A-IV variants Gln360His and Thr347Ser were geno-
typed by polymerase chain reaction with the following primers:
forward, 5�-GCT TCC TGG AGA AGG ACC TGA GGG ACA
AGG-3�; and reverse, 5�-CAT CTG CAC CTG CTC CTG CTG
CTG CTC CAG-3�. A mismatch in the reverse primer forced a
PvuII restriction site that allows detection of the 360 variant. The
347 variant was determined by digestion with the Hinf-I restric-
tion enzyme.

The FABP2 Ala54Thr variant was genotyped with the follow-
ing primers: forward, 5�-ACA GGT GGT AAT ATA GTG AAA
AG-3�; and reverse: 5�-TAC CCT GAG TTC AGT TCC GTC-3�
followed by restriction with HhaI.

The primers used for apo E genotype determination were as
follows: forward, 5�-ACA GAA TTC GCC CCG GCC TGG
TAC AC3�; and reverse, 5�TAA GCT TGG GCA CGG CTG
TCC AAG GA3�. Digestion was with HhaI.

Statistical analyses

All lipid values represent the mean of measurements con-
ducted on 2 separate days. Descriptive values are expressed as
means 	 SDs. The analyses were made according to a crossover
design (19). The statistical analyses included paired t tests for the
comparison of anthropometric measures and biochemical and
lipid concentrations in response to treatment and treatment se-
quence for a 2-period crossover design and by chi-squared test
for categorical variables. The possible interaction between the
treatments and the treatment sequence (carryover effect) and the
differences between the means at the start of each of the 2 fiber
treatment periods was also tested by paired t tests. All analyses
were performed with the SPSS package (version 12.0; SPSS Inc,
Chicago, IL).

RESULTS

Characteristics of patients

The subjects were recruited from September 2002 to February
2003, during which time 50 patients were considered eligible. Of
these, 19 were excluded because they did not meet the lipid
criteria at the end of the adaptation period. The flow of patients
throughout the study is depicted in Figure 1. Of the 31 patients

recruited, 1 withdrew for personal reasons after the first dietary
supplement period, and 2 were excluded for noncompliance.
Thus, 28 men (age: 61.4 	 8.6 y; range: 48–70 y) completed both
periods of the study.

The baseline characteristics of the 28 patients who completed
the 2 treatment periods are presented in Table 1. Of the 28 men,
26 had survived a myocardial infarction and 2 had had stable
angina. Individual treatments remained essentially unchanged
throughout the study.

Dietary and fiber treatments, compliance, and body
weight

The nutrient content of the patients’ current diet is shown in
Table 2. The composition was similar to that of the prescribed
diet; except for the intake of polyunsaturated fatty acids, which
was lower than that recommended (4.2% compared with �7%;
P � 0.01). Compliance with the diet and treatments was excellent
(92% for insoluble fiber and 90% for P. ovata husk supple-
ments). No significant differences in compliance were observed
between the 2 fiber-supplement groups.

Body weight was stable throughout the 2 treatment periods
(Table 1). Both fibers produced a significant reduction in waist
circumference (93.6 	 6.1 cm in the P. ovata husk period and
93.3 	 3.2 cm in the insoluble-fiber period) compared with
baseline (95.3 	 3.0 cm; P � 0.01). The waist-to-hip ratio de-
creased significantly (0.94 	 0.05 in both fiber periods) from
baseline (0.96 	 0.05; P � 0.01).

Effects on plasma lipids, lipoproteins, and
apolipoproteins

Lipid values before and after the 8-wk treatment periods, and
the different effects of the treatments, are presented in Table 3.
No carryover effect between the periods was observed. P. ovata
husk intake significantly decreased the plasma triacylglycerol
concentration by �0.17 mmol/L (�6.7%; P � 0.02) and the ratio
of apo B to apo A-I (apo B:apo A-I) by �0.04 (�4.7%; P � 0.02)
and increased the apo A-I concentration by 0.05 g/L (4.3%; P �
0.01).

Conversely, insoluble fiber intake increased plasma concen-
trations of total cholesterol by 0.18 mmol/L (3.8%; P � 0.05),
plasma concentrations of LDL cholesterol by 0.25 mmol/L
(8.5%; P � 0.01), plasma concentrations of apo A-I by 0.04 g/L
(3.0%; P � 0.01), the ratio of total to HDL cholesterol in plasma
by 0.41 (8.7%; P � 0.01), and the ratio of LDL to HDL choles-
terol in plasma by 0.41 (14.0%; P � 0.01) and decreased the

TABLE 1
Characteristics of the patients at baseline and after the 2 fiber-treatment periods1

Baseline Po husk Insoluble fiber P2

Age (y) 61.4 	 8.63 — — —
Weight (kg) 77.30 	 8.70 77.35 	 9.46 76.98 	 9.15 0.24
BMI (kg/m2) 28.22 	 3.18 28.24 	 3.49 28.16 	 3.32 0.54
Waist circumference (cm) 95.3 	 3.0 93.6 	 6.1 93.3 	 3.2 0.61
WHR 0.962 	 0.057 0.940 	 0.053 0.940 	 0.055 1.00
SBP (mm Hg) 123.3 	 10.0 125.4 	 9.6 125.4 	 8.5 1.00
DBP (mm Hg) 79.8 	 8.1 79.5 	 7.0 78.1 	 7.1 0.31

1 n � 28. Po, Plantago ovata; insoluble fiber is P. ovata seeds; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure. There
were no significant differences between the means of all variables at the start of each of the 2 fiber-treatment periods by paired t test.

2 Po husk compared with insoluble-fiber treatment by using paired t test.
3 x� 	 SD (all such values).
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HDL-cholesterol concentration by �0.03 mmol/L (�3.3%; P �
0.05).

Compared with the insoluble fiber supplement, the P. ovata
husk supplement increased HDL-cholesterol concentrations by
6.7% (P: 0.006), decreased the ratio of total to HDL cholesterol
by 10.6% (P: 0.002), and decreased the ratio of LDL to HDL
cholesterol by 14.2% (P: 0.003).

Safety evaluation

No statistically significant or clinically meaningful changes
were observed in blood chemistry, hematology, or mineral-status
results between the P. ovata husk and insoluble-fiber groups. The
patients reported no difference between the 2 supplement fibers
with respect to bloating, flatulence, or abdominal pain. The num-
ber of bowel movements was 11.6/wk in the insoluble-fiber pe-
riod and 12.3/wk in the P. ovata husk period.

Vitamin E (13.64 	 2.72 �g/dL in the P. ovata husk period and
13.41 	 2.10 �g/dL in the insoluble-fiber period) and vitamin A
(542.90 	 113.40 �g/L in the P. ovata husk period and

522.90 	 117.40 �g/L in the P. ovata insoluble-fiber period)
concentrations did not vary significantly from baseline in either
treatment period. Similarly, there were no adverse effects on
clinical vital signs in patients receiving either P. ovata husk or
insoluble fiber.

Genotype-fiber treatment interaction and FABP2
genotypes

The genotype-fiber treatment interaction was not statistically
significant. After the P. ovata husk consumption, the carriers of
the Thr54 allele (11 patients) had significantly higher (8%; 0.11
mmol/L) HDL-cholesterol concentrations (1.32 	 0.27 mmol/L)
than did those who consumed insoluble fiber (1.21 	
0.14 mmol/L; P � 0.05).

The FABP2 Thr54 variant (11 patients) was associated with a
5.7 mg/dL (20%) greater plasma apo A-IV concentration in the
P. ovata husk period than in the insoluble-fiber period: 24.67 	
5.88 compared with 18.97 	 4.87 mg/dL (P � 0.05).

TABLE 2
Composition of prescribed and observed diets of the patients at 8 wk of the study1

Prescribed
Po husk
observed

Insoluble fiber
observed P2

Energy (kcal/d) 1990 	 5433 1989 	 442 1989 	 443 0.99
Protein (% of energy) 19.4 	 3.4 18.5 	 3.4 18.5 	 3.5 0.99
Total carbohydrates (% of energy) 46.5 	 6.7 45.5 	 5.7 45.5 	 5.8 0.99
Fiber (g/d) 20.5 	 5.3 20.7 	 5.0 20.8 	 5.1 0.83
Total fat (% of energy) 30.7 	 4.4 31.7 	 4.4 31.6 	 4.5 0.96
PUFA (% of energy) 5.2 	 0.9 4.2 	 0.9 4.1 	 1.1 0.76
MUFA (% of energy) 15.3 	 3.1 15.8 	 3.1 15.3 	 3.2 0.62
SFA (% of energy) 8.8 	 1.1 8.4 	 2.1 8.4 	 2.4 1.00
Cholesterol (mg/d) 156.0 	 128.3 146.4 	 130.1 147.0 	 132.2 0.62

1 n � 28. Patients followed a crossover design protocol for the 2 fiber treatments. Po, Plantago ovata; insoluble fiber is P. ovata seeds; SFA, saturated
fatty acids; PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids. There were no significant differences between the means for all variables
at the start of each of the 2 fiber-treatment periods by paired t test.

2 Comparison of dietary compliance in the 2 treatments groups by paired t test.
3 x� 	 SD (all such values).

TABLE 3
Plasma lipid, lipoprotein, and apolipoprotein (apo) concentrations before and after the 2 fiber-treatment periods1

Po husk Insoluble fiber

Before After 8 wk Before After 8 wk Change between groups P2

%

Total cholesterol (mmol/L) 5.06 	 0.673 5.06 	 0.68 4.91 	 0.48 5.09 	 0.654 �3.76 0.57
Triacylglycerols (mmol/L) 1.62 	 0.91 1.45 	 0.835 1.59 	 0.90 1.50 	 0.88 �2.79 0.46
Apo B (g/L) 0.92 	 0.17 0.90 	 0.18 0.88 	 0.13 0.91 	 0.16 �5.24 0.24
Apo A-I (g/L) 1.21 	 0.16 1.26 	 0.156 1.20 	 0.12 1.23 	 0.134 1.22 0.21
Apo B:apo A-I 0.77 	 0.19 0.73 	 0.195 0.74 	 0.15 0.74 	 0.16 5.83 0.15
LDL cholesterol (mmol/L) 3.22 	 0.61 3.26 	 0.67 3.10 	 0.45 3.35 	 0.617 �6.90 0.18
HDL cholesterol (mmol/L) 1.12 	 0.27 1.15 	 0.27 1.10 	 0.20 1.06 	 0.23 6.71 0.006
Total:HDL cholesterol 4.78 	 1.41 4.65 	 1.33 4.63 	 1.09 5.05 	 1.437 �10.61 0.002
LDL:HDL cholesterol 3.04 	 0.98 3.01 	 1.02 2.91 	 0.70 3.33 	 1.097 �14.24 0.003

1 n � 28. Patients followed a crossover design protocol for the 2 fiber-treatment periods Po, Plantago ovata; insoluble fiber is P. ovata seeds There were
no significant differences between the means of all variables at the start of each of the 2 fiber-treatment periods by paired t test.

2 Comparisons between treatments were tested by using a paired t test.
3 x� 	 SD (all such values).
4,7 Significantly different from before insoluble-fiber treatment (paired t test): 4 P� 0.05, 7 P� 0.01.
5,6 Significantly different from before Po husk treatment (paired t test): 5 P� 0.05, 6 P� 0.01.
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Apo E and apo A-IV variant genes

In the E2 genotype group (5 patients), vitamin A was signif-
icantly lower after P. ovata husk consumption than after
insoluble-fiber consumption (461.6 	 172.9 and 526.8 	 175.3
�g/L; P � 0.01). The Apo A-IV 360 and 347 variants did not
show any significant association with lipid or apolipoprotein
changes in relation to either of the treatments.

DISCUSSION

Our results indicate that soluble P. ovata husk consumption
induced a more favorable effect on the lipoprotein profile (ie,
reduction in CVD risk factors) than did a comparable insoluble
fiber.

In our study, in men with coronary heart disease after a low-
saturated-fat, low-cholesterol diet, the incorporation of P. ovata
husk significantly reduced plasma triacylglycerol concentrations
by 6.7% and apo B:apo A-I by 4.7% and increased the apo A-I
concentration by 4.3%.

The triacylglycerol reduction observed with the P. ovata husk
supplement was approximately half that of the reduction (be-
tween 10% and 16%) observed with statin therapies (the most
widely used LDL-cholesterol-lowering drugs) and was similar to
that of ezetimibe (7% triacylglycerol reduction). With this mod-
est hypotriglyceridemic effect, P. ovata husk can be considered
as an adjuvant treatment in patients with moderate hypertriglyc-
eridemia (7, 8).

Apo B:apo A-I has been shown to be the best marker of
atherogenic and antiatherogenic particles in plasma. The
INTERHEART study showed this ratio to be a marker of risk of
myocardial infarction, irrespective of the geographic regions of
the populations studied (20). Recently, apo B:apo A-I was linked
to the risk of fatal stroke (21) in a similar manner to that of
myocardial infarction and other ischemic events (20, 21).

In our study, P. ovata husk intake reduced this ratio by �5%,
which was mainly due to a moderate (statistically nonsignificant)
reduction in apo B and a statistically significant increase in apo
A-I. This could be clinically relevant in view of the results of the
INTERHEART study, in which differences in mean apo B:apo
A-I between CVD cases (0.85) and controls (0.80) was 6%..

P. ovata husk significantly increased HDL-cholesterol con-
centrations (6.7%) relative to the insoluble fiber. This finding is
of considerable clinical relevance because studies of the second-
ary prevention of CVD have shown that the recommended LDL-
cholesterol lowering diets (low in saturated fat and cholesterol)
also have the detrimental effect of decreasing HDL-cholesterol
concentrations. This applies to the Step I National Cholesterol
Education Program prudent diet (22) and other recommended
diets.

The present results support the use of P. ovata as a supplement
that can stabilize HDL-cholesterol concentrations and can be
used as part of several dietary recommendations, such as those
applying to monounsaturated fatty acid intakes and moderate
alcohol consumption (23).

The present study describes new beneficial lipid-
redistribution effects resulting from P. ovata husk consumption;
effects that are different from those of other soluble fibers (2–4,
9). However, the mechanism by which P. ovata husk modifies
lipid, lipoprotein, and apolipoprotein concentrations remains, as
yet, undefined.

In our study, P. ovata husk did not produce an LDL-
cholesterol-lowering effect, as has been observed with other
soluble fibers. This may have been due to several factors. For
example, our patients consumed a more palatable and more tol-
erable low dose (10.5 g/d) than did the subjects in the study by
Sierra et al (24), in which the dose of the same P. ovata husk
preparation was higher (14 g/d). The high dose was observed to
induce significant reductions in total and LDL cholesterol (7%
and 9%, respectively) in patients with type 2 diabetes.

Reports indicate that the initial concentration of cholesterol is
predictive of the subsequent reduction in cholesterol concentra-
tions induced by some soluble fibers. As described in the meta-
analyses (4, 25) and observed in our study, the low-moderate
basal LDL-cholesterol concentration of the patients (mean: 3.04
mmol/L; maximum: 3.36 mmol/L) was highly predictive of the
failure of dietary P. ovata husk supplementation to lower LDL-
cholesterol concentrations. This could explain why patients with
moderate-to-high LDL-cholesterol concentrations, such as those
with type 2 diabetes (mean LDL cholesterol of 3.97 mmol/L) in
the study by Sierra et al (24), would be more responsive to
supplementation with P. ovata husk soluble fiber than were the
patients in the present study.

It would be of interest to analyze the effects of a higher P. ovata
husk intake in patients with low or moderate total plasma cho-
lesterol and LDL-cholesterol concentrations.

Of note is the finding that both fibers (soluble and insoluble)
significantly reduced the patients’ waist circumference and
waist-to-hip ratio. This aspect has not been previously reported.
Hence, supplementing a low-fat diet with fiber may have an
additional benefit on risk factors (2) by reducing abdominal fat
without appearing to have a significant effect on the BMI.

One limitation of this study was that an intention-to-treat anal-
ysis was not performed. Another limitation of this study, prob-
ably due in part to the small sample size of our study population,
was that an influence of the proposed genes (FABP2, apo A-IV,
and apo E) and their variants on the response to the fiber inter-
vention in the diet cannot be ruled out.

Guidelines from the National Cholesterol Expert Program
Adult Treatment Panel III suggest an increase in the intake of
20–30 g total dietary fiber, particularly of viscous or soluble
fiber, to 10–25 g/d to achieve a more effective lowering of LDL
cholesterol and of a consequent reduction in the risk of heart
disease (5, 6). It remains to be determined whether treatment with
a soluble fiber, such as P. ovata husk, can contribute to these
beneficial effects of diets that are protective against CVD.
Whether the benefits would be additive when used in combina-
tion with statins and other drugs used in the secondary prevention
of CVD (7) remains to be determined.

In conclusion, P. ovata husk treatment in combination with a
low-saturated-fat, low-cholesterol diet results in a more benefi-
cial lipoprotein profile (ie, one considered to be protective
against CVD) than does the addition to the diet of an equivalent
amount of insoluble fiber.
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Letters to the Editor

The effect of teas on malabsorption
of carbohydrates

Dear Sir:

I read with great interest the article “An Extract of Black, Green,
and Mulberry Teas Causes Malabsorption of Carbohydrate but not of
Triacylglycerol in Healthy Volunteers” by Zhong et al (1) in the
September 2006 issue of the Journal. Zhong et al provide an excellent
introduction to the health benefits of tea extracts. Through the use of
an excellent protocol design, black, green, and mulberry tea extracts
were tested with special emphasis on their interference with carbo-
hydrate and triacylglycerol absorption via their ability to induce the
malabsorption of carbohydrate or fat.

The authors pointed out that no studies in humans or animals have
shown that tea preparations cause the malabsorption of carbohy-
drates or fat. The Asian belief that drinking tea promotes good health
and longevity is gaining scientific merit (2). Dullo et al (3) reported
that the consumption of green tea extract elevates both the metabolic
rate and the rate of fat oxidation in humans.

One or 2 additional points can be made on this topic. First, the
racial composition of the study participants was not given. Would the
outcomes have been influenced if the study participants were Afri-
can American or Latino, given the higher prevalence of diabetes and
obesity in these groups (4; E Caballero, M Heisler, NL Agbayani,
unpublished observation, 2006)? In addition, can this study be rep-
licated by using a different protocol design and a larger study group?

The ability of a tea extract to inhibit carbohydrate absorption will
continue to be an important issue in the management of weight
control and in the treatment of diabetes. The study also indicated that
carbohydrate malabsorption induced by tea extracts could influence
blood glucose concentrations. Future studies are needed to include
African American and Latino populations. If such studies have
promising results, this approach could positively affect the challeng-
ing health disparities of various populations.

The author had no conflict of interest to declare.

Georgianna D Bolden

223 James P Brawley Drive, SW
Atlanta, GA 30314
E-mail: gbolden@cau.edu
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Vitamin D supplementation for non-Western
pregnant women: the British experience

Dear Sir:

We read with interest the article by van der Meer et al (1) on
Vitamin D deficiency in pregnant non-Western women in the Neth-
erlands. We would like to share the British experience and will
mainly discuss 2 aspects of the issue. First, we will address evidence
of vitamin D deficiency in pregnant Asian women in the United
Kingdom and the benefit of routine antenatal supplementation. Sec-
ond, we will discuss the confusion that has arisen from conflicting
recommendations from the Department of Health and National In-
stitute of Clinical Excellence on antenatal vitamin D supplementa-
tion.

There has long been evidence of vitamin D deficiency in pregnant
Asian women and their newborns in the United Kingdom (2, 3), as
assessed by maternal and neonatal serum 25-hydroxycholecalciferol
concentrations. Several studies have shown the benefit of vitamin D
supplementation in pregnant women in the United Kingdom, includ-
ing a double-blind randomized controlled trial that showed increases
in maternal serum 25-hydroxycholecalciferol concentrations after
vitamin D supplementation (4–6). Maternal nutritional status also
benefited as assessed by maternal weight gain and concentrations of
retinol-binding protein and thyroid binding prealbumin (4). Cord
blood 25-hydroxycholecalciferol concentrations also improved (6,
7). After birth, there was a significantly lower incidence of asymp-
tomatic and symptomatic hypocalcaemia in the supplemented group
and evidence of significant improvements in weight and length of the
infant up to 1 y of age (4).

Considering the abovementioned evidence, it seems logical that
pregnant British Asian women should routinely be supplemented
with vitamin D. Indeed, the Department of Health (DOH) recom-
mendations, based on Committee on Medical Aspects of Food Pol-
icy (COMA), are that all pregnant and breastfeeding women should
receive 10 �g (400 IU) vitamin D/d (8). However, the National
Institute of Clinical Excellence (NICE) (9) recommends, based on a
Cochrane review (10), that there is insufficient evidence to evaluate
the effectiveness of vitamin D in pregnancy, and, in the absence of
evidence of benefit, vitamin D supplementation should not be of-
fered routinely to pregnant women. The same Cochrane review,
however, recommends that vitamin D supplementation in the later
part of pregnancy should be considered in vulnerable groups, such as
Asian women living in Northern Europe, and possibly in those living
in geographic areas with long winters (eg, the United Kingdom and
the Netherlands). The contradictory statements from the DOH and
NICE have led to confusion in antenatal clinics in hospitals and in
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general practice. In a recent survey of general practices in the
Thames Valley area and Lambeth (where 67.9% of practices had
Asian or African Caribbean populations constituting �8% of the
total population), none were supplementing pregnant women with
vitamin D (11).

On the basis of the abovementioned evidence, we believe that, at
a minimum, the DOH recommendations should be followed, and all
pregnant and breastfeeding women should receive 10 �g (400 IU)
vitamin D/d. We also echo the concerns raised by others concerning
the recommendations of NICE (12, 13) and call for clarity.

The authors had no conflict of interest to declare.
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Insulin secretion and capsaicin

Dear Sir:

Many studies in the medical literature have indicated that the
consumption of chili-containing meals increases energy expenditure
and fat oxidation. Moving toward this direction, a new study regard-
ing the metabolic effect of a capasaicin chili–containing meal after
the consumption of a bland diet and a chili-blend–supplemented diet
was performed by Ahuja et al (1). The authors concluded that regular
consumption of chili may attenuate postprandial hyperinsulinemia.
To our knowledge, many studies have reported different effects of
capsaicin on glucose metabolism, implying that several factors may
be responsible for or may interact with capsaicin at a molecular level,
receptor level, or both. In one of the first studies of the effects of
capsaicin on glucose metabolism, Karlsson et al (2) showed in mice
that both the early (1-min) insulin secretory response to intravenous
glucose and glucose elimination were potentiated after capsaicin
administration, whereas basal insulin concentrations were not af-
fected by capsaicin. Similarly, in their experimental studies in rats,
Gram et al (3) reported that the mean blood glucose concentration
decreased and the plasma insulin concentration was unchanged dur-
ing an oral-glucose-tolerance test (OGTT) after capsaicin adminis-
tration, whereas the administration of a tolerable analogue of cap-
saicin suitable for in vivo use (resiniferatoxin) was accompanied by
an increased insulin response to oral glucose (4). In addition, Akiba
et al (5) showed in another study in rats that systemic administration
of 10 mg capsaicin/kg (subcutaneously) dose-dependently increased
insulin secretion and plasma insulin concentrations 1 h after treat-
ment. Other experimental studies conducted by Tolan at al (6, 7)
showed that purified capsaicin caused a decrease in blood glucose
concentrations in dogs during an OGTT and a concomitant elevation
in plasma insulin concentrations. Another study of insulin metabo-
lism after oral application of capsaicin by Domotor et al (8) con-
ducted in healthy human subjects showed that, although the plasma
concentrations of insulin increased from 90 to 165 min after glucose
loading, there were no significant differences between the results
obtained with and without capsaicin administration. Although many
studies of the role of capsaicin in carbohydrate metabolism have
been performed on animals, most of which showed that (contrary to
the results of Ahuja et al) capsaicin is associated with increased
insulin secretion, most of these studies were conducted under dif-
ferent experimental circumstances and, although adding some evi-
dence for a better understanding of the role of capsaicin in carbohy-
drate metabolism, their results are hardly comparable. However, to
date, there is a paucity of human studies on the effects of capsaicin
on glucose metabolism. In conclusion, it seems that several influ-
encing and confounding factors, as well as differences in animal and
human metabolisms, could at least partly explain why the results of
the study by Ahuja et al contrasted with those of other studies.
Although the time of a clinical application of capsaicin analogues in
treating metabolic disorders such as diabetes is still distant, and even
though there is a lack of more solid evidence, we believe that larger-
scale clinical trials are needed.
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Erratum

Lee YP, Mori TA, Sipsas S, et al. Lupin-enriched bread increases satiety and reduces energy intake acutely. Am J
Clin Nutr 2006;85:975–80.

On page 975 (right column), the last sentence of paragraph 3 should read as follows: The incorporation of lupin
kernel fiber into processed foods was found to result in higher postmeal satiety up to 4.5 h and lower energy intake
(�15%) over the test day (20). In this article, “LKF” represents “lupin kernel flour” (of which fiber is a major
component), not “lupin kernel fiber.”
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