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CORONARY CIRCULATORY DYSFUNCTION IN
INSULIN RESISTANCE, IMPAIRED GLUCOSE
TOLERANCE, AND TYPE 2 DIABETES MELLITUS,
by Prior et al.

The notion that diabetes contributes importantly to the
development of atherosclerosis and cardiovascular dis-
ease has long been known. Consistent with this notion,
diabetes is also associated with impaired vascular func-
tion, a preclinical marker of atherosclerosis. However,
the extent to which impaired glucose tolerance and
insulin resistance are also injurious to the vasculature is
not known. In this issue, Prior and colleagues examine
vascular function across the entire spectrum of insulin
resistance and diabetes. They report that vascular dys-
function is present very early in the process toward
development of diabetes, and they highlight the notion
that insulin resistance makes a strong contribution to the
development of vascular disease. See p 2291.

CONTRIBUTIONS OF DEPRESSIVE MOOD AND
CIRCULATING INFLAMMATORY MARKERS TO
CORONARY HEART DISEASE IN HEALTHY
EUROPEAN MEN: THE PROSPECTIVE
EPIDEMIOLOGICAL STUDY OF MYOCARDIAL
INFARCTION (PRIME), by Empana et al.

Depressive symptoms are associated with worse progno-
sis in patients with coronary heart disease. Some inves-
tigators have suggested that the relationship might be
mediated by inflammation. In a prospective, observa-
tional study that seeks to identify risk factors for coro-
nary heart disease and explain the gradient in risk
between Belfast and France, investigators studied 335
individuals who subsequently developed a first ischemic
coronary event and 670 age and center-matched controls
to determine the relationship between depressive symp-
toms and markers of inflammation on this risk of angina
pectoris, nonfatal myocardial infarction, and coronary
death. This study provides some insight about whether
the association of depressive symptoms with outcomes
in this population is explained by the levels of their
inflammatory markers. See p 2299.

LEFT VENTRICULAR SYSTOLIC PERFORMANCE,
FUNCTION, AND CONTRACTILITY IN PATIENTS
WITH DIASTOLIC HEART FAILURE, by Baicu et al.

Clinical heart failure in a patient with a normal left
ventricular ejection fraction is referred to as diastolic
heart failure. It has been assumed that abnormalities of
diastolic filling are the major cause of heart failure in
such patients. However, it has been controversial as to
whether systolic dysfunction also contributed to hemo-
dynamic dysfunction is such patients. Baicu et al address
this issue by measuring systolic function in 75 patients
who met the criteria for diastolic heart failure and 75
subjects without cardiovascular disease. They found that
several noninvasive and invasive indices of systolic
function were normal or even increased in the patients
with diastolic heart failure, leading to the conclusion that
the pathophysiology of diastolic heart failure is not
related to significant abnormalities in systolic function.
See p 2306.
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On Mice, Rabbits, and Human Heart Failure
A.J. Marian, MD

Sarcomeres, bundled into thick and thin filaments, are
the units of contraction in the striated muscle. The
thick filaments comprise several hundred hexameric

myosin molecules, composed of 2 myosin heavy chain
(MyHC) proteins, the molecular motor of contraction, and 2
regulatory and 2 essential light chains. The globular head of
MyHC contains the binding domains for cardiac �-actin and
adenosine triphosphate (ATP) and is attached to a hinge
region, which when flexed, moves the globular head over the
thin filaments. The thin filaments comprise the cardiac
troponin C (cTnC), T (cTnT), and I (cTnI) complex,
�-tropomyosin dimers, and cardiac �-actin, maintained in a
tight 1:1:7 stoichiometry. Several additional sarcomeric pro-
teins, such as myosin-binding protein C, titin, obscurin, and
telethonin contribute to the stabilization and function of the
sarcomeres.

See pp 2330 and 2339
The troponin-tropomyosin complex regulates the calcium-

dependent displacement of the thin filaments by the globular
head of MyHC, which results in sarcomere shortening and
generation of the force of muscle contraction.1–3 Depolariza-
tion of membrane potential opens the L-type calcium chan-
nels and allows Ca2� influx, which triggers calcium-induced
calcium release by opening the ryanodine receptors in the
junctional sarcoplasmic reticulum (SR). The cytosolic Ca2�

binds to cTnC at the low-affinity site and induces conforma-
tional changes, which lead to removal of the inhibitory
domain of cTnI away from the �-tropomyosin-actin complex
(Figure).3 Consequently, MyHC binds to actin, hydrolyzes
ATP to adenosine diphosphate (ADP) and inorganic phos-
phate, and displaces the actin filament. Each single myosin
generates 3 to 4 pN force and displaces the actin by 11 nmol.4

Uptake of Ca2�by the SR reverses the process. The number
and the biochemical composition of the sarcomeres in myo-
cytes determine the magnitude of the force generated and the
velocity of contraction.

Two MyHC isoforms, referred to as the �-MyHC and
�-MyHC, encoded by 2 distinct genes, located in tandem on
chromosome 14, are expressed in the mammalian ventricular
myocardium.5 The 2 MyHC isoforms share �90% sequence
identify but differ significantly in ATPase activity and the
rate of displacement of actin.6,7 The velocity of actin displace-

ment is 2- to 4-fold faster, the duration of force transients is
shorter, and the ATPase activity is 2- to 3-fold higher for the
�-MyHC (fast) than for the �-MyHC (slow) isoform.6,7

Hence, to perform the same workload, �-MyHC uses more
ATP than the �-MyHC.8 Accordingly, the relative distribu-
tion of the �-MyHC and �-MyHC isoforms in the myocar-
dium could have significant effects on the phenotypic expres-
sion of cardiac diseases.

In this issue of Circulation, Sanbe et al and James et al
report the phenotypic consequences of changes in 2 sarco-
meric proteins in the heart in transgenic rabbit models of
human heart failure.9,10 One model is designed to delineate
the pathogenesis of human hypertrophic cardiomyopathy
(HCM) caused by a missense mutation (R146G) in cardiac
troponin I (cTnI),9 and the other is designed to define the
functional significance of �-MyHC in human heart fail-
ure.11,12 The phenotypes entail the wide spectrum of the
responses of the heart to injury, expressed as either HCM
or dilated cardiomyopathy (DCM). The choice of the rabbit
as the transgenic model to study human heart failure is
commendable because similarities in the composition of
sarcomeric proteins between humans and the selected
animal model are critical for recapitulating and delineating
the pathogenesis of phenotype. The mouse, the conven-
tional transgenic model of human diseases, differs signif-
icantly from the human in sarcomeric protein composition.
The differences could limit the utility of the mouse models
in resolving the underlying mechanisms of human heart
muscle diseases. The concern has been especially applica-
ble to the phenotype resulting from mutations in the
�-MyHC because of the major differences in the expres-
sion levels of MyHC isoforms in human and mice hearts.5

The �-MyHC is the predominant isoform in the ventricles
of humans, comprising �90% of the total myofibrillar
myosin.5 This is in contrast to the mouse, in which the
�-MyHC isoform predominates and comprises �95% of
the total myofibrillar myosin protein.5 The rabbit heart has
a sarcomeric protein composition more similar to that in
the human heart, with the �-MyHC comprising 80% of the
myofibrillar myosin protein pool.5 Accordingly, biophys-
ical and biochemical properties of myofibers isolated from
the rabbit heart largely resemble the properties of the
human heart muscle. The differences in ATPase activity
and the kinetics of actomyosin cross-bridge cycling be-
tween the 2 MyHC isoforms could affect the phenotypic
response of the heart to the external stimuli (eg, pressure
overload) or internal stimuli (eg, genetic mutations).

The cTnI-G146 transgenic rabbits largely recapitulate
the phenotype of human HCM and exhibit several notable
features including cardiac hypertrophy, myocyte disarray,
interstitial fibrosis, and enhanced myofibrillar Ca2� sensi-
tivity.9 Comparison of the phenotype between the cTnI-

The opinions expressed in this article are not necessarily those of
the editors or of the American Heart Association.

From the Section of Cardiology, Baylor College of Medicine,
Houston, Tex.

Reprint requests to A. J. Marian, MD, Baylor College of Medicine, One
Baylor Plaza, 519D, Houston, TX 77030. E-mail amarian@bcm.tmc.edu

(Circulation. 2005;111:2276-2279.)
© 2005 American Heart Association, Inc.

Circulation is available at http://www.circulationaha.org
DOI: 10.1161/01.CIR.0000167559.13502.9A

2276

Editorial



G146 transgenic rabbits and the previously published
cTnI-G145 (146 in rabbits and humans) transgenic mice13

show similarities as well as differences. Both models
showed myocyte disarray, interstitial fibrosis, and en-
hanced Ca2� sensitivity of myofibrillar force generation;
however, only the transgenic rabbits showed cardiac hy-
pertrophy, albeit relatively modest.9,13 Other more subtle
differences included increased left ventricular contractility
(�dp/dt) in the cTnI-G145 mice, which was unchanged in
the cTnI-G146 transgenic rabbits, despite an increased left
ventricular ejection fraction.9 The cTnI-G145 mice also
showed diastolic dysfunction, which was absent in the
cTnI-G146 transgenic rabbits.9 Part of the phenotypic
differences between the 2 models could reflect the diffi-
culty in precise phenotypic quantification. They also
could, however, underscore model-specific phenotypes,
and hence emphasize the necessity for careful selection of
the animal model in which one wishes to resolve the
pathogenesis of the phenotype of interest.

A notable finding in the cTnI-G146 rabbits was en-
hanced Ca2� sensitivity of myofibrillar force generation,
which is also in accord with the previous reports on
ATPase activity and force generation.14,15 It is noteworthy
that mutations in the components of thin filaments that
cause DCM are associated with decreased Ca2� sensitivity
of the myofibrillar ATPase activity, force generation, or
both.16,17 It is intriguing to postulate that the impact of the
thin filament mutations on Ca2� sensitivity of myofibrillar
force generation, ATPase activity, or both is the main
determinant of the ensuing phenotype being DCM or
HCM. Ca2� sensitivity of myofibrils is probably deter-
mined by the impact of mutation on the affinity of the
inhibitory arm of cTnI for the �-tropomyosin-actin com-
plex. Slower dissociation of the cTnI from the complex
could decrease contractility and lead to DCM. In contrast,
an enhanced dissociation could facilitate actomyosin
cross-bridge cycling, increase contractility, and lead to
HCM.

An intriguing phenotype in the cTnI-G146 transgenic
rabbits is the perinatal fatality in lines that mutant cTnI-
G146 comprised �40% of the total myofibrillar cTnI.9 The
finding is in apparent dichotomy with human HCM,
whereby the affected individuals, having 1 mutant and 1
wild-type allele, are expected to express equal levels of the
mutant and wild-type proteins. Unfortunately, limited
human data are available to corroborate this notion and the
available data are restricted to myofibrillar incorporation
of the mutant �-MyHC and not cTnI.18,19 One possible
explanation for perinatal fatality could be the inefficient
incorporation of the mutant sarcomeric proteins into myo-
fibrils, as suggested by Sanbe et al. Accordingly, a �40%
incorporation of the mutant cTnI in the transgenic rabbit
may not reflect human HCM, whereby a lower percentage
of incorporation is expected because of inefficient incor-
poration. A previous report showing inefficient incorpora-
tion of mutant �-MyHC V606M and G584R in the soleus
muscles of 2 patients with HCM supports this notion.19 In
another study, however, inefficient myofibrillar incorpo-
ration of the mutant �-MyHC-Q403 in the soleus muscle of
patients with HCM was not apparent.18 In addition, in the
previously described �-MyHC-Q403 transgenic rabbit
model of human HCM, the mutant comprised �50% of the
total myofibrillar myosin, implying equal myofibrillar
incorporation of the wild-type and mutant proteins.20

Nonetheless, factors that regulate sarcomere assembly and
the impact of mutant sarcomeric proteins are largely
unknown. It is possible that the early neonatal fatality
reflected a direct effect of relatively excessive incorpora-
tion of the mutant protein into myofibrils. It is also
possible the excessively expressed and unincorporated
cTnI-G146 imparted fortuitous interactions with other
cytosolic proteins or competition for ubiquitylation and
contributed to perinatal fatality.

There is considerable interest in the potential signifi-
cance of changes in the expression levels of MyHC
isoforms in human heart failure. The �-MyHC protein is
expressed at a low level in normal adult ventricular

Essential role of the inhibitory arm of car-
diac troponin I (cTnI) in regulating car-
diac contraction and relaxation. (A) In the
resting state, cytosolic Ca2� concentra-
tion is low and troponin C (cTnC) is
unbound to Ca2�. The inhibitory arm of
cTnI binds to �-tropomyosin and blocks
binding of the globular head of myosin to
cardiac �-actin. (B) Increased cytosolic
Ca2� concentration on opening of the
ryonidine channels results in the binding
of Ca2� to cTnC, which leads to removal
of the inhibitory arm of cTnI from
�-tropomyosin. The latter allows dis-
placement of the thin filaments by the
globular head of myosin on hydrolysis of
ATP to ADP and Pi.
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myocardium and is composed of �5% to 10% of the total
myofibrillar myosin pool.11,12 In the failing ventricular
myocardium, expression level of the �-MyHC is down-
regulated to almost undetectable levels.11,12 The �-MyHC
expression level returns to normal levels on recovery of the
left ventricular function.21 The concordant changes could
simply reflect load-dependent effects in gene expression
and not necessarily a cause and an effect. Nevertheless,
given the higher ATPase activity of �-MyHC, downregu-
lation of �-MyHC protein in human heart failure could be
considered an energy-conserving mechanism.8 In contrast,
because of the faster rate of actomyosin cross-bridge
cycling, downregulation could have a negative inotropic
effect. To address the functional significance of expression
of �-MyHC in the heart, James et al has used an indirect
approach and force expressed the �-MyHC isoform in the
rabbit heart, which predominantly expresses the �-MyHC
isoform.10 The �-MyHC is made up of �15% to 40% of
the total myofibrillar myosin in the transgenic rabbits, and
it increased actin-activated ATPase activity by �50%;
however, no discernible phenotype was noted at the
baseline. After 30 days of rapid ventricular pacing, the
�-MyHC-transgenic rabbits showed a lesser degree of
pacing-induced cardiomyopathy than did the control rab-
bits, which implies a cardioprotective role for the
�-MyHC. Overall, the observed pre- and postpacing dif-
ferences between the transgenic and the control rabbits
were modest and subject to differences in the loading
conditions, such as the blood pressure, which differed
significantly between the groups. It is also noteworthy that
Robbins and colleagues had previously expressed the
�-MyHC in the background of �-MyHC in mice.22 Near-
complete replacement of �-MyHC with the �-MyHC
isoform moderately reduced cardiac contractile function
but caused no other discernible phenotype at rest.22

Chronic infusion of isoproterenol in the �-MyHC trans-
genic mice led to augmented hypertrophy with signs of
failure.22 Collectively, the findings in �-MyHC transgenic
mice and �-MyHC transgenic rabbits suggest that under
unstressed conditions, the MyHC isoform switch does not
impart a significant effect on cardiac function; however,
under severe stress, �-MyHC may be cardioprotective and
�-MyHC detrimental. The conclusions, nonetheless, are
indirect, based on the assumption of linearity on the effect
of MyHC isoforms on cardiac function and the imperfect-
ness of the models in representing the changes in human
heart failure, wherein the expression level of �-MyHC is
downregulated to almost undetectable levels.11,12

Another line of evidence suggesting a functional role for
the �-MyHC in the human heart is provided by identifi-
cation of rare mutations in MYH6, which encode the
�-MyHC isoform.23 Unfortunately, genetic data on MYH6
mutations have been restricted to the identification of rare
mutations in small families or probands with cardiomyop-
athies, and alone are not sufficiently robust to establish the
causality. Thus, additional genetic and functional studies
are necessary to delineate the functional significance of
expression of �-MyHC at low levels in the human heart
and its disappearance in the failing myocardium. Experi-

ments to suppress the expression level of the �-MyHC in
the background of �-MyHC through either gene targeting
or siRNA experiments would be necessary and await
refinement of existing gene targeting techniques.

In conclusion, the transgenic rabbit models of altered
sarcomeric proteins9,10 provide considerable insight into the
functional and phenotypic consequences of perturbations in
sarcomeric proteins in the heart. At the same time, it is
evident that there are considerable difficulties in developing
and characterizing appropriate models for human heart failure
and in the application of the results to the human phenotype.
The findings beg for additional genetic and molecular studies
to delineate molecular mechanisms that regulate sarcomere
assembly and function in human heart failure with the
ultimate goal of developing new interventions to prevent and
treat human cardiomyopathies.
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Clinical Significance of Statin Pleiotropic Effects
Hypotheses Versus Evidence

Michael H. Davidson, MD

The word “pleiotropic” usually is applied to genetics,
referring to the multiple actions of a single gene.
Regarding drug therapy for dyslipidemia, however,

the term has become synonymous with clinical benefits
beyond the effects of the drug on lipoproteins. HMG-CoA
reductase inhibitors (statins), as the most widely pre-
scribed drugs in the world, have been extensively evalu-
ated for effects independent of lipid alterations. Mice and
rats are relatively good models to evaluate potential
pleiotropic effects of HMG-CoA reductase inhibitors be-
cause statins do not lower circulating cholesterol concen-
trations in these species. Statin administration results in
greater nitric oxide bioavailability, increased ability to
recruit endothelial progenitor cells, inhibition of cardiac
hypertrophy, and reductions in the size and severity of
strokes.1 Despite a failure to lower blood cholesterol,
however, these drugs may influence cell membrane lipid
levels. In rodent models, statins have been shown to
decrease mitogen-activated protein kinase activation, en-
hance nitric oxide synthase expression, and reduce LOX-1
transcription by reducing oxidized low-density lipoprotein
(LDL) uptake in endothelial cell membranes.2 Accord-
ingly, the pleiotropic effects in animals may not be
independent of the cellular uptake of lipids.

See p 2356
In humans, the purported clinical benefits of statins have

ranged from improved bone density to reduced occurrence
of Alzheimer disease, as well as enhanced cardiovascular
benefits beyond blood lipid modification. Numerous stud-
ies have demonstrated that statins improve endothelial
function, most likely by increasing nitric oxide bioavail-
ability and reducing oxidant stress. Statins also may have
“negative pleiotropic” effects because they may downregu-
late cholesterol efflux from nonloaded human macro-
phages by inhibiting synthesis of an oxysterol ligand for
liver X receptor.3 In this issue of Circulation, Landmesser
et al report that with equal lowering of LDL-cholesterol by
simvastatin or ezetimibe, only simvastatin improved endo-
thelial function (as measured by flow-dependent dilation in

the radial artery) in patients with congestive heart failure
(CHF).4 This study supports the view that statins provide
clinical cardiovascular benefits beyond lipid modification.

From a historical perspective, the hypothesis that statins
may reduce coronary heart disease (CHD) events to a
degree greater than expected from lipoprotein modification
was first suggested by the results of the West of Scotland
Coronary Prevention Study Group (WOSCOPS) trial.5

This “overlap analysis” compared event rates in pravasta-
tin and placebo subjects whose on-trial LDL-cholesterol
values were in a range that occurred with high frequency in
both groups, 3.62 to 4.65 mmol/L (140 to 180 mg/dL). The
investigators found a significant reduction in event rate
associated with pravastatin therapy after adjustment for
lipoprotein cholesterol and triglyceride levels during treat-
ment.5 A similar finding also was demonstrated in the Air
Force/Texas Coronary Atherosclerosis Prevention Study (AF-
CAPS/TexCAPS), although, after correction for apolipoprotein
B and A1 levels,6 no difference was noted in event rate for
subjects on lovastatin versus placebo. Because of the lack of
available outcome trial results for all statins at the time, the use
of statins with proven benefits on event rates, including prava-
statin, lovastatin, and simvastatin, all fungal metabolites or
“natural statins,” was advocated in part for their presumed ability
to provide additional clinical benefits resulting from their pleio-
tropic effects.7

As findings from more outcomes trials have been
published, it has become obvious that all statins, whether
fungal metabolites or synthetic, confer similar CHD event
reduction if adjusted for differences in lipid changes
(Figure). These additional trials, especially the Heart
Protection Study (HPS)8 and Pravastatin or Atorvastatin
Evaluation and Infection Therapy (PROVE-IT)9 also ver-
ified the hypothesis that “lower is better” regarding LDL-
cholesterol, especially for high-risk CHD patients. The
ALLHAT trial,10 although flawed because of the high
frequency of crossover between treatments, failed to dem-
onstrate a clinical benefit for pravastatin beyond lipid
lowering. This effectively disproved the hypothesis that
pravastatin provided unique pleiotropic benefits different
from other statins.

Other lipid-altering drugs such as bile acid sequestrants,
niacin, and fibrates have been demonstrated to lower CHD
events to an extent similar to statin therapy if adjusted for
cholesterol lowering, although this provides only indirect
evidence against clinical pleiotropic benefits of the statin
drugs. Statins have been shown to lower inflammatory
markers such as C-reactive protein (CRP), but the degree
of CRP reduction correlates with the extent of lipid
lowering, and this effect is not unique to statins. The
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cholesterol absorption inhibitor, ezetimibe, enhances CRP
reduction when added to a statin, and equal lowering of
LDL-cholesterol by a low-dose statin plus ezetimibe or a
high-dose statin provides equivalent CRP reduction.11

Pleiotropic statin enthusiasts argue that in statin trials, clinical
event reductions appear more rapidly than in nonstatin trials. In
the Myocardial Ischemia Reduction with Aggressive Cholesterol
Lowering (MIRACL)12 and PROVE-IT trials, significant bene-
fits, mostly driven by reductions in the incidence of unstable
angina, occurred within the first month of treatment, whereas in
nonstatin trials, the clinical benefits required multiple years for
the Kaplan-Meier curves to separate. The MIRACL and
PROVE-IT trials, however, enrolled patients with acute coro-
nary syndromes who had much higher event rates than the
subjects in the nonstatin trials. Significant stroke reduction
appears to have been present only in statin trials, but the
nonstatin trials, which provided less cholesterol reduction,
trended toward stroke reduction as well. Therefore, the idea that
statins provide unique benefits attributable to factors other than
modification of the lipoprotein profile compared with other
classes of lipid-altering medications remains speculative.

Landmesser et al have provided convincing evidence that sim-
vastatin improved endothelial function in patients with CHF,
whereas ezetimibe did not. Improved endothelial function alone
may not translate into fewer events, however. Estrogen therapy was
documented to markedly improve endothelial function and provide
many other cardiovascular benefits,13 but clinical trials failed to
demonstrate a reduction in CHD events. The potential pleiotropic
benefits of statins for improving outcomes are presently being tested
in 2 large trials in patients with CHF: CORONA and Gruppo
Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico
(GISSI-HF).

Therefore, it is important to distinguish potential pleiotropic
benefits of specific lipid therapies from improvements in proven
surrogate end points such as LDL-cholesterol, non-HDL-choles-
terol, and ApoB. The National Cholesterol Education Program
Adult Treatment Panel III guidelines do not recommend specific
drugs to reduce CHD events but rather lipoprotein target goals
based on the weight of clinical evidence. Among clinicians the
pleiotropic benefits of statins have reached almost mythical
proportions. Although research and debate regarding this issue
should continue, in the absence of evidence for benefits on

events from randomized clinical trials, the focus must remain on
achieving the recommended goals of therapy established by
national guidelines.
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tionship of total cholesterol (TC) differential in
active treatment (TRT) versus control group
(CTL) to percentage change in cardiovascu-
lar events versus placebo. Gray circles indi-
cate nonstatin therapy; gray diamonds, statin
therapy. Trials: VA-HIT indicates Veterans
Affairs High-Density Lipoprotein Intervention
Trial; LRC-CPPT, Lipids Research Clinics
Coronary Primary Prevention Trial; A to Z,
Aggrastat to Zocor; CDP, Coronary Drug
Project; HHS, Health and Human Services;
CARE, Cholesterol and Recurrent Events;
POSCH, Program on the Surgical Control of
the Hyperlipidemias; ASCOT-LLA, Anglo-
Scandinavian Cardiac Outcomes Trial-Lipid
Lowering Arm; LIPS, Lescol Intervention Pre-
vention Study; 4S, Scandinavian Simvastatin
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Female Mice Lacking Estrogen Receptor � Display
Prolonged Ventricular Repolarization and Reduced

Ventricular Automaticity After Myocardial Infarction
Thomas Korte, MD; Martin Fuchs, MD; Andreas Arkudas, BS; Sebastian Geertz, BS;
Rainer Meyer, PhD; Ajmal Gardiwal, MD; Gunnar Klein, MD; Michael Niehaus, MD;

Andrée Krust, PhD; Pierre Chambon, PhD; Helmut Drexler, MD;
Klaus Fink, MD; Christian Grohé, MD

Background—Major gender-based differences in the incidence of ventricular tachyarrhythmia after myocardial infarction
have been shown in humans. Although the underlying mechanisms are unclear, earlier studies suggest that estrogen
receptor–mediated effects play a major role in this process.

Methods and Results—We examined the effect of estrogen receptor � (ER�) and estrogen receptor � (ER�) on the
electrophysiological phenotype in female mice with and without chronic anterior myocardial infarction. There was no
significant difference in overall mortality, infarct size, and parameters of left ventricular remodeling when we compared
infarcted ER�-deficient and ER�-deficient mice with infarcted wild-type animals. In the 12-hour telemetric ECG
recording 6 weeks after myocardial infarction, surface ECG parameters did not show significant differences in
comparisons of ER�-deficient mice versus wild-type controls, infarcted versus noninfarcted ER�-deficient mice, and
infarcted ER�-deficient versus infarcted wild-type mice. However, infarcted ER�-deficient versus noninfarcted
ER�-deficient mice showed a significant prolongation of the QT (61�6 versus 48�8 ms; P�0.05) and QTc intervals
(61�7 versus 51�9 ms; P�0.05) and the JT (42�6 versus 31�4 ms; P�0.05) and JTc intervals (42�7 versus 33�4
ms; P�0.05). Furthermore, infarcted ER�-deficient versus infarcted wild-type mice showed a significant prolongation
of the QT (61�6 versus 53�8 ms; P�0.05) and QTc intervals (61�7 versus 53�7 ms; P�0.05) and the JT (42�6
versus 31�5 ms; P�0.05) and JTc intervals (42�7 versus 31�5 ms; P�0.05), accompanied by a significant decrease
of ventricular premature beats (7�21/h versus 71�110/h; P�0.05). Finally, real-time polymerase chain reaction–based
quantitative analysis of mRNA levels showed a significantly lower expression of Kv4.3 (coding for Ito) in ER�-deficient
mice (P�0.05).

Conclusions—Estrogen receptor � deficiency results in prolonged ventricular repolarization and decreased ventricular
automaticity in female mice with chronic myocardial infarction. (Circulation. 2005;111:2282-2290.)

Key Words: estrogens � receptors � mice � myocardial infarction � arrhythmia

Coronary artery disease, the most common cause of
ventricular tachyarrhythmias, is the leading cause of death

in both men and women.1–3 However, the incidence of sudden
cardiac death at all age groups is significantly lower in
women,4–6 and traditional risk factors do not seem to predict
sudden death to the same extent in women as they do in
men.5,7,8

The mechanisms by which gender affects cardiac electro-
physiological parameters and alters the predisposition to
certain arrhythmias are not well understood, although differ-
ences in the expression and function of ion channels9–13 and

in the activation of the autonomic nervous system14–18 may
contribute. Furthermore, gender has an influence on certain
electrophysiological parameters, such as the corrected QT
interval, ventricular refractoriness, and action potential dura-
tion,13,19–22 and the susceptibility of halothane-induced ven-
tricular tachyarrhythmia23 in wild-type (WT) mice. However,
to date the exact mechanisms that underlie sex hormone–
based differences in cardiac electrophysiology after myocar-
dial infarction (MI) have not been established. Female sex
hormones, particularly estrogen (17�-estradiol), may play a
role in this process. The myocardium contains both functional
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estrogen receptor � (ER�) and estrogen receptor � (ER�).24

These transcription factors can activate downstream target
genes such as the endothelial/inducible isoforms of NO
synthase as well as connexin 43 in the heart.25,26

In the present study, we used an in vivo, closed-chest
mouse model to test the hypothesis that ER� and ER� per se
influence ventricular repolarization and ventricular automa-
ticity in a female mouse model with chronic anterior MI and
studied the expression of potassium channels as molecular
targets of ER� and ER� underlying these differences.

Methods
Mice
The generation of all animals included in this study has been
described before.27,28 A total of 71 female mice were investigated; 16
had ER� deficiency (�ERKO) and 18 were WT animals, and 15 had
ER� deficiency (�ERKO) and 15 were WT animals. �ERKO and
�ERKO mice had a C57BL/6 genetic background. Because of the
limitations of the breeding protocol (both �ERKO and �ERKO
homozygous littermates are infertile and had to be bred with
heterozygous littermates), the total number in the groups studied
after the induction of myocardial ischemia varied insignificantly.
Because the 2 transgenic mouse models came from different labo-
ratories, only littermate WT animals were analyzed to rule out any
potential difference in the genetic background of the groups com-
pared. The age of the mice was a mean of 6 months, and the weight
ranged from 25 to 30 g. All mice were housed under identical
conditions and were given standard mice chow and water ad libitum.
In a subset of animals, obtained from all groups, the sex hormonal
status was controlled and was within physiological limits (data not
shown). The Hannover Medical School ethics committee for animal
research and the government approved the study protocol, and the
investigation conforms with the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health.

Coronary Artery Ligation
Six weeks before electrophysiological examination, a total of 47
mice (10 �ERKO versus 13 WT; 15 �ERKO versus 9 WT)
underwent left anterior descending artery ligation for induction of an
anteroapical MI, and 24 mice (6 �ERKO versus 5 WT; 7 �ERKO
versus 6 WT) underwent sham operation. The surgical procedure
was performed as we have described previously.29

Tissue Collection
Mice were euthanized after invasive electrophysiological study, and
the hearts were fixed in situ as we have described previously.29

Morphometry
The infarct size was measured in 1 section of each of the 3 upper
slices and averaged. The infarct sizing was performed in picrosirius
red–stained slices (0.1% solution in saturated aqueous picric acid)
with the use of a computerized morphometry system (Q500MC,
Leitz). The infarct size was measured as the affected percentage of
the total endocardial circumference of the left ventricle.29

Ambulatory ECG Telemetry
Six weeks after MI, the mice underwent ambulatory ECG recordings
with the use of implantable PhysioTel TA10EA-F20 radiotransmit-
ters (DataScience International) as we have described previously.30

All baseline surface ECG parameters were measured manually with
online calipers by 2 investigators independently (T.K., S.G.), as has
been defined in detail elsewhere.31 For each parameter, the mean of
10 consecutively measured beats was calculated. Both investigators
were blinded to the genotype of the mice studied. Rate-corrected
QTc and JTc intervals were calculated with the use of the following
formula proposed by Mitchell et al32: QTc�QT0/(R-R0/100)1/2 and
JTc�JT0/(R-R0/100)1/2. Custom-made software was used to detect the
R peaks of the ECG signal and to calculate the R-R intervals (Chart

3.6 Data Acquisition Software, AD Instruments). Artifacts in the
resulting heart rate series caused by mouse movement were auto-
matically removed. Records consisting of �10% artifacts were
excluded from further analysis. Mean heart rate was computed, and
supraventricular and ventricular premature beats (VPBs) and su-
praventricular and ventricular tachycardia were analyzed. Ventricu-
lar tachycardia was defined as �3 consecutive beats. A ventricular
tachycardia was defined as nonsustained if the duration was �30
seconds.

Invasive Electrophysiological Study Protocol
The mouse invasive electrophysiological study methodology has
been previously described in detail by us and others.30,33 Mice were
studied 1 day after Holter recording. Briefly, animals underwent
endotracheal intubation and were ventilated. An octapolar mouse
electrophysiology catheter (NuMED, Inc) was placed via the left
jugular vein for pacing and endocardial electrogram recording. A
standard atrial and ventricular pacing protocol was used to determine
the electrophysiological parameters as previously reported. Atrial
and ventricular refractoriness and atrioventricular (AV) effective and
functional refractory periods were obtained with the use of a standard
programmed atrial stimulation protocol. In addition, rapid atrial
pacing and double and triple atrial and ventricular testing were
applied to assess atrial and ventricular arrhythmia inducibility. As
defined for Holter recordings, induced ventricular tachycardia was
defined as nonsustained if the duration was �30 seconds.

Real-Time Polymerase Chain Reaction and
Semiquantitative Measurement of Target
Gene Expression
The comparative description of the expression of voltage-gated
potassium channels Kv1.5 and Kv4.3 in the left ventricular tissue of
the mouse was performed by SYBR GREEN real-time polymerase
chain reaction (PCR) with the use of the ABI PRISM 7700 Sequence
Detector (Applied Biosystems). In this 96-well thermal cycler with
laser fluorescence detection, 40-cycle PCRs were run with “Rox” as
internal reference, a calibrator for normalizing variable measuring
conditions, and a heating scheme following the SYBR GREEN I
protocol. The ribosomal 18s served as endogenous control (“house-
keeping gene”). Intercalating in double-stranded DNA SYBR
GREEN (Quiagen) indicates the gain of new amplicons within each
cycle. Suitable primer pairs were designed by using PRIMER
EXPRESS Software and checked by BLAST search for their
specificity. By melting curve analysis, only target gene amplicons
were verified when the presence of primer dimer or spurious
products was ruled out. The stable efficacy of the chosen primer
pairs was tested in different concentrations. Relative gene expression
was calculated because of conditions at that stage of PCR when
amplification was logarithmic and thus could be correlated with an
initial copy number of gene transcription. The relative Kv gene
expression is shown as a percentage of part of the full amount of
measured Kv cDNA in each sample.

Mouse Genetic Primer
Mouse genetic primers were as follows: Kv4.3: forward primer GCTC-
CAGCGGACAAGAACAA, reverse primer GTCTGGAAC-
CGTCGTCCACTT; Kv1.5: forward primer GGCCACCACGTCGAT-
GAT, reverse primer ACACTGCGCACGAAACGGTAACGA.

Data Acquisition and Analysis
Surface ECGs, endocardial electrograms, and telemetry electrogram
recordings were acquired on a multichannel amplifier and converted
to a digital signal for analysis (MacLab System, AD Instruments).
Signals were recorded at a sampling rate of 1000 Hz.

Statistical Analysis
All continuous variables, such as ECG intervals and cardiac conduc-
tion properties, were compared with controls, with data presented as
mean�1 SD. Mortality and the incidence of inducible or spontane-
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ous arrhythmia were compared by the �2 test or Fisher exact test. For
comparison of the infarct size and electrophysiological parameters
between 2 groups, the Student t test or ANOVA was used, when
applicable. For comparison of ventricular automaticity during am-
bulatory ECG recording, VPBs per 12 hours were counted and
compared between 2 groups by use of the unpaired Student t test. A
probability value of �0.05 was considered statistically significant.

Comparisons among ER� animals were as follows: (1) �ERKO
versus WT (to test solely the effect due to ER� deficiency); (2)
�ERKO versus �ERKO�MI (to test solely the effect of MI on
animals with receptor deficiency); and (3) �ERKO�MI versus
WT�MI (to test the effect of ER� deficiency on animals with MI).

Comparisons among ER� animals were as follows: (1) �ERKO
versus WT (to test solely the effect due to ER� deficiency); (2)
�ERKO versus �ERKO�MI (to test solely the effect of MI on
animals with receptor deficiency); and (3) �ERKO�MI versus
WT�MI (to test the effect of ER� deficiency on animals with MI).

Results
Animals, Mortality, and Infarct Size
Absolute numbers of animals with induction of MI or sham
operation are given in Table 1. There was no statistically

significant difference in mortality during the 6 weeks after MI
when we compared �ERKO�MI and �ERKO�MI with
infarcted WT animals. MI resulted in a significant increase in
the ratio of heart weight to body weight in comparison to
sham-operated controls. There were no significant differences
in infarct size and ratio of heart weight to body weight when
we compared �ERKO�MI and �ERKO�MI with infarcted
WT animals.

Ambulatory ECG Telemetry

ECG Data
The total number of ambulatory ECGs performed and the
results of the ECG data are summarized in Table 2. There was
a significant prolongation of QT, QTc, JT, and JTc when we
compared both �ERKO with �ERKO�MI and �ERKO�MI
with infarcted WT animals (Figures 1 and 2).

There was no significant difference in duration of P, PR,
QRS, QT, QTc, JT, and JTc when we compared �ERKO and
�ERKO with WT controls and compared WT controls with

TABLE 1. No. of Total Mice, Cumulative Deaths, Infarct Size, Cardiac Weights,
and Dimensions

Total
Mice BW HW/BW

Total
Deaths

Infarct
Size, %

Septum
Thickness, mm

LV
Diameter, mm

�ERKO

WT sham MI 5 28�5 5.6�1 � � � � � � 1.4�0.4 2.8�0.8

WT�MI 13 27�5 8.6�1 4 60�1 1.4�0.4 3.9�1

�ERKO sham MI 6 29�5 6.1�1.8 � � � � � � 1.3�0.1 3.8�0.6

�ERKO�MI 10 28�6 8�2.6 3 60�2 1.4�0.2 3.8�1

�ERKO

WT sham MI 6 24�3 6�0.1 � � � � � � 1.3�0.1 3.6�0.2

WT�MI 9 22�2.1 8.2�5.5 4 60�2 1.4�0.3 4.7�0.6

�ERKO sham MI 7 24�1 5.2�1 � � � � � � 1.2�0.2 3.5�0.2

�ERKO�MI 15 25�2 8.2�4.6 6 60�2 1.4�0.3 3.9�1.1

HW indicates heart weight (measured in milligrams); BW, body weight (measured in grams); and
LV, left ventricle.

TABLE 2. Surface ECG Conduction Intervals in Mice During Ambulatory
ECG Recording

n
R-R,
Mean

P,
ms

PR,
ms QRS, ms

QT,
ms

QTc,
ms

JT,
ms

JTc,
ms

�ERKO

WT sham MI 4 95�7 16�1 36�3 22�4 51�6 53�6 30�3 30�3

WT�MI 9 91�4 16�3 32�4 23�7 52�1 59�10 34�6 36�7

�ERKO sham MI 6 95�7 16�3 38�1 20�4 53�8 54�9 33�5 33�5

�ERKO�MI 7 98�7 17�3 38�3 25�4 61�9 62�10 36�8 37�8

�ERKO

WTsham MI 6 91�6 15�2 37�3 16�3 47�5 50�6 31�3 33�3

WT�MI 5 96�6 16�2 36�5 22�6 53�8 53�7 31�5 31�5

�ERKO sham MI 5 90�4 15�3 36�3 17�5 48�8 51�9 31�4 33�4

�ERKO�MI 9 100�5 15�2 38�5 20�3 61�6* 61�7* 42�6* 42�7*

R-R indicates R-R interval; P, duration of P wave; PR, duration of PR interval; QRS, duration of QRS
interval; QT, duration of QT interval; QTc, rate-corrected duration of QT interval; JT, duration of JT
interval; and JTc, rate-corrected duration of JT interval.

*P�0.05 compared with WT�MI and �ERKO sham MI.
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and without MI. There also was no significant difference
when we compared �ERKO with �ERKO�MI and
�ERKO�MI with infarcted WT animals.

Baseline Heart Rate and Arrhythmia Recording
The mean R-R during the 12-hour Holter recording was not
significantly different when we compared �ERKO and
�ERKO with controls and �ERKO�MI and �ERKO�MI
with infarcted WT animals.

No VPBs or ventricular tachycardias were documented in
noninfarcted WT, �ERKO, and �ERKO animals during
12-hour Holter recording. In infarcted �ERKO mice 14�30
(range, 0 to 83) VBPs per hour (2 of 7 animals) and in
infarcted WT animals 51�99 (range, 0 to 250) VPBs per hour
(3 of 9 animals) were documented (P�0.05). In infarcted
�ERKO animals 7�21 (range, 0 to 82) VPBs per hour (3 of
9 animals) and in infarcted WT animals 71�111 (range, 0 to

333) VPBs per hour (4 of 6 animals) were documented
(P�0.05; Figure 3). In 1 infarcted WT animal, recurrent
nonsustained ventricular tachycardia was documented (Fig-
ure 4).

Electrophysiological Study
The total number of animals with completed electrophysio-
logical study and the results of surface ECG parameters and
of the electrophysiological data are summarized in Table 3.

Cardiac Conduction Properties and
Electrophysiological Data
There was no significant difference in all groups compared
with regard to sinus node function and atrioventricular
conduction (AV interval, AV Wenckebach cycle length, AV
2:1, AV effective refractory periods, AV functional refractory
periods). Furthermore, there was no statistically significant

Figure 1. A, Representative ECG tracing
of an infarcted WT animal. P wave: 12
ms; PQ: 38 ms; QRS: 12 ms; QT: 45 ms.
B, Representative ECG tracing of an
infarcted �ERKO animal. Note the signifi-
cant prolongation of the QT interval. P
wave: 17 ms; PQ: 38 ms; QRS: 26 ms;
QT: 73 ms.
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difference in any of the groups compared with regard to
ventricular refractoriness.

Programmed Stimulation and Arrhythmia Inducibility
With the use of standard programmed electrical stimulation
protocols and burst atrial and ventricular pacing, provocation
of ectopic or reentrant rhythms was attempted. No animals
experienced spontaneous ventricular arrhythmias during
placement of the catheter. No nonsustained ventricular
tachycardia/sustained ventricular tachycardia was inducible
in �ERKO and �ERKO animals and their noninfarcted WT
controls (Table 3). In 1 of 7 �ERKO�MI and in 5 of 9
infarcted WT controls, nonsustained ventricular tachycardia
was inducible. In 2 of 9 �ERKO�MI and in none of the
infarcted WT controls, nonsustained ventricular tachycardia

was inducible. There was no statistically significant differ-
ence in ventricular tachycardia inducibility in any of the
groups compared. Inducibility of atrial tachycardia/atrial
fibrillation is summarized in Table 3; there was no statisti-
cally significance in any of the compared groups.

Expression of Different K� Channels in the
Mouse Ventricle
To establish whether the prolongation of repolarization in
infarcted female �ERKO mice is due to differential expres-
sion of fast- and slow-rectifying potassium channels, we
analyzed mRNA expression of selected K� channels with
real-time PCR using RNA harvested from the intact left
ventricle of female �ERKO and �ERKO animals and their
controls. The K� channels examined included Kv1.5 (coding

Figure 2. Mean duration of QT, QTc, JT,
and JTc interval in infarcted (MI) WT ani-
mals and infarcted �ERKO animals. QT,
QTc, JT, and JT intervals are significantly
prolonged in the �ERKO�MI group.

Figure 3. Incidence of VPBs during
ambulatory telemetry of awake unre-
strained mice in infarcted (MI) WT ani-
mals and infarcted �ERKO animals.
Infarcted �ERKO mice showed a signifi-
cantly reduced incidence of VPBs.
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for Ikur) and Kv4.3 (coding for Ito). We chose these channels
because earlier reports suggest that the expression and func-
tion of these 2 potassium channels are likely to be dependent
on the sex hormone receptor status (ie, estrogen recep-
tors).13,34 Whereas the transcript levels of Kv1.5 showed no
significant difference, there was a significantly lower expres-
sion (P�0.05) of Kv4.3 in �ERKO mice (Figure 5). These
data are consistent with our electrophysiological data because
decreased expression of Kv4.3 in female �ERKO mice could
explain the significant prolongation of repolarization and
altered ventricular automaticity in the infarcted animals with
knockout of ER�.

Discussion
In infarcted female �ERKO mice, ventricular repolarization
is significantly prolonged and ventricular spontaneity is
significantly decreased. This finding is accompanied by a
significant and specific lower expression of Kv4.3 in �ERKO
animals. Thus, ER� plays a significant role in ventricular
repolarization and automaticity in the female mouse heart

after MI, which is mediated, at least in part, by downregula-
tion of Kv4.3 expression.

Mortality, Infarct Size, and Left
Ventricular Remodeling
This study showed no evidence that infarct size, ventricular
remodeling, and mortality are significantly altered by ER�
and ER�. Thus, the electrophysiological differences shown in
female �ERKO mice with chronic MI do not appear to be
related to infarct size or the extent of left ventricular remod-
eling in this subgroup of animals and the time point studied.

The role of estrogen, particularly 17�-estradiol, has been
studied extensively in different models of myocardial ische-
mia, whereas the role of the respective estrogen receptors
remains to be elucidated. We recently showed a reduction in
chronic infarct size and cardiomyocyte apoptosis in ovariec-
tomized female mice treated with 17�-estradiol.35 However,
estrogen can increase post-MI ventricular remodeling and
mortality. Cavasin et al36 found a decreased ejection fraction
and increased left ventricular diameter in female mice with

Figure 4. Ambulatory telemetry recording
of an awake, unrestrained WT mouse
with MI. Sinus rhythm (SR) with a cycle
length of 83 ms and recurrent runs of
VPBs are shown.

TABLE 3. Electrophysiological Data Summary

n SNRT, ms
AVI,
ms

AVWCL,
ms

AV 2:1,
ms

AVERP,
ms AVFRP, ms VERP, ms

VT,
n

AT/AF,
n

�ERKO

WT sham MI 4 263�71 43�17 97�12 60�1 63�14 102�6 25�14 � � � 2

WT�MI 9 190�22 44�5 89�7 59�5 56�1 96�8 26�14 5 1

�ERKO sham MI 6 230�14 57�5 100�7 64�6 59�7 98�5 23�4 � � � 3

�ERKO�MI 7 193�46 51�8 95�6 63�5 55�4 102�6 33�14 1 � � �

�ERKO

WT sham MI 6 236�36 37�22 96�4 60�2 54�7 97�1 32�12 � � � � � �

WT�MI 5 205�3 61�13 90�5 70�5 60�6 96�4 28�5 � � � � � �

�ERKO sham MI 5 192�33 54�4 94�5 69�3 60�7 99�6 40�14 � � � 1

�ERKO�MI 9 168�25 45�18 90�1 60�5 75�35 105�26 32�8 2 1

SNRT indicates sinus node recovery time; AVI, AV interval; AVWCL, AV Wenckebach cycle length; AVERP, AV effective refractory
period; AVFRP, AV functional refractory period; VERP, ventricular effective refractory period; VT, ventricular tachycardia; AT, atrial
tachycardia; and AF, atrial fibrillation.
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ovariectomy and chronic MI. Other previous studies have
suggested that 17�-estradiol treatment reduces ischemia/
reperfusion injury.37–41 Node et al40 found a reduction of both
infarct size and the occurrence of ischemia- and perfusion-
induced ventricular arrhythmias and suggested a mediation
by NO and the opening of Kca channels in the canine heart.
Despite these conflicting observations, it remains unclear
which role the respective estrogen receptors per se may play
in this process.

Role of ER� for Ventricular Repolarization and
Spontaneity and Potassium Channel Expression in
Noninfarcted and Infarcted Female Mouse Heart
In a previous study we and others described a prolongation of
repolarization and increased ventricular vulnerability in C57
BL/6 WT mice with chronic MI.30,42 Huang et al43 found a
significantly prolonged ventricular action potential duration and
increased ventricular vulnerability in the infarcted rat heart,
accompanied by a significant decrease in expression of both
Kv2.1 and Kv4.3. Kääb et al44 showed reduced expression and
function of Kv4.3 as a potential mechanism of action potential
prolongation in failing human heart with chronic MI.

The mechanisms underlying gender-specific differences in
cardiac repolarization are still largely unknown. Hormonal
regulation of cardiac K� channel gene expression may affect
electrical activity. The issue of the role of sex steroid
hormones in the regulation of K� channel expression is of
major importance and has been the focus of previous stud-
ies.45–49 However, the results of animal studies with regard to
the electrophysiological effects of sex hormones have been
divergent, and it is not clear from previous data whether sex
steroid hormones consistently alter cardiac repolariza-
tion.50–52 Trepanier-Boulay et al13 found a significantly pro-
longed ventricular repolarization as measured by action
potential duration in female mice compared with male mice,
which was accompanied by a significantly decreased expres-
sion of Kv1.5 and of its corresponding K� current, Ikur, in the

female ventricle. Saba et al22 found that 17�-estradiol pro-
longs AV nodal conduction and the right ventricular effective
period, and they argue that hormonal status affects aspects of
cardiac electrophysiological function. Furthermore, Drici et
al23 did not find gender differences with regard to QT
interval, action potential duration, dispersion of refractory
periods, and conduction velocities in Langendorff-perfused
WT mice but described inducibility of significantly longer
periods of polymorphic ventricular tachycardia in female
mice uncovered by halothane, accompanied by a pronounced
expression of KCNE1. Song et al34 were the first to show a
direct influence of estrogen on the transcription, ie, expres-
sion, of Kv4.3 in the myometrium of female rats.

This study demonstrates, for the first time, a significant
prolongation of repolarization (QT, QTc, JT, JTc) in infarcted
female �ERKO mice but not in infarcted female �ERKO
mice compared with noninfarcted transgenic animals and
infarcted WT animals. Furthermore, only infarcted �ERKO
mice had significantly fewer VPBs in 12-hour ECG monitor-
ing. From the data of the present study, it can be hypothesized
that prolongation of repolarization caused the reduction of
ventricular spontaneity in the infarcted �ERKO animals,
although an altered dispersion of repolarization might also
have contributed to this effect.52 Future studies will have to
address this aspect.

To further characterize the underlying mechanisms, we
studied the expression of Kv1.5 and Kv4.3 in �ERKO and
�ERKO animals because these channels play an important
role in cardiac repolarization and earlier reports suggest that
their expression and function might be altered by sex hor-
mones.13,34 We showed a decreased expression of Kv4.3
(coding for Ito) in the �ERKO left ventricle but not in the
�ERKO left ventricle. The expression of Kv1.5 was un-
changed in both �ERKO and �ERKO animals. These data
suggest a downregulation of the expression of Kv4.3 in the
female mouse heart via ER�. The influence of ER� on
potassium channel expression is not apparent during electro-
physiological examination of the �ERKO mouse but be-
comes apparent after MI of �ERKO animals. The prolonged
repolarization is not due to the chronic MI because in this
model prolonged repolarization is not apparent in infarcted
WT controls and is not apparent in infarcted �ERKO animals
and their controls. Future studies will have to focus on how
ER� regulates potassium channel expression and to what
extent regulation via ER� is estrogen dependent.

Limitations
There are limitations in the translation of the results of this
study to other species and to human physiology. K� channels
may play different roles in repolarization, and the effect of
sex hormones on repolarization might significantly differ
among species.52 To date, in vivo mouse electrophysiology
has been proven to be a helpful tool to understand the
underlying mechanisms involved in the pathology of clini-
cally relevant cardiac electrophysiology. This animal model
serves as the transgenic model of choice because of a
combination of technical difficulties in transgenic techniques
for larger animals, as well as cost, reproduction, and ethical
issues.53 Future research is needed to directly characterize

Figure 5. Significantly reduced relative mRNA expression of
Kv4.3 in the female �ERKO heart compared with WT animals.
Rel. indicates relative.
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gender-based differences found in cardiac repolarization
comparing estrogen receptor–deficient female and male
mice.

Significance of the Present Study
The present study provides new insight into the role of
estrogen receptor � in the pathophysiology of cardiac ar-
rhythmias after MI. Our study suggests regulation of potas-
sium channel expression via ER�, which significantly influ-
ences ventricular repolarization and automaticity in the
female heart after MI. The work thus improves our under-
standing of the fundamental mechanisms by which sex
hormones influence cardiac repolarization and enhances our
awareness of gender differences in the control of K� channel
gene expression.
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Coronary Circulatory Dysfunction in Insulin Resistance,
Impaired Glucose Tolerance, and Type 2 Diabetes Mellitus

John O. Prior, MD, PhD; Manuel J. Quiñones, MD; Miguel Hernandez-Pampaloni, MD, PhD;
Alvaro D. Facta, MD; Thomas H. Schindler, MD; James W. Sayre, PhD;

Willa A. Hsueh, MD; Heinrich R. Schelbert, MD, PhD

Background—Abnormal coronary endothelial reactivity has been demonstrated in diabetes and is associated with an
increased rate of cardiovascular events. Our objectives were to investigate the presence of functional coronary
circulatory abnormalities over the full spectrum of insulin resistance and to determine whether these would differ in
severity with more advanced states of insulin resistance.

Methods and Results—Myocardial blood flow (MBF) was measured with positron emission tomography and 13N-ammonia
to characterize coronary circulatory function in states of insulin resistance without carbohydrate intolerance (IR),
impaired glucose tolerance (IGT), and normotensive and hypertensive type 2 diabetes mellitus (DM) compared with
insulin-sensitive (IS) individuals. Indices of coronary function were total vasodilator capacity (mostly vascular smooth
muscle–mediated) during pharmacological vasodilation and the nitric oxide–mediated, endothelium-dependent vaso-
motion in response to cold pressor testing. Total vasodilator capacity was similar in normoglycemic individuals (IS, IR,
and IGT), whereas it was significantly decreased in normotensive (�17%) and hypertensive (�34%) DM patients.
Compared with IS, endothelium-dependent coronary vasomotion was significantly diminished in IR (�56%), as well as
in IGT and normotensive and hypertensive diabetic patients (�85%, �91%, and �120%, respectively).

Conclusions—Progressively worsening functional coronary circulatory abnormalities of nitric oxide–mediated, endothe-
lium-dependent vasomotion occur with increasing severity of insulin-resistance and carbohydrate intolerance. Attenu-
ated total vasodilator capacity accompanies the more clinically evident metabolic abnormalities in diabetes.
(Circulation. 2005;111:2291-2298.)

Key Words: blood flow � diabetes mellitus � endothelium � hypertension

Abnormal coronary endothelial reactivity represents one
of the earliest manifestations of vascular disease and is

a key element in the development of atherosclerosis.1 It exists
not only in diabetes and in groups at high risk for type 2
diabetes mellitus, such as impaired glucose tolerance (IGT),
but also in insulin-resistant individuals who do not have
significant metabolic abnormalities.2–5 The cardiovascular
mortality rate in IGT is twice that of normal glucose toler-
ance, increases 2- to 3-fold in type 2 diabetes mellitus,6 and
rises further when diabetes is associated with hypertension.7

Because the high mortality cannot be fully explained by
conventional cardiovascular risk factors, it has been attributed
to factors related to insulin resistance and its potentially
adverse effects on endothelial function. A key issue is
whether and how endothelial dysfunction and vascular injury
progress as insulin resistance progresses to type 2 diabetes
mellitus. Positron emission tomography (PET) affords non-
invasive measurements of myocardial blood flow (MBF).8,9

MBF responses to vascular smooth muscle cell (VSMC)
relaxing agents like dipyridamole or adenosine yield infor-
mation on total coronary vasodilator function. MBF re-
sponses to sympathetic stimulation with cold pressor testing
(CPT) provide information on endothelium-related coronary
vasomotion. We hypothesized that abnormalities in coronary
circulatory function would parallel insulin resistance severity
and carbohydrate intolerance in the progression to type 2
diabetes mellitus. To address this issue, we used PET to
compare coronary circulatory function in Mexican-American,
nonsmoking individuals who were insulin-sensitive (IS) or
insulin-resistant (IR), or who had IGT or type 2 diabetes
mellitus (DM) with and without hypertension.

Methods
Study Population
One-hundred seventy-four Mexican Americans underwent screening
that included medical history, physical examination, blood pressure
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measurements, and an ECG; fasting blood collection for routine
testing (blood cell count, chemistry, and lipid panel) and routine
urinalysis were performed by the Medical Center Clinical Pathology
Laboratory. All individuals without a history of diabetes underwent
a 2-hour 75-g oral glucose tolerance test with measurement of
glucose (glucose oxidase technique; YSI, Inc) and insulin levels
(Human Insulin-Specific RIA Kit; Linco Research, Inc). Glucose
tolerance was categorized according to American Diabetes Associ-
ation criteria4 (IGT, fasting glucose �6.11 to 7.00 mmol/L and
2-hour plasma glucose �7.77 to 11.10 mmol/L; DM, fasting plasma
glucose �7.00 mmol/L or 2-hour glucose �11.10 mmol/L). Nondi-
abetic individuals underwent peripheral insulin sensitivity measure-
ment by a modified hyperinsulinemic-euglycemic clamp.5 Briefly, a
priming dose of human insulin (Novolin; Novo Nordisk) was
followed by insulin infusion (60 mU · m�2 · min�1) for 120 minutes
to achieve plasma insulin levels �700 pmol/L. Blood was sampled
every 5 minutes, and 20% glucose infusion rate (GINF) was adjusted
to maintain euglycemia (5.00 to 5.55 mmol/L). The GINF (mg/kg of
body weight per minute) over the last 30 minutes of the clamp
reflected insulin action and defined IS (GINF �7.5 mg · kg�1 ·
min�1) and IR (GINF �4.0 mg · kg�1 · min�1) individuals.5 Of the
174 individuals, 14 declined to participate in the study. Forty
individuals were excluded from the study (hypertension [n�3],
hypercholesterolemia [n�9], or triglyceride levels �3.40 mmol/L
[n�15] in the absence of diabetes; smoking [n�2]; females taking
oral contraceptives [n�6]; diabetic patients taking hypoglycemic
agents [n�4]; and hypertensive diabetic patients taking �-blockers
[n�1]). The remaining 120 individuals were assigned to 1 of 5 study
groups: (1) IS group (n�19) without coronary risk factors and
normal insulin sensitivity; (2) IR group (n�47), without coronary
risk factors and normal carbohydrate tolerance; (3) IGT group
(n�25); (4) DM group without hypertension (n�21); and (5)
hypertensive group of diabetic individuals with hypertension (HTN
group; n�8). Diabetic patients were subgrouped on the basis of the
presence (blood pressure �135/80 mm Hg) or absence of hyperten-
sion, which is known to adversely affect coronary circulation.10

Comparisons across study groups were performed with the ho-
meostasis model assessment (HOMA) index of insulin resistance11

(fasting plasma glucose [mmol/L]�fasting plasma insulin [pmol/L]/
162), which has been found to correlate with glucose clamp
measurement in nondiabetic, diabetic, or hypertensive populations.12

Of the 76 women in the study, 6 were postmenopausal (cessation of
menses �1year) and were also diabetic. The time since diagnosis of
diabetes averaged 2.1�3.2 years (range 0 to 11 years). None of the
participants were taking antihypertensive, antidiabetic, or lipid-
lowering medications. The study was approved by the UCLA
Institutional Review Board, and written informed consent was
obtained from all participants.

Evaluation and Measurement of MBF
MBF was measured with 13N-ammonia and PET (ECAT EXACT
HR/HR�, CTI/Siemens). Beginning with the intravenous injection
of 13N-ammonia (555 to 740 MBq), serial transaxial images were
acquired for 19 minutes, as described previously.13 Reoriented short-
and long-axis myocardial slices of the last 15-minute transaxial
image and the corresponding polar maps were submitted to visual
analysis of the relative MBF distribution. Regions of interest
assigned on the last 15-minute image to coronary artery territories
and the left ventricular blood pool were copied to the serial images
acquired during the first 2 minutes to generate time-activity curves
and to estimate MBF as described previously.13 Because no signif-
icant MBF differences existed between coronary territories, regional
MBFs were averaged.

Participants refrained from drinking caffeine-containing sub-
stances for �24 hours before study and had been fasting for �6
hours. MBF was measured at rest, then during CPT, and finally
during pharmacological vasodilation with adenosine or dipyridam-
ole, separated by 35 to 45 minutes. CPT was performed by hand
immersion in ice water for 2 minutes, with administration of
13N-ammonia and imaging at 45 seconds after onset of the test. Image
acquisition and 13N-ammonia administration began 3 minutes after

completion of the 4-minute infusion of dipyridamole (0.54 mg/kg) or
3 minutes after the 6-minute infusion of adenosine (140 �g · kg�1 ·
min�1) was begun. Studies in nondiabetic individuals used dipyri-
damole, whereas adenosine was used in 11 of 21 normotensive
diabetic participants and in all hypertensive diabetic participants.
Heart rate, blood pressure, and a 12-lead ECG were recorded at
1-minute intervals during each procedure. Heart rates and blood
pressures were averaged for the first 2 minutes of data acquisition,
and the rate-pressure product (RPP�heart rate�systolic blood pres-
sure) was derived as an index of cardiac work. Image artifacts due to
subject motion, side effects to adenosine or dipyridamole, and poor
image quality precluded image acquisition or analysis of 1 rest, 6
CPT, and 11 hyperemic studies.

Statistical Analysis
Comparisons across groups were performed with 1-way ANOVA
with post hoc Scheffé tests; results are presented as mean�SD,
unless otherwise indicated. Skewed variables (P�0.05 on skewness-
kurtosis test of normality; fasting plasma glucose and insulin, GINF,
HOMA, and triglycerides) were analyzed after logarithmic transfor-
mation. Because significant baseline intergroup differences existed,
ANCOVA14 was used to compare mean MBF response after adjust-
ment for mean differences in potentially confounding variables
(covariates: age, gender, body mass index [BMI], and resting flow).
Interaction terms (group�covariate) were negligible (P�0.22); pair-
wise group differences were assessed with least significant differ-
ence tests. The association of MBF responses to CPT and vasodila-
tion with metabolic and clinical variables was assessed with
univariate (Spearman rank) correlation and multivariable linear
modeling (stepwise forward regression of variables with P�0.1
significance in univariate analysis). Significance was considered for
2-sided P�0.05, and Stata software (version 8.2, Stata Corporation)
was used for analyses.

Results
Study Population and Laboratory Findings
The characteristics of the study groups are listed in Table 1.
Diabetics were older than IS, IR, and IGT individuals. IR,
IGT, and diabetic individuals had higher BMIs than insulin-
sensitive individuals. Fasting glucose levels were elevated
only in the 2 diabetes groups; however, as expected, 2-hour
glucose levels were abnormal in the IGT group. Glucose
disposal rates determined by euglycemic clamping were on
average 73% and 63% lower in the IR and IGT groups,
respectively, than in the IS group (Table 1; not measured in
diabetes groups). Mean plasma LDL cholesterol did not differ
between groups but tended to be higher in the diabetes
groups. Plasma HDL cholesterol levels were lower in the IGT
and diabetes groups than in the IS and IR groups. Finally,
plasma triglyceride levels were higher in the IR, the IGT, and
the diabetes groups than in the IS comparison group.

Hemodynamic and MBF Findings
Blood pressure at baseline was similar in the normotensive
study groups but was elevated in the HTN group (Table 1).
Both CPT and adenosine or dipyridamole infusion signifi-
cantly raised blood pressures in all study groups with the
exception of a decline during pharmacological vasodilation in
the DM group. Nevertheless, systolic blood pressures in the
HTN group remained higher than in the other groups during
CPT and during pharmacological vasodilation. The increase
in RPP from rest to CPT (�RPP; defined in absolute units)
was similar in all 5 study groups, whereas the average RPP
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during CPT was higher in the HTN group than in the
remaining groups (Table 2).

Visual and quantitative analysis of the 13N-ammonia myo-
cardial perfusion images revealed homogeneously distributed
MBF; the absence of flow defects argued against the presence
of significant coronary stenosis in study participants. Mean
values of MBF at rest and during CPT and hyperemia are
listed in Table 2.

At rest, MBF was higher in the HTN group than in the
other study groups (P�0.01; Table 2), and a trend existed for
higher values in the IR group than in the IS group (P�0.11).
Multivariate analysis identified the RPP as the only indepen-
dent determinant of MBF at rest. Accordingly, normalization
of MBFs by myocardial work (MBF · RPP�1) abolished

differences in flow estimates of the HTN group compared
those in the other study groups and between the IR and IS
groups, so that the observed intergroup differences in resting
MBF were related to differences in cardiac work.

Pharmacological vasodilation significantly raised MBF in
all study groups. The flow increase was similar across the
groups, although hyperemic MBF in the 2 diabetes groups
tended to be lower than in the other groups (Table 2). When
hyperemic MBFs were combined for all diabetes patients
(DM and hypertensive groups), they were significantly lower
than in the normoglycemic IR groups (IR and IGT;
P�0.001). Accordingly, the myocardial flow reserve as the
ratio of hyperemic to rest MBF in the diabetic patients was
reduced significantly compared with that of the IS group

TABLE 1. Population Characteristics (n�120)

IS IR IGT DM HTN P

No. of participants (women/men) 19 (8/11) 47 (39/8) 25 (16/9) 21 (11/10) 8 (2/6)

Age, y* 32�7 32�6 36�6 41�10* 54�7* �0.001

BMI, kg/m2 25�4 33�5* 33�8* 32�5* 30�4 �0.001

Blood pressure, mm Hg 108�9/63�7 110�13/65�8 115�13/71�8† 116�13/71�10 163�17*/82�10* �0.001

Glucose metabolism

Fasting plasma glucose, mmol/L 4.81�0.42 5.17�0.38 5.37�0.80 11.37�4.18* 10.66�4.69* �0.001

2-Hour plasma glucose, mmol/L 6.06�1.17 6.48�0.92 9.06�1.04* � � � � � � �0.001

Fasting plasma insulin, pmol/L 62�26 146�75† 106�61 125�120 150�169 �0.001

Hemoglobin A1C, % � � � � � � 5.6�0.7 9.8�2.3‡ 9.8�4.1‡ �0.001

Glucose infusion rate, mg � kg�1 � min�1 9.6�1.7 2.6�0.77* 4.2�2.8* � � � � � � �0.001

HOMA index 1.9�0.8 4.7�2.7 3.6�2.2 7.5�5.4 7.8�7.7 �0.001

Lipid profile, mmol/L

Total cholesterol 4.29�1.06 4.61�0.76 4.98�0.90 5.31�1.34† 5.14�1.42 0.011

HDL 1.38�0.20 1.16�0.32 1.10�0.28† 1.00�0.31* 1.11�0.28 0.002

LDL 2.56�0.97 2.73�0.69 3.07�0.80 3.14�1.00 3.25�1.16 0.091

Triglycerides 0.75�0.30 1.59�0.65* 1.95�1.17* 3.47�2.78* 2.29�1.39* �0.001

Free fatty acids 0.62�0.22 0.79�0.22 0.64�0.14 0.78�0.38 0.75�0.37 0.092

*P�0.01, †P�0.05 vs IS; ‡P�0.01 vs IGT.

TABLE 2. MBF and RPP

MBF or RPP

IS IR IGT DM HTN P

MBF, mL � min�1 � g�1

Rest 0.61�0.10 0.73�0.17 0.70�0.16 0.63�0.14 1.02�0.35* �0.001

Adenosine or dipyridamole 1.90�0.35 1.98�0.39 1.90�0.34 1.64�0.31‡ 1.60�0.37 0.003

CPT 0.85�0.16 0.82�0.21 0.74�0.17 0.69�0.13 1.00�0.39§ �0.001

Myocardial flow reserve 3.20�0.66 2.75�0.50* 2.77�0.63 2.57�0.36* 1.65�0.41*� �0.001

�MBF CPT from rest, % 0.25�0.08 (42�13) 0.09�0.17* (14�22) 0.04�0.14* (7�14) 0.06�0.08* (10�14) �0.02�0.11* (�2�12) �0.001

RPP, mm Hg/min�103

Rest 6.8�1.1 8.1�1.7 8.1�1.4 8.1�1.6 12.7�4.8*‡ �0.001

CPT 9.4�1.8 10.7�2.5 10.2�2.0 10.6�3.0 14.8�3.9*‡ �0.001

�RPP CPT from rest 2.7�1.4 2.6�1.8 2.2�1.4 2.4�2.3 2.1�2.7 0.86

Adjusted MBF for mean differences in MBF at rest, mean�SE; mL � min�1 � g�1 (ANCOVA)

�MBF CPT from rest 0.24�0.03 0.09�0.02* 0.04�0.03* 0.04�0.03* 0.03�0.05* �0.001

*P�0.05 vs IS group; †P�0.05 vs IR group; ‡P�0.05 vs IR group; §P�0.05 vs IGT and DM; �P�0.001 vs any other group.
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(Table 2). Because patients in both diabetes groups were
older than individuals in the other study groups, hyperemic
MBFs were further adjusted for age by ANCOVA. Age-
adjusted hyperemic MBFs were highest in the IS group and
tended to decline progressively from the normoglycemic to
the hyperglycemic IR groups (Table 4). The adjusted mean
hyperemic MBFs in the normotensive diabetes group were
significantly lower than in the IGT group (P�0.05; Table
4) but higher than in the hypertensive diabetes
group (P�0.01). Furthermore, on nonparametric testing
for trends across ordered groups, the trend of a progressive
decline of hyperemic MBFs from the IS to the hyperten-
sive groups achieved statistical significance (P�0.002).
Univariate analysis of possible associations between hy-
peremic MBFs and other clinical findings revealed signif-
icant inverse correlations with fasting plasma glucose and
MBF at rest and a positive correlation with HDL choles-
terol (Table 3). There was a trend to inversely correlate
with age, LDL cholesterol, and systolic blood pressure. On
multivariate analysis, however, only fasting plasma glu-
cose and HDL cholesterol remained independent predic-
tors of hyperemic MBFs.

CPT consistently raised MBF in IS individuals; by con-
trast, individual flow responses in the other groups varied and

ranged from increases to no change or to decreases. Average
values of MBF during CPT varied between groups, although
there were no significant intergroup differences with the
exception of a significant difference between the hyperten-
sive diabetes and the IGT groups (Table 2). As observed
previously in normal volunteers,1 the cold-induced increase in
RPP was accompanied in IS individuals by a proportionate
increase in MBF (r�0.52; P�0.028). As Table 2 indicates,
RPP increased by 41�23%, whereas MBF increased by
42�13%. In hypertensive diabetic patients, however, the
percent increase in RPP was only 21�24%, whereas MBFs
remained unchanged (�2�12%).

Already increased values of RPP and MBF account at least
in part for the attenuated responses when expressed in
percentages of the rest RPP or MBF. To reduce a baseline-
dependent bias, responses to CPT were estimated in absolute
units as the difference in MBF or in RPP during CPT and at
rest. In the IS group, RPP increased with CPT by
�RPP�2.7�1.4�103 mm Hg/min and was associated with a
�MBF�0.25�0.08 mL · min�1 · g�1 flow increase. In the IR
group, RPP similarly increased by 2.6�1.8�103 mm Hg/min
(P�0.99 versus IS), but MBF increased by only
0.09�0.17�103 mL · min�1 · g�1 (P�0.001 versus IS). Fur-
thermore, in the hypertensive diabetic group, RPP rose by

TABLE 3. Associations of MBF With Clinical and Laboratory Variables

Adenosine or Dipyridamole MBF Cold Pressor Testing �MBF From Rest

Univariate Multivariate Univariate Multivariate

Variable � P � P R 2 � P � P R 2

Age �0.156 0.10 �0.028 0.76

BMI �0.020 0.83 �0.319 0.001

Plasma glucose �0.241 0.013 �0.27 0.002 0.07 �0.251 0.007

Plasma insulin �0.013 0.89 �0.252 0.007

HOMA index �0.150 0.12 �0.352 �0.001

Total cholesterol �0.154 0.11 �0.104 0.27

HDL cholesterol 0.211 0.027 0.21 0.015 0.04 0.353 �0.001 0.221 0.014 0.06

LDL cholesterol �0.170 0.083 �0.076 0.44

Triglycerides �0.136 0.16 �0.445 �0.001 �0.296 0.001 0.10

Free fatty acids 0.067 0.54 �0.088 0.43

Systolic blood pressure �0.178 0.062 �0.159 0.091

MBF at rest 0.416 �0.001 0.39 �0.001 0.15 �0.267 0.004 �0.288 0.001 0.10

Total R 2 0.26 0.26

� Indicates Spearman rank correlation coefficient; �, standardized regression coefficient; R 2, correlation coefficient.

TABLE 4. Adjusted MBF

MBF, mL � min�1 � g�1

IS IR IGT DM HTN P

Adenosine or dipyridamole 1.99�0.09 1.94�0.05 1.90�0.07 1.70�0.08*‡ 1.34�0.15* 0.002

CPT 0.94�0.04 0.82�0.02*§ 0.75�0.03* 0.73�0.03* 0.67�0.06* �0.001

Myocardial flow reserve 2.86�0.11 2.74�0.08 2.69�0.10 2.38�0.11*‡ 1.89�0.22* 0.002

�MBF CPT from rest, % 0.23�0.04 (36�5) 0.11�0.02*§ (15�3) 0.04�0.03* (5�4) 0.03�0.03* (3�4) �0.04�0.06* (�6�9) �0.001

Values are mean�SE adjusted for mean group difference in MBF at rest (0.71 mL � min�1 � g�1), age, gender, and BMI by ANCOVA.
*P�0.001 or †P�0.05 vs IS group; ‡P�0.05 vs IGT and P�0.01 vs HTN groups; §P�0.05 vs IGT, DM, or HTN.
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2.1�2.7�103 mm Hg/min, which was not significantly dif-
ferent from the increase in the IS group, whereas MBF
remained virtually unchanged (�0.02�0.11 mL · min�1 ·
g�1). Thus, despite comparable increases in RPP (and thus,
increases in cardiac work), responses in MBF to cold were
significantly diminished or absent in the 4 IR groups and
significantly differed from those in the IS control group
(Table 2).

Because the responses of MBF to CPT defined in absolute
units were found on univariate analysis to depend on resting
MBF, the flow responses were submitted to an additional
analysis that included resting MBFs. As shown in Figure 1,
MBFs during CPT were significantly correlated with and thus
dependent on MBF at rest. Similar correlations were observed
in the IR groups. The slopes of the regression lines between
rest and cold pressor MBFs as shown in Figure 1 for the IS
and IR groups did not differ significantly. However, consis-
tent with the diminished flow response in IR individuals, the
regression line was displaced downward and intercepted the

ordinate at 0.19 mL · min�1 · g�1 compared with the intercept
for IS individuals of 0.33 mL · min�1 · g�1. According to this
ANCOVA, MBFs during CPT were on average 0.14 mL ·
min�1 · g�1 lower in the IR group than in the IS control group.
Because the slopes of the regression lines between rest and
CPT flows in the IGT and the 2 diabetes groups also did not
differ significantly from the slope in the IS group, the same
analysis was applied. Values for the mean difference of
MBFs during CPT in each of the 4 study groups with IR
compared with those in the IS controls are listed in Table 2.

On univariate analysis, MBF was found to depend on BMI
(Table 3), and significant intergroup differences existed for
age and gender. Accordingly, the flow difference values were
adjusted for BMI, age, gender, and MBF at rest. They are
listed in Table 4 and demonstrate significant intergroup
differences (Figure 2). The adjusted mean MBF responses in
the IR group were significantly lower than in the IS group
(P�0.001) but higher than in the 2 diabetic groups (P�0.05).
Furthermore, nonparametric tests for trend across ordered
groups indicated that the progressive decline of the MBF
response across the IR states was statistically significant
(P�0.02). Possible associations of the flow response (MBF)
to CPT with clinical and laboratory findings were explored
with univariate and multivariate analysis. In addition to the
correlations with BMI and MBF at rest as mentioned above,
univariate analysis revealed statistically significant inverse
correlations between �MBF and fasting plasma glucose,
insulin levels, and HOMA, as well as with triglyceride
concentrations. Furthermore, �MBF correlated positively
with HDL cholesterol levels. On multivariate analysis, only
HDL cholesterol and triglyceride levels were found to be
independent predictors of �MBF.

Discussion
In this study, coronary vasomotor function was compared in
a single ethnic group, Mexican-Americans, who were IS or
who had IR, IGT, DM, or DM with hypertension. Mexican-
Americans have a high prevalence of insulin resistance,
metabolic syndrome, and DM.15 The main findings of the
study are as follows: (1) the presence of a functional abnor-
mality of the coronary circulation across the spectrum of
insulin resistance, and (2) progression of this functional
alteration with carbohydrate intolerance. In states of insulin
resistance that lead to diabetes, this alteration primarily

Figure 1. MBF during CPT was correlated to MBF at rest in IS
and IR groups. Because slopes were not different across groups
(P�0.22), common slope (0.86) was used with distinct intercepts
by group (IS�0.33 and IR�0.19 mL · min�1 · g�1; P�0.001).
Thus, MBF response was on average �0.14 mL · min�1 · g�1

lower in IR, consistent with decreased response in this group.

Figure 2. MBF (mean�SE) after adjust-
ment for mean group differences in MBF
at rest, age, gender, and BMI by
ANCOVA. A, In response to adenosine or
dipyridamole and compared with IS con-
trol group, MBF was decreased signifi-
cantly in DM (�17%) and HTN (�35%)
groups. B, Although RPP change during
CPT (�RPP) was comparable across
groups (P�0.86), MBF response (�MBF)
was decreased significantly in IR
group (�56%) and even more blunted in
groups with IGT, DM, and HTN (C).
*P�0.001 or ‡P�0.05 vs IS; †P�0.05 vs
IGT and vs HTN; §P�0.05 vs IGT, DM,
or HTN.
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involved the flow response to CPT, which is largely endo-
thelium dependent. In the presence of overt type 2 DM, there
was also an attenuation of the total vasodilator capacity that
tended to worsen with hypertension. When adjusted for age,
gender, BMI, and MBF at rest, hyperemic MBFs and MBF
responses to CPT differed between IR groups, and the trend
of progressively declining MBFs was found to be statistically
significant. These data suggest that vascular injury occurs
when insulin resistance is the only abnormality, even in the
absence of traditional coronary risk factors, and progresses as
carbohydrate intolerance appears. These results are important
in view of the worldwide epidemic of insulin resistance and
are of concern because of the relatively early stage of
appearance of vascular injury in the cascade of insulin
resistance.

Flow responses to CPT largely reflect endothelium-related
coronary vasomotor function and correlate with invasively
and noninvasively measured indices of nitric oxide (NO)–
mediated changes in coronary flow.1,16–18 Sympathetic stim-
ulation with CPT raises both heart rate and systolic blood
pressure and, thus, the RRP, an index of myocardial work. In
the normal coronary circulation, the increase in myocardial
work is associated with a proportionate metabolically medi-
ated increase in coronary flow as previously reported and
confirmed in the IS individuals in the present study.1,18 In the
IR individuals, however, despite comparable increases in
RRP, MBF failed to increase or even declined with CPT. This
attenuated flow response has been reported with PET in
patients with type 2 DM.19–21 Similarly, intracoronary ace-
tylcholine stimulation in type 2 DM patients produced de-
creases rather than increases in conduit vessel diameter,
whereas CPT induced a decrease in epicardial coronary
diameter compared with an increase seen in normal con-
trols.18 Thus, diabetes is associated with impaired function of
both the conduit and resistance vessels.

An important finding of the present investigation was
that the alteration of coronary vasomotor function was not
confined to type 2 DM but was also present in individuals
with normoglycemic IR. Previous investigations in periph-
eral arteries provided some evidence for the presence of
endothelial dysfunction at different stages of development
of diabetes. Acetylcholine-stimulated peripheral artery
dilation was shown to be diminished in obese individuals
with and without IGT, and both skin blood flow and
brachial artery responses were diminished in relatives of
type 2 DM patients.22–25 These studies suggested an
impairment of the endothelium-related function of both the
conduit and resistance vessels of the peripheral vasculature
in IR that was similar to that described for the coronary
vasculature in DM. However, flow abnormalities in the
spectrum of IR that lead to type 2 DM were not reported
previously in a composite study. We recently reported
attenuation of cold-stimulated coronary flow in IR in the
absence of glucose intolerance.5 The present study dem-
onstrates a progressive impairment of coronary circulatory
function with progressive carbohydrate intolerance. In the
early stage of normoglycemic resistance, the impairment
affects the endothelium-dependent vasomotor function that
tends to worsen progressively with more severe states of

IR and ultimately reduces the total vasodilator capacity,
including the endothelium and the VSMC-dependent cor-
onary circulatory function in hyperglycemic states of DM.
Interestingly, the greatest loss in endothelium-dependent
flow occurred with IR alone, tended to worsen with IGT
and DM, and tended to further decrease in the presence of
hypertension.

Mechanisms underlying the progressive impairment of
coronary circulatory function from normoglycemic to hy-
perglycemic states of IR remain to be elucidated. The most
attractive concept, however, refers to a decrease of NO
bioavailability either due to diminished production, in-
creased inactivation of NO, or both and may result from
several mechanisms.3 Diminished IS, elevation of plasma
free fatty acids, and hypertriglyceridemia have been im-
plicated to alter intracellular signaling of NO synthase
activity and to reduce NO production.3 In type 2 DM,
hyperglycemia has been associated with increased produc-
tion of reactive oxygen species, which results in inactiva-
tion of NO.26 An increase in endothelin activity may have
further opposed the flow response to cold stimulation.27

Multivariate analysis in the present study identified HDL
cholesterol and triglyceride plasma levels as independent
predictors of the flow response to CPT. Indeed, low HDL
cholesterol and high triglyceride levels appear early in IR
and define the metabolic system.15 In one previous study,
HDL levels were directly correlated, and in another study,
triglyceride levels were inversely correlated with endothe-
lium-dependent brachial artery function.28,29 Elevated
plasma triglyceride levels were therefore likely to have
further contributed to impairment of the endothelium-
dependent coronary circulatory function.

Responses of MBF to adenosine or dipyridamole reflect
the total coronary vasodilator capacity. Across the spec-
trum of IR, total vasodilator capacity was attenuated in the
presence of DM. Although patients with diabetes in the
present study were older than the other groups, previous
studies from our laboratory failed to observe an age-
dependent decline in hyperemic MBF,8 and when adjusted
for age, hyperemic flows remained lower in patients with
DM. The average 16% attenuation in the present investi-
gation is comparable to the 20% reductions in hyperemic
flows in previous studies.18 –20,30,31 Adenosine- or dipyri-
damole-induced increases in MBF are mediated largely
through VSMC relaxation, although endothelium-
dependent mechanisms contribute to the hyperemic re-
sponse, because inhibition of NO synthase decreases
hyperemic flow in both the peripheral and the coronary
circulation.32,33 Attenuation of total vasodilator capacity in
type 2 DM may, therefore, reflect functional alterations of
the endothelium, VSMC, or both. Previous studies dem-
onstrating diminished vasodilator responsiveness to exog-
enous NO donors in patients with type 2 DM2 suggest that
VSMC function was affected. This possibility would not
be unexpected in DM, in which longstanding IR and
hyperinsulinemia and, in hypertension, mechanical stress
may alter VSMC function and structure. Alternatively, it is
conceivable that additive effects of various mechanisms of
reduced NO bioavailability may have diminished endothelial
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function progressively to an extent to which its contribution
to total vasodilator capacity became significant.16

An important question is whether the coronary vasomotor
abnormalities are reversible. Use of thiazolidinedione insulin
sensitizers normalized responses to CPT in IR individuals
without carbohydrate intolerance.5 This normalization was
associated with improvement, but not normalization, of IS.
The angiotensin II type 1 receptor blocker valsartan
improved endothelium-dependent coronary vasomotor
function measured by PET but did not affect IS.34 In
addition, improvement in glucose control also improved
CPT responses in DM.35 Thus, improvement in endotheli-
um-related flow does not necessarily parallel IR. It is
likely that therapies that decrease oxidative stress improve
coronary vasomotor function, whatever the cause of the
dysfunction. Because low HDL cholesterol correlated with
abnormalities in both CPT responses and total vasodilator
capacity, it would also be useful to determine whether
increasing HDL cholesterol may improve coronary vaso-
motor dysfunction in IR.

Conclusions
Coronary vasomotor responses to CPT, which are largely
endothelium related, are abnormal in IR in the absence of
traditional coronary risk factors, worsen in the presence of
carbohydrate intolerance, and tend to deteriorate further with
diabetes and hypertension. HDL cholesterol and triglycerides
are predictors of this response. Total coronary vasodilator
capacity remains normal until the onset of DM. Fasting
plasma glucose and HDL cholesterol are determinants of this
response. Longitudinal studies are needed to understand the
natural sequence of events that lead to abnormal coronary
circulatory function in individuals at risk of developing type
2 DM. Nevertheless, these results underscore the progressive
vascular injury that occurs in IR and carbohydrate intolerance
and reinforces the need to prevent diabetes and the metabolic
syndrome.
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Contributions of Depressive Mood and Circulating
Inflammatory Markers to Coronary Heart Disease in

Healthy European Men
The Prospective Epidemiological Study of Myocardial Infarction (PRIME)

J.P. Empana, MD, MPH; D.H. Sykes; G. Luc, MD; I. Juhan-Vague, MD, PhD; D. Arveiler, MD;
J. Ferrieres, MD, MSc; P. Amouyel, MD, PhD; A. Bingham, MA; M. Montaye, MD;

J.B. Ruidavets, MD; B. Haas, MD; A. Evans, MD, FRCP; X. Jouven, MD, PhD; P. Ducimetiere, PhD;
for the PRIME Study Group*

Background—Data on the possible association between depressive disorders and inflammatory markers are scarce and
inconsistent. We investigated whether subjects with depressive mood had higher levels of a wide range of inflammatory
markers involved in coronary heart disease (CHD) incidence and examined the contribution of these inflammatory
markers and depressive mood to CHD outcome.

Methods and Results—We built a nested case-referent study within the Prospective Epidemiological Study of Myocardial
Infarction (PRIME) study of healthy middle-aged men from Belfast and France. We considered the baseline plasma
sample from 335 future cases (angina pectoris, nonfatal myocardial infarction, coronary death) and 670 matched
controls (2 controls per case). Depressive mood characterized men whose baseline depression score (13-item
modification of the Welsh depression subscale) was in the fourth quartile (mean score, 5.75; range, 4 to 12). On average,
men with depressive mood had 46%, 16%, and 10% higher C-reactive protein, interleukin-6, and intercellular adhesion
molecule-1 levels, respectively, independently of case-control status, social characteristics, and classic cardiovascular
risk factors; no statistical difference was found for fibrinogen. The odds ratios of depressive mood for CHD were 1.35
(95% CI, 1.05 to 1.73) in univariate analysis and 1.50 (95% CI, 1.04 to 2.15) after adjustment for social characteristics
and classic cardiovascular risk factors. The latter odds ratio remained unchanged when each inflammatory marker was
added separately, and in this analysis, each inflammatory marker contributed significantly to CHD event risk.

Conclusions—These data support an association of depressive mood with inflammatory markers and suggest that depressive
mood is related to CHD even after adjustment for these inflammatory markers. (Circulation. 2005;111:2299-2305.)

Key Words: coronary disease � depressive disorder � epidemiology � inflammation � risk factors

Several observational studies have reported that negative
emotions such as major or clinical depression and depres-

sive symptoms are risk factors for coronary heart disease
(CHD) in the general population.1–7 However, the mecha-
nisms underlying this association are mostly unknown. The
contribution of inflammation to the origin of CHD has been
investigated, and prospective studies have shown that levels
of interleukin-6 (IL-6), C-reactive protein (CRP), fibrinogen,

and adhesion cellular molecule (ICAM-1) are predictive of
CHD in healthy populations.8–13 Additionally, some cross-
sectional studies have shown that subjects with clinical or
major depression, and possibly depressive symptoms, have
higher levels of circulating inflammatory markers, including
IL-6, CRP, and fibrinogen.14–18 Thus, the hypothesis was
raised that inflammation might partially mediate the relation-
ship between depressive disorders and CHD. Nonetheless,
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evidence supporting the association of depressive disorders
with inflammatory markers is weak. Although 3 studies on
major and clinical depression have reported consistent re-
sults,14–16 5 studies on depressive symptoms have provided
mixed results.17–21 These studies have focused mostly on a
single inflammatory marker, and none, including those on
clinical and major depression, has investigated the possible
association with adhesion cellular molecules such as
ICAM-1. This is important because recent data suggest that
major depression is associated with endothelial dysfunc-
tion.22,23 Such studies, however, have all been cross-sectional
and thus have been unable to assess prospectively the extent
to which inflammatory markers contribute to the association
of depressive disorders with CHD.

Using data from the Prospective Epidemiological Study of
Myocardial Infarction (PRIME),24 which is prospectively
evaluating CHD risk factors in initially healthy middle-aged
men in Belfast and France, we sought to explore whether
depressive mood assessed by questionnaire is associated with
a wide range of circulating inflammatory markers. Then, we
estimated the contribution of depressive mood and circulating
inflammatory markers to the risk of CHD.

Methods
Study Population
The PRIME Study is a prospective cohort designed to identify risk
factors for CHD and to explain the gradient in CHD incidence
between Belfast (Northern Ireland) and France.24 Details on recruit-
ment, baseline examination, and follow-up of the PRIME Study have
been previously described.25 Overall, 9758 middle-aged men 50 to
59 years of age who were free of CHD at baseline were recruited in
Lille, Strasbourg, and Toulouse in France (n�7399) and Belfast in
Northern Ireland (n�2359) between 1991 and 1993 and followed up
for �5 years for occurrence of first CHD events, including coronary
death, nonfatal myocardial infarction, and stable and unstable angina
pectoris.

Baseline Examination in the Entire Cohort

General Characteristics
Subjects who agreed to take part in the study were given a morning
appointment and asked to fast for �12 hours. A full description of
clinical and laboratory measurements has been published else-
where.24,25 Briefly, a self-administered health questionnaire was
completed by subjects in their homes and was subsequently checked
by trained interviewers at the clinic. It covered a broad range of
clinical information, including family and personal clinical histories
obtained through the Rose Questionnaire, tobacco consumption, and
drug intake. Diabetes mellitus was defined as the current intake of
oral hypoglycemic or insulin. Blood pressure was measured twice in
subjects in the sitting position with the same automatic device
(Spengler SP9). A 12-lead ECG was also recorded. Plasma lipid
analyses were centralized (SERLIA INSERM U325, Institut Pasteur
de Lille, France).

Assessment of Depressive Mood
Depression was assessed at baseline by questionnaire using a 13-item
modification of the Welsh depression subscale derived from the
Minnesota Multiphasic Personality Inventory.26,27 The items reflect
negative perceptions of life (ie, “I feel helpless”). All items were
scored as either 0 or 1, giving a score range of 0 to 12 in our samples
(no men were scored 1 on each item). Baseline depression score was
categorized into quartiles, and we used the fourth quartile of the
score to identify men with depressive mood at baseline (mean, 5.75;
range, 4 to 12; median, 5) in the absence of predefined cut points.
Complete baseline depression scoring was available for 89% of the

cohort; subjects with missing data on some items were significantly
(P�0.05) older, had higher mean daily alcohol consumption, were
more often diabetic and current smokers, and were less frequently
married or cohabiting.

Biological Measurements
A subset of biological measurements was performed in the entire
cohort at baseline. Total cholesterol and triglycerides were measured
by enzymatic methods using commercial kits in an automatic
analyzer (Boehringer). HDL cholesterol was determined after pre-
cipitation of apolipoprotein B by enzymatic methods (Boehringer).
LDL cholesterol was calculated according to the Friedewald for-
mula. Fibrinogen was measured according to the method of Clauss.

Follow-Up and Ascertainment of Cases
During follow-up, subjects were contacted annually by letter and
asked to complete a clinical event questionnaire. For all subjects
reporting a possible event, clinical information was sought directly
from the hospital or general practitioner records. All details of ECGs,
hospital admissions, enzymes, surgical intervention, angioplasty,
treatments, etc, were collected. Death certificates were checked for
supporting clinical and postmortem information on cause of death.
Whenever possible, circumstances of death were obtained from the
practitioner or the family. A Medical Committee comprising 1
member from each PRIME Centre and the Coordinating Centre and
3 cardiologists (2 from France, 1 from the United Kingdom) was
established to provide an independent validation of coronary events.
A description of the coronary end point definitions has been
published recently.25 Myocardial infarction was defined by one of
the following sets of conditions: (1) new diagnostic Q wave or other
fresh typical ECG sign of necrosis, (2) typical or atypical pain
symptoms and new (or increased) ischemia and myocardial enzyme
levels �2 times the upper limit, and (3) postmortem evidence of
fresh myocardial infarction or thrombosis. Definite coronary death
was defined as death with a documented coronary event. Sudden
death was defined as death occurring within 1 hour after symptoms
without explanation. However, when significant coronary atheroma
was present at autopsy, the death was considered definite coronary
death. When a coronary death was suspected with no other docu-
mentation or explanation, it was labeled possible coronary death. The
3 death categories were grouped together as coronary deaths. Hard
coronary cases were subjects who had �1 nonfatal myocardial
infarction event or who died of coronary disease during follow-up.
Angina pectoris was defined by the presence of chest pain at rest
and/or on exertion and one of the following criteria: (1) angiographic
stenosis �50%, (2) a positive scintigraphy (if no angiographic data),
(3) positive exercise stress test (if no angiographic or scintigraphic
data), or (4) ECG changes at rest (if no angiographic, scintigraphic,
or exercise stress test data) but without myocardial infarction and no
evidence of a noncoronary cause in the clinical history. Total
coronary cases were defined as all subjects with �1 of the categories
of coronary death, nonfatal myocardial infarction, or angina pectoris.
After 5 years of follow-up in France and 6 years in Belfast, there
were 335 first total CHD events (138 in Belfast, 197 in France), of
which 175 were hard CHD incident cases (69 in Belfast, 106 in
France). At the end of follow-up, information on vital status was
available for �98% of the cohort.

Case-Referent Study
A nested case-referent study within the PRIME prospective cohort
study was built using the baseline plasma samples from 335 study
participants who subsequently developed a first ischemic coronary
event during follow-up and from 670 matched controls (2 controls
per case). Matched controls were study participants recruited in the
same center on the same day (�3 days) who were of the same age
(�3 years) as the corresponding case and free of CHD at the date of
the ischemic event of the case. The inflammatory assays and internal
validation of the measures in each laboratory have been previously
described.11,13 High-sensitivity CRP was measured by immunoneph-
elometry (Dade Behring); IL-6, by ELISA (R&D Systems); and
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ICAM-1, with a commercially available ELISA (Immunotech, Beck-
man Coulter).

Statistical Analysis
Because of skewed distributions, inflammatory markers were log
transformed for analyses. We computed Pearson linear correlations
between inflammatory markers, cardiovascular risk factors, and
baseline depression score. We used general regression models to
compare the distribution of baseline characteristics, including in-
flammatory markers, in men with and without depressive mood. We
systematically adjusted for the case-control status in the absence of
statistically significant interaction term between each baseline char-
acteristic and case-control status (P for interaction �0.10). The
possible confounding effects of alcohol consumption, smoking
status, body mass index (BMI), diabetes, systolic blood pressure, and
total and HDL cholesterol were also considered. We used conditional
logistic regression analysis to estimate the odds ratio (OR) of
depressive mood to the development of CHD. In this study, ORs
should not be considered relative risk; an increase in the OR is not
the same as an increase in relative risk. This analysis was succes-
sively adjusted for some social characteristics (university-level
education and marital status), traditional cardiovascular risk factors
(smoking status, history of diabetes mellitus, systolic blood pressure,
and total and HDL cholesterol), and inflammatory markers (fibrin-
ogen, CRP, IL-6, and ICAM-1). We also investigated whether
imputation techniques for missing data on depression score modified
our results. We replaced missing scores in the cases and controls by
the mean value of the score observed in the cases and controls with
complete data, respectively, and the results remained similar to those
obtained without imputation techniques. All analyses were per-
formed with SAS software 8.2 version (SAS Institute).

Results
Of the 1005 men initially included in this nested case-referent
study within the PRIME prospective cohort study, 116 (31
cases, 85 controls) had data missing on some items of the
baseline depression score, but they had baseline characteris-
tics similar to those of men without missing data, except
fewer had university-level education and more were diabetic.
The study thus comprised 889 middle-aged men with com-
plete data on baseline depression score: 304 cases (incident
events) and 585 matched controls. The cases included 148
with angina pectoris (stable and unstable) and 161 nonfatal
myocardial infarctions and coronary deaths (hard events); 5
cases of angina pectoris occurred before hard events and were
included in both sets of cases.

Table 1 presents the baseline characteristics of all cases
and matched controls. The mean levels of major cardiovas-
cular risk factors and circulating inflammatory markers were
significantly higher in cases than in controls; alcohol intake,
however, was higher in controls. The presence of depressive
mood, categorized as a baseline depression score in the fourth
quartile (mean score in controls, 5.75; range, 4 to 12) was
more frequently observed in cases than in controls (28.3%
versus 19.7%; P�0.012). Stratified analysis by country
indicated that depressive mood was also more frequently
observed in France than in Belfast (23.4% versus 14.5% in
controls).

Linear correlation coefficients between inflammatory
markers, other cardiovascular risk factors, and baseline de-
pression score are reported in Table 2. Inflammatory markers
were mutually correlated (coefficients correlation range, 0.27
to 0.52); their correlation coefficients with cardiovascular risk
factors were moderate. A low (�0.15) but statistically sig-

nificant correlation was observed between depression score
and IL-6, CRP, and ICAM-1, but no significant correlation
was observed with fibrinogen.

Table 3 compares the baseline characteristics of men with
and without depressive mood. Men with depressive mood

TABLE 1. Characteristics of Cases and Controls: The PRIME
Study

Variables
Controls
(n�585)

Cases
(n�304) P*

Age, y 55.2 (2.7) 55.3 (2.9)

Depressive mood,† % 19.7 28.3 0.012

University-level education, % 68.9 63.9 0.15

Married/cohabiting, % 88.9 88.5 0.96

Current smoker, % 30.1 38.5 0.013

Diabetes mellitus, % 1.9 6.2 0.007

Family history of CHD, % 13.0 20.3 0.002

Alcohol intake, g/d 35.1 (41.6) 31.9 (40.9) 0.34

SBP, mm Hg 133.5 (18.5) 139.6 (21.9) 0.0001

BMI, kg/m2 26.6 (3.5) 27.3 (3.7) 0.017

Total cholesterol, mg/dL 222.2 (38.3) 232.2 (38.1) �0.0001

HDL cholesterol, mg/dL 47.2 (12.7) 44.3 (12.8) 0.0015

Antidepressants, % 1.9 3.6 0.12

Aspirin, % 2.2 1.6 0.55

Antihypertensive treatment, % 11.2 21.7 0.001

Lipid-lowering treatment, % 4.8 9.4 0.03

Statins, % 0.7 3.6 0.001

Fibrinogen, g/L 3.37 (0.96) 3.61 (1.04) 0.0001

hs-CRP, mg/L 2.40 (3.78) 4.41 (11.75) �0.0001

IL-6, pg/mL 1.82 (2.25) 2.32 (2.61) �0.0001

ICAM-1, ng/mL 596 (203) 647 (214) �0.0001

SBP indicates systolic blood pressure; hs-CRP, high-sensitivity CRP. Values
are unadjusted mean (SD) when appropriate.

*Conditional logistic regression.
†Fourth quartile of depression score (mean, 5.75; range, 4 to 12).

TABLE 2. Pearson Correlation Coefficients Between
Inflammatory Markers, CHD Risk Factors, and Depression Score
in the Total Sample of Cases and Controls: The PRIME Study

IL-6 hs-CRP ICAM-1 Fibrinogen

Age 0.06 0.08* �0.04 0.13‡

Cigarettes per day �0.15‡ �0.09† �0.13† �0.05

BMI 0.09* 0.21‡ 0.11* 0.05

WHR 0.11* 0.19‡ 0.15‡ 0.02

Total cholesterol �0.02 0.02 0.08* 0.06

HDL cholesterol �0.15‡ �0.18‡ �0.23‡ �0.13‡

SBP 0.10* 0.12† 0.07* 0.03

Depression score 0.11† 0.10* 0.07* �0.01

IL-6 � � � 0.52‡ 0.33‡ 0.38‡

hs-CRP � � � � � � 0.35‡ 0.52‡

ICAM-1 � � � � � � � � � 0.27‡

Fibrinogen � � � � � � � � � � � �

hs-CRP indicates high-sensitivity CRP; WHR, waist-to-hip ratio; and SBP,
systolic blood pressure. Inflammatory markers were log transformed.

*P�0.05; †P�0.001; ‡P�0.0001.
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were less likely to be married or cohabiting but had similar
university-level education and comparable mean levels of
classic cardiovascular risk factors compared with men with-
out depressive mood. In particular, smoking status, alcohol
consumption, and BMI (and waist-to-hip ratio), which are
known to modulate the level of inflammatory markers, were

comparable in both groups. However, the proportion of men
treated with statins tended to be higher in men with depres-
sive mood (P�0.07). Apart from fibrinogen, mean levels of
inflammatory markers were higher in subjects with depres-
sive mood: mean levels of CRP, IL-6, and ICAM-1 were
46%, 16% and 10% higher, respectively, independently of the
case-control status. These differences were statistically sig-
nificant for CRP and at the limit of significance for IL-6 and
ICAM-1. Further adjustment for alcohol consumption, smok-
ing status, BMI, diabetes, systolic blood pressure, and total
and HDL cholesterol did not alter the results (not shown).
Only 15 of 889 men were taking statin therapy; thus, the
association of depressive mood with inflammatory markers
by statin therapy could not be reliably explored.

The CHD incidence rate increased across the quartiles of
baseline depression score (P for trend�0.05). Compared with
men with baseline depression score in the 3 first quartiles, those
men with baseline depression score in the fourth quartile had a
35% increase in the OR of total CHD (95% CI, 1.05 to 1.73)
(Table 4). Because we were interested in possible differences by
country, we also performed stratified analysis by country. The
ORs of depressive mood for CHD were 1.44 (95% CI, 1.06 to
1.95) and 1.18 (95% CI, 0.74 to 1.86) in France and Belfast,
respectively (P for interaction�0.50).

Finally, we investigated the contribution of depressive
mood and circulating inflammatory markers to risk of CHD;
results of this analysis are reported in Table 4. After adjust-
ment for social characteristics, men with depressive mood
had a 53% increase in the OR of total CHD. Further
adjustment for classic cardiovascular risk factors (smoking
status, history of diabetes mellitus, systolic blood pressure,
and total and HDL cholesterol) and for lipid-lowering and
antihypertensive treatment did not change the results. When
inflammatory markers were added separately to the multivar-
iate model (as continuous variables and after log transforma-
tion), the association of depressive mood with CHD remained
of similar magnitude, and each inflammatory marker contrib-
uted significantly to CHD risk. Notably, adjustment for
ICAM-1 decreased by 10% the magnitude of the multivari-
ate-adjusted OR of depressive mood for CHD.

TABLE 3. Characteristics of Men With and Without Depressive
Mood: The PRIME Study

Depressive Mood*

Variables
No

(n�688)
Yes

(n�201) P†

Age, y 55.4 55.1 0.38

University-level education, % 67.7 65.2 0.59

Married/cohabiting, % 90.7 82.1 0.0008

Current smokers, % 32.1 36.3 0.39

Diabetes mellitus, % 2.2 7.0 0.004

Family history of CHD, % 15.7 14.9 0.58

Alcohol intake, g/d 35.8 33.6 0.94

SBP, mm Hg 136.5 136.5 0.97

BMI, kg/m2 26.9 27.2 0.24

Total cholesterol, mg/dL 227.7 226.6 0.71

HDL cholesterol, mg/dL 45.6 46.4 0.44

Antidepressants, % 1.0 7.5 �0.0001

Aspirin, % 1.7 2.5 0.44

Antihypertensive treatment, % 14.1 16.4 0.68

Lipid-lowering treatment, % 5.4 9.0 0.11

Statins, % 1.2 3.5 0.07

Fibrinogen, g/L 3.5 3.48 0.23

hs-CRP, mg/L 3.16 4.13 0.03

IL-6, pg/mL 2.02 2.25 0.08

ICAM-1, ng/mL 614 644 0.07

Abbreviations as in Table 2. Values are unadjusted mean (SD) when
appropriate.

*Fourth quartile of depression score (mean, 5.75; range, 4 to 12).
†Logistic regression and general linear regression model adjusted for the

case-control status; inflammatory markers were log transformed for analyses.

TABLE 4. Crude and Multivariate-Adjusted OR of CHD* Associated With Depressive Mood†: The
PRIME Study

Inflammatory Markers, OR (95% CI)

Adjustment Variables Depressive Mood IL-6 hs-CRP ICAM-1 Fibrinogen

Crude analysis 1.35 (1.05–1.73) � � � � � � � � � � � �

� Social risk factors 1.53 (1.09–2.15) � � � � � � � � � � � �

� Major CV risk factors 1.50 (1.04–2.15) � � � � � � � � � � � �

� IL-6 1.53 (1.05–2.23) 1.39 (1.16–1.66) � � � � � � � � �

� CRP 1.45 (0.99–2.12) � � � 1.30 (1.10–1.54) � � � � � �

� ICAM-1 1.39 (0.96–2.01) � � � � � � 1.22 (1.02–1.46) � � �

� Fibrinogen 1.63 (1.11–2.38) � � � � � � � � � 1.36 (1.14–1.63)

hs-CRP indicates high-sensitivity CRP; CV, cardiovascular. ORs were estimated by conditional logistic regression. Social risk factors
include university-level education and marital status; classic cardiovascular risk factors include current smokers, diabetes, BMI, and
total and HDL cholesterol. ORs for inflammatory markers are given for a 1-SD increase in the logarithm of each marker.

*Angina pectoris, nonfatal myocardial infarction, and coronary death.
†Fourth quartile of depression score (mean, 5.75; range, 4 to 12).
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Discussion
The present data on healthy middle-aged men from Belfast
and France suggest that men with depressive mood had
higher levels of IL-6, CRP, and ICAM-1 independently of
social characteristics and classic cardiovascular risk factors.
Men with depressive mood had, on average, a 50% increase
in the OR of CHD (including angina pectoris, nonfatal
myocardial infarction, and coronary death) after adjustment
for these inflammatory markers (taken separately) and other
cardiovascular risk factors.

Association Between Depressive Disorders and
Inflammatory Markers
We found 8 previous observational studies that investigated
the relationship between depressive disorders and inflamma-
tory markers in populations free of CHD.14–21 Among these,
major depression and clinical depression have consistently
been associated with elevated inflammatory markers.14–16 In
the Rotterdam Study, elderly subjects with major depression
had 23% and 44% higher CRP and IL-6 levels, respectively,
than controls.14 Data from the Third National Health and
Nutrition Examination Survey showed that a lifetime history
of major depression was associated with a 64% increased risk
of having elevated CRP levels (OR, 1.64; 95% CI, 1.2 to 2.2),
and stratified analysis suggested that the association was
present for men but not for women.15 In a small study
(n�100), subjects with clinical depression exhibited 41% and
54% higher CRP and IL-6 levels than subjects without
clinical depression.16 In contrast, mixed results have been
reported with regard to depressive symptoms and inflamma-
tory markers.17–21 In one study that included a small (n�224)
random sample of middle-aged men and women from the
Whitehall Study II, IL-6, CRP, and fibrinogen were not
significantly associated with depressive symptoms.21

In the present study, the levels of behavioral factors
(tobacco and alcohol consumption) and other CHD risk
factors (systolic blood pressure, total and HDL cholesterol)
were similar in subjects with and without depressive mood,
making it less likely that these factors explained the associ-
ation in question. In fact, the association of depressive mood
with inflammatory markers persisted after adjustment for
these factors. It should be noted, however, that diabetes was
more prevalent in men with depressive mood; nonetheless,
adjustment for this risk factor did not change the relationship
between depressive mood and inflammatory markers. Adi-
pose tissue has been suggested to be an important source of
IL-6 secretion and thereby CRP (hepatic synthesis of CRP is
stimulated by IL-6).28 Although anthropometric markers of
total (BMI) and intra-abdominal (waist-to-hip ratio) adiposity
were related to both inflammatory markers and baseline
depression score, adjustment for these anthropometric mark-
ers did not alter the relationship between depressive mood
and inflammatory markers. Moreover, our population in-
cluded men free of CHD at baseline and who were, for the
most part, still employed. Therefore, this reduced the possi-
bility that preexisting CHD or other severe chronic disease,
including cancer, explained the association between depres-
sive mood and inflammatory markers. Statin therapy has been
shown to influence the level of inflammatory markers, and in

patients with CAD, major depression has been associated
with higher levels of CRP only in patients not taking statin
therapy.29,30 In the present study, only 15 of 889 men (1.7%)
were taking statin therapy at baseline (between 1991 and
1993), so the possible influence of this therapy on the
association between depressive mood and inflammatory
markers could not be reliably explored. Altogether, the
residual confounding effect of unmeasured factors seemed
rather small.

We were able to identify, for the first time, an association
between cellular adhesion molecules such as ICAM-1 and
depressive mood in a healthy population. Higher levels of
ICAM-1 have recently been reported in patients with major
depression who recovered from an acute coronary syn-
drome.30 Two other studies have reported impaired brachial
artery flow-mediated dilatation in patients with major depres-
sion compared with controls free of depressive symp-
toms.22,23 The higher level of ICAM-1 in men with depressive
mood who were free of CHD might reflect endothelial
dysfunction. Other markers of endothelial function were
available in the study, but we restricted our investigation to
the most common (VCAM, P and E selectin) to limit the risk
of false-positive associations that might have resulted from
multiple statistical tests. No significant associations were
observed between these 3 markers and depressive mood (not
shown). Therefore, the existence of endothelial dysfunction
as estimated by increasing levels of specific biomarkers in
subjects with depressive mood should be confirmed in other
healthy populations.

The cause of the association between depressive disorders
and inflammatory markers is largely unknown. The relation-
ship might be reciprocal. For instance, depressive disorders
can elevate circulating concentrations of IL-6 through the
influence of catecholamine release, which in turn stimulates
IL-6 release from adipose tissue. Alternatively, IL-6 might
contribute to the development of depressive disorders by
stimulating the hypothalamic-pituitary-adrenal axis, which
produces hormonal products that might cause depression.16,28

Contribution of Depressive Mood to
CHD Occurrence
In the present study of initially healthy men, depressive mood
was associated with CHD, which is consistent with previous
studies.1,4,6 That men from France reported higher rates of
depressive mood than men from Belfast was the opposite of
what would be expected, given the higher incidence of CHD
in Belfast. However, depressive symptoms were self-
reported, so the difference may reflect some cultural differ-
ences: French men may tend to systematically overreport
depressive symptoms compared with men from Belfast, or
men in Belfast may underreport depressive symptoms. There
was a significant association between depressive mood and
CHD occurrence in France but not in Belfast, but there was
little indication of a statistically significant interaction with
the country (P for heterogeneity�0.50). The pattern of the
distribution of cardiovascular risk factors in depressed men
was not different between countries in this study. Moreover,
previous analyses in the PRIME Study have indicated that the
gradient of CHD incidence risk between Belfast and France
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was explained only partly by a gradient of major cardiovas-
cular risk factors.24 Therefore, there is no evident argument to
suspect that depressive mood would be associated with CHD
in France but not in Belfast.

Contribution of Depressive Mood and
Inflammatory Markers to CHD
We were able to assess the contribution of depressive mood
and inflammatory markers to CHD occurrence, which has not
yet been reported. Adjustment for social characteristics,
including marital status and university-level education,
strengthened the association between depressive mood and
CHD, and the association remained stable after further
adjustment for circulating inflammatory markers and other
cardiovascular risk factors. Thus, inflammation (and other
cardiovascular risk factors) might not be primarily responsi-
ble for the association between depressive mood and the risk
of CHD, at least in healthy European middle- aged men.
However, adjustment for ICAM-1 decreased by 10% the
magnitude of the OR of depressive mood for CHD. More-
over, the contribution of inflammatory processes may be
stronger for more clinically significant depression (major or
clinical depression) than it is for depressive symptoms. This
is supported by the fact that clinical depression and major
depression have been more reliably associated with elevated
inflammatory markers14–16 and have been more strongly
related to incident CHD than depressive symptoms.1–7 Thus,
the contribution of inflammation to the relation between more
clinically significant depression and CHD should be ad-
dressed in other studies.

Study Limitations
The present study had some limitations. Protein degradation
of inflammatory markers during storage cannot be excluded,
even if the plasma samples were kept in liquid nitrogen at
very low temperature (�196°C). However, the mean levels of
inflammatory markers measured in this study were compara-
ble to those measured in fresh samples from other studies, and
analysis of the stability of several risk factors, including CRP
and fibrinogen, in plasma kept at �70°C for 5 years has
shown no sample degradation over time.31 The use of a
structured depression interview was not possible given the
large, multicenter, and multipurpose design of this study.
Thus, we were not able to assess major depression. Whether
depressive mood preceded or was the consequence of higher
levels of inflammatory markers could not be addressed, given
the cross-sectional nature of the association. Because depres-
sion score was measured once at baseline, the possible impact
of its changing on CHD events could not be assessed. Finally,
our results were obtained in white men, so extrapolation to
women and to other ethnic backgrounds requires caution.

In conclusion, in healthy European middle-aged men,
depressive mood was associated with higher levels of inflam-
matory markers, including IL-6, CRP, and ICAM-1, indepen-
dently of social and other cardiovascular risk factors. Depres-
sive mood was also associated with CHD, and this association
persisted after adjustment for inflammatory markers. Further
studies are needed to elucidate how depressive disorders
contribute to CHD.
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Left Ventricular Systolic Performance, Function, and
Contractility in Patients With Diastolic Heart Failure

Catalin F. Baicu, PhD; Michael R. Zile, MD; Gerard P. Aurigemma, MD; William H. Gaasch, MD

Background—Patients with diastolic heart failure (DHF) have significant abnormalities in left ventricular (LV) diastolic
function, including slow and delayed relaxation and increased chamber stiffness. Whether and to what extent these
abnormalities in diastolic function occur in association with abnormalities in LV systolic performance, function, and
contractility has not been investigated thoroughly.

Methods and Results—The systolic properties of the LV were examined in 75 patients with heart failure and a normal
ejection fraction (ie, DHF) and 75 normal control subjects with no evidence of cardiovascular disease. LV systolic properties
were assessed with echocardiographic and cardiac catheterization data. Stroke work (an index of LV systolic performance),
preload recruitable stroke work and ejection fraction (indices of LV systolic function), systolic stress-shortening relationship,
end-systolic pressure-volume relationship, and peak (�)dP/dt (indices of LV contractility) were examined. The systolic
properties of the LV were normal in patients with DHF. Stroke work was 8.4�2.3 in DHF versus 8.8�2.5 kg · cm in controls
(P�0.26). Preload recruitable stroke work was 99�22 in DHF versus 109�18 g/cm2 in controls (P�0.13). The relationship
between stroke work and end-diastolic volume was similar in DHF and controls. Peak (�) dP/dt was 1596�362 in DHF
versus 1664�305 mm Hg/s in controls (P�0.54). The end-systolic pressure-volume relationship was increased in DHF. The
systolic stress versus endocardial fractional shortening relationship was similar in DHF and controls.

Conclusions—Patients with DHF had normal LV systolic performance, function, and contractility. The pathophysiology
of DHF does not appear to be related to significant abnormalities in these systolic properties of the LV. (Circulation.
2005;111:2306-2312.)

Key Words: heart failure � systole � diastole � contractility

Patients with diastolic heart failure (DHF) are said to have
detectable abnormalities in left ventricular (LV) systolic

function despite the presence of a normal ejection fraction.1–7

Furthermore, it has been suggested that abnormalities of LV
systolic properties constitute an important pathophysiological
mechanism for the occurrence of heart failure in these
patients.3,7 This notion is based on studies that examined the
extent and velocity of LV long-axis shortening, mitral annular
systolic velocity, myocardial strain, and strain rate.1,3,4,6

However, it is likely that these measurements, like all indices
of LV systolic function, are affected by alterations in LV
loading conditions and geometry, as well as changes in
contractility.8,9 In addition, it is possible, if not likely, that
some of these indices of LV systolic function reflect changes
in ventricular remodeling independent of changes in contrac-
tility.10–12 Therefore, to determine whether and to what extent
patients with DHF have abnormalities in the systolic proper-
ties of the LV, load and remodeling independent indices must
be examined. Many such indices have been proposed, but
there is no single, universally applicable index of systolic

properties that is independent of load and remodeling.8 We
hypothesized that if multiple indices are measured and if the
results are in general agreement and viewed in aggregate, it
should be possible to determine whether patients with DHF
have significant abnormalities in the systolic properties of the
LV. Accordingly, the purpose of this study was to measure
indices of LV systolic performance, function, and contractil-
ity in a group of patients with DHF and to test the hypothesis
that the systolic properties of the LV are normal.

Methods
Patient Population

Diastolic Heart Failure
Seventy-five patients with chronic heart failure and a normal ejection
fraction underwent echocardiography and blood pressure measure-
ment by sphygmomanometry. Forty-seven of these 75 patients
underwent simultaneous cardiac catheterization to measure LV
pressures. All patients had a history of heart failure (meeting the
Framingham criteria for congestive heart failure13), a normal LV
ejection fraction (�0.50), and LV end-diastolic pressure by cathe-
terization or pulmonary capillary wedge pressure by echocardio-
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graphic Doppler �16 mm Hg.14 Patients with pulmonary disease,
renal disease, anemia, heart valve disease, atrial fibrillation, or
evidence of hypertrophic cardiomyopathy were excluded. LV vol-
ume, mass, and diastolic function data from 47 of the 75 patients
have been published previously15,16; however, none of the LV
systolic performance, function, or contractility data reported in the
present study have been published previously.

Normal Controls
Seventy-five normal subjects with no evidence of cardiovascular
disease served as controls. Controls had normal LV volume, mass,
ejection fraction, and wall motion by echocardiographic study.
Sixty-five controls underwent echocardiography and blood pressure
measurement by sphygmomanometry. Ten controls underwent si-
multaneous catheterization to measure LV pressures. Data docu-
menting LV volume, mass, and diastolic function from 10 of 75
controls and midwall stress-shortening data (an index of myocardial
contractility) from the remaining 65 control subjects have been
published previously.16,17 None of the data on indices of LV systolic
performance, function, or contractility from the 75 controls have
been published previously.

The research protocol used in the present study was reviewed and
approved by the institutional review board at the Medical University
of South Carolina. Written informed consent was obtained from all
patients.

Terminology
The systolic properties of the LV were assessed and evaluated by
examination of indices that reflect LV performance, function, and
contractility.18 The definitions and measurements used to determine
these systolic properties are described below.

“Ventricular performance” describes the pumping properties of
the ventricle. The performance of the ventricle as a pump can be
assessed by measuring the pressure developed by the ventricle, the
stroke volume ejected by the ventricle, or preferably, the stroke work
generated by the ventricle. Stroke work gives credit to the ventricle
for both pressure and shortening work in a single integrated index.

“Ventricular function” relates LV performance (stroke volume or
work) to preload (end-diastolic pressure or volume). A classic
ventricular function curve can be constructed by plotting coordinates
of performance against preload. When contractility is increased, the
stroke work versus preload relationship is shifted upward. When
contractility is decreased, the stroke work versus preload relationship
is shifted downward. Such a family of ventricular function curves
credits the ventricle for pressure development and ejection, and it
incorporates load and contractility. Thus, stroke work and end-dia-
stolic volume (EDV) data allow construction of a Frank-Starling
ventricular function curve or a preload recruitable stroke work
relationship.

The term “ventricular function” has been expanded to include
shortening parameters such as ejection fraction, long-axis shortening,
myocardial systolic strain or strain rate, and mitral annular systolic
velocity. Many of these indices have mistakenly been referred to as
indices of ventricular contractility, but all of them are sensitive to
changes in preload and afterload, as well as contractility and
remodeling. If loading conditions and ventricular remodeling are
considered or incorporated in the analysis, then these parameters of
“function” may be used as indices of ventricular contractility.

“Ventricular contractility” refers to the contractile or inotropic
state of the whole ventricle. Indices of ventricular contractility
conventionally have been divided into isovolumic phase indices
(peak positive dP/dt), ejection phase indices (systolic wall stress
versus endocardial shortening), and those determined at the end of
ejection (end-systolic elastance). The concept of ventricular contrac-
tility is similar to that of myocardial contractility, but the indices of
ventricular contractility are not independent of loading conditions or
ventricular remodeling. For example, (�) dP/dt may be altered by an
acute change in preload, whereas end-systolic elastance (Ees) may be
affected by chronic changes in LV volume and mass.8

“Myocardial contractility” refers to a basic property of heart
muscle that reflects the intensity of cross-bridge activity and as a

result, the extent and velocity of force development and fiber
shortening. Thus, the contractile or inotropic state of the myocardium
represents a property that is independent of loading conditions and
remodeling. Such measurements can be made in vitro in isolated
cardiac muscle cells, muscle strips, or Langendorff-perfused hearts,
but attempts to assess myocardial contractility in humans in vivo
present a continuing challenge.

Measurements and Calculations
Cardiac catheterizations were performed by standard techniques. A
high-fidelity micromanometer catheter was placed into the LV, and
LV pressures were measured. Analysis of LV pressure data was
performed in a core laboratory.15,16 Echocardiography was also
performed by standard techniques. LV dimensions and wall thick-
ness were measured according to the recommendations of the
American Society of Echocardiography.19,20 Calculations of LV
volume and mass were made by standard published methods21

Analysis of the echocardiographic data was performed in a core
laboratory.15,16

LV Systolic Performance
Stroke volume was calculated as the difference between EDV and
end-systolic volume. Stroke work (SW) was calculated as the
product of stroke volume and mean arterial blood pressure.22 In
addition, in the subset of patients who had undergone simultaneous
cardiac catheterization (47 DHF patients, 10 controls), SW was
calculated as the LV pressure-volume area.22

LV Systolic Function
Ejection fraction, mean velocity of circumferential fiber shortening,
and fractional shortening were calculated by standard formulas. The
SW versus EDV coordinates were examined for all controls and
DHF patients (Figure 1). Preload recruitable SW (PRSW) was
determined by the single-beat method of Karunanithi and Feneley23

and Lee et al.24

LV Contractility
LV pressure was digitized at 5-ms intervals and the first derivative of LV
pressure versus time (dP/dt) was calculated. The maximum value of
(�) dP/dt max was used as an index of LV contractility. Ees was
assessed as a simple ratio of end-systolic pressure versus end-systolic
volume,25 and the slope of the end-systolic pressure–volume rela-
tionship was calculated by the single-beat method of Shishido et al.26

Figure 1. Relationship between SW and EDV. In DHF patients
(open circles, solid line), SW vs EDV coordinates fell along similar
linear relationship as control values (solid circles, dashed line).
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Effective arterial elastance (Ea) can be assessed as the ratio of
end-systolic pressure versus stroke volume and can be used in the
calculation of an arterial-ventricular coupling index, Ea/Ees.25 To
assess LV function and contractility per gram of heart muscle, both
the end-systolic pressure versus end-systolic volume ratio and Ees
were divided by LV mass. These indices were also normalized by
dividing by the LV mass/EDV ratio.

The relationship between endocardial fractional shortening and
mean systolic stress was used as an index of LV contractility. Mean
circumferential LV systolic stress was calculated with a cylindrical
model.17 Mean systolic stress was calculated as the average of 3
stress values measured at the time of aortic valve opening, peak
systole, and end systole.17 Data from the 75 controls were used to
define the normal endocardial fractional shortening versus mean

systolic stress relationship. In Figure 2, the solid line shows the mean
value of this normal relationship. The dashed lines show the 95%
prediction intervals for the normal relationship. The individual stress
versus endocardial shortening coordinates for the DHF patients were
plotted with reference to the normal mean�95% prediction interval
data. DHF coordinates that fell within the 95% prediction intervals
were considered to have normal contractility, and those that fell
below the 95% prediction limit were considered to have decreased
contractility.

Myocardial Contractility
The midwall fractional shortening versus systolic stress relationship
was defined in normal controls and patients with DHF. Midwall
shortening was calculated from the 2-shell cylindrical model.17 Data
from the 75 normal controls were used to define the normal midwall
fractional shortening versus mean midwall systolic stress relation-
ship. In Figure 3, the solid line shows the mean value of this normal
relationship. The dashed lines show the 95% prediction intervals for
the normal relationship. The individual stress versus midwall short-
ening coordinates for DHF patients were plotted with reference to the
normal mean�95% prediction interval data. DHF coordinates that
fell within the 95% prediction intervals were considered to have
normal myocardial contractility, and those that fell below the 95%
prediction limit were considered to have decreased myocardial
contractility.

Statistical Analysis
Data are presented as mean�SD in the text and Tables 1 and 2. Data
are mean�SE in the figures. Differences between DHF patients and
controls were examined with an unpaired t test. A probability value
�0.05 was considered statistically significant. All reported proba-
bility values are 2-sided.

Results
Demographics, Hemodynamics, and Remodeling
Compared with normal controls, DHF patients had similar
body surface area, age, and gender distribution (Table 1). As
a group, patients with DHF had significantly higher blood
pressure, lower EDV, greater LV mass, and greater relative
wall thickness than the controls; however, neither LV hyper-
trophy nor concentric remodeling was a prerequisite inclusion
criterion for patients with DHF. Sixty percent of the DHF
patients had a relative wall thickness �0.45, and 40% had an
LV mass �125 g/m2. Thirty-four percent of the DHF patients

Figure 2. Relationship between endocardial fractional shorten-
ing and mean systolic stress. Mean�95% prediction intervals
for normal controls are presented. In DHF patients, all stress-
shortening coordinates fell within 95% prediction intervals for
normal controls.

Figure 3. Individual values of SW vs EDV
ratio (A) and PRSW (B) for controls and
DHF patients. There was complete over-
lap between values for DHF patients and
controls. No DHF patients fell below val-
ues for controls.
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had neither an increased relative wall thickness nor an
increase in LV mass.

The remodeling present in the DHF patients was sufficient
to normalize mean systolic stress in the presence of the
increased arterial pressure. Thus, there were no significant
differences in mean systolic stress between DHF patients and
normal controls.

LV Systolic Performance, Function,
and Contractility
Every index of LV systolic performance, function, and
contractility examined in the present study was either normal
or increased in the DHF patients compared with normal
controls (Table 2). SW, calculated as the LV pressure-volume
area, was 8.9�2.7 kg · cm in DHF patients and 8.4�1.3 kg ·
cm in controls (P�0.37). The SW/EDV ratio, end-systolic

pressure/volume ratio, and Ees were increased in DHF
patients compared with controls; however, when these indices
were normalized to LV mass or the LV mass/EDV ratio, there
were no significant differences between DHF patients and
controls. Ees/(LV mass/EDV) was 1.2�0.4 in controls versus
1.1�0.6 mm Hg/g in DHF patients (P�0.56). Ea was in-
creased in DHF patients (1.95�0.47) compared with controls
(1.34�0.19, P�0.05), but the arterial-ventricular coupling
index, Ea/Ees, was not different in DHF patients (0.72�0.17)
than in controls (0.64�0.19, P�NS). In DHF patients, the
SW versus EDV coordinates fell along a similar linear
relationship as the control values (Figure 1). In the DHF
patients, all of the endocardial fractional shortening versus
mean systolic stress coordinates fell within the 95% predic-
tion intervals for normal controls (Figure 2).

Presentation of mean values that demonstrate similarity
between groups of patients does not rule out the possibility
that some parameters in some patients may fall into an
“abnormal” range. Therefore, all of the values for the SW/
EDV ratio and PRSW for both DHF and controls are
presented in Figure 3. There was complete overlap between
the individual values for controls versus DHF. In none of the
DHF patients did PRSW fall below the values for controls. In
the present study, in all of the patients with DHF, measures of
LV systolic performance, function, and contractility fell
within the range of values for controls.

Midwall Fractional Shortening Versus Mean
Systolic Stress Relationship
In both DHF and controls, there was an inverse relationship
between midwall fractional shortening and mean systolic
stress, with midwall fractional shortening decreasing as stress
increased. In approximately one third of the DHF patients,
this index of myocardial contractility fell below the 95%
prediction intervals for normal controls, whereas the remain-
ing two thirds fell within the normal range (Figure 4).

Discussion
The principal finding of the present study was that measure-
ments of LV systolic performance (SW), function (ejection
fraction and PRSW), and contractility (peak positive dP/dt,
stress versus shortening, and Ees) were not significantly
different in patients with DHF than in normal control sub-
jects. To the best of our knowledge, this is the first time such
a comprehensive evaluation of LV systolic properties has
been made in patients with DHF. Because all of these LV
systolic parameters were normal in patients with DHF, it
appears reasonable to conclude that the underlying patho-
physiology causing the symptoms and signs of heart failure is
not based on abnormalities in these LV systolic properties.

The conclusions reported here differ from a number of
published studies and editorials.1,3,4,6 These previous studies
used measurements of long-axis shortening extent and veloc-
ity, mitral annular systolic velocity, systolic atrioventricular
plane displacement, or myocardial systolic strain and strain
rate as indices of LV contractility. These authors concluded
that abnormalities of these shortening parameters contributed
to the underlying pathophysiology in patients who had what
traditionally has been called DHF. Although they did not

TABLE 1. Demographic, Hemodynamic, and Geometric Data

Normal
Controls

DHF
Patients P

Body surface area, m2 2.0�0.2 2.2�0.3 NS (0.22)

Age, y 59�15 59�12 NS (0.9)

Gender, M/F 36/39 41/34 NS (0.72)

Heart rate, bpm 75�13 71�11 NS (0.81)

Systolic blood pressure, mm Hg 128�8 160�40 �0.001

Diastolic blood pressure, mm Hg 72�9 82�16 �0.001

Mean blood pressure, mm Hg 90�7 107�19 �0.001

EDV, mL 115�9 103�22 �0.001

End-systolic volume, mL 45�12 45�11 NS (0.83)

LV mass, g 164�35 251�101 �0.001

Relative wall thickness 0.38�0.06 0.53�0.11 �0.001

Mean systolic stress, g/cm2 201�32 187�44 NS (0.48)

Data are mean�SD.

TABLE 2. LV Systolic Performance, Function, and
Contractility Data

Normal
Controls

DHF
Patients P

LV systolic performance

SW, kg�cm 8.8�2.5 8.4�2.3 NS (0.26)

LV systolic function

SW/EDV, g/cm2 74�10 81�14 �0.01 (0.006)

PRSW, g/cm2 109�18 99�22 NS (0.13)

Fractional shortening (endo), % 33�5 27�4 NS (0.63)

Ejection fraction 0.61�0.07 0.58�0.06 NS (0.29)

Vcf, circumference/s 1.8�0.2 1.8�0.2 NS (0.29)

PEP/LVET 0.37�0.19 0.35�0.13 NS (0.68)

LV contractility

Peak (�) dP/dt, mm Hg/s 1664�305 1596�362 NS (0.54)

ESP/ESV, mm Hg/mL 2.1�0.8 2.6�1.1 �0.05 (0.017)

Ees, mm Hg/mL 1.6�0.5 2.4�0.9 �0.001

ESV indicates end-systolic volume; Vcf, mean circumferential fiber shorten-
ing velocity; PEP, preejection period; LVET, LV ejection time; and ESP,
end-systolic pressure.

Data are mean�SD.
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deny the coexistence of abnormal diastolic function, they
emphasized the notion that abnormal diastolic function was
not the primary causal pathophysiology in these patients.
There are a number of methodological differences (discussed
below) between the present study and previous studies that
may help to explain the discordance in conclusions between
them.

In the present study, all of the patients had an ejection
fraction �0.50. In the studies mentioned above, a significant
proportion of the patients with “heart failure and a preserved
ejection fraction” in fact had an ejection fraction �0.50, some
as low as 0.35.1,3,4 Importantly, it was those individuals with
an ejection fraction �0.50 who were most likely to have
abnormalities in long-axis shortening and systolic mitral
annular motion. Furthermore, even when patients with an
ejection fraction �0.50 in previous studies were excluded,
there was a substantial overlap in values of long-axis short-
ening and systolic mitral annular motion between control
patients and those with heart failure and a normal ejection
fraction.3,4 Therefore, many of these patients (as many as half
of the patients in some studies) actually had normal values of
these shortening parameters. In the present study, in all of the
patients with DHF, measures of LV systolic performance,
function, and contractility fell within the distribution of
normal values for the control population.

All measurements that examine the extent or velocity of
regional wall or mitral annulus motion, regardless of the
method used to obtain them, can be altered by acute or
chronic changes in preload, afterload, and contractility and
influenced by remodeling.8,9 Therefore, to determine whether
a change in any measurement represents a specific change in

contractility, factors such as preload, afterload, and remodel-
ing must either be held constant or be incorporated into the
analysis. This was not the case in the studies discussed above.
One study, however, did include data that examined systolic
wall stress, an index of afterload.6 In the study by Yu et al,6

both midwall fractional shortening and systolic mitral annular
motion were decreased and mean systolic stress was signifi-
cantly increased in patients with DHF. If their stress versus
midwall shortening data for the control group and the DHF
patients were plotted on Figure 4 of the present study, all of
their coordinates would fall within the normal 95% prediction
intervals and lie very close to the average normal regression
line of our data. Thus, in the case of the data from Yu et al,6

the observed decrease in midwall fractional shortening was
likely the result of increased LV wall stress and not decreased
contractility. By contrast, in the present study, approximately
one third of the DHF patients had decreased midwall short-
ening at normal levels of LV wall stress. These data suggest
that myocardial contractility may be decreased in at least
some patients with DHF; however, a number of studies have
shown that some patients with concentric hypertensive hy-
pertrophy but no symptoms or signs of chronic heart failure
also have decreased midwall shortening.27–30 These data
suggest that the occurrence of DHF is not necessarily depen-
dent on decreased midwall shortening.

It has recently been suggested that indices of systolic
function, such as the extent and velocity of long-axis short-
ening, mitral annular systolic velocity, systolic atrioventric-
ular plane displacement, and myocardial systolic strain and
strain rate, are less “load dependent” than other shortening
parameters. Because all shortening or displacement indices
are affected by hemodynamic loading conditions, it is diffi-
cult to imagine that any index of systolic function would be
truly load-independent. For example, a recent study by
Abraham et al31 showed that tissue Doppler-derived myocar-
dial strain and strain rate fell as afterload was increased in
normal myocardium. When the myocardium was injured by
hypoxia, the slope of the inverse linear relationship between
strain or strain rate and afterload decreased, so that a
relatively large change in load caused a small change in strain
or strain rate. These data do not necessarily indicate that
tissue Doppler indices are independent of or insensitive to
load, rather they indicate that the sensitivity to changes in
load depends in part on the functional state of the ventricle.

Despite the limitations discussed above, previous studies
have documented (and future studies may confirm) abnor-
malities in some systolic measurements in some patients with
DHF; however, the significance of such changes will depend
on an understanding of 3 additional factors. First, whether
changes in these systolic measurements reflect a change in
hemodynamic load, LV remodeling, or an intrinsic property
of the myocardium will need to be examined. Second, it
should be necessary that these changes occur in at least the
majority of the patients studied. Third, such “subtle” changes
in systolic measurements should be examined in light of the
pathophysiology underlying the development of diastolic
dysfunction and the occurrence of DHF. In the present study,
we measured systolic mitral annular velocity (Vsm) in 10
controls and 14 DHF patients. Vsm was lower in DHF

Figure 4. Relationship between midwall fractional shortening
and mean systolic stress. Mean�95% prediction intervals for
normal controls are shown. Mean value for midwall fractional
shortening was decreased in DHF patients (14�2%) compared
with controls (19�3%, P�0.001). In approximately one third of
DHF patients, stress-shortening coordinates fell below 95% pre-
diction intervals for normal controls, and remaining two thirds
fell within normal control range.
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patients (7.8�1.2 cm/s) than in controls (9.8�1.7 cm/s).
Although this difference was statistically significant, there
was considerable overlap between control and DHF data, and
only one third of the DHF patients had values that were
clearly in the abnormal range. There was an insufficient
sample size to examine the relationship between changes in
Vsm and systolic load. The presence of a decreased Vsm was
not associated with abnormalities in the measurements of LV
systolic performance, function, and contractility made in the
present study. To fully understand the importance of these
observations, further prospective studies should be performed
to examine myocardial velocity, strain, and strain rate to-
gether with determinations of load and considerations of
remodeling in patients with DHF.

The finding in the present study that LV systolic perfor-
mance, function and contractility were normal in patients
with DHF does not exclude the presence of cellular, extra-
cellular, or molecular abnormalities at the myocardial, car-
diomyocyte, or sarcomere level. Changes in molecular and
biochemical properties in the cardiomyocyte and extracellular
matrix are certainly present in these patients with DHF.32–34

For example, abnormalities in intracellular calcium handling,
decreased sarcoplasmic reticulum calcium ATPase, increased
phospholamban, and increased extracellular matrix proteins
such as fibrillar collagen have been shown to be present in
patients and animal models with DHF.32–34 These abnormal-
ities have been associated with abnormalities in diastolic
function but do not uniformly lead to abnormalities in the LV
systolic properties examined in patients with DHF in the
present study.

All of the indices of LV systolic performance, function,
and contractility examined in the present study were mea-
sured under basal conditions. The ability to augment LV
systolic performance and function during exercise or stress
may be limited in some patients with DHF.25 It is not clear
whether such a limited systolic reserve is caused by abnor-
malities in systolic function or diastolic function, or the
combination of both systolic and diastolic dysfunction. This
question will require further studies.

The present and previous studies add to our understanding
of the pathophysiology of DHF and suggest targets for the
treatment of patients with DHF. Given that there are profound
differences in LV volume, mass, geometry, and systolic
properties in patients with systolic heart failure and patients
with DHF, long-term treatment will likely be fundamentally
different. For example, it has become apparent that in patients
with systolic heart failure, therapies that reverse eccentric
remodeling by decreasing LV volume and restoring LV
ejection fraction result in decreased morbidity and mortali-
ty.35,36 Therefore, the 2 important pathophysiological mech-
anisms present in systolic heart failure, namely, eccentric
remodeling and abnormal systolic function, serve as appro-
priate targets for treatment. However, in DHF, there is no
eccentric remodeling, LV volume is normal, and LV systolic
properties are normal. Patients with DHF have concentric
remodeling and predominant abnormalities in diastolic func-
tion. Therefore, the long-term treatment of DHF should be
directed at reversing the cellular and extracellular mecha-

nisms that lead to concentric remodeling, fibrosis, and abnor-
mal diastolic function.

Conclusions
Measurements of LV systolic performance (SW), function
(ejection fraction and PRSW), and LV contractility ([�]dP/dt,
stress versus shortening, and Ees) were not significantly
different in patients with DHF than in normal control subjects
with no evidence of cardiovascular disease.

Acknowledgments
This study was supported by a grant from Mitsubishi Pharma
Corporation, the Research Service of the Department of Veterans
Affairs (Dr Zile), and the National Heart, Lung, and Blood Institute
(grants PO1-HL-48788 and MO1-RR-01070-251 to Dr Zile).

References
1. Petri MC, Caruana L, Berry C, McMurray JJV. “Diastolic heart failure”

or heart failure caused by subtle left ventricular systolic dysfunction.
Heart. 2002;87:29–31.

2. Petrie M, McMurray J. Changes in notions about heart failure. Lancet.
2001;358:432–434.

3. Yip G, Wang, Zhang Y, Fung JWH, Ho PY, Sanderson JE. Left ventric-
ular long axis function in diastolic heart failure is reduced in both diastole
and systole: time for a redefinition. Heart. 2002;87:121–125.

4. Nikitin NP, Witte KKA. Color tissue Doppler–derived long-axis left
ventricular function in heart failure with preserved global systolic
function. Am J Cardiol. 2002;90:1174–1177.

5. Banerjee P, Banerjee T, Khand A, Clark AL, Cleland JFF. Diastolic heart
failure: neglected or misdiagnosed? Am J Cardiol. 2002;39:138–141.

6. Yu C, Lin H, Yang H, Kong S, Zhang Q, Lee SW. Progression of systolic
abnormalities in patients with “isolated” diastolic heart failure and dia-
stolic dysfunction. Circulation. 2002;105:1195–1201.

7. Steendijk P. Heart failure with preserved ejection fraction: diastolic dys-
function, subtle systolic dysfunction, systolic-ventricular and arterial
stiffening, or misdiagnosis? Cardiovasc Res. 2004;64:9–11.

8. Carabello BA. Evolution of the study of left ventricular function:
everything old is new again. Circulation. 2002;105:2701–2703.

9. Quinones MA, Gaasch WH, Alexander JK. Influence of acute changes in
preload, afterload, contractile state and heart rate on ejection and iso-
volumic indices of myocardial contractility in man. Circulation. 1976;
53293–302.

10. Norton GR, Woodiwiss AJ, Gaasch WH, Mela T, Chung ES, Aurigemma
GP, Meyer TE. Heart failure in pressure overload hypertrophy: the
relative roles of ventricular remodeling and myocardial dysfunction. J Am
Coll Cardiol. 200;39:664–671.

11. Anand IS, Daosheng L, Chugh SS, Prahash AJC, Gupta S, John R,
Popescu F, Chandrashekhar Y. Isolated myocyte contractile function is
normal in postinfarct remodeled rat heart with systolic dysfunction. Cir-
culation. 1997;96:3974–3984.

12. Anand IS. Ventricular remodeling without cellular contractile dys-
function. J Card Failure. 2002;8:S401–S408.

13. McKee PA, Castelli WP, McNamara PM, Kannel WB. The natural
history of congestive heart failure: the Framingham Study. N Engl J Med.
1971;285:1441–1446.

14. Nagueh SF, Mikati I, Kopelen HA, Middleton KJ, Quinones Ma, Zoghbi
WA. Doppler estimation of left ventricular filling pressure in sinus
tachycardia: a new application of tissue Doppler imaging. Circulation.
1998;98:1644–1650.

15. Zile MR, Gaasch WH, Carroll JD, Feldman MD, Aurigemma GP, Schaer
GL, Ghali JK, Liebson PR. Heart failure with a normal ejection fraction:
is measurement of diastolic function necessary to make the diagnosis of
diastolic heart failure? Circulation. 2001;104:779–782.

16. Zile MR, Baicu CF, Gaasch WH. Diastolic heart failure: abnormalities in
active relaxation and passive stiffness of the left ventricle. N Engl J Med.
2004;350:1953–1959.

17. Zile MR, Green R, Schuyler GT, Aurigemma GP, Miller DC, Cooper G
IV. Cardiocyte cytoskeleton in patients with left ventricular pressure
overload hypertrophy. J Am Coll Cardiol. 2001;37:1080–1084.

18. Braunwald E. Heart Disease: A Textbook of Cardiovascular Disease. 3rd
ed. Philadelphia, Pa: WB Saunders; 1988:449–470.

Baicu et al Systolic Function in Diastolic Heart Failure 2311



19. Sahn DJ, DeMaria A, Kisslo J, Weyman A, for the Committee on
M-Mode Standardization of the American Society of Echocardiography.
Recommendations regarding quantitation in M-mode echocardiography:
results of a survey of echocardiographic measurements. Circulation.
1978;58:1072–1083.

20. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R,
Feigenbaum H, Gutgesell H, Reichek N, Sahn D, Schnittger I, Silverman
NH, Tajik J, Silverman NH, Tajik AJ, for the American Society of
Echocardiography Committee on Standards, Subcommittee on Quanti-
tation of Two-Dimensional Echocardiograms. Recommendations for
quantitation of the left ventricle by two-dimensional echocardiography.
J Am Soc Echocardiogr. 1989;2:358–367.

21. Aurigemma GP, Gaasch WH, Villegas B, Meyer TE. Noninvasive
assessment of left ventricular mass, chamber volume, and contractile
function. Curr Probl Cardiol. 1994;20:361–440.

22. Braunwald E. Heart Disease: A Textbook of Cardiovascular Disease. 5th
ed. Philadelphia, Pa: WB Saunders; 1997:432.

23. Karunanithi MK, Feneley MP. Single-beat determination of preload
recruitable stroke work relationship: derivation and evaluation in con-
scious dogs. J Am Coll Cardiol. 2000;35:502–513.

24. Lee W, Huang W, Yu W, Chiou K, Ding P, Chen C. Estimation of
preload recruitable stroke work relationship by a single-beat technique in
humans. Am J Physiol. 2003;284:H744–H750.

25. Najjar SS, Schulman SP, Gerstenblith G, Fleg JL, Kass DA, O’Connor F,
Becker LC, Lakatta EG. Age and gender affect ventricular-vascular
coupling during aerobic exercise. J Am Coll Cardiol. 2004;44:611–617.

26. Shishido T, Hayashi K, Shigemi K, Sato T, Sugimachi M, Sunagawa K.
Single-beat estimation of end-systolic elastance using bilinearly approx-
imated time-varying elastance curve. Circulation. 2000;102:1983–1989.

27. Shimizu G, Zile MR, Blaustein AS, Gaasch WH. Left ventricular
chamber filling and midwall fiber lengthening in left ventricular hyper-

trophy: conventional midwall measurements overestimates fiber
velocities. Circulation. 1985;71:266–272.

28. Aurigemma GP, Gaasch WH, McLaughlin M, McGinn R, Sweeney A,
Meyer TE. Reduced left ventricular systolic pump performance and
depressed myocardial contractile function in patients �65 years of age
with normal ejection fraction and a high relative wall thickness.
Am J Cardiol. 1995;76:702–705.

29. Aurigemma GP, Silver KH, Priest MA, Gaasch WH. Geometric changes
allow for normal ejection fraction despite depressed myocardial
shortening in hypertensive left ventricular hypertrophy. J Coll Cardiol.
1995;26:195–202.

30. Perlini S, Muiesan PS, Sampieri CC, Trimarco B, Aurigemma GP,
Agabiti-Rosei E, Mancia G. Midwall mechanics are improved after
regression of hypertensive left ventricular hypertrophy and normalization
of chamber geometry. Circulation. 2001;6:103:678–683.

31. Abraham TP, Laskowski C, Zhan W, Belohlavek M, Martin EA,
Greenleaf JF, Sieck GC. Myocardial contractility by strain echocardiog-
raphy: comparison with physiological measurements in an in vitro model.
Am J Physiol Heart Circ Physiol. 2003;285:H2599–H2604.

32. Zile MR, Brutsaert DL. New concepts in diastolic dysfunction and dia-
stolic heart failure, part I: diagnosis, prognosis, and measurements of
diastolic function. Circulation. 2002;105:1487–1393.

33. Zile MR, Brutsaert DL. New concepts in diastolic dysfunction and dia-
stolic heart failure, part II: causal mechanisms and treatment. Circulation.
2002;105:1503–1508.

34. Kass DA, Bronzwaer GF, Paulus WJ. What mechanisms underlie dia-
stolic dysfunction in heart failure? Circ Res. 2004;94:1533–1542.

35. Konstam MA, Udelson JE, Anand IS, Cohn JN. Ventricular remodeling
in heart failure: a credible surrogate endpoint. J Card Fail. 2003;9:
350–353.

36. Udelson JE, Patten RD, Konstam MA. New concepts in post-infarction
ventricular remodeling. Rev Cardiovasc Med. 2003;4(suppl 3):S3–S12.

2312 Circulation May 10, 2005



Peak Oxygen Consumption as a Predictor of Death in
Patients With Heart Failure Receiving �-Blockers

James O. O’Neill, MB, MRCPI; James B. Young, MD;
Claire E. Pothier, MA, MPH; Michael S. Lauer, MD

Background—Peak oxygen uptake (peak V̇O2) is a strong predictor of mortality and is commonly used in the
evaluation of patients for cardiac transplantation. �-Blockers reduce mortality in patients with heart failure,
without influencing peak V̇O2, raising the possibility that peak V̇O2 is no longer suitable as an indicator of prognosis
in these patients.

Methods and Results—We analyzed prospectively gathered data on 2105 patients referred for cardiopulmonary testing for
all-cause mortality and for occurrence of death or transplantation. Patients receiving �-blockers were younger, more
likely to have coronary disease, and had a greater mean ejection fraction but had a similar peak V̇O2. There were 555
deaths (26%) and 194 (9%) transplants during a median follow-up of 3.5 years. Peak V̇O2 was a predictor of mortality
irrespective of �-blocker use; a decrease of 1 mL · kg�1 · min�1 resulted in an adjusted hazard ratio (HR) of 1.13 (95%
CI 1.09 to 1.17, P�0.0001) in patients not receiving �-blockers and 1.27 (95% CI 1.18 to 1.36, P�0.0001) in patients
receiving �-blockers. Similar findings were noted when considering death or transplantation as an end point. �-Blocker
use was associated with better outcomes until peak V̇O2 values became very low (�10 mL · kg�1 · min�1), at which level
survival rates were equally poor.

Conclusion—Peak V̇O2 is a determinant of survival in patients in heart failure even in the setting of �-blockade. Because
of improved survival in patients treated with �-blockers, the cut point value of 14 mg · kg�1 · min�1 for referral for
cardiac transplantation in these patients requires reevaluation, and a lower cut point may be more appropriate.
(Circulation. 2005;111:2313-2318.)

Key Words: heart failure � exercise � adrenergic beta-antagonists � prognosis � ventricular dysfunction, left

Eligibility for cardiac transplantation relies heavily on the
measurement of peak oxygen uptake (peak V̇O2) during

cardiopulmonary exercise testing. A cutoff of 14 mL · kg�1 ·
min�1 has been shown to predict an increased 1-year mortal-
ity1 and has been adopted as a threshold value for consider-
ation for cardiac transplantation.2 These data were accumu-
lated in the late 1980s and did not include patients receiving
�-blocker therapy. Later follow-up studies performed in the
1990s did include patients taking �-blockers.3 �-Blockers
have been uniformly associated with a one-third reduction in
mortality in patients with heart failure, without consistently
changing peak V̇O2.4–6 A recent study of 127 patients with
heart failure concluded that peak V̇O2 did not predict survival
in the setting of �-blocker therapy.7

Because accurate selection of cardiac transplant recipients
remains such a challenging issue and in light of the increasing
gap between donor supply and demand, we sought to reassess
the prognostic significance of peak V̇O2 in patients with heart
failure according to whether they were taking regular
�-blocker therapy.

Methods
This was an observational prospective cohort study of consecutive
patients referred to The Cleveland Clinic Foundation with left
ventricular systolic ejection fraction �35% who were referred for
metabolic treadmill exercise testing between January 1995 and
December 2002. Exclusion criteria included age �20 years, absence
of US Social Security number, congenital or primary valvular heart
disease, end-stage renal disease, or history of previous cardiac
transplantation. In patients with �1 metabolic exercise test, only the
initial study was included in the analysis. Because sotalol has
�-blocking as well as class III antiarrhythmic effects, patients
receiving this medication (n�18) were excluded. Data were prospec-
tively recorded on a customized computer database, which was
approved by the Institutional Review Board of The Cleveland Clinic
Foundation. The requirement for obtaining informed consent was
waived.

Clinical and Exercise Data
Before each metabolic stress test, a structured interview and chart
review yielded prospectively obtained data on demographics, left
ventricular ejection fraction, medications, etiology of heart failure,
and various other clinical parameters as defined previously.8 We
performed symptom-limited metabolic stress testing using the
Naughton protocol and recorded on a MedGraphics cardiopulmonary
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system. Data were prospectively collected during each stage of
exercise on symptoms, rhythm, and blood pressure. Measurements of
oxygen consumption (V̇O2), CO2 production (V̇CO2), heart rate,
minute ventilation (V̇E), tidal volume (VT), and respiratory rate were
made after steady state at rest and after every 30 seconds during
exercise and recovery. The ventilatory response to exercise was
defined as the value of V̇E/V̇CO2 at peak exercise.8 Anaerobic
threshold was determined by the V-slope method9 or by inspecting
ventilatory equivalents.10

Because of the inclusion of patients with atrial fibrillation and
patients actively receiving �-blocker therapy, chronotropic response
(previously documented to have prognostic significance in exercise
testing11) was not included in the analyses. In addition, because of
the inclusion of patients with permanent pacemakers, heart rate
recovery (also known to be of prognostic importance12) also was not
considered. The Duke treadmill score13 was not included for the
above reasons and because of the prevalence of abnormal resting
ECGs in this population.

End Points
The primary end point was all-cause mortality, which was deter-
mined with reference to the Social Security Death Index.14,15 We
have previously shown that this method has a sensitivity of 97% for
detecting death in Cleveland Clinic Foundation exercise laboratory
patients.11 Cross-referencing our unified transplant database identi-
fied patients later undergoing orthotopic heart transplantation. Thus,
transplant-free survival (or time free of death or transplantation) was
considered as a secondary end point.

Statistical Analyses
Patients were first divided into 2 groups, based on whether they
listed �-blocker therapy among their regular medications. The
Wilcoxon rank sum test was used for comparisons of continuous
variables and the �2 test was used to test for comparisons of
categorical variables.

Kaplan-Meier curves were constructed and nonparsimonious Cox
proportional hazards modeling was performed to analyze the asso-
ciation of peak V̇O2, in addition to a variety of other prospectively
recorded parameters and survival or transplant-free survival. All of
the variables listed in Table 1 were considered as potential confound-
ers. For the primary end point of all-cause mortality, cardiac
transplantation was considered as a time-dependent covariate irre-
spective of how long after stress testing the operation occurred. The
proportional hazards assumption was confirmed by calculating
Schoenfeld residuals. Possible nonlinear associations between the
logarithm of hazard and outcome were tested with restricted cubic
splines.16 We prospectively tested for an interaction between
�-blocker use and peak V̇O2. Relative strengths of association were
described based on Wald �2 statistics.

Model discrimination was tested by calculating a C-index for
censored data,17 which corresponds to the area under an ROC curve;
this index describes the possibility that for a randomly chosen pair of
patients in which one had an event and the other did not but was
followed for at least as long (or had an event after longer follow-up),
the model correctly found a higher risk in the patient who had an
event (or had the event earlier in follow-up). Model calibration was
tested by grouping patients into quintiles of predicted risk and
comparing actual 5-year Kaplan-Meier rates with predicted rates. For
discrimination and calibration, 200 bootstrap resamplings were
performed and the resulting 200 models used for calculating
C-indexes and predicted risk.

In a supplementary analysis, we considered percent-predicted
peak V̇O2 based on age and sex as a predictor of survival or
transplant-free survival.18

Data assembly and basic statistical comparisons were performed
with SAS software (version 9.1, SAS Institute). Survival curves and
Cox proportional hazards analyses were performed with Harrell’s
Design and Hmisc libraries19 of the S-plus 6.2 software package
(Insightful, Inc). A probability value of �0.05 was considered
significant.

TABLE 1. Clinical and Cardiovascular Characteristics
According to the Use of �-Blocker Therapy

No �-Blocker
(n�1196)

�-Blocker
(n�909) P

Demographic characteristics

Age, y 54.8�10.8 53.5�10.7 �0.01

Male sex, n (%) 898 (75) 680 (75) 0.88

Black, n (%) 133 (11) 97 (11) 0.74

Clinical history, n (%)

Diabetes, insulin treated 97 (8) 79 (9) 0.66

Diabetes, not insulin treated 170 (14) 164 (18) 0.02

Hypertension 546 (46) 483 (53) �0.01

Current smokers 269 (23) 193 (21) 0.49

Known coronary artery disease 575 (48) 496 (55) �0.01

Previous MI 428 (36) 374 (41) �0.01

Previous CABG 289 (24) 354 (28) 0.05

Previous PCI 186 (16) 198 (22) �0.01

Pacemaker 192 (16) 187 (21) �0.01

Implantable cardioverter-defibrillator 202 (17) 206 (23) �0.01

Atrial fibrillation 80 (7) 41 (5) 0.03

Peripheral vascular disease 43 (4) 47 (5) 0.08

Carotid artery disease 58 (5) 60 (6) 0.08

COPD 132 (11) 63 (7) �0.01

Asthma 90 (8) 48 (5) 0.04

Previous stroke 59 (5) 41 (5) 0.65

Previous TIA 50 (4) 39 (4) 0.90

Medication use, n (%)

ACE inhibitor 1011 (85) 722 (80) �0.01

Angiotensin receptor blocker 68 (6) 114 (13) �0.01

Amiodarone 294 (25) 142 (16) �0.01

Calcium channel blocker

Not dihydropyridine 24 (2) 4 (0) �0.01

Dihydropyridine 56 (5) 35 (4) 0.35

Aspirin 443 (37) 419 (46) �0.01

Statin 246 (21) 362 (40) �0.01

Spironolactone 162 (14) 238 (26) �0.01

Digoxin 1017 (85) 649 (71) �0.01

Loop diuretic 1035 (87) 733 (80) �0.01

Thiazide diuretic 165 (14) 95 (11) 0.02

Cardiovascular assessment

Body mass index 27.7�5.5 28.9�6.0 �0.01

Resting heart rate, bpm 82�15 74�14 �0.01

Resting blood pressure, mm Hg

Systolic 109�18 110�19 0.39

Diastolic 74�11 73�11 0.33

Left ventricular ejection fraction, % 19�7 20�7 �0.01

Peak oxygen consumption,
mL · kg�1 · min�1

16.6�5.1 16.6�5.2 0.91

V̇E/V̇CO2 26.7�9.8 29.0�11.3 �0.01

Severe ventricular ectopy during
recovery, n (%)

87 (7) 51 (6) 0.13

MI indicates myocardial infarction; CABG, coronary artery bypass grafting; PCI,
percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease;
TIA, transient ischemic attack; and ACE, angiotensin-converting enzyme.
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Results
There were 2105 patients eligible for analysis, of whom 909
(43%) regularly took �-blocking medication. Clinical and
metabolic exercise data, according to use of �-blocker ther-
apy, are shown in Table 1. Patients taking �-blockers were
younger, more likely to have an implantable cardioverter-
defibrillator, hypertension, coronary disease, previous myo-
cardial infarction, and type 2 diabetes mellitus, and less likely
to have chronic obstructive pulmonary disease, asthma, and
atrial fibrillation. Patients taking �-blockers had a greater
body mass index and, as anticipated, a lower resting heart
rate. Left ventricular ejection fraction was greater in the
group receiving �-blockers.

Peak oxygen consumption was similar in both groups, but
the V̇E/V̇CO2 ratio was slightly higher in patients receiving
�-blockers. The peak respiratory exchange ratio was slightly
higher among patients not taking �-blockers (1.13 versus
1.10, P�0.0001).

During a median follow-up of 3.5 years (25th and 75th
percentiles 2.0 and 5.4 years) among survivors, 555 (26%)
patients died and 194 (9%) underwent cardiac transplantation.
Long-term survival was significantly better in patients taking
�-blockers, with an unadjusted mortality HR of 0.60 (95% CI
0.49 to 0.73, P�0.0001). The survival advantage was main-
tained when adjusted for the characteristics listed in Table 1
(adjusted HR 0.68, 95% CI 0.55 to 0.85, P�0.0006) and
considering cardiac transplantation as a time-dependent co-
variate. Similarly, patients taking �-blockers had a lower risk
of experiencing death or cardiac transplantation (adjusted HR
0.63, 95% CI 0.52 to 0.76, P�0.0001).

Survival curves of patients subdivided into 4 groups on and
off �-blockers, with peak V̇O2�14 mL · kg�1 · min�1 and �14
mL · kg�1 · min�1 are shown in Figures 1A and 2A. For both
patients taking and not taking �-blockers, a lower peak V̇O2

was associated with a lower survival or transplant-free
survival. When we repeated all of these analyses based on
age- and sex-predicted peak V̇O2, we noted essentially iden-
tical results. A lower percent-predicted peak V̇O2 was asso-
ciated with worse survival (Figure 1B) or transplant-free
survival irrespective of �-blocker use (Figure 2B).

Table 2 summarizes the results of Cox proportional haz-
ards analyses. The models calibrated well and also showed
good discrimination (c-statistic for model of death 0.74 and
for model of death or transplantation 0.77). For both death
and death or transplantation, peak V̇O2 was associated with
outcomes irrespective of �-blocker use. The association
between peak V̇O2 and survival was actually stronger among
patients taking �-blockers. This is evident when examining
Figures 3 and 4, which illustrate the association between peak
V̇O2 and survival (or transplant-free survival) according to
�-blocker usage after accounting for all of the covariates
listed in Table 1. In a clinically relevant range of 10 mL · kg�1

· min�1 to 25 mL · kg�1 · min�1, the slope of the curve was
steeper among beta-blocker patients (probability value for
interaction terms listed in Table 2). �-Blocker usage was
associated with improved survival except when peak V̇O2

became very low, that is, at �10 mL · kg�1 · min�1 or less.
V̇E/V̇O2 was not predictive of survival.

The strongest predictor of death of peak V̇O2 (Wald
�2�76), whereas other strong predictors with a Wald �2 value
�10 were men (�2�21) and use of thiazide diuretics
(�2�13); predictors of better survival include use of
�-blockade (�2�21) and undergoing cardiac transplantation
(�2�51). The interaction of �-blockade and peak V̇O2 was
also strongly predictive of death (�2�11).

When we repeated these regression analyses using percent-
predicted peak V̇O2 instead of absolute peak V̇O2, the overall
results were not changed materially.

Discussion
In this large cohort of 2105 patients with severe left ventric-
ular dysfunction and symptomatic heart failure, peak V̇O2 was
a predictor of increased mortality or of a secondary end point
of death or transplant, even in the so-called �-blocker era.
This remained true even after accounting for multiple possi-
ble confounding variables, including left ventricular ejection
fraction, age, implantable cardioverter-defibrillators, and
other concomitant medications. The relationship between
peak V̇O2 and prognosis was actually stronger in patients
receiving �-blockers than in those not receiving them.

The threshold of 14 mL · kg�1 · min�1 for referral for
cardiac transplantation was based on data accumulated before

Figure 1. Survival according to peak oxygen uptake (A) or
percent-predicted peak oxygen uptake (B) and �-blocker use.
Kaplan-Meier plot with Greenwood confidence intervals. Cardiac
transplantation was considered as a time-dependent covariate.
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the advent of �-blockade for heart failure.1,20,21 �-Blocker
therapy is not independently associated with an improvement
in peak V̇O2,22–24 and in our group, peak V̇O2 was similar in
patients receiving and not receiving �-blockers. These obser-
vations, coupled with the dramatic improvement in survival
seen with �-blockers, perhaps accompanied by a change in
the natural history of the disease, has prompted some sources

to question the prognostic significance of peak V̇O2 in the
�-blocker era.7

Peak oxygen consumption assessment was developed as a
means to formally assess functional status in patients with
heart failure.25 Data from the first Veterans Administration
Heart Failure Trial demonstrated that peak oxygen consump-
tion independently predicted mortality.21 A study of 116
patients being considered for cardiac transplantation in a
University of Pennsylvania program found that in patients
with a peak oxygen consumption of �14 mL · kg�1 · min�1,
the freedom from death or urgent cardiac transplantation was
only 48% at 1 year.1 Patients without significant comorbidi-
ties and with a peak oxygen consumption of �14 mL · kg�1

· min�1 had a 1-year survival of 94%. A consensus exists that
an ejection fraction �20% and a peak oxygen consumption of
�14 mL · kg�1 · min�1 should be present to warrant referral
for cardiac transplantation.2 Notably, however, some argue
that there is an overreliance placed on this single end point for
prognosis.26

A retrospective study by Shakar et al7 reviewed 127
patients who were taking �-blockers for at least 3 months and
had undergone metabolic exercise testing. They divided the
patients into 2 groups, 1 with peak V̇O2 �14 mL · kg�1 · min�1

(n�109) and the other with peak V̇O2 �14 mL · kg�1 · min�1

(n�18). At 30 months, the number of patients who reached
the combined end point of death or transplantation was
similar. They concluded from these data that the current peak
V̇O2 cutoff does not predict survival without transplantation of
patients on chronic �-blocker therapy.

In another study of 408 patients with heart failure and
ejection fraction �45%, Zugeck and colleagues assessed
outcome according to �-blocker use.27 They used a combined
clinical end point of progressive heart failure (requiring
hospital admission), inotropes, intravenous diuretics, and
mechanical support or cardiac death or both at 1 year. A peak
V̇O2 �14 mL · kg�1 · min�1 in patients who were receiving
�-blockers was associated with the combined end point 23%
to 26%, whereas for patients who did not receive �-blockers,
it was 35% to 64%.

A further study by Peterson et al of 540 patients with heart
failure compared the outcomes from nontransplanted patients
with data from the International Society for Heart and Lung
Transplantation transplant database, according to peak V̇O2.28

They concluded that patients taking �-blockers with peak V̇O2

� 12 mL · kg�1 · min�1 had greater 1- and 3-year survival (with
transplantation a censored event) than did post-transplant pa-
tients. For patients not taking �-blockers and peak V̇O2 �14 mL
· kg�1 · min�1, however, survival was worse than it was for
transplant recipients.

Our study is the largest to date to look at this issue. In
addition, we used mortality as a hard end point. Some
limitations of our study are worth noting, however. Because
our data are derived from a cohort seen at a referral center
with a high cardiac transplant volume, there is a need to
confirm our results elsewhere. Using the Social Security
Death Index meant that we did not have data regarding the
cause of death. Our group and others have addressed the issue
of assessing cause of death in patients with cardiovascular
disease. Attempting to classify cause of death is problematic,

Figure 2. Transplant-free survival according to peak oxygen
uptake (A) or percent-predicted peak oxygen consumption (B)
and �-blocker use. Kaplan-Meier plot with Greenwood confi-
dence intervals.

TABLE 2. Association of Peak Oxygen Consumption With
Mortality or Death or Transplantation: Results of Multivariable
Proportional Hazards Analyses

Model
Hazard Ratio

(95% CI) P
P for

Interaction

Death

No �-blocker 1.13 (1.09–1.17) �0.0001 0.0005

With �-blocker 1.26 (1.18–1.36) �0.0001

Death or transplantation

No �-blocker 1.11 (1.07–1.14) �0.0001 0.0013

With �-blocker 1.25 (1.18–1.32) �0.0001

Hazard ratios describe the risk of the outcome for a 1-mL · kg�1 · min�1

decrease in peak oxygen consumption after adjusting for all of the variables
listed in Table 1. For the model for death, cardiac transplantation was treated
as a time-dependent covariate and was found to be associated with a lower
risk of death (adjusted HR 0.22, 95% CI 0.14–0.33, P�0.0001).
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whereas all-cause mortality is an objective, clinically rele-
vant, and unbiased end point.29–31 Because of the inclusion of
patients with atrial fibrillation, pacemakers, and �-blocker
use, we could not incorporate chronotropic response or heart
rate recovery into our survival models. We did not have data
on �-blocker dose (although we did have data on resting heart
rate), nor did we have data regarding who prescribed
�-blockers and why. We did not have detailed data regarding
symptoms such as paroxysmal nocturnal dyspnea. Our anal-
yses were based on peak V̇O2 as an absolute value. Although
some have proposed using percent-predicted V̇O2 based on
age and sex, this value has not been shown to be more
effective at predicting survival than the simple value.3 Fur-
thermore, in our supplementary analyses, results were essen-
tially equivalent when using the percent-predicted value.

Cardiac transplantation was a competing event, which we
treated as a time-dependent covariate and also as a secondary
end point; this seems a reasonable strategy because it is
unlikely that patients were specifically chosen for transplant
on the basis of �-blocker use; however, peak V̇O2 most likely
was used in selecting patients for transplantation.

It is noteworthy that at low levels of peak V̇O2, �-blockade
was no longer associated with a survival benefit (see Figure
3 at about 10 mL · kg�1 · min�1). This suggests that the improved
survival observed with �-blockade may be weaker among
patients with severely impaired functional capacity, in which
mortality rates are high irrespective of treatment.

Our findings confirm the prognostic importance of peak
V̇O2 in patients with heart failure in the �-blocker era. Indeed,
a low peak V̇O2 may be an even more powerful predictor of
mortality in patients receiving �-blocker therapy than in those
treated without them. Because of improved survival in
patients treated with �-blockers, the traditional cut point of
�14 mg · kg�1 · min�1 for referral for cardiac transplantation
in these patients requires reevaluation, and a lower cut point
value may be more appropriate. In addition, these data
confirm the powerful survival advantage imparted by
�-blocker therapy, but primarily among those patients with a
functional capacity exceeding 10 mL · kg�1 · min�1. Clini-
cians caring for patients with heart failure should recognize
the value of prescribing �-blockers for patients with impaired
systolic ventricular function and that even in the setting of

Figure 3. Adjusted 5-year survival (with
95% CI) according to �-blocker use. For
these descriptive curves, all continuous
variables are set to median values and
categorical variables are set to mode.
Cox proportional hazards models used
to generate these curves adjusted for all
variables listed in Table 1. Cardiac trans-
plantation was considered as a time-
dependent covariate.

Figure 4. Adjusted 5-year transplant-free
survival (with 95% CI) according to
�-blocker use. For these descriptive
curves, all continuous variables are set
to median values and categorical vari-
ables are set to mode. Cox proportional
hazards models used to generate these
curves adjusted for all variables listed in
Table 1.
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�-blockade cardiopulmonary stress testing is a valuable
prognostic tool.
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Requirement of Nuclear Factor-�B in Angiotensin II– and
Isoproterenol-Induced Cardiac Hypertrophy In Vivo

Christian Freund, MSc; Ruth Schmidt-Ullrich, PhD; Anthony Baurand, PhD; Sandra Dunger, MSc;
Wolfgang Schneider, MD; Peter Loser, PhD; Amina El-Jamali, PhD; Rainer Dietz, MD, PhD;

Claus Scheidereit, PhD; Martin W. Bergmann, MD

Background—In vitro experiments have proposed a role of nuclear factor-�B (NF-�B), a transcription factor, in
cardiomyocyte hypertrophy and protection against apoptosis. Currently, the net effect on cardiac remodeling in vivo
under common stress stimuli is unclear.

Methods and Results—We have generated mice with cardiomyocyte-restricted expression of the NF-�B super-repressor
I�B��N (�NMHC) using the Cre/lox technique. �NMHC mice displayed an attenuated hypertrophic response compared
with control mice on infusion of angiotensin II (Ang II) or isoproterenol by micro-osmotic pumps, as determined by
echocardiography (left ventricular wall dimensions: control plus Ang II, �1.5�0.1 versus sham; �NMHC plus Ang II,
�1.1�0.1 versus sham; P�0.05; n�9), heart weight, and histological analysis. Real-time reverse-transcriptase
polymerase chain reaction showed significantly reduced expression of hypertrophy markers �-myosin heavy chain and
atrial natriuretic peptide in Ang II–treated �NMHC mice (P�0.05 versus control plus Ang II; n�4). Neither
cardiomyocyte apoptosis nor left ventricular dilatation was observed. In cultured adult rat cardiomyocytes, NF-�B DNA
binding activity was increased by both Ang II– and interleukin-6–related cytokines. The latter are known to be released
by cardiac fibroblasts on Ang II stimulation and thus could locally increase the NF-�B response of cardiomyocytes.
Finally, results from in vitro and in vivo experiments suggest a role for NF-�B in the regulation of prohypertrophic
interleukin-6 receptor gp130 on mRNA levels.

Conclusions—These results indicate that targeted inhibition of NF-�B in cardiomyocytes in vivo is sufficient to impair
Ang II– and isoproterenol-induced hypertrophy without increasing the susceptibility to apoptosis. (Circulation. 2005;
111:2319-2325.)

Key Words: angiotensin � genes � hypertrophy � myocytes � nuclear factor-�B

The adult heart responds to hemodynamic stress, various
cytokines, and growth factors by hypertrophic growth of

cardiomyocytes, which eventually may lead to heart failure
resulting from excessive workload. Current heart failure
treatment relies on potent cell surface blockade of the
renin-angiotensin system combined with �-adrenoceptor an-
tagonism. Genetic evidence suggests that Ca2�-dependent
transcription factors may be interesting new treatment targets.
Knockout mice of NF-ATc and GATA-4, both downstream
of the calcineurin pathway, consistently revealed impaired
cardiac hypertrophy in various stress models, including G-
protein–coupled receptor (GPCR) stimulation by angiotensin
II (Ang II), endothelin I, and phenylephrine (PE).1,2 However,
pharmacological calcineurin inhibition revealed variable re-
sults.3 Therefore, analysis of additional transcription factors
might be interesting in the context of cardiac hypertrophy
signaling.

Nuclear factor-�B (NF-�B), a ubiquitous transcription
factor, is known for its role in immunity, inflammation,
regulation of cell growth, apoptosis, and embryonal develop-
ment.4–6 In most resting cells, NF-�B is sequestered in the
cytoplasm by interaction with its inhibitory proteins, the
I�Bs, which are degraded on stimulation. Recent in vitro
studies have suggested that NF-�B is an attractive target for
antagonizing GPCR-induced cardiac hypertrophy.7,8 How-
ever, NF-�B was also found to regulate the expression of the
hypertrophy inhibitory molecule IEX-1.9 Furthermore,
NF-�B has been implicated in regulation of cardiomyocyte
survival genes. NF-�B was shown to protect isolated neonatal
cardiomyocytes from tumor necrosis factor-� (TNF�)–in-
duced apoptosis and to limit cardiac infarct size in vivo.10,11

Because the evidence linking NF-�B to cardiac hypertro-
phy was derived from in vitro experiments, we studied the
effect of targeted NF-�B inhibition in vivo using Ang II and
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the �-adrenoceptor agonist isoproterenol (Iso) as hypertro-
phic stimuli. The results presented here firmly establish that
activation of NF-�B in cardiomyocytes is a requisite to the
development of cardiac hypertrophy by Ang II and Iso in
vivo. NF-�B inhibition does not lead to detectable levels of
cardiomyocyte apoptosis after Ang II or Iso treatment. Further-
more, we provide evidence that the interleukin (IL)-6 receptor
gp130 mRNA is downregulated in hearts of �NMHC mice.

Methods

Transgenic Mice
The cloxPI�B��N mice were described previously.6 Mice expressing
Cre-recombinase under the control of cardiomyocyte-specific
�-myosin heavy chain (�-MHC) promoter (�-MHC-Cre mice) were
a generous gift from Dr Michael D. Schneider (Baylor College of
Medicine, Houston, Tex).12 All mice were bred on a C57Bl/6
background for �6 generations. All aspects of animal care and
experimental protocols were approved by the Berlin animal review
board (Reg. 0135/01).

Induction of Cardiac Hypertrophy
and Echocardiography
Micro-osmotic pumps (model 1002, Alzet) releasing Ang II (Sigma;
1.4 �g � kg�1 � min�1; solvent, 0.9% NaCl/0.01N acetic acid) or Iso
(Sigma; 60 mg � kg�1 � d�1 in 0.9% NaCl) were implanted subcuta-
neously into age-matched (12 to 16 weeks old) male mice after
anesthesia with ketamine/xylazine (30 mg/10 mg per 1 kg IP).
Hypertrophy was assessed by echocardiography with an Accuson
Sequoia (Siemens) instrument equipped with a 13-MHz microprobe.
Ventricular measurements in M mode were taken before implanta-
tion and 12 days (Ang II) or 7 days (Iso) after, with �3 readings per
mouse. The observer was blinded to genotype and treatment of the
mice.

Histological Analysis
Hearts were fixed in 10% formalin/PBS and embedded in paraffin.
Heart sections (10 �m) were stained with PAS or Masson trichrome
as indicated to evaluate morphology and cellular dimensions.
TUNEL assays were performed with the Apop Tag Plus system from
Intergene according to the manufacturer’s instructions.

RNA Quantification
Total RNA was isolated with the RNeasy kit (Qiagen), and cDNA
was synthesized with Superscript II reverse transcriptase (RT)
(Invitrogen). cDNA was subjected to real-time RT–polymerase chain
reaction (PCR) by SYBR Green Analysis (Qiagen) performed on an
iCycler instrument (Biorad). Primers for mouse gene analysis were
as described previously.13 Primer sets for rat genes were as follows:
I�B�: forward, 5�-CAGCATCTCCACTCCGTCCT-3�; reverse, 5�-
GCGTTGACATCAGCACCCAA-3�; gp130: forward, 5�-CAAG-
CACCGTGCAGTACTCC-3�; reverse, 5�-TGTCCACACTATCC-
ACCAGCT-3�. GAPDH (Clonetech) was used as control.

Cell Culture and Adenoviral Infection
Cardiomyocytes were isolated from 12- to 14-week-old male Wistar rats
(Moellegard, Schoenwalde, Germany) as described before.14 Three
hours after attachment, cardiomyocytes were infected with recombinant
adenoviral vector (Ad) encoding I�B��N (Ad5I�B��N) or empty
vector (Ad5control; 50 MOI) and stimulated after another 36 hours.
Cardiac fibroblasts obtained in parallel were grown to 70% confluence
and serum deprived for 20 hours before stimulation. Adult mouse
cardiomyocytes were isolated and cultured following the instructions
given at www.signaling-gateway.org.

Immunoblotting and Electrophoretic Mobility
Shift Assay
Cardiomyocytes were stimulated with Ang II, leukemia inhibitory
factor (LIF), PE (all Sigma), TNF-� (Biomol), IL-6 (Roche),
cardiothrophin (CT)-1 (Calbiochem), or FCS as indicated. Nuclear
and cytosolic extracts were prepared as described.15 Electrophoretic
mobility shift assay (EMSA) was performed with 5 to 10 �g nuclear
protein as described previously.11 For immunoblotting, 10 to 20 �g
cytosolic protein was used. I�B��N from heart was immunoprecipi-
tated as described.16 Total lysates of adult mouse cardiomyocytes
were prepared as described.16 The antibodies for immunoblotting or
immunoprecipitation were from Santa Cruz (I�B�, gp130), Cell
Signaling (p- or total ERK and CREB, p-Stat3 [Tyr 705]), or
Advanced ImmunoChemical Inc (GAPDH).

Immunostaining
After stimulation with TNF-� (10 ng/mL, 30 minutes), mouse
cardiomyocytes were fixed (4% formaldehyde/PBS, 25 minutes,
4°C), permeabilized (0.5% Triton X-100/PBS, 10 minutes, 4°C), and
incubated with an antibody against NF-�B–p65 (1:100, Santa Cruz)
according to the manufacturer’s instructions. The TRITC-labeled
secondary antibody was from Dianova; DAPI (0.5 �g/mL) was from
Sigma.

Statistical Analysis
Differences between experimental groups were analyzed by use of a
Student t test or 1-way ANOVA, followed by Bonferroni posttest when
multiple groups were compared. Data are reported as mean�SEM.
Values of P�0.05 were considered significant. Real-time RT-PCR data
from adult cardiomyocytes were analyzed by paired t test, comparing
cells derived from each preparation separately.

Results
Generation of Mice With Cardiomyocyte-Specific
NF-�B Inhibition
Mice heterozygous for floxed I�B��N (cloxPI�B��N, �NloxP)
were bred with heterozygous, �-MHC–Cre (c�-MHC-Cre, CreMHC)
transgenic mice to generate mice with cardiomyocyte-
restricted I�B��N expression, called �NMHC mice (Figure
1A).6,12 I�B��N lacks the destruction box and acts as a
super-repressor of NF-�B.6 Heart-specific recombination was
analyzed by PCR demonstrating efficient removal of the stop
codon (Figure 1B). Heart-restricted I�B��N expression was
confirmed by immunoblot analysis of immunoprecipitated
tissue extracts of �NMHC and cI�B��N mice, which express
I�B��N ubiquitously (referred to as �Nubi mice; Figure 1C).6

Less I�B��N protein is detected in heart tissue extracts from
�NMHC compared with �Nubi mice because of up to 70%
nonmyocytes in whole-heart extracts (Figure 1C).6 In addi-
tion, CreMHC mice exhibit mosaicism of Cre recombinase
expression, which is estimated to be present in 	70% of
cardiomyocytes (described elsewhere,17 data not shown).
Furthermore, recombination was confirmed in isolated car-
diomyocytes from �NMHC mice (Figure 1D). Effective NF-�B
inhibition in �NMHC mice was confirmed by immunostaining
of NF-�B–p65 in TNF-�–stimulated cultured cardiomyo-
cytes. Although control cells showed robust nuclear translo-
cation of p65, cardiomyocytes genetically expressing
I�B��N displayed reduced p65 translocation (Figure 1E). In
conclusion, �NMHC mice exhibit cardiac-restricted, impaired
NF-�B activation.
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Attenuation of Ang II– and Iso-Induced Cardiac
Hypertrophy in �NMHC Mice
�NMHC mice did not exhibit any significant changes at
histological or echocardiographic examination when left un-

treated (data not shown).18,19 Wild-type, CreMHC, or �NloxP

mice (summarized as control mice) and age-matched �NMHC

mice were exposed to Ang II (1.4 �g · kg�1 · min�1) infusion
for 14 days. Although control mice exhibited a significant

Figure 2. Ang II–induced hypertrophy is
attenuated in �NMHC mice. A, Represen-
tative examples of M-mode echocardio-
grams of hearts from control or �NMHC

mice before and after Ang II infusion,
respectively. Ang II increased diastolic
left ventricular septal (LVS d) and poste-
rior (LVPW d) wall dimensions in control
but not in �NMHC mice. B, Quantification
of LVS d and LVPW d dimensions before
and after Ang II infusion by echocardiog-
raphy. *P�0.01, control plus Ang II vs
sham-operated control; †P�0.05, �NMHC

plus Ang II vs control plus Ang II mice.
C, Representative cardiac cross sections
showing attenuated hypertrophy in
�NMHC mice. D, Quantified mRNA
expression of hypertrophic markers by
real-time RT-PCR normalized to sham-
operated control mice. *P�0.05 vs Ang
II–infused control animals.

Figure 1. Generation of mice with cardiomyocyte-restricted NF-�B inhibition. A, Schematic summarizing generation of �NMHC mice.
I�B��N preceded by stop codon was integrated into �-catenin locus in frame replacing exons 3 through 6. B, PCR analysis of total
heart genomic DNA using primers spanning floxed allele (pF and pR; see A) demonstrating heart-specific excision of stop codon in
�NMHC mice. Because of one remaining loxP site, I�B��N fragment in �NMHC mice is somewhat larger than in �Nubi mice. C, Heart-
specific expression of I�B��N protein in �NMHC mice. Representative immunoblot of immunoprecipitated protein is shown. D, PCR
analysis of isolated cardiomyocytes from control, �NloxP, or �NMHC mice with primers spanning floxed allele (top). PCR for �-catenin
(bottom) serves as loading control. E, Immunostaining of NF-�B-p65 (TRITC) or DAPI staining of nuclei (inset) of untreated isolated car-
diomyocytes of control mice (top) or TNF-�–stimulated cardiomyocytes of control (middle) or �NMHC (bottom) mice. Two cells of each
genotype, representative of multiple slides, are shown at 60-fold magnification.
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increase in diastolic wall dimensions and ratio of heart weight
to tibia length on Ang II treatment, �NMHC mice did not
mount a hypertrophic response (Figure 2A and 2B and Table
1). Histological examination confirmed these results (Figures
2C and 3A through 3C). Similarly, Iso-induced hypertrophy
at 7 days was attenuated in �NMHC mice (Table 2). Thus,
suppression of NF-�B activity has a protective effect on Ang
II– and Iso-induced cardiac hypertrophy.

In addition to morphological changes, mRNA expression
of hypertrophy markers was analyzed by real-time RT-PCR
(Figure 2D). As expected, we found a significant induction of
atrial natriuretic peptide (ANP; expression ratio versus sham,
2.6�0.3), brain natriuretic peptide (BNP; expression ratio
versus sham, 1.3�0.28), �-MHC (expression ratio versus
sham, 2.2�0.4), and �-skeletal actin (expression ratio versus
sham, 2.6�0.3) gene expression in cardiac tissue from Ang
II–treated control animals. �-MHC and transforming growth
factor (TGF)-� levels remained largely unchanged after 14
days of Ang II treatment. In contrast, �NMHC mice showed a
significant reduction in �-MHC and ANP upregulation by
Ang II (Figure 2D).

Cytokines and/or chemokines secreted from cardiomyo-
cytes may contribute to Ang II–induced inflammatory re-
sponses. As expected, histological analysis of Ang II–infused
control mice revealed perivascular infiltration of inflamma-
tory cells (Figure 3E) compared with sham-operated controls
(Figure 3D). Ang II–induced perivascular inflammation was
not altered in �NMHC mice (Figure 3F). Hence, NF-�B activity

in cardiomyocytes may not contribute significantly to the
Ang II–induced inflammatory reaction.

Because NF-�B has been hypothesized to regulate
survival signals in cardiomyocytes, we evaluated apoptosis
of cardiomyocytes in hearts of mice. In histological sec-
tions from control and �NMHC mice challenged with Ang II,
we did not detect apoptotic cells by TUNEL assay (Figure
3G and 3J, respectively) or fragmentation of DAPI-stained
nuclei (Figure 3H and 3K, respectively). As a positive
control, one section was treated with DNase I before the
TUNEL assay (Figure 3I). Furthermore, dilatation of the
left ventricle resulting from apoptotic loss of cardiomyo-
cytes was not detectable by echocardiography (Tables 1
and 2). Expression of I�B��N does not induce cardiomyo-
cyte apoptosis and/or impairment of LV function in this
model.

TABLE 1. Ang II–Induced Hypertrophy Is Attenuated in
�NMHC Mice

Control Sham
(n�10)

Control�Ang II
(n�16)

�NMHC�Ang II
(n�9)

LVS d, mm

Before Ang II 0.63�0.04 0.62�0.03 0.60�0.02

After Ang II 0.65�0.05 0.98�0.06* 0.67�0.04†

LVPW d, mm

Before Ang II 0.7�0.04 0.64�0.03 0.66�0.03

After Ang II 0.7�0.05 1.05�0.08* 0.69�0.04†

LVED d, mm

Before Ang II 4.0�0.13 3.9�0.15 3.9�0.17

After Ang II 3.8�0.18 3.1�0.19* 3.74�0.12†

FS, %

Before Ang II 40�2.4 39.4�1.6 38.1�1.7

After Ang II 43.1�1.3 51.3�2.8* 41.1�2.7†

Heart weight, mg 119�4.0 143�6.2* 123�3.5†

Body weight, g 29.3�0.99 27.3�0.8 23.9�0.7*†

Ratio of heart weight
to body weight, mg/g

4.1�0.07 5.2�0.12* 5.1�0.15

Ratio of heart weight
to tibia length, mg/mm

6.0�0.18 7.4�0.31* 6.4�0.14†

LVS d indicates left ventricular septum, diastolic; LVPW d, left ventricular
posterior wall, diastolic; LVED d, left ventricular end-diastolic diameter; and FS,
fractional shortening. Cardiac function of mice was evaluated by echocardiog-
raphy and heart weight.

*P�0.01 vs sham; †P�0.05 vs control�Ang II.

Figure 3. Heart-specific NF-�B inhibition attenuates Ang II–in-
duced hypertrophy but does not affect perivascular inflammation
or apoptosis. Representative images are shown. Trichrome
staining of cardiac cryosections from sham-operated control (A),
Ang II–infused control (B), or �NMHC (C) mice at 40-fold magnifi-
cation. Ang II increased cardiomyocyte size in control but not in
�NMHC mice. PAS staining of cardiac cryosections from sham-
operated control mice (D), Ang II–infused control (E), or �NMHC

mice (F). Typical blood vessel is shown at 20-fold magnification.
TUNEL assay to determine apoptotic nuclei in cardiac cryosec-
tions of hearts from control (G) and �NMHC (J) mice after 14 days
of Ang II treatment. As positive control, one section was treated
with DNase I before TUNEL assay (I). H, K, DAPI staining of
nuclei for G and J, respectively.
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Activation of NF-�B in Adult Cardiomyocytes by
Ang II and IL-6 Cytokines
We analyzed NF-�B DNA binding in adult rat cardiomyo-
cytes after Ang II stimulation. Moderate NF-�B DNA bind-
ing activity was induced by physiological concentrations of
Ang II as early as 15 minutes (1.45�0.12-fold) and was
sustained for �1 hour (Figure 4A). Ang II induced less
NF-�B DNA binding than TNF-� stimulation (2.46�0.3-
fold). NF-�B DNA complexes induced by Ang II contained
p50 and p65 (Figure 4B).

Activation of cardiac fibroblasts by Ang II significantly
contributes to cardiac hypertrophy.20 We therefore analyzed
the effect of Ang II on NF-�B activity in cardiac fibroblasts.
Ang II activated both ERK and CREB but not NF-�B binding
activity (Figure 4C). These pathways were demonstrated to
regulate the expression of IL-6 in neonatal cardiac fibroblasts.
Paracrine secretion of IL-6–related cytokines augments car-
diac hypertrophy.21 Therefore, we studied the effect of IL-6
cytokines on NF-�B activation in adult rat cardiomyocytes.
Indeed, IL-6, CT-1, and LIF, alone or in combination,
induced NF-�B DNA binding at 30 minutes (Figure 4D, top).
Interestingly, PE did not induce NF-�B in adult cardiomyo-
cytes, in contrast to previously published data from neonatal
cardiomyocytes.7

ERK1/2 is known to be a central kinase of cardiac
hypertrophy signaling.22 Ang II and TNF-� did not induce
ERK1/2 phosphorylation in adult cardiomyocytes at any time
points, whereas PE activated ERK1/2 most potently (Figure
4D, bottom). These data imply that PE-induced hypertrophy
is regulated mainly by ERK, whereas IL-6 cytokine-induced
hypertrophy involves NF-�B in addition to a modest ERK
activation. Ang II induced NF-�B activation but not ERK
phosphorylation in adult rat cardiomyocytes (Figure 4D).

NF-�B–Dependent Gene Regulation
A DNA microarray analysis was performed to identify
possible downstream targets of NF-�B involved in hypertro-
phy (data not shown). Adult rat cardiac myocytes transfected
with Ad5I�B��N were compared with Ad5control or un-
transfected cells. Downregulation of I�B� mRNA was used
as a positive control for efficient NF-�B inhibition because
the I�B� promoter contains several regulatory NF-�B bind-
ing sites.4 The microarray data were confirmed by real-time
RT-PCR for gp130 mRNA showing significant downregula-
tion in I�B��N-transfected cells (Figure 5A). A similar trend
was observed in whole-heart extracts from �NMHC mice
compared with control animals at baseline (Figure 5B B, left
bar; P�0.056; n�4). In addition, levels of gp130 mRNA

TABLE 2. Iso-Induced Hypertrophy Is Attenuated in
�NMHC Mice

Control Sham
(n�4)

Control�Iso
(n�6)

�NMHC�Iso
(n�7)

LVS d, mm

Before Iso 0.65�0.03 0.63�0.02 0.63�0.04

After Iso 0.75�0.03 0.93�0.03* 0.74�0.02†

LVPW d, mm

Before Iso 0.68�0.05 0.67�0.02 0.64�0.04

After Iso 0.75�0.03 0.92�0.05* 0.79�0.03†

LVED d, mm

Before Iso 3.95�0.13 3.55�0.14 3.36�0.21

After Iso 3.55�0.17 3.12�0.20 3.39�0.18

FS, %

Before Iso 34.5�1.5 35.0�2.3 34.1�2.5

After Iso 39.2�3.3 59.7�2.8* 50.3�2.7†

Heart weight, mg 112�3.6 126�8.0 119�8.2

Body weight, g 27.6�2.0 27.8�1.7 26.7�0.9

Ratio of heart weight
to body weight, mg/g

3.8�0.26 4.9�0.08* 4.5�0.1

Ratio of heart weight
to tibia length, mg/mm

5.9�0.07 7.4�0.30* 6.5�0.21†

Abbreviations as in Table 1. Cardiac function of mice was evaluated by
echocardiography and heart weight.

*P�0.01 vs sham; †P�0.05 vs control�Iso.

Figure 4. Ang II and IL-6 activate NF-�B
in cultured cardiomyocytes. A, Cultured
adult rat cardiomyocytes were treated for
times indicated with Ang II (100 nmol/L)
or TNF-� (10 ng/mL). Representative
EMSA for DNA binding of NF-�B and for
Oct-1 as control. B, Supershift analysis
with nuclear extracts of cardiomyocytes
after 30 minutes of Ang II stimulation. C,
Cardiac fibroblasts were treated with
Ang II or TNF-�. Top, Representative
EMSA of NF-�B or Oct-1 DNA binding.
Middle and bottom, Immunoblotting of
phosphorylated or total ERK 1/2 and
CREB as indicated. D, Cultured adult rat
cardiomyocytes were treated for 30 min-
utes with LIF (10 ng/mL), CT-1 (2 nmol/
L), IL-6 (10 ng/mL), Ang II (100 nmol/L),
PE (50 �mol/L), FCS (5%), or TNF-� (10
ng/mL). EMSA was performed as
described in A (top 2 panels). Immuno-
blotting of phosphorylated or total
ERK1/2 (bottom 2 panels).
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were significantly reduced in hearts of Ang II–treated �NMHC

mice (Figure 5B, right bar; P�0.05; n�4). In cultured cardio-
myocytes from control or �NMHC mice, protein levels of gp130
were comparable under nonstimulated conditions (Figure 5C).
However, after 30 minutes of Ang II and IL-6, gp130 protein
expression was reduced in cardiomyocytes from �NMHC mice
compared with control mice. Phosphorylation of transcription
factor STAT3, which is a typical downstream target of IL-6/
gp130 signaling, remained unchanged in �NMHC cardiomyocytes
after stimulation with Ang II and IL-6.

Discussion
Ca2�-dependent signaling molecules have been shown to
mediate cardiac hypertrophy in vivo. Here, we provide
genetic evidence for a Ca2�- independent signaling pathway
required for cardiac hypertrophy, namely the NF-�B activa-
tion cascade. Our results establish that inhibition of transcrip-
tion factor NF-�B by cardiomyocyte-restricted expression of
the NF-�B superrepressor I�B��N is sufficient to attenuate
Ang II– and Iso-induced cardiomyocyte hypertrophy in vivo
without a detectable effect on cardiomyocyte apoptosis.
Interestingly, NF-�B exerts its effect on cardiac hypertrophy
by affecting a different subset of hypertrophy-related genes
compared with the calcineurin-dependent signaling mole-
cules. In calcineurin-deficient mice, inhibition of Ang II–
induced hypertrophy was associated with a reduction in
�-skeletal actin mRNA.23 Similarly, inhibition of hypertro-
phy in NF-Atc3�/� mice was accompanied by attenuation of
�-skeletal actin upregulation.24 In contrast, �NMHC mice
displayed impaired �-MHC and ANP upregulation while
leaving BNP and �-skeletal actin induction intact. BNP exerts
positive effects in cardiac remodeling by antagonizing TGF-
�–induced deposition of extracellular matrix proteins.25

In vitro experiments using neonatal rat cardiomyocytes as
a model system proposed various hypertrophic pathways to
regulate NF-�B activity. The GPCR agonists endothelin 1,
Ang II, and PE were all found to upregulate NF-�B–
dependent reporter genes.7,8 However, the upregulation may
be indirect because the induction of NF-�B DNA binding in

response to these stimuli was not shown in these studies.
Using a different system, namely adult rat cardiomyocytes,
we observed only a modest increase in NF-�B DNA binding
on Ang II stimulation. Because IL-6 family cytokines con-
tribute significantly to Ang II–induced cardiac hypertrophy,21

we analyzed NF-�B activation by IL-6, CT-1, and LIF. All
IL-6 cytokines were found to activate NF-�B in adult
cardiomyocytes substantially. These data are in line with
previous reports in which activation of NF-�B downstream of
the IL-6 receptor gp130 protected neonatal cardiomyocytes
from hypoxia-induced apoptosis.26 We found that PE strongly
stimulates ERK1/2 phosphorylation but not NF-�B DNA
binding in adult cardiomyocytes. This result is in contrast to
published data on neonatal cardiomyocytes.7 In our view, PE
signaling differs from Ang II– and IL-6-induced pathways in
cardiac hypertrophy in the adult system.

NF-�B has been shown to regulate the expression of
numerous genes, including survival factors and cell growth
regulatory molecules. More precisely, the expression of
apoptosis inhibitory molecules iAP1, bcl-2, and bcl-xL was
described to be NF-�B dependent.27 In our mouse model,
NF-�B inhibition attenuated cardiac hypertrophy without any
detectable effects on cardiomyocyte apoptosis. These results
suggest an important cardiomyocyte-specific role for NF-�B
in regulating genes involved in cardiac hypertrophy, whereas
expression of survival factors might be affected only by more
stringent NF-�B inhibition. Alternatively, other transcription
factors might compensate for reduced NF-�B activity in
cardiomyocytes concerning its role in apoptosis but not
hypertrophy. The latter hypothesis is supported by our pre-
viously published observation that even complete NF-�B
inhibition by Ad5I�B��N in isolated neonatal rat cardio-
myocytes did not lead to a detectable regulation of iAP1�2,
bcl-2, or bcl-xL protein.11

The IL-6 receptor gp130 is a central regulator of cardiac
hypertrophy.28 Here, we found gp130 mRNA to be down-
regulated in rat cardiomyocytes with NF-�B inhibition and
tissue extracts from �NMHC mice after Ang II stimulation.
Further studies are needed to determine whether this effect on

Figure 5. gp130 expression is linked to
NF-�B signaling. A, Cultured adult rat cardio-
myocytes were infected with Ad5I�B��N or
Ad5control 48 hours before mRNA isolation.
gp130 mRNA expression was analyzed by
real-time RT-PCR, and results were normal-
ized to GAPDH. Data are expressed as
expression ratio of I�B��N-transfected cells
vs control virus-infected or noninfected cells
as indicated. *P�0.05. B, Hearts from con-
trol and �NMHC mice under basal conditions
or exposed to Ang II for 14 days were ana-
lyzed by real-time RT-PCR. Data are shown
as expression ratio of �NMHC mice vs control
mice at baseline (left bar) or after Ang II treat-
ment (middle and right bars; P�0.05, control
vs �NMHC mice). C, Cultured adult cardio-
myocytes of control and �NMHC mice were
treated with Ang II (1 �mol/L) and IL-6 (10
ng/mL) for 30 minutes, and lysates were
subjected to immunoblotting. Immunoblot-
ting of GAPDH serves as a loading control.
D, Proposed signaling pathways of NF-�B
signaling in cardiac hypertrophy.
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gp130 mRNA is crucial for the observed effect on cardiac
hypertrophy. Promoter analysis of the human, rat, and mouse
gp130 gene did not reveal a canonical NF-�B binding site,
suggesting an indirect regulatory mechanism (data not
shown).

Taken together, our data suggest that the NF-�B signaling
cascade is a potential target for pharmacological intervention
in cardiac hypertrophy (Figure 5D). Further experiments are
warranted to assess the long-term effect of NF-�B inhibition
on cardiac remodeling under pressure overload and other
models of cardiac failure. In addition, pharmacological inhib-
itors of the NF-�B pathway already studied in the context of
chronic inflammatory lung and bowel diseases should be
tested in animal models of cardiac hypertrophy and failure.
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Four-Year Angiographic and Intravascular Ultrasound
Follow-Up of Patients Treated With Sirolimus-Eluting Stents

J. Eduardo Sousa, MD, PhD; Marco A. Costa, MD, PhD; Alexandre Abizaid, MD, PhD;
Fausto Feres, MD, PhD; Ana C. Seixas, MD; Luiz F. Tanajura, MD, PhD; Luiz A. Mattos, MD, PhD;

Robert Falotico, PhD; Judith Jaeger, BA; Jeffrey J. Popma, MD;
Patrick W. Serruys, MD, PhD; Amanda G.M.R. Sousa, MD, PhD

Background—Despite the proven superiority of sirolimus-eluting stents (SESs) compared with bare stents in the first year
after implantation, long-term outcomes of patients treated with these novel devices remain unknown. Our goal was to
evaluate the clinical, angiographic, and intravascular ultrasound (IVUS) outcomes of patients treated with SESs 4 years
after implantation.

Methods and Results—The study included 30 patients treated with sirolimus-eluting Bx Velocity stenting (slow release
[SR; n�15] and fast release [FR; n�15]). Twenty-six patients underwent 4-year angiographic and IVUS follow-up and
had matched assessments at all time points (index and 4-, 12-, 24-, and 48-month follow-up). One death occurred during
the study period in a patient with a patent SES. There were no target-vessel revascularizations or thromboses between
2- and 4-year follow-up examinations. There was no stent thrombosis, target-lesion revascularization, death, or
myocardial infarction in the SR group up to 4 years. Cumulative event-free survival rate was 87% for the total
population (80% in the FR group and 93% in the SR group). In-stent late loss was slightly greater in the FR group
(0.41�0.49 mm) than the SR group (0.09�0.23) after 4 years. One patient in the FR group had a 52% in-stent restenosis
lesion. Percent neointimal hyperplasia volume, as detected by IVUS, remained minimal after 4 years (FR�9.1% and
SR�5.7%).

Conclusions—This study confirms the longevity of the optimal outcomes observed in patients treated with sirolimus-
eluting Bx Velocity stents 4 years after implantation. In-stent lumen dimensions remained essentially unchanged at
4-year follow-up, particularly in the population treated with the currently available SES (SR formulation). (Circulation.
2005;111:2326-2329.)

Key Words: angiography � restenosis � stents

Drug-eluting stent (DES) implantation is rapidly becom-
ing the prime revascularization strategy for obstructive

coronary artery disease because of reduced incidence of
in-stent restenosis.1–3 Despite much enthusiasm, only a few
DES devices have proven clinical effectiveness, and long-
term data are lacking.

Most bioactive agents of DESs alter cell cycle division
and have unpredictable long-term effects in the vessel
wall.4 These cellular effects, which may resemble the
mechanism of action of radiation therapy, have raised
concerns about the safety of the DES beyond the initial
years after implantation. In addition, nonbiodegradable
polymer coatings, as well as residual medication in some
devices, remain on the stent surface in close contact with
arterial wall structures and represent a potential source for
late inflammation, restenosis, or other side effects. The

present study provides a unique opportunity to evaluate
clinical, angiographic, and intravascular ultrasound
(IVUS) outcomes of patients treated with sirolimus-eluting
stents (SESs) 4 years after implantation.

Methods
The study sample and study protocol have been described previous-
ly.1 In brief, 30 consecutive patients were implanted with a single
sirolimus-eluting Bx Velocity stent from December 1999 to February
2000. Each stent contained a standard concentration of sirolimus per
unit of metal surface area (140 �g of sirolimus/cm2). Fifteen patients
received a fast-release (FR, �15-day drug release) SES, and 15
received a slow-release (SR, �28-day drug release) SES. All stents
were 18 mm long and 3.0 to 3.5 mm in diameter. Patients received
aspirin (325 mg/d, indefinitely) started at least 12 hours before the
procedure and a 300-mg loading dose of clopidogrel immediately
after stent implantation and 75 mg/d for 60 days. All patients had
4-month and 1-, 2-, and 4-year angiographic and IVUS follow-up
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scheduled per protocol. The Medical Ethics Committee at Institute
Dante Pazzanese approved the protocol, and each patient provided
informed consent.

Quantitative Measurements
Quantitative coronary angiography and IVUS imaging were per-
formed after bolus infusion of intracoronary nitrates during the index
procedure and at follow-up assessments. IVUS images were acquired
with a motorized pullback at a constant speed of 0.5 mm/s.
Quantitative angiographic and volumetric IVUS analyses were
performed by independent core laboratories. Two coronary segments
were subjected to coronary angiography: (1) in-stent and (2) in-
lesion segments. The in-stent analysis encompassed only the 18-mm-
long segment covered by the stent. The in-lesion segment was
defined as the stent plus 5 mm proximal and 5 mm distal to the edge
or the nearest side branch. In-stent and in-lesion restenosis were
defined as �50% diameter stenosis (DS) at follow-up within the
stent and target lesion, respectively. Minimal lumen diameter and
percent DS were measured for each segment. In-stent late lumen loss
was calculated as postprocedural minimal lumen diameter minus
follow-up minimal lumen diameter. Intimal hyperplasia volume was
calculated as stent volume minus luminal volume. Percent intimal
hyperplasia was defined as intimal hyperplasia volume divided by
stent volume.

Statistical Analysis
Continuous variables are expressed as mean�SD. Comparisons
between the same measurements at different time points were
performed with a 2-tailed paired t test. Comparisons between groups
were performed with an unpaired Student t test. A probability value
�0.05 was considered statistically significant. SYSTAT 11 software
(Systat Software Inc) was used.

Results
Baseline characteristics were similar between both the FR
and SR groups, as reported previously.

Clinical Data
The overall incidence of major adverse cardiovascular
events was 13% for the total population, 20% in the FR
group, and 7% in the SR group. Survival rate was 97%
(29/30) at 4-year follow-up. One patient in the FR group
who had been treated in the right coronary artery died at
49-month follow-up. This patient underwent aortic and
mitral valve replacement without complications 3 years
after SES implantation and had severe left ventricular
dysfunction. He had a cardiac arrest out of the hospital in
January 2004; he was resuscitated but had severe cerebral
damage. Postarrest angiography and IVUS, which coin-
cided with the 4-year follow-up assessment, revealed no
neointimal hyperplasia. The patient developed brain death
and subsequently died. Necropsy, as reported previously,5

revealed a well-healed stented segment with �95% of the
stent surface endothelialized as demonstrated by scanning
electron microscopy. Approximately 75% of the stent
struts were covered by a thin, type I collagen-rich neoin-
tima that contained smooth muscle cells.

There were 3 target-vessel revascularizations, which in-
cluded 2 target-lesion revascularizations and 1 non–target-
lesion revascularization, as reported previously.1 There were
no target-vessel revascularizations or thromboses between 2-
and 4-year follow-up. There were no stent thromboses,
target-lesion revascularizations, deaths, or myocardial infarc-

tions in the SR group up to 4 years. There was no aneurysm
formation on angiography.

Angiographic and IVUS Data
Angiographic and IVUS imaging were performed in 26
patients at 4-year follow-up. Four patients did not undergo
4-year follow-up assessment: 3 had target-vessel revascular-
ization before scheduled follow-up angiography, and 1
asymptomatic patient refused repeated angiography.

Only 1 patient (FR group) developed restenosis at 4 years.
This patient had stenosis progression from 10% DS at 2 years
to 52% DS at 4-year follow-up. Cumulative distributions of
minimal lumen diameter at postprocedural, 2-year, and 4-year
follow-up are shown in Figure 1. Net late loss was �0.5 mm
in 7 patients. Of these, 6 patients were in the FR group,
whereas only 1 patient with 0.51-mm late lumen loss was
treated with the SR formulation. No other patient treated with
an SR SES had �0.34 mm of late loss at 4-year follow-up
(Figure 2).

Figure 2. Angiography shows lesion in proximal portion of left
descending coronary artery (white arrow), which was treated
with implantation of sirolimus-coated BX-Velocity stent (top
right). Lumen dimensions remained unchanged at 4-, 12-, 24-,
and 48-month follow-up. Pre indicates before procedure; Post,
after procedure.

Figure 1. In-stent minimal lumen diameter (MLD) over 4 years.
Angiography was performed at postprocedural, 2-year, and
4-year follow-up.
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In the FR group, late loss progression averaged
�0.1 mm/y, totaling 0.4 mm at 4 years after implantation. In
the SR group, a triphasic pattern of late loss was observed.
Lumen loss was observed between postprocedural and 1-year
follow-up and between 2- and 4-year follow-up, but lumen
gain was noted between the 1- and 2-year follow-up exami-
nations. As a result, the mean net late loss after 4 years was
only 0.09 mm. Between 2 to 4 years, lumen loss was similar
between the FR and SR groups. The temporal progression of
late loss is shown in Table 1.

IVUS volumetric data are reported in Table 2. There were
no changes in vessel volume or media plus plaque volume
behind the stent between postprocedural and 4-year
follow-up.

Discussion
The present report confirms the longevity of the optimal results
of the SES in a small number of patients and eases most
concerns about the potential late toxicity of this device, partic-
ularly in patients treated with the SR SES, which is the same as
the commercially available Cypher stent. There were no deaths,
myocardial infarctions, thromboses, or target-lesion revascular-
izations in the SR group after 4 years. Neointimal proliferation
remained minimal in both groups.

There was a steady progression of lumen loss at a low rate
of 0.1 mm/y in the FR group. Lumen loss in patients treated
with the SR SES was virtually absent (0.09 mm on average)
4 years after implantation. Indeed, this population experi-
enced lumen gain between 1- and 2-year follow-up (Table 1).
Similar patterns of lumen dimension variations, with an early
restenosis phase at 6 months and an intermediate regression
phase between from 6 and 36 months, followed by a late
renarrowing phase beyond 4 years, were observed after
implantation of Palmaz-Schatz stents.6

Although the pattern of lumen loss over time may appear
similar between bare stents and the SR SES, there are still
significant differences between the late angiographic out-
comes of both devices. Unlike bare metal stents, which

showed a 0.45-mm late lumen loss between 3- and �4-year
follow-up angiography,6 changes in lumen dimensions after
SR SES implantation were minimal.

Furthermore, an SD of late lumen loss in the SR group of
only �0.23 mm suggests that the angiographic results were
reproducible among the patient population. Other stent stud-
ies, including some DES trials,7–9 have reported broader SDs
for late lumen loss, which may reflect a high variability of the
restenotic process among the study populations. A recent
study (P. Lemos, MD, unpublished data, 2004) suggested that
the pattern of late loss after SES implantation has an atypical
statistical distribution, which is skewed to the right, with most
measurements showing lower values than seen with bare
stents. Another hypothesis is the possibility of a biological
all-or-none response of restenosis, which may explain the
presence of very focal lesions adjacent to a stent segment,
with no intimal hyperplasia observed in patients who develop
restenosis after SES.10

As already noted at 2-year follow-up,1 patients in the SR
group appeared to have superior outcomes compared with
the FR population. These results may highlight the impor-
tance of drug-release kinetics for the long-term success of
the DES4 and the need for long-term follow-up assess-
ments in DES studies. The present study was not designed
to compare the 2 formulations of SESs, and definitive
conclusions should not be drawn from the present data.
Whether drug release for at least 4 weeks after implanta-
tion is a requirement for prolonged antirestenosis protec-
tion remains to be determined.

Acknowledgments
An institutional grant was given by Cordis, a Johnson & Johnson
Company, Miami Lakes, Fla. We thank Dr Dennis Donohoe for his
careful review of the manuscript and Dr Robert Percy for his
statistical assistance.

References
1. Sousa JE, Costa MA, Sousa AG, Abizaid AC, Seicas AC, Abizaid AS,

Feres F, Mattos LA, Falotico R, Jaeger J, Popma JJ, Serruys PW.
Two-year angiographic and intravascular ultrasound follow-up after
implantation of sirolimus-eluting stents in human coronary arteries. Cir-
culation. 2003;107:381–383.

2. Morice MC, Serruys PW, Sousa JE, Fajadet J, Ban Hayashi E, Perin M,
Colombo A, Schuler G, Barragan P, Guagliumi G, Molnar F, Falotico R;
RAVEL Study Group. A randomized comparison of a sirolimus-eluting
stent with a standard stent for coronary revascularization. N Engl J Med.
2002;346:1773–1780.

3. Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR,
O’Shaughnessy C, Caputo RP, Kereiakes DJ, Williams DO, Teirstein PS,
Jaeger JL, Kuntz RE; SIRIUS Investigators. Sirolimus-eluting stents

TABLE 1. Temporal Evolution of In-Stent Late Loss Over 4-Year Follow-Up

Late Loss, mm

Population
From Postprocedural to

1-Year Follow-Up
From 1- to 2-Year

Follow-Up
From 2- to 4-Year

Follow-Up
From Postprocedural to

4-Year Follow-Up

All patients (n�26) 0.08�0.26 �0.03�0.26 0.20�0.31 0.25�0.41

FR group (n�13) 0.08�0.31 0.12�0.25 0.21�0.36 0.41�0.49

SR group (n�13) 0.08�0.23 �0.19�0.15 0.20�0.27 0.09�0.23

P (SR vs FR) NS 0.002 NS 0.1

TABLE 2. IVUS Volumetric Data at 4-Year Follow-Up

3D IVUS Parameters
FR Group
(n�13)

SR Group
(n�13)

Stent volume, mm3 140.4�38.79 145.9�36.57

Lumen volume, mm3 130.1�35.47 137.3�36.25

Intimal hyperplasia volume, mm3 12.5�8.93 8.7�5.80

Percent intimal hyperplasia volume, % 9.1�5.40 5.7�4.25

2328 Circulation May 10, 2005



versus standard stents in patients with stenosis in a native coronary artery.
N Engl J Med. 2003;349:1315–1323.

4. Sousa JE, Serruys PW, Costa MA. New frontiers in cardiology: drug-
eluting stents: part I. Circulation. 2003;107:2274–2279.

5. Sousa JE, Costa MA, Farb A, Abizaid A, Sousa A, Seixas AC, da Silva
LM, Feres F, Pinto I, Mattos LA, Virmani R. Vascular healing 4 years
after the implantation of sirolimus-eluting stent in humans: a histopatho-
logical examination. Circulation. 2004;110:e5–e6.

6. Kimura T, Abe K, Shizuta S, Odashiro K, Yoshida Y, Sakai K, Kaitani K, Inoue
K, Nakagawa Y, Yokoi H, Iwabuchi M, Hamasaki N, Nosaka H, Nobuyoshi M.
Long-term clinical and angiographic follow-up after coronary stent placement in
native coronary arteries. Circulation. 2002;105:2986–2991.

7. Serruys PW, de Jaegere P, Kiemeneij F, Macaya C, Rutsch W, Heyn-
drickx G, Emanuelsson H, Marco J, Legrand V, Materne P; Benestent
Study Group. A comparison of balloon-expandable-stent implantation
with balloon angioplasty in patients with coronary artery disease. N Engl
J Med. 1994;331:489–495.

8. Abizaid A, Albertal M, Costa MA, Abizaid AS, Staico R, Feres F,
Mattos LA, Sousa AG, Moses J, Kipshidize N, Roubin GS, Mehran R,
New G, Leon MB, Sousa JE. First human experience with the 17-beta-
estradiol– eluting stent: the Estrogen And Stents To Eliminate Reste-
nosis (EASTER) trial. J Am Coll Cardiol. 2004;43:1118 –1121.

9. Colombo A, Drzewiecki J, Banning A, Grube E, Hauptmann K, Silber
S, Dudek D, Fort S, Schiele F, Zmudka K, Guagliumi G, Russell ME;
TAXUS II Study Group. Randomized study to assess the effectiveness
of slow- and moderate-release polymer-based paclitaxel-eluting stents
for coronary artery lesions. Circulation. 2003;108:788 –794.

10. Lemos PA, Saia F, Ligthart JM, Arampatzis CA, Sianos G, Tanabe K,
Hoye A, Degertekin M, Daemen J, McFadden E, Hofma S, Smits PC, de
Feyter P, van der Giessen WJ, van Domburg RT, Serruys PW. Coronary
restenosis after sirolimus-eluting stent implantation: morphological
description and mechanistic analysis from a consecutive series of cases.
Circulation. 2003;108:257–260.

Sousa et al Four-Year Outcomes of Sirolimus-Eluting Stent 2329



Transgenic Rabbit Model for Human Troponin I–Based
Hypertrophic Cardiomyopathy

Atsushi Sanbe, PhD; Jeanne James, MD; Volkan Tuzcu, MD; Selman Nas, PhD; Lisa Martin, AS;
James Gulick, MS; Hanna Osinska, PhD; Sadayappan Sakthivel, PhD; Raisa Klevitsky, PhD;

Kenneth S. Ginsburg, PhD; Donald M. Bers, PhD; Bruce Zinman, MS;
Edward G. Lakatta, MD; Jeffrey Robbins, PhD

Background—Transgenic and gene-targeted models have focused on the mouse. Fundamental differences between the
mouse and human exist in Ca2� handling during contraction/relaxation and in alterations in Ca2� flux during heart
failure, with the rabbit more accurately reflecting the human system.

Methods and Results—Cardiac troponin I (cTnI) mutations can cause familial hypertrophic cardiomyopathy. An inhibitory
domain mutation, arginine1463glycine (cTnI146Gly), was modeled with the use of transgenic expression in the rabbit
ventricle. cTnI146Gly levels �40% of total cTnI were perinatally lethal, whereas replacement levels of 15% to 25% were
well tolerated. cTnI146Gly expression led to a leftward shift in the force-pCa2� curves with cardiomyocyte disarray,
fibrosis, and altered connexin43 organization. In isolated cTnI146Gly myocytes, twitch relaxation amplitudes were smaller
than in normal cells, but [Ca]i transients and sarcoplasmic reticulum Ca2� load were not different. Detrended fluctuation
analysis of the QTmax intervals was used to evaluate the cardiac repolarization phase and showed a significantly higher
scaling exponent in the transgenic animals.

Conclusions—Expression of modest amounts of cTnI146Gly led to subtle defects without severely affecting cardiac function.
Aberrant connexin organization, subtle morphological deficits, and an altered fractal pattern of the repolarization phase
of transgenic rabbits, in the absence of entropy or other ECG abnormalities, may indicate an early developing pathology
before the onset of more obvious repolarization abnormalities or major alterations in cardiac mechanics. (Circulation.
2005;111:2330-2338.)

Key Words: cardiovascular diseases � heart diseases � hypertrophy

Familial hypertrophic cardiomyopathy (FHC) displays an
autosomal dominant mode of inheritance and a diverse

genetic etiology: FHC or a phenocopy can be caused by
multiple mutations in genes encoding various contractile,
structural, channel, and kinase proteins.1,2 Commonly, ar-
rhythmias, particularly ventricular tachycardia and fibrilla-
tion, are associated with sudden death.3,4 The absence of
multiple FHC models that faithfully recapitulate important
aspects of human disease limits our ability to explore the
underlying disease mechanism(s) and develop therapeutic
strategies.

See p 2276

Multiple mutations in the inhibitory subunit of cardiac
troponin (cTnI) can cause hypertrophic cardiomyopathy.5,6

Previously, we modeled the cTnIR145G mutation (residue 146
in the human) in transgenic mice.7 Cardiac functional analysis

revealed impaired relaxation, and permeabilized cardiac mus-
cle fiber studies showed an increase in Ca2� sensitivity. These
and other data indicate that increased myofibril Ca2� sensi-
tivity in the cTnI FHC mutations may play a major patho-
logical role.8

The rabbit has advantages, compared with the mouse, for
studying cardiovascular disease.9 Substantial differences exist
between the mouse and human in the manner in which Ca2�

is handled during contraction/relaxation and in alterations in
Ca2� flux during heart failure, with the rabbit more accurately
reflecting the human system.10,11 Human atria express
�-myosin heavy chain (MHC), and the ventricles express
predominantly �-MHC. The adult rabbit heart reflects this,
whereas the mouse expresses �-MHC in both the postnatal
atria and ventricles.12 That the mouse heart beats �10 times
faster than the human heart is another limitation because the
faster heart rate influences the refractory period associated
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with the occurrence of arrhythmia.13 To study the pathoge-
nicity and presentation of an FHC cTnI mutation in the rabbit
heart, we generated rabbits with high and low levels of
ventricle-specific expression of cTnIR146G. Although high-
expressing lines died perinatally, a low-expressing line sur-
vived and appeared outwardly normal. However, the
cTnIR146G transgenic ventricles showed apical myocyte disar-
ray, interstitial fibrosis, and mild ventricular hypertrophy at
1.5 to 2 years. Increased Ca2� sensitivity was accompanied by
altered patterns of connexin deposition at the gap junctions,
whereas detrended fluctuation analysis (DFA) of the QTmax

intervals in these rabbits showed a higher scaling exponent.

Methods
Isolation and Construction of the Rabbit �-MHC
Promoter and Transgenic Constructs
Rabbit �-MHC sequences were obtained from a �EMBL3 genomic
library. An EcoRI site was introduced into the �-MHC promoter, and
a polyadenylation signal was placed downstream of the site (Figure
1). After insertion of the transgenes, DNA was digested free of
vector sequence with NotI, purified, and used to generate transgenic
rabbits. The rabbit cTnI cDNA was isolated with the use of reverse
transcription–polymerase chain reaction (RT-PCR), and an
arginine3glycine missense mutation at position 146 was made with
the use of PCR mutagenesis. A FLAG-epitope tag was introduced at
the N-terminus by PCR. A wild-type cTnI construct (cTnIWT) was
also made so that transgenic rabbits expressing FLAG-tagged cTnI at
the same levels as the mutant cTnI could serve as controls.

Isolated Cardiomyocytes
Isolated myocytes were loaded with Indo-1 or Fluo-3, bathed in
normal Tyrode’s solution with 2 to 2.5 mmol/L Ca2�, and stimulated
at 0.5 Hz. Twitch fluorescence transients were recorded with a
microscope-based photometer and converted to [Ca]i by standard
methods.14 Contraction was recorded by video edge detection and
expressed as the fractional change in resting cell length. Caffeine
(10 mmol/L) was applied to some cells to measure sarcoplasmic
reticulum Ca2� loading and allow analysis of Ca2� fluxes contribut-
ing to Ca2� transient decay.15 Comparisons were based on data from
8 to 33 cells from 5 rabbits of either genotype. The significance level
for differences of means was P�0.05.

DFA of the QTmax Intervals
Four transgenic and 4 nontransgenic rabbits aged �21 months were
used. The digital ECGs were obtained over a duration of 5 minutes,
and the QTmax intervals (onset of QRS to T wave peak) and R-R
intervals were measured. Uncorrected heart rate values of QTmax

intervals were used for the analysis of repolarization variability
assessment.16 DFA and the entropy of the QTmax intervals with the
use of approximate and sample entropy methods were also evaluated.
The data were analyzed by these nonlinear methods to assess
possible abnormal changes of the heart rate dynamics. The standard
deviation (SD) of QTmax and the square root of the mean squared
differences of successive repolarization intervals were calculated by
standard methods of variability analysis.

Miscellaneous Methods
Myofibrillar sample preparation, gel preparation, electrophoretic
conditions, and gel staining have been described.17 Western analyses
were performed with the use of anti-TnI, anti-GAPDH (Chemicon
International), anti-FLAG (Sigma), anti-connexin43 (Zymed Labo-
ratories Inc), and [Ser 368] anti–phospho-connexin43 (Cell Signal-
ing Technologies). Immunohistochemistry and fiber isolation and
analyses have been described.18 Quantitative analysis of interstitial
fibrosis was measured in formalin-fixed and paraffin-embedded
tissue sections with the use of Sirius red F3BA and fast green FCF.19

After the dye was eluted from the tissue sections, the absorbance at

540 and 605 nm was determined for Sirius red F3BA and fast green
FCF binding protein, respectively.

Results

Ventricle-Restricted Transgenic Expression
in the Rabbit
Previous transgenic studies affecting the protein complement
of the rabbit heart used the mouse �-MHC promoter.9,20

Although the mouse promoter shows striated muscle specific
expression, it does not completely mimic endogenous
�-MHC expression in the rabbit.20 Therefore, we isolated and
tested the rabbit �-MHC promoter in an attempt to drive high
levels of transgene expression in the rabbit ventricle. The
basic promoter construct consists of �6000 bp of sequence
upstream of the transcriptional start site, as well as the exons

Figure 1. Transgenic modulation in the rabbit heart. A, Con-
struct organization. The promoter region was isolated, and an
EcoRI site was introduced as a unique cloning site in the non-
coding region of exon 3. A fragment containing the human
growth hormone polyadenylation signal (hGH polyA) was
inserted, and the reporter gene cat was used to measure tran-
scriptional activity. B to D, Rabbit �-MHC promoter activity.
Cardiac muscle (B), the slow skeletal diaphragm and soleus
muscles (C), and other muscle and nonmuscle tissues were
examined (D). E, Embryonic day 10. Staining is shown in the
ventricle and outflow tract as well as minor staining in the
atrium. A indicates atrium, V; ventricle, OT; outflow tract. F and
G, Immunohistochemistry showed no signal in the nontrans-
genic ventricle (F) and uniform CAT staining in the transgenic
apex (G). Tissues were derived from 5-week-old animals (n�3 to
4). LV indicates left ventricle; RV, right ventricle; LAtr, left atria;
RAtr, right atria; Dia, diaphragm; Sol, soleus muscle; Bic, biceps
muscle; Tibi, tibial muscle; Mas, masseter muscle; Ton, tongue;
Sto, stomach; S.In, small intestine; Lun, lung; Liv, liver; and
Sple, spleen.
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that encode the 5� untranslated region. A polyadenylation
signaling sequence, derived from the human growth hormone
gene, is inserted downstream of the unique EcoRI restriction
enzyme site, into which the various transgenes can be inserted
(Figure 1A). In preliminary experiments, the gene encoding
chloramphenicol acetyltransferase was used to titrate pro-
moter activity. Multiple lines were generated, and chloram-
phenicol acetyltransferase (CAT) expression was determined.
The promoter drove high levels of expression in all regions of
the ventricle in a copy number–dependent manner as well as
in muscles containing slow-type fibers (Figure 1B to 1D). In
the atria, no expression was detected in 3 lines and only very
low expression in 1 line showing high copy numbers (428H,
39 copies), suggesting that the rabbit �-MHC promoter drives
predominantly ventricular-specific transcription, mimicking
endogenous expression. Expression was stable throughout the
juvenile and adult periods, and the expression patterns were
conserved across multiple lines (data not shown). CAT
expression was also determined during embryogenesis. At
embryonic day 10, robust expression occurred in the ventricle
and outflow tract, with relatively low levels of expression in
the atria (Figure 1E), a pattern consistent with endogenous
promoter activity in the mouse21 and rabbit (J. James, MD,
and J. Robbins, PhD, unpublished data, 2003). To determine
homogeneity of CAT expression in the postbirth ventricle, in
situ immunohistochemistry was performed on different re-
gions. Transgene expression was homogeneous throughout
(Figure 1F, 1G), and the data show that the rabbit �-MHC
promoter efficiently drives ventricular-restricted and slow-
type skeletal muscle transgene expression.

Cardiac TnIR146G Transgenic Expression
We used the rabbit �-MHC promoter to create rabbits in which
cTnI was partially replaced by either cTnIR146G or cTnIWT in the
ventricle (Figure 2A). Three cTnIR146G transgenic founders and 1
cTnIWT transgenic line were generated. In lines 52 and 71, with
copy numbers of 5 and 4, respectively, the mutant protein
accounted for �50% of total cTnI by the neonatal stage (Figure
2C). As described by us and others for both cTnI and other
contractile proteins, increases observed at the RNA level are not
translated into absolute increases of protein.7,22 Rather, endoge-
nous protein levels are reduced such that contractile protein
stoichiometry is conserved, resulting in replacement of the
endogenous protein with the transgenically encoded species
(Figure 2B).23 In both lines, death occurred within 1 week after
birth. No obvious phenotype presented in the cTnIWT line, in
which the transgenic protein replaced 64% of the endogenous
cTnI (Figure 2C), indicating that transgenic expression of cTnI,
by itself, was not lethal. At the time of death, the pups from both
lines 52 and 71 showed symptoms consistent with heart failure,
and electron microscopy confirmed major sarcomere disruption
and contractures (data not shown). Premature death was also
observed in the severely affected cTnIR146G transgenic mice,7

confirming that �40% to 50% replacement with cTnIR146G is
lethal.

Line 51, with a copy number of 2 and protein replacement
of 28% (Figure 2C, 2D), was asymptomatic. Mutant protein
levels were maintained equally in both adult ventricles
(Figure 2E). In the young adults, no obvious cardiac remod-

eling occurred (Table 1), nor were there any histological
abnormalities (data not shown). However, by 18 months there
was significant fibrosis in the septum and apex and isolated
areas of myocyte disarray (Figure 3), whereas no abnormal-
ities could be detected in either the nontransgenic or cTnIWT

transgenic hearts. Interestingly, histological abnormalities
were only detected in focal areas of the ventricle despite a
uniform mutant protein distribution. Echocardiography de-
tected a slight but significant increase in left ventricular wall
thickness, as well as increased septal thickness and improved
fractional shortening (Table 2).

Fiber and Cardiomyocyte Studies
In the cTnIR146G transgenic mice, functional analyses revealed
impaired relaxation, and fiber studies showed an increase in

Figure 2. cTnIR146G protein levels in transgenic rabbit hearts at 6
months. A, Transgenic constructs for expressing either wild-type
(WT) cTnI or cTnIR146G. B, Conservation of overall cTnI and sarco-
meric protein levels in transgenic (TG) animals. Shown is a PAGE
analysis that compares nontransgenic (NTG) and line 51 sarco-
meric proteins. As expected from previous experiments with
cardiac-specific expression of the sarcomeric proteins,7,23 the
absolute levels are conserved. Line 15 (cTnIWT) proteins were indis-
tinguishable as well (data not shown). C, Three cTnIR146G lines (lines
51, 52, and 71) and 1 WT line (line 15) expressed high levels of
transgenic protein. The degree of replacement at the neonatal
stage is shown. D and E, At 6 months in line 51, cTnIR146G made up
�28% of the total cTnI complement. E, Equal amounts of cTnIR146G

were detected in both the left ventricle (LV) and right ventricle (RV).
Atr indicates atria.
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Ca2� sensitivity.7 In vitro reconstitution experiments have
shown that FHC cTnI mutations (cTnIR146G and cTnIR162W)
resulted in reduced inhibition of myosin ATPase by the
troponin complex and increased Ca2� sensitivity of actin-
tropomyosin–activated myosin ATPase activity.8 To deter-
mine the effect of cTnIR146G on the development of force, we
generated force-pCa2� curves using permeabilized muscle
fibers. To obtain a dose response, neonatal fibers were used
because line 52, in which 55% replacement was obtained,
died between 5 to 9 days after birth. Before the development
of overt heart failure in this line, fibers were isolated from the

left ventricular papillary muscles and compared with fibers
derived from line 51 (28% replacement) and nontransgenic
animals. A marked leftward shift of the force-pCa2� curve
was observed in line 52, and a slight leftward shift was seen
in line 51 (Figure 4), indicating that the mutant protein
affected myofibrillar Ca2� sensitivity in a dose-dependent but
nonlinear manner.

Despite the changes in Ca2� sensitivity, functional param-
eters determined by cardiac catheterization were conserved at
6 months (Table 1), with modestly enhanced cardiac function
apparent by 2 years (Table 2). These increases are consistent
with the data obtained in the cTnIR146G transgenic mice as well
as in vitro reconstitution studies.7,8 At the whole-organ level,
it appears that increased Ca2� sensitivity results in modest
increases in cardiac function, mild hypertrophy, and focal
cardiomyocyte abnormalities.

Data that bear directly on the effect(s) of changes in cTnI
on isolated cardiomyocytes are limited, although recent data
suggest that, in principle, one should be able to detect
alterations in myofilament sensitivity in isolated myocyte
experiments.24 Isolated cardiomyocytes were therefore de-
rived from nontransgenic and transgenic cTnIR146G hearts.
Figure 5A shows [Ca]i transients followed by a caffeine-
induced Ca2� transient in a transgenic myocyte. Peak frac-
tional shortening was not different, but there was a trend
toward larger [Ca]i transient amplitude in the transgenic cells
(Figure 5B). These relative amplitudes did not give any
indication of increased myofilament Ca2� sensitivity despite
the results in skinned fibers. Twitch relaxation kinetics were
unaltered, whereas [Ca]i decline was slightly faster in the
transgenic myocytes (Figure 5C). From caffeine-induced
Ca2� transients, we inferred that sarcoplasmic reticulum Ca2�

loading was not different between transgenic and nontrans-
genic cells (Figure 5D). However, [Ca]i decline was faster in
transgenic cells, indicative of greater Na-Ca2� exchange
function in the transgenic rabbits (Figure 5D). The apparently
faster Na-Ca2� exchange rate may partly explain the faster
twitch [Ca]i decline (Figure 5C). [Ca]i transients and contrac-
tion were also measured with [Ca]o�1 mmol/L or 5 mmol/L
and at different frequencies (0.2, 0.5, and 1 Hz) with similar
trends. The expected Ca2� and frequency effects on amplitude
and kinetics of the Ca2� transient and contraction did not
differ between the 2 groups (data not shown).

We reasoned that despite no increase in mortality or overt
presentation of disease, the visible areas of myocyte disarray
might lead to subtle alterations in the gap junctions and
electrophysiology of the hearts. Connexin43 (Cx43) is the
major component of the ventricular gap junction.25 Changes
in subcellular distribution or structural remodeling have been
correlated with cardiomyocytes in distress, disarray, border

Figure 3. A, Apical and septal sections from 18-month non-
transgenic (NTG), cTnIWT (WT), and cTnIR146G (R146G) hearts.
Sections were stained with Masson’s trichrome. Bar�125 �m.
B, Interstitial fibrosis was quantified with the use of Sirius red
F3BA and fast green FCF as described in Methods. LV indicates
left ventricle; Sep, septum; and RV, right ventricle. *P�0.05 vs
nontransgenic.

TABLE 1. Tissue Weights and Hemodynamic Parameters

BW, kg
LA/BW,

g/kg
RA/BW,

g/kg
LV/BW,

g/kg
RV/BW,

g/kg
HR,
bpm

LVSP,
mm Hg

LVEDP,
mm Hg

�dP/dtmax,
mm Hg � s�1

�dP/dtmin,
mm Hg � s�1

NTG 3.1�0.1 0.09�0.01 0.07�0.01 1.36�0.09 0.34�0.04 234�32 76�12 6�1 2119�246 2181�177

TG 3.4�0.2 0.10�0.01 0.07�0.01 1.19�0.04 0.31�0.02 248�14 69�6 5�2 2396�206 2119�249

Values are mean�SEM. BW indicates body weight; LA, left atria; RA, right atria; LV, left ventricle; RV, right ventricle; LVSP, left ventricular systolic pressure; LVEDP,
left ventricular end-diastolic pressure; TG, transgenic; and NTG, nontransgenic. Groups contain 3 to 4 males and 3 to 4 females at 6 months (n�8).

Sanbe et al Transgenic Rabbits 2333



infarct zones, acute responses to injury, or the initial stages of
compensated hypertrophy.26,27 Absolute levels of Cx43 were
significantly increased at 21 months, but their organization at
the gap junction was compromised in the cTnIR146G ventricles
(Figure 6A, 6B). Cx43 phosphorylation results in a reduction
in gap-junctional intercellular communication,28 and we
noted that phospho-Cx43 levels were also significantly ele-
vated (Figure 6E). Elevated levels of Cx43 and phospho-
Cx43 were found throughout the heart despite the focal
pattern of interstitial fibrosis and myocyte disarray, which
were largely restricted to the apical and septal regions.
Although Cx43 heterogeneity of expression as well as the
absolute levels may predispose the heart to arrhythmias,26 and
increases observed in Cx43 phosphorylation can lead to
impaired intracellular conduction,29 ECG studies were incon-
clusive, with no abnormalities presenting (Figure 6C, 6D). To

increase the resolution of the study, the cardiac repolarization
phase of the digitized ECGs was subjected to DFA (Figure
6F). The QTmax interval was significantly higher in the
cTnIR146G rabbits than in the nontransgenic group.

Discussion
Patients suffering from FHC as a result of mutations in cTnI
are often asymptomatic, with the disease being diagnosed
only after sudden death occurs. Previously, we constructed
cTnIR146G transgenic mice that, although displaying increased
Ca2� sensitivity, never showed hypertrophy or cellular pa-
thology, except in parous females.7 This lack of pathology,
even at high replacement levels, is significantly different
from the rabbit model because the 2-year-old transgenic
rabbit population that had only 25% replacement displayed
significant levels of interstitial fibrosis and focal areas of
myocyte disarray as well as prolongation of the QTmax interval
and alterations in Cx43 distribution and phosphorylation.
Indeed, rabbits that exhibited replacement levels of 40%,
which approached those obtained in the mouse, did not
survive past the perinatal period. The relative strengths of the
rabbit versus the mouse for studying cardiovascular disease
have been discussed above and in other studies.9,20,30,31 Major
weaknesses of the rabbit revolve around the time it takes to
raise the animals and the innate costs of dealing with a larger
animal model. The mouse and rabbit models are compared in
Table 3. The data suggest that the rabbit model more closely
resembles human disease relative to the mouse and, when the
cellular pathology and early mortality that distinguishes the 2
models are considered, may provide a unique tool to inves-
tigate the pathogenic mechanisms and evaluate potential
therapies.

The extent of expression and incorporation of mutant cTnI
in human cardiomyocytes is not known, although presumably
most patients have 1 mutant allele.5 A recent study in which
isolated adult rat ventricular myocytes were used suggested
that incorporation of cTnIR146G differed significantly from that
of the normal protein. Maximum protein replacement of
endogenous cTnI with normal cTnI reached �85%, with
significantly less replacement (�43%) achieved when
cTnIR146G was expressed.32 These results suggest that the
capacity of myocytes to express and incorporate cTnIR146G

into the sarcomere is significantly impaired compared with
normal cTnI. This may be due either to mutant protein
instability or to a reduced ability of cTnIR146G, relative to cTnI,
to incorporate into myofilaments. Consistent with this hy-
pothesis, an FHC-mutant �-MHC in the soleus represented
only 12% to 23% of the �-myosin.33 The rabbit data show

TABLE 2. Echocardiographic Parameters

BW,
kg

Septum,
cm

Septum/BW,
cm/kg

PW,
cm

PW/BW,
cm/kg

LVED,
cm

LVED/BW,
cm/kg

LVES,
cm

LVES/BW,
cm/kg

SF,
%

LV Mass/BW,
g/kg

NTG 4.4�0.4 0.29�0.01 68.4�3.8 0.28�0.01 65.4�3.7 1.33�0.02 0.31�0.02 0.86�0.02 0.19�0.01 34.9�1.3 1.03�0.05

TG 4.1�0.2 0.35�0.01‡ 83.6�2.0† 0.30�0.01 72.8�1.6* 1.36�0.04 0.33�0.01 0.79�0.03 0.2�0.01 41.8�0.9‡ 1.26�0.05†

Values are mean�SEM. BW indicates body weight; Septum, septal wall thickness; PW, posterior wall thickness; LVED, left ventricular end-diastolic dimension;
LVES, left ventricular end-systolic dimension; SF, shortening fraction; LV, left ventricular; TG, transgenic; and NTG, nontransgenic. Groups consist of 2-year-old males
(n�3).

*P�0.05, †P�0.01, ‡P�0.001.

Figure 4. Force-pCa2� curves of skinned fibers from ventricular
papillary muscle. Force (A) and normalized force (B) were
graphed. The ventricular skinned fibers were obtained from neo-
natal left ventricular trabeculae. Data were analyzed by 1-way
ANOVA. No alterations in maximum shortening velocity were
observed (data not shown). NTG indicates nontransgenic.
*P�0.05 vs nontransgenic; **P�0.01 vs nontransgenic;
***P�0.001, #P�0.05 vs line 51; ##P�0.01 vs line 51.
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nonviability in lines 52 and 71, in which replacement reached
50%, and it appears that, for this isoform in the rabbit, 50%
replacement is not compatible with life.

The lethality of the mutation in the transgenic rabbits is
clearly dependent on the degree of replacement by the mutant
protein. However, the relationship is not linear but rather
exhibits a threshold effect. If the mutant protein is incorpo-
rated at �50% of the total cTnI, the muscle fibers exhibit a
marked increase in Ca2� sensitivity, and all of the F1 rabbits
die between 5 and 7 days after birth. In contrast, line 51, with

28% replacement, shows only a slight increase in muscle
fiber Ca2� sensitivity and no lethality. In vitro reconstitution
studies with mixtures of wild-type and mutant cTnIs show
that the effects on Ca2� sensitivity and in vitro motility are
complex and nonlinear.34,35 The data have been interpreted to
mean that wild-type cTnI can compensate up to a point for the
compromised ATPase inhibitory ability of the mutant.35 This
consideration and the biphasic nature of the transition ob-
served with mixtures of different cTnIs emphasize the non-
linearity of the response. This is consistent with the rabbit
data, in which a relatively mild phenotype is observed in line
51 compared with the other transgenic lines (52 and 71), as
well as with our previous data from the transgenic mice.7

Although the exact degree of replacement by the mutant
protein in FHC patients is unknown, our results may help to
explain the mechanism underlying why patients with hyper-
trophic cardiomyopathy linked to this specific cTnI mutation
have a relatively mild phenotype with elderly onset penetra-
tion35,36 and show that the limits of substitution tolerated lie
below 50%.

The histological and morphological alterations observed in
the mutant transgenic rabbits were asymmetrical and progres-
sive. Because rabbit �-MHC promoter activity is relatively
uniform in the heart (Figure 1), heterogeneous localization of
the mutant protein is an unlikely explanation for the focal
defects. The mechanism responsible for the heterogeneity of
pathology is unknown. One possible explanation is an in-
crease in contractility, as reflected by a slight enhancement of
fractional shortening. Slight but sustained alterations in re-
gional contractility may compromise myocardial blood flow,
triggering regional ischemia and/or hypoxia, which can cause
histological and morphological alterations.3,4 As an example,
the cellular localization of Cx43 as well as its phosphoryla-
tion status is responsive to environmental factors; thus,
abnormal cardiac function may trigger a focally restricted
abnormal pattern of Cx43 expression or posttranslational
modification.37

The expected increase in myofibril Ca2� sensitivity as a
result of mutant cTnI expression was confirmed in the intact
fibers and could play a major role in the induction of the
cardiac FHC phenotype. However, the myocyte data (Figure
5) indicate no enhancement of myofilament Ca2� responsive-
ness, contrary to our expectation based on the steady state
skinned fiber experiments. Indeed, there was a slight ten-
dency in the reverse direction (ie, reduced sensitivity). This
may be a result of the dynamic interplay between Ca2�

binding to the myofilaments and the influence of other
cytosolic Ca2� buffers. Additionally, the sarcomeres are
loaded in the fibers, whereas the isolated cardiomyocytes
constitute an unloaded system, and thus the 2 preparations are
at different points on the length-dependent activation curve.
We were not able to detect alterations in either the amounts or
phosphorylation patterns of the proteins responsible for Ca2�

handling such as phospholamban or SERCA2a, and Na-Ca2�

exchange levels were also unaffected (data not shown).
Histological and morphological alterations such as inter-

stitial fibrosis, myocyte disarray, and cardiac hypertrophy can
also be arrhythmogenic.3 However, although significant fi-
brosis could be detected by 18 months (Figure 3), areas of

Figure 5. Isolated myocyte studies. A, Twitch Ca transients and
a caffeine-induced Ca2� transient in a transgenic myocyte. B,
Mean data for twitch parameters at 0.5 Hz steady state are
shown for amplitudes of contraction (as percentage of resting
cell length [rcl]) and Ca2� transient (as 	[Ca]i). C, Kinetics of
relaxation half-time (t1/2) and time constant (�) of [Ca]i decline. D,
Caffeine-induced Ca2� transients were analyzed to infer sarco-
plasmic reticulum Ca2� load and Na-Ca2� exchange (NCX) func-
tion, which is the primary mechanism responsible for the rate of
[Ca]i decline in the presence of caffeine.14 NTG indicates non-
transgenic; TG, transgenic; and SR, sarcoplasmic reticulum.
*P�0.05 based on Student t test; #P�0.05 based on Mann-
Whitney test.
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Figure 6. Cx43 expression and phosphorylation. A and B, Patterns of Cx43 localization in sections derived from the nontransgenic (NTG) and
6-month cTnIR146G hearts. Arrowheads show regions of aberrant accumulation of Cx43. C and D, Representative ECGs. Lead I tracing is from
a nontransgenic and line 51 rabbit, respectively. The time and voltage scales are indicated. E, Western blots of cardiac samples derived from
21-month cTnIR146G and nontransgenic rabbits. Both total and phospho-Cx43 were elevated in the cTnIR146G hearts. The broadening of the
transgenic (TG) bands in the top panel is due to the retarded migration of the phosphorylated species, which, if small amounts of protein are
electrophoresed, can be resolved from the nonphosphorylated species. LV indicates left ventricle; RV, right ventricle. F, DFA in nontransgenic
and transgenic rabbits. DFA of nontransgenic and transgenic groups was used to quantify the fractal correlation properties of the R-R interval
data. This method is a modified root mean square analysis of a random walk (��0.85�0.13, ��0.62�0.04, respectively; P�0.015).
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disarray, although apparent, were not widespread. Similarly,
although there were spatial changes of Cx43 expression and
alterations in the absolute levels of phosphorylated Cx43 in
the cTnIR146G rabbits, it is doubtful that these are directly
arrhythmogenic, and we were unable to detect the presence of
malignant ventricular tachyarrhythmia in conscious 2-year-
old cTnIR146G transgenic rabbits via continuous ECG monitor-
ing. However, DFA, a more sensitive analytical modality,
revealed statistically significant alterations in the QTmax in-
tervals (Figure 6F). In cTnIR146G rabbits, the higher �1
parameter compared with the control group may be an early
pathological sign before more obvious ECG changes in
repolarization occur. The higher �1 value reflects an altered
temporal fractal organization pattern of the QTmax interval.
Fractal methods analyze the self-similar fluctuations on
multiple different orders of temporal magnitude. Therefore,
the transgenic rabbits demonstrated a more pronounced self-
similarity of their repolarization phase, showing an altered
pattern compared with nontransgenic rabbits. The clear sep-
aration of the study group from the control group with DFA
was a reinforcing finding of altered fractal organization
pattern. The altered fractal organization pattern with an
increased � value, in the absence of entropy or other ECG
abnormalities, has been interpreted as a significant sign for a
pathological change in the repolarization phase before the
onset of more obvious abnormalities.38 As the transgenic
rabbits age, it will be of interest to monitor them for
ventricular tachyarrhythmias.
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Forced Expression of �-Myosin Heavy Chain in the Rabbit
Ventricle Results in Cardioprotection Under

Cardiomyopathic Conditions
Jeanne James, MD; Lisa Martin, AS; Maike Krenz, MD; Carmen Quatman, BS; Fred Jones, MD;

Raisa Klevitsky, MD; James Gulick, MS; Jeffrey Robbins, PhD

Background—The biochemical differences between the 2 mammalian cardiac myosin heavy chains (MHCs), �-MHC and
�-MHC, are well described, but the physiological consequences of basal isoform expression and isoform shifts in
response to altered cardiac load are not clearly understood. Mature human ventricle contains primarily the �-MHC
isoform. However, the �-MHC isoform can be detected in healthy human ventricle and appears to be significantly
downregulated in failing hearts. The unique biochemical properties of the �-MHC isoform might offer functional
advantages in a failing heart that is expressing only the �-MHC isoform. This hypothesis cannot be tested in mice or
rats because both species express �-MHC as the predominant isoform.

Methods and Results—To test the effects of persistent �-MHC expression on the background of �-MHC, we made
transgenic (TG) rabbits that expressed rabbit �-MHC cDNA in the ventricle so that the endogenous myosin was partially
replaced by the transgenically encoded species. Molecular, histological, and functional analyses showed no significant
baseline effects in the TG rabbits compared with nontransgenic (NTG) littermates. To determine whether �-MHC
expression afforded any advantages to stressed myocardium, a cohort of TG and NTG rabbits was subjected to rapid
ventricular pacing. Although both the TG and NTG rabbits developed dilated cardiomyopathy, the TG rabbits had a
higher shortening fraction, less septal thinning, and more normal �dP/dt than paced NTG rabbits.

Conclusions—Transgenic expression of �-MHC does not have any apparent detrimental effects under basal conditions and
is cardioprotective in experimental tachycardia-induced cardiomyopathy. (Circulation. 2005;111:2339-2346.)

Key Words: cardiomyopathy � heart failure � molecular biology � myocardial contraction

Two distinct cardiac myosin heavy chains (MHCs),
�-MHC and �-MHC, are expressed in a species-

dependent manner and assemble as an ��-MHC homodimer
(called V1) or a ��-MHC homodimer (V3). Until recently, it
was thought that the human ventricle contained only �-MHC,
and reports demonstrating that as much as 30% of the total
cardiac MHC RNA pool consisted of �-MHC were met with
surprise.1,2 However, it is now clear that significant amounts
of �-MHC mRNA are present in human ventricular cardio-
myocytes and are translated into protein. Miyata et al3

detected varying amounts of �-MHC protein in all 12 of the
nonfailing human ventricles studied. In 2 samples, �10% of
the total myosin consisted of �-MHC; although one sample
only had 1.2%, the average was 7.21�3.2%. Strikingly, when
10 failing hearts were examined, no detectable �-MHC
protein was found. Subsequently, Reiser et al4 studied sam-
ples from 14 nonfailing ventricles, 12 individuals with
ischemic cardiomyopathy, and an additional 12 patients with
dilated cardiomyopathy (DCM). The nonfailing right ventri-

cles had 5�0.8% �-MHC protein, whereas the nonfailing left
ventricle (LV) had 2.5�0.7% �-MHC. Both the DCM and
ischemic cardiomyopathy ventricles had significantly re-
duced levels of �-MHC. Although the absolute numbers
differed between the 2 studies, the qualitative differences
were consistent, indicating that �-MHC protein is downregu-
lated during the development of cardiac disease. Abraham et
al5 performed serial biopsies on patients with DCM and found
that functional improvement correlated well to increased
�-MHC expression and concomitant decreased �-MHC
mRNA. These data support the hypothesis that MHC isoform
content is an important determinant of ventricular function
and suggest that reexpression or maintenance of the �-MHC
isoform might improve the function of failing myocardium.

See p 2276

The direct structure-function relationships between the
cardiac MHC isoforms and human heart failure remain
obscure, with direct evidence of the mechanistic conse-
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quences of isoform shifts lacking in larger mammals. The
existence of �-MHC in the human ventricle and its down-
regulation during the development of heart failure emphasize
the importance of determining these structure-function rela-
tionships, but directly relevant experiments cannot be done in
the mouse because the cardiac isoform composition already
consists of �-MHC. The ability to manipulate the genetic
complement of the rabbit in a cardiac-specific manner,
coupled with the biochemical similarities of the rabbit to the
human heart, makes the rabbit the most appropriate model to
study cardiac MHC isoform issues as they relate to human
disease. As in human hearts, the “slow” �-MHC isoform is
predominant, and the ratio of �-MHC to �-MHC is altered by
hormonal and physiological changes. For example, in rabbits
and humans, thyrotoxicosis produces a shift toward the V1
isoform, whereas hypothyroidism, pressure overload, and
aging result in essentially a complete shift to V3.6

To address the relationship between MHC isoforms and
cardiac function, we made transgenic (TG) rabbits that
express rabbit �-MHC under the control of the rabbit �-MHC
promoter. This strategy does not force expression of a foreign
or mutated transgene; rather, we engineered persistent expres-
sion of a native isoform that would normally be downregu-
lated as the animal ages. Under basal conditions, persistent
expression of relatively high levels of �-MHC is benign. We
then subjected a cohort of TG and nontransgenic (NTG) controls
to rapid ventricular pacing to create tachycardia-induced cardio-
myopathy (TIC). Although both groups of rabbits experienced a
decrease in ventricular function, the TG rabbits exhibited signif-
icantly better contractile parameters and enhanced preservation
of myocardial dimensions.

Methods
Transgenic Rabbit Generation
The rabbit �-MHC promoter has been described.6a The full-length
rabbit �-MHC cDNA was subcloned into the �-MHC promoter
cassette, the promoter/cDNA construct released by NotI digestion,
and gel purified. Oocyte injections were performed, and TG rabbits
were derived and identified.7 Transcript levels of �-MHC, �-MHC,
atrial natriuretic factor (ANF), brain natriuretic protein (BNP),
sarcomeric endoplasmic reticulum ATPase (SERCA), phospholam-
ban (PLN), and the myosin light chains were assessed by RNA dot
blots and confirmed by quantitative real-time polymerase chain
reaction.8

Myosin Separation by PAGE
Myofibrils were isolated from atrial and ventricular samples.9
Samples were electrophoresed on 6.5% acrylamide gels with a 100:1
ratio of acrylamide to bis-acrylamide, stained with Sypro Ruby
(Biorad), and digitized with a Typhoon imaging system (Molecular
Dynamics). Image J software (NIH) was used for MHC band
quantification.

Actin-Activated ATPase Activity
To confirm the presence of functional TG protein, atrial and LV
MHC was purified from individual rabbit hearts and used in
actin-activated ATPase activity experiments. F-actin was prepared
from acetone powder of chicken pectoralis muscle.10 Actin concen-
trations ranging from 10 to 80 �mol were used.11

Histology
Tissue was harvested from deeply anesthetized rabbits and processed
for light microscopy by an investigator blinded to genotype.12 To

determine cardiomyocyte cross-sectional area, 5-�m paraffin-
embedded sections were incubated with tetramethyl rhodamine
isothiocyanate (TRITC)–labeled wheat germ agglutinin (Sigma).13

Quantification was accomplished by confocal microscopy and Sim-
plePCI imaging software (Compix Inc). Ten fields per section were
captured for analysis, and all elliptical myocytes with complete
sarcolemmal delineation were traced. To ensure that cross-sectional
rather than oblique areas were measured, cardiomyocytes were
excluded from analysis if roundness determined by the quantification
software was �0.66.

Cardiac Function
Rabbits were anesthetized with either ketamine and acepromazine
(basal studies) or isoflurane (TIC studies) for noninvasive transtho-
racic echocardiograms. Inhaled isoflurane administered via mask
was chosen as a lighter anesthetic for the TIC studies because of
concern for depressed ventricular function during the pacing proto-
col. Invasive hemodynamics were made with a 4F Millar MIKRO-
TIP pressure catheter (Millar). The rabbits were anesthetized with
ketamine and acepromazine and maintained with 2% isoflurane via
mask. The right carotid artery was cannulated with a 4F sheath
(Cook) to introduce the catheter, which was then positioned in the
LV under fluoroscopic guidance. Data were recorded with a
BIOPAC system. Offline measurements were made by an investiga-
tor blinded to genotype.

Pacemaker Implantation and Pacing Protocol
After sedation with ketamine and xylazine, an echocardiogram was
performed. The airway was secured via intubation with a 3-0
endotracheal tube, and anesthesia was maintained with isoflurane
delivered by a positive pressure ventilator. Under sterile conditions,
a left thoracotomy was performed, and a bipolar steroid-eluting
pacing lead was sutured to the LV epicardium. The lead was attached
to a pacemaker generator (Medtronic) specially modified to permit
rapid pacing rates. The generator was implanted in a pocket under
the scapula, the incision was closed in layers, and the rabbits were
extubated once sufficiently awake. Buprenorphine was administered
subcutaneously for postoperative pain management, and the rabbits
recovered in a prewarmed isolette until fully awake, at which time
they were returned to their cages. They were monitored closely in the
postoperative period for signs of pain or infection, with no compli-
cations noted.

A 5- to 7-day recovery was allowed between pacemaker implan-
tation and initiation of ventricular pacing. The rabbit was anesthe-
tized with 2% isoflurane via a mask, and echocardiography was
performed to assess function. The generator was activated to pace at
300 bpm; complete capture was confirmed by echocardiography.
Isoflurane was discontinued, and after recovery, the rabbit was
returned to its cage. After pacing at 300 bpm for 10 days, the rabbit
was anesthetized with isoflurane, function was determined, and the
pacing rate was increased to 340 bpm for another 10 days. The same
procedure was repeated before the pacing rate was increased to 380
bpm for 10 days, after which time a final echocardiogram was
performed and the rabbit was euthanized with pentobarbital. A
subset of rabbits underwent Millar catheterization of the LV before
being euthanized. Hearts of 2 NTG and 2 TG rabbits were prepared
for light microscopy, and tissues from the remaining rabbits were
snap-frozen in liquid nitrogen and stored at �80°C for RNA and
protein analyses.

Statistical Analysis
Two-tailed t tests were used to compare NTG and TG data gathered
under basal conditions and before generator implantation in the
pacemaker cohorts. Wilcoxon rank-sum tests were used to compare
prepacing and postpacing echocardiographic measurements. Statis-
tical significance was set at P�0.05. All results are reported as
mean�SD.
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Results
We derived 4 stable TG lines, the goal being to create a
collection of lines in which varying proportions of the normal
�-MHC protein complement was replaced by the transgeni-
cally encoded �-MHC isoform. As is the case for the
mouse,14,15 total myofilament myosin is controlled so that
expression of the transgenically encoded transcript and

�-MHC protein results in reduced steady-state levels of
�-MHC. The degree of replacement depends on the level of
TG expression, and normal sarcomeric myosin levels are
maintained. TG expression varied somewhat between the 4
lines, with �-MHC replacement ranging from 15% to 43%
(Figure 1A). We focused on lines 18 and 45, which showed,
within the limits of individual variation, essentially identical

TABLE 1. Baseline Echocardiographic Data

LVED, cm LVES, cm SF IVS, cm LVPW, cm E Pk, mm/s A Pk, mm/s Ea, mm/s E Pk/Ea FPV

4–5 mo

NTG (n�14) 1.41�0.12 0.95�0.09 33�3 0.27�0.03 0.24�0.02 52�9 43�11 8�2 7�1 532�150

TG (n�21) 1.36�0.15 0.92�0.12 33�4 0.28�0.05 0.23�0.04 52�8 44�8 7�1 8�2 557�99

8–9 mo

NTG (n�12) 1.51�0.18 0.98�0.13 35�5 0.28�0.03 0.27�0.03 54�8 46�8 7�1 7�1 638�119

TG (n�15) 1.36�0.16* 0.89�0.13 34�5 0.32�0.05* 0.27�0.03 55�4 45�7 7�3 8�2 657�136

�12 mo

NTG (n�5) 1.59�0.10 1.09�0.10 32�2 0.30�0.05 0.28�0.04 55�12 45�11 8�1 7�3 544�55

TG (n�8) 1.59�0.17 1.09�0.10 31�4 0.31�0.03 0.29�0.04 49�6 41�6 7�2 7�1 637�126

LVED indicates LV end-diastolic dimension; LVES, end-systolic dimension; SF, shortening fraction; IVS, interventricular septum; LVPW, posterior wall thickness; E
Pk, mitral E-wave velocity; A Pk, mitral A-wave velocity; Ea, tissue Doppler of mitral E wave, lateral wall; E Pk/Ea, estimation of LV end-diastolic pressure; and FPV,
flow propagation velocity (color M mode). All values are mean�SD.

*P�0.03 vs NTG at 8 to 9 months.

Figure 1. Protein levels and basic char-
acteristics of �-MHC TG rabbits. A, TG
protein replacement and separation of
MHC isoforms via PAGE. LV NTG sam-
ple used in this gel has no detectable
�-MHC. LV samples from 4 TG lines
show varying amounts of replacement:
40% �-MHC in line 18, 43% in line 45,
30% in line 49, and 15% in line 69.
Amounts varied �3% between individu-
als from same line. B, Hematoxylin and
eosin staining of LV myocardium in
18-month line 18 TG rabbit. C, NTG lit-
termate of B also stained with hematoxy-
lin and eosin. Original magnification,
�20. D, RNA levels of selected markers
for hypertrophy (ANF) and failure
(SERCA, PLN). E, Actin-activated ATPase
activity of myosin purified from adult
NTG atrium (100% �-MHC; ‘), NTG ven-
tricle (�97% �-MHC; }), and TG line 18
ventricle (40% �-MHC; �).
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levels of replacement: �40�3% of the endogenous �-MHC
was replaced with �-MHC. At all stages of development, the
animals appeared to be healthy. Detailed histological analyses
were performed to assess cardiac pathology resulting from
persistent expression of �-MHC. Age- and gender-matched
TG and NTG myocardium was examined throughout the
adult period without striking differences in hypertrophy,
interstitial fibrosis, and myocyte disarray being found (Figure
1B and 1C). We also performed RNA dot blots and quanti-
tative real-time polymerase chain reaction on samples iso-
lated from line 18 TG and NTG littermates to look for
activation of molecular markers of hypertrophy or failure. As
expected, the TG rabbits showed significant increases in
ventricular �-MHC (P�0.001) and decreases in �-MHC
(P�0.01). Transcript levels for ANF, PLN, and SERCA2a
showed no statistically significant variations (Figure 1D).

To confirm activity of the TG protein, actin-activated
ATPase rates were determined with NTG atrial and LV
samples as controls. TG LV samples, with a 40/60 mix of
�-MHC and �-MHC, showed maximal ATPase activity that
was �40% that of NTG atrium, which has essentially 100%
�-MHC (Figure 1E). These data confirmed that transgeni-
cally encoded �-MHC is biochemically active and influences
the overall actin-activated ATPase activity as predicted from
the �-:�-MHC ratio.

We then assessed cardiac structure and function. Serial
echocardiograms were performed at 4, 8 to 9, and 12 to 15
months on cohorts of TG and NTG littermates (Table 1). At
9 months, the TG animals had slightly smaller LV end-dia-
stolic dimensions and very mild septal hypertrophy. These
differences were not apparent at 12 to 15 months. At no time
did we find differences between the TG and NTG rabbits with
regard to ventricular systolic or diastolic function, and no
structural heart defects were detected. We also performed
cardiac catheterization to directly measure LV pressure. The
cohort consisted of 5 TG and 6 NTG mixed-gender, 12-month
(lines 18 and 45) rabbits. There were no significant differ-
ences in systemic blood pressure, LV peak systolic and
end-diastolic pressures, or maximum and minimum dP/dt
(Table 2). Taking the histological, noninvasive and invasive
data together, we conclude that persistent TG expression of

�-MHC at high levels beyond the juvenile period is benign in
the unstressed animal.

Because no pathology or alterations at the molecular and
cellular levels could be detected, we reasoned that the TG
rabbits were a suitable model to test the hypothesis that
�-MHC in the ventricle is cardioprotective. Rapid ventricular
pacing results in depressed myocardial function in many
species with clinical and laboratory findings very similar to
that seen in human DCM.16,17 We applied TIC to the �-MHC
TG rabbits and developed a protocol similar to that of Jeron
et al18 (Figure 2). The initial cohort consisted of 6 TG and 7
NTG 15-month line 45 rabbits of mixed gender (2 females
and 4 males in the TG group, 2 females and 5 males in the
NTG group). All but 1 animal survived the pacing regimen.
One clinically asymptomatic NTG male rabbit died 5 minutes
after the pacemaker rate was increased to 380 bpm. A
necropsy showed ascites, pleural and pericardial effusions,
and a large, dilated heart. The remaining TG and NTG
animals appeared outwardly normal throughout the protocol
with normal cage behavior, grooming, appetite, and respira-
tory effort.

To assess the effects of TIC at the molecular level, we
compared RNA isolated from paced TG and NTG rabbits to
unpaced NTG rabbits and found that both TG and NTG paced
rabbits had significant increases in atrial ANF and BNP
expression and increased ventricular BNP transcript (Figure
3). The differential levels of ANF and BNP between the
cardiac compartments are similar to those noted by investi-
gators using TIC in rabbits.19 Paced TG and NTG rabbits had
significant decreases in atrial SERCA and PLN RNA com-
pared with nonpaced NTG rabbits, but transcript levels were
not significantly downregulated in the ventricles.

We predicted a significant difference between paced TG
and NTG in the relative levels of �- and �-MHC at both the
RNA and protein levels. As expected, RNA dot blots showed
significant increases in ventricular �-MHC message in the
paced NTG rabbits and ventricular �-MHC RNA in the TG
paced rabbits. At the protein level, this correlated with an
MHC complement of 100% �-MHC in myofibril prepara-
tions from paced NTG animals and persistent �-MHC accu-
mulation in paced TG samples (Figure 4A), with the ratio of

TABLE 2. Baseline Invasive Hemodynamics

Heart Rate, bpm LVSP, mm Hg LVEDP, mm Hg dP/dtmax �dP/dtmin

NTG (n�6) 241�28 69�9 7�4 2893�443 2278�226

TG (n�5) 231�27 72�11 6�1 2608�445 2450�483

P (NTG vs TG) 0.57 0.68 0.37 0.35 0.46

LVSP indicates peak LV systolic pressure; LVEDP, LV end-diastolic pressure. All values are mean�SD.

Figure 2. Timeline of rapid ventricular pacing protocol. Cardiac function was assessed by echocardiography under isoflurane anesthe-
sia. LV dimensions and shortening fraction were measured by M-mode. VCFc was calculated from M-mode measurements and LV
ejection time (pulsed-wave Doppler of ascending aorta).
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�- to �-MHC in the TG animals shifting from 40:60 under
basal conditions to 60:40 after pacing.

Light microscopy revealed that rapid ventricular pacing
produced histological changes consistent with DCM in both
TG and NTG rabbits (Figure 4B). We found that although
both groups of paced animals exhibited considerable varia-
tion in cardiomyocyte size compared with a nonpaced NTG
control, both had a significantly smaller mean cardiomyocyte
cross-sectional area (NTG paced, 90.0�40.9 �m3; TG paced,
88.8�40.9 �m3; NTG control, 108.6�46.8 �m3; P�0.0001
for both paced groups versus control; Figure 4C) and evi-
dence of more extensive interstitial fibrosis.

At the whole-organ level, there were no differences be-
tween TG and NTG discerned by the preoperative echocar-
diogram (Table 3). At the end of the protocol, the change in
interventricular septal thickness was significantly different
between NTG and TG, with a decrease in septal thickness
seen in NTG rabbits (�NTG, �0.06�0.04 cm; �TG,
0.03�0.05 cm; P�0.02). At the final study, the change in
shortening fraction in paced NTG rabbits was significantly
different from that of TG rabbits (�19�5% for �NTG versus
�14�4% for �TG; P�0.02). The prepacing to postpacing
change in heart rate–corrected velocity of circumferential
fiber shortening (VCFc), a preload–independent measure of
contractility, was not statistically different (�0.74�0.3 circ/s
for �NTG versus �0.52�0.41 circ/s for �TG; P�0.36),
which was likely due to greater variability in the TG cohort.
Figure 4D through 4F shows representative M-mode tracings
from the final echocardiograms.

To further investigate cardiac function, 10 rabbits (5 NTG,
5 TG of mixed gender) underwent the pacing protocol and
Millar catheterization at the terminal study. Compared with
NTG paced rabbits, TG paced animals had higher systemic
blood pressure, higher peak LV systolic pressure, a higher
dP/dtmax, and a lower �dP/dtmin(Table 4). There was no
significant difference in heart rate or LV end-diastolic pres-
sure. These invasive measures of ventricular function are
consistent with the echocardiographic data

Discussion
To begin to explore the functional significance of ventricular
MHC diversity, we created TG rabbits expressing the �-MHC
cDNA under control of the rabbit �-MHC promoter. This
promoter was chosen because it provides significant levels of
transgene expression in both unstressed and stressed ventri-
cles. We hypothesized that under basal conditions, sufficient
cardiac reserve exists to support the increased ATP demand
inherent to the �-MHC isoform, and we confirmed the lack of
pathology in the �-MHC TG rabbits despite significant
accumulation of enzymatically active �-MHC. Even at 36
months (the oldest animals in our colony), there are no
apparent detrimental effects from transgenic �-MHC expres-
sion in the ventricles (data not shown).

We then tested whether the �-MHC TG rabbits responded
differently than NTG rabbits when subjected to cardiac stress.
Although all models of heart failure have their own set(s) of
limitations, we chose to begin with TIC because the model
shares many features of human DCM and because chronic
tachycardia is one of the differential diagnoses of DCM.

Figure 3. Relative RNA levels in unpaced and paced atria and
ventricles. RNAs were collected at end of protocol and blotted
onto nitrocellulose. Transcript levels were determined via hybrid-
ization to transcript specific oligonucleotides, and those data
were used to generate histograms.
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Additionally, this model has been used extensively in many
experimental species, including the rabbit. The model dem-
onstrates decreased LV contractility and cardiac output with
increased LV end-diastolic pressure and LV wall stress. The
myocytes are elongated with a decreased diameter, resulting
in a net decrease in cellular volume. Extracellular matrix

function and myocyte adhesion capacity are decreased, and
plasma catecholamines, endothelin, and renin activity are all
increased.16,17

Our paced NTG rabbits lacked any detectable �-MHC
protein in the ventricles, a feature consistent with human
DCM.3,4 In the TG animals, the �-MHC promoter continued

Figure 4. Postpacing characteristics of
TG and NTG rabbits. A, PAGE of ventric-
ular myosin showing �- and �-MHC iso-
forms after completion of pacing proto-
col. Ratio of �-MHC to �-MHC increased
slightly in paced TG ventricles, whereas
no �-MHC was detected in paced NTG
ventricle. Note lack of any �-MHC in
paced NTG hearts vs nonpaced NTG
ventricle. B, Histology. Hematoxylin and
eosin staining and trichrome staining of
the LV of NTG unpaced control, TG
paced, and NTG paced rabbits show
variation in cardiomyocyte size in paced
animals. Original magnification, �20. C,
Quantification of cardiomyocyte cross-
sectional area in NTG unpaced control,
paced TG, and paced NTG. We mea-
sured 192, 933, and 662 cells for NTG
unpaced control, paced TG, and paced
NTG, respectively. Values are mean�SD.
D–F, M-mode tracings of LV in paraster-
nal long-axis view of NTG nonpaced (D),
NTG paced (E), and TG paced (F). Wt/V
indicates nonpaced NTG ventricle with
predominately �-MHC and small amount
of �-MHC; Wt/A, nonpaced NTG atrium
with 100% �-MHC; TG, paced TG ventri-
cle; NTG, paced NTG ventricle.
*P�0.0001 vs NTG control.

TABLE 3. Echocardiographic Indexes of Paced Cohort

LVED, cm LVES, cm SF IVS(d), cm LVPW(d), cm HR, bpm ET, ms VCFc

NTG before pacing 1.37�0.24 0.89�0.19 36�4 0.32�0.03 0.31�0.07 216�25 139�15 1.45�0.39

TG before pacing 1.34�0.25 0.84�0.18 38�3 0.34�0.10 0.33�0.10 197�46 127�17 1.63�0.30

P (NTG vs TG) 0.83 0.64 0.26 0.60 0.70 0.46 0.27 0.44

NTG after pacing 1.80�0.35 1.50�0.33 17�5 0.26�0.03 0.24�0.01 264�30 119�11 0.71�0.15

TG after pacing 1.69�0.29 1.29�0.23 24�2 0.33�0.02 0.28�0.05 245�19 111�9 1.11�0.12

�NTG 0.43�0.26 0.62�0.27 �19�5 �0.06�0.04 �0.07�0.06 49�20 �20�17 �0.74�0.30

�TG 0.46�0.22 0.53�0.16 �14�4 0.03�0.05 �0.03�0.09 48�61 �16�23 �0.52�0.41

P (�NTG vs �TG) 0.84 0.50 0.02 0.02 0.22 0.46 0.50 0.36

Abbreviations as in Table 1, plus (d) indicates diastolic; HR, heart rate; and ET, ejection time. All values mean�SD.
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to express �-MHC. Both paced TG and NTG animals
demonstrated activation of the neurohormonal axis with
increased expression of ANF and BNP. We did not find
downregulation of SERCA or PLN in paced ventricles,
suggesting that the rabbits were still in a compensated period,
consistent with their outwardly normal appearance. In agree-
ment with the lack of significant changes between the TG and
NTG RNA levels (excluding the engineered shift in MHC
isoform ratios), we found no significant differences in car-
diomyocyte size. We did note marked variability in cross-
sectional area, ranging from hypertrophied to atrophied myo-
cytes, similar to the histological features of human DCM.20

Although cardiac function decreased in both groups as a
result of rapid ventricular pacing, the TG rabbits clearly had
better function than their NTG counterparts by both invasive
and noninvasive measures of cardiac function. The precise
mechanism of the TG advantage is not yet known. A
nonspecific hypertrophic response to persistent �-MHC ex-
pression (and thus more functional sarcomeres per cardio-
myocyte) can be ruled out on the basis of our light micros-
copy findings. Another possibility is a load change leading to
altered contractility. We assessed function using both preload
sensitive (shortening fraction and �dP/dt) and afterload
sensitive (shortening fraction and VCFc) indexes because a
truly load-independent measure of contractility has remained
elusive.21 The superiority of the TG rabbits could not be due
solely to favorable changes in load because both TG and
NTG rabbits experienced a similar increase in LV dimension
(preload) and both had similar end-systolic wall stress (after-
load) at the completion of the pacing protocol (data not
shown).

Taken together, our data show that moderate levels of
�-MHC protein appear to be cardioprotective in TIC. It has
been suggested that the disappearance of �-MHC in failing
human ventricle is a compensatory mechanism aimed at
preserving function by increasing myocardial efficiency. If
this were true, the �-MHC TG rabbits should have fared
worse with TIC than NTG rabbits. This was clearly not the
case. The data thus support an alternative hypothesis: Loss of
�-MHC in failing myocardium is actually detrimental, and
reexpression of this isoform might improve cardiac function.
The unique kinetic, mechanical, and contractile properties of
the 2 cardiac MHC isoforms may explain how low levels of
�-MHC and its modulation during the development of car-
diac disease could be functionally significant. Compared with
V3, V1 has a higher ATPase activity22 and a faster maximum
velocity of shortening but a lower tension-time integral.23,24

These mechanical properties are inherent to the myosin
molecule because V1 myosin, in the in vitro motility assay,
generates faster actin filament velocities but lower average

force per myosin molecule compared with V3.22,25 Single-
molecule studies in the laser trap suggest that differences in
the kinetics of the cross-bridge cycle for V1 and V3 myosins
are the major determinant of the mechanical performance of
cardiac myosin.26,27 Clearly, there also are relationships
between MHC isoform content and whole-organ function. In
rats, low-level expression (12% replacement) of �-MHC on
the �-MHC background resulted in altered systolic and
diastolic function.28 Isolated unpaced hearts had a 17%
decrease in LV pressure, a 31% decrease in dP/dtma, and a
45% increase in dP/dtmin. These changes were greater than
expected for the percent replacement, indicating that the
relationship between contractility and relative isoform con-
tent may be nonlinear, which is consistent with the known
cooperative nature of thick-thin filament interactions.

The differences in ATP requirement between the 2 iso-
forms also warrant consideration because failing myocardium
is “energy starved.” Because both ATP and creatine are
depleted in hypertrophied and failing hearts, one might expect
�-MHC TG rabbits to be less tolerant of cardiac stress than
NTG rabbits. A possible explanation is that the paced rabbits
were still within a compensated phase so that normal [ATP]
was maintained. Another possibility is that the functional
effects of �-MHC expression at the cardiomyocyte level
precluded the decreases in fatty acid oxidation, glucose
uptake, and/or extramitochondrial production of ATP that
eventually lead to ATP depletion. Additional studies to
explore the energetic consequences of persistent �-MHC
expression, under both basal and stress conditions, are needed
to resolve these issues.

It will be of interest to extend these studies to the lines that
exhibit lower levels of replacement (line 69) to determine
whether the effects are dose dependent or depend on some
threshold of �-MHC being reached and maintained. Simi-
larly, we can extend our studies to other models of cardiac
stress such as pressure overload and myocardial ischemia to
determine whether �-MHC is advantageous in other cardio-
myopathies. Because the TIC rabbit model reflects human
disease in many of its salient characteristics, the data may be
relevant to clinical cardiology, given the functional and
biochemical similarities between the rabbit and human heart.
The data suggest that altering the MHC isoform ratios may
eventually prove beneficial in the treatment of human heart
failure.
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TABLE 4. Invasive Hemodynamics After Pacing Protocol

HR, bpm SBP, mm Hg DBP, mm Hg MAP, mm Hg LVSP, mm Hg LVEDP, mm Hg dP/dtmax �dP/dtmin

NTG (n�5) 231�27 46�7 31�9 37�8 47�6 9�4 1288�300 1941�118

TG (n�5) 250�25 61�11 46�9 51�10 62�13 11�7 2049�679 3096�532

P (NTG vs TG) 0.27 0.04 0.03 0.04 0.05 0.57 0.05 0.001

HR indicates heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; LVSP, LV systolic pressure; and LVEDP, left
ventricular end-diastolic pressure. Values are mean�SD.
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Role of gp91phox (Nox2)-Containing NAD(P)H Oxidase in
Angiogenesis in Response to Hindlimb Ischemia

Taiki Tojo, MD, PhD*; Masuko Ushio-Fukai, PhD*; Minako Yamaoka-Tojo, MD, PhD;
Satoshi Ikeda, MD, PhD; Nikolay Patrushev, MD; R. Wayne Alexander, MD, PhD

Background—Neovascularization is potentially important for the treatment of ischemic heart and limb disease. We
reported that reactive oxygen species (ROS) derived from gp91phox (Nox2)-containing NAD(P)H oxidase are involved
in angiogenesis in mouse sponge models as well as in vascular endothelial growth factor (VEGF) signaling in cultured
endothelial cells. The role of gp91phox-derived ROS in neovascularization in response to tissue ischemia is unknown,
however.

Methods and Results—Here, we show that neovascularization in the ischemic hindlimb is significantly impaired in
gp91phox�/� mice as compared with wild-type (WT) mice as evaluated by laser Doppler flow, capillary density, and
microsphere measurements. In WT mice, inflammatory cell infiltration in the ischemic hindlimb was maximal at 3 days,
whereas capillary formation was prominent at 7 days when inflammatory cells were no longer detectable. Increased
O2

�� production and gp91phox expression were present at both time points. The dihydroethidium staining of ischemic
tissues indicates that O2

�� is mainly produced from inflammatory cells at 3 days and from neovasculature at 7 days after
operation. Relative to WT mice, ischemia-induced ROS production in gp91phox�/� mice at both 3 and 7 days was
diminished, whereas VEGF expression was enhanced and the inflammatory response was unchanged. Infusion of the
antioxidant ebselen into WT mice also significantly blocked the increase in blood flow recovery and capillary density
after ischemia.

Conclusions—gp91phox-derived ROS play an important role in mediating neovascularization in response to tissue ischemia.
NAD(P)H oxidases and their products are potential therapeutic targets for regulating angiogenesis in vivo. (Circulation.
2005;111:2347-2355.)

Key Words: NAD(P)H oxidase � reactive oxygen species � angiogenesis � ischemia
� vascular endothelial growth factor

Neovascularization stimulated by tissue ischemia is im-
portant to the preservation of tissue integrity and func-

tion. New blood vessels grow postnatally via angiogenesis
(capillary sprouting from the preexisting blood vessels),
arteriogenesis (in situ growth of preexisting arteriolar con-
nections into true collateral arteries), and vasculogenesis.1

Inflammation is an important early key process for ischemia-
induced angiogenesis and arteriogenesis.2,3 Angiogenesis re-
quires degradation of extracellular matrix, endothelial cell
(EC) proliferation and migration, and organization into tubes
with lumen formation.4 Vascular endothelial growth factor
(VEGF) is an important endogenous regulator of angiogene-
sis in tissue ischemia.5 In ECs, VEGF binds to 2 tyrosine
kinase receptors, VEGF receptor (VEGFR) 1 (Flt-1), and
VEGFR2 (KDR/Flk1). The mitogenic and chemotactic ef-
fects of VEGF in ECs are mediated mainly through
VEGFR2.6 VEGF also is involved in mobilization of endo-

thelial progenitor cells (EPCs) from the bone marrow, which
contributes to new vessel formation in ischemic tissues.7

Reactive oxygen species (ROS) such as superoxide anion
(O2

��) and hydrogen peroxide (H2O2) are involved in the
signaling pathways that mediate many stress and growth
responses,8 including angiogenesis.9 Although ROS in high
concentrations are toxic,10 low levels of ROS produced
during cardiac ischemic preconditioning serve as intracellular
signals stimulating counterregulatory mechanisms that pre-
vent tissue injury and promote angiogenesis.11–13 Indeed,
ROS produced during myocardial ischemia/reperfusion are
involved in neovascularization.14 In ECs, NAD(P)H oxidase
is a major source of ROS,15 which are required for EC
proliferation and migration.16 ECs express NAD(P)H oxidase
subunits that are identical to those found in phagocytes. These
include the membrane-bound flavocytochrome b558, com-
posed of gp91phox (now known as Nox2) and p22phox and the
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cytosolic components p47phox and p67phox.15 On stimulation, a
multimeric protein complex, also including the small
guanosine triphosphatase Rac1, is formed that is associated
with the production of O2

��.15 We showed that VEGF stimu-
lates an increase in ROS generation via activation of gp91phox-
containing NAD(P)H oxidase in ECs.17 Thus, ROS are
critical downstream mediators of VEGF-mediated signaling
linked to angiogenic responses in ECs.17,18 Using a sponge
implant model, we showed that VEGF-induced new blood
vessel formation is impaired in gp91phox�/� mice17; however,
the role of ROS and NAD(P)H oxidase in neovascularization
that occurs naturally in response to hindlimb ischemia is
undefined.

In the present study, we demonstrate that neovasculariza-
tion in ischemic hindlimbs of mice is associated with a robust
increase in ROS as well as upregulation of gp91phox protein.
We also found that infiltrated inflammatory cells and acti-
vated or newly formed ECs are the major source of ROS at 3
and 7 days after ischemia, respectively. In gp91phox�/� mice,
ischemia-induced neovascularization as well as an increase in
ROS production at both time points were significantly im-
paired. These findings suggest that ROS derived from
gp91phox-containing NAD(P)H oxidase are important media-
tors of neovascularization triggered by tissue ischemia.
NAD(P)H oxidases and their products may be attractive
therapeutic targets for modulating angiogenesis in vivo.

Methods
Mouse Ischemic Hindlimb Model
Female gp91phox�/� mice and wild-type (WT) C57BL/6J mice (8 to 9
weeks old) were obtained from the Jackson Laboratory (Bar Harbor,
Maine). Mice were subjected to unilateral hindlimb surgery under
anesthesia with intraperitoneal administration of ketamine (87 mg/kg)
and xylazine (13 mg/kg). The right femoral artery and vein were
exposed, ligated proximally and distally with 5-0 silk ligatures, and
excised. In some experiments, the antioxidant ebselen (Cayman Chem-
ical Co; 50% vol/vol in DMSO, 10 mg · kg�1 · d�1) or saline (50%
vol/vol in DMSO) was chronically infused by osmotic minipump
(Durcet) from 1 day before operation. The Animal Care and Use
Committee of the Emory University School of Medicine approved study
protocols.

Laser Doppler Blood Flow Analysis
We measured hindlimb blood flow using a laser Doppler blood flow
(LDBF) analyzer (Lisca AB) as described previously.3 Mice were
anesthetized and placed on a heating plate at 37°C for 15 minutes to
minimize temperature variation. Before surgery and on postoperative
days 0, 3, and 7, LDBF analysis was performed on legs and feet.
Blood flow was displayed as changes in the laser frequency,
represented by different color pixels. The mean LDBF values were
calculated, and hindlimb blood flow was expressed as the ratio of
ischemic to nonischemic LDBF.

Capillary Density Analysis
Capillary density within the thigh adductor muscle was quantified by
histological analysis. Mice were euthanized and perfused through the
left ventricle with saline followed by 10% formalin. Hindlimb
muscles were embedded in OCT compound (Sakura Finetek) and
snap-frozen in liquid nitrogen. Tissue slices (7-�m-thick frozen
sections) were stained with biotinylated Griffonia simplicifolia lectin
(Vector Laboratories) to detect capillary ECs, followed by fluores-
cein isothiocyanate–conjugated streptoavidin (Jackson ImmunoRe-
search Laboratories).19 Capillary density was expressed as the
number of lectin-positive capillary profiles per high-power field

(magnification �400) and data from 3 fields of the 5 samples were
averaged.

Blood Flow Measurement by Microsphere
Mice were euthanized, and fluorescent microspheres (15-�m diam-
eter, 5�105 beads, Molecular Probe) were injected into the left
ventricle and then flushed with heparinized saline as described
previously with minor modification.19 Tissues were dissolved in 4
mol/L KOH and filtered with membrane filters (3-�m pore, MIL-
LIPORE). The fluorescent dye was extracted with xylene, and
fluorescence was measured with a CytoFluor 3000 plate reader
(Applied Biosystems) and normalized by muscle weight.

Chemiluminescence Estimates of Superoxide
Produced by Hindlimb Tissues
Superoxide production by ischemic and nonischemic hindlimb tis-
sues was measured with 5 �mol/L lucigenin-enhanced chemilumi-
nescence, as previously described.20 Hindlimb muscle samples were
placed in scintillation vials containing Krebs-HEPES buffer with 5
�mol/L lucigenin. Light emission was detected with a scintillation
counter programmed in out-of-coincidence mode. Mean chemilumi-
nescence yields observed during a period of 20 minutes after addition
of the tissues were used to estimate rates of production of O2

��.

Histological Analysis and In Situ Localization
of ROS
Seven-micrometer-thick sections prepared from paraffin-embedded
tissue of the ischemic and control hindlimbs were used for histolog-
ical analysis by hematoxylin-and-eosin (H&E) staining. For in situ
localization of ROS, we incubated frozen sections (30 �m) of
ischemic and nonischemic tissues with fluorophores sensitive to
O2

��, dihydroethydium (DHE, 10 �mol/L, Sigma),21 or hydrogen
peroxide (H2O2), 5-(and 6-)chloromethyl-2�,7�-dichlorodihydrofluo-
rescein diacetate, acetyl ester (DCF-DA; 10 �mol/L, Molecular
Probes).22 DHE specifically reacts with intracellular O2

�� and is
converted to the red fluorescent compound ethidium, which then
binds irreversibly to double-stranded DNA and appears as punctuate
nuclear staining.21 The specificity of DHE and DCF signals for O2

��

and H2O2 detection was confirmed by preincubation with polyethyl-
ene glycol-superoxide dismutase (PEG-SOD; 500 U/mL, Sigma) and
PEG-catalase (350 U/mL, Sigma), respectively. To determine which
cells produce ROS robustly, serial frozen OCT-embedded tissue
sections (7 �m) were stained for 1 hour at room temperature with
anti–mouse CD45 antibody, which detects inflammatory leukocytes
(PharMingen), with anti-mouse mac3 antibody, which detects mac-
rophage specifically (Accurate Chemical & Scientific Corp), or with
G simplicifolia lectin (Vector Laboratories), which stains ECs19 or
anti-gp91phox antibody (Santa Cruz). The slides were then incubated
for 1 hour at room temperature with a Rhodamine Red-X–conju-
gated anti-rabbit secondary antibody or fluorescein isothiocyanate–
conjugated anti-rat antibody (Jackson ImmunoResearch Laborato-
ries). For quantification, the number of infiltrated CD45-positive
cells, macrophages and lectin-positive capillary cells were counted in
5 randomly selected high-power fields (magnification �400) with 3
independent samples.

Western Blotting
Ischemic and control hindlimbs were lysed in lysis buffer, pH 7.4
(in mmol/L: 50 HEPES, 5 EDTA, 50 NaCl), 1% Triton X-100,
60 mmol/L n-octylglucoside, protease inhibitors (10 �g/mL aproti-
nin, 1 mmol/L phenylmethylsulfonyl fluoride, 10 �g/mL leupeptin),
and phosphatase inhibitors (in mmol/L: 50 sodium fluoride, 1
sodium orthovanadate, 10 sodium pyrophosphate). Cell lysates were
used for immunoblotting with antibodies for VEGF (Santa Cruz).

Statistical Analyses
All values were expressed as mean�SE. The significance of the
differences between groups was evaluated by a Student paired
2-tailed t test. The values in �3 groups were tested by 1-way
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analysis of variance followed by Scheffé’s F test. Statistical signif-
icance was accepted at P�0.05.

Results
Ischemia-Induced Neovascularization Is Impaired
in gp91phox�/� Mice
All mice survived after induction of unilateral hindlimb
ischemia and appeared to be healthy during the follow-up
period. To determine the role of gp91phox in ischemia-induced
neovascularization, we measured blood flow recovery using
LDBF analysis in ischemic and nonischemic limbs after
femoral ligation in WT and gp91phox�/� mice. Figure 1A
shows that in WT mice, hindlimb blood flow was markedly
decreased immediately after surgery, was partially restored at
day 3, and had recovered to the level of that of the nonische-
mic limb by day 7. In gp91phox�/� mice the flow recovery was
delayed, and the LDBF ratio at 7 days after ischemia was
significantly less than that in WT mice.

Neovascularization induced by tissue ischemia is mediated
through both angiogenesis and arteriogenesis.1 We examined
the role of gp91phox in ischemia-induced angiogenesis by
measuring capillary density in ischemic and nonischemic
tissues. Figure 1B shows representative photomicrographs
stained with endothelium-specific G simplicifolia lectin.19

We used lectin instead of CD31 to detect ECs because of the
high staining efficiency of lectin as opposed to CD31 staining
in our system. Quantitative analysis revealed that the capil-
lary density in ischemic hindlimbs at 7 days after ischemia
was significantly reduced in gp91phox�/� mice as compared
with WT mice.

To determine the role of gp91phox in ischemia-induced
arteriogenesis, we used microspheres of 15 �m diameter to
analyze the formation of conductance collateral vessels.23,24

As shown in Figure 1C, the recovery of collateral blood flow
at 7 days after hindlimb ischemia was significantly reduced in
gp91phox�/� mice as compared with WT mice. Taken together,
these results suggest that both angiogenesis and arteriogen-
esis are regulated by gp91phox protein expression.

ROS Production Via gp91phox-Containing
NAD(P)H Oxidase in Response to
Hindlimb Ischemia
We examined whether hindlimb ischemia stimulates O2

��

production by using lucigenin assays. As shown in Figure 2,
there was a significant increase in O2

�� production in ischemic
tissues at 3 and 7 days after operation in WT mice. Ische-
mia-induced O2

�� production at each time point was signifi-
cantly diminished in gp91phox�/� mice, suggesting that
gp91phox-containing NAD(P)H oxidase is a major source of
ROS produced in both the early and the later phases of
neovascularization after hindlimb ischemia.

Identification of O2
��-Producing Cells

The gp91phox-containing NAD(P)H oxidases are expressed in
both phagocytes and ECs.15,25 Figure 3A shows H&E staining
of ischemic and nonischemic tissues at 3 days after femoral
ligation in WT mice and demonstrates a marked increase in
infiltration of inflammatory cells in ischemic hindlimb as
compared with nonischemic tissues, as has been reported by

others.3 To determine whether O2
�� is produced from inflam-

matory cells on day 3, we performed DHE staining, which is
specific for O2

��,21 and immunofluorescence staining of serial
sections for CD45-positive leukocytes and macrophages in
ischemic tissues. As shown in Figure 3B, the increase in
O2

�� was detected in ischemic tissues as compared with
nonischemic tissues at 3 days after operation, and the pattern
of staining for CD45-positive cells and macrophages was
similar to that obtained with DHE. In contrast, as shown in
Figure 3C, H&E staining at day 7 shows that capillary-like
structures appeared in increased density in ischemic tissues,
which is consistent with the observed increase in lectin
staining, whereas inflammatory cells are not present at this
time point. We therefore hypothesized that augmented ROS
production on day 7 could be related to enhanced generation
by the activated ECs. As shown in Figure 3D, there was an
increase in DHE staining in ischemic tissues on day 7, which
was almost completely abolished by coincubation with 500
U/mL PEG-SOD, providing specific evidence for the pres-
ence of increased O2

��. Figure 3E shows that DHE staining
appears to be associated with capillary-like lectin-positive
ECs in ischemic tissues. Of note, there were few CD45- and
macrophage-positive cells at 7 days (not shown). These data
suggest that inflammatory cells and neovascular ECs are
responsible for ROS production in the early (day 3) and the
later (day 7) phases, respectively, after the induction of
hindlimb ischemia.

gp91phox Protein Expression in Response to
Hindlimb Ischemia
To gain insight into the mechanisms by which ischemia
increases ROS production, we examined, using immunocy-
tochemistry, the expression of gp91phox in ischemic and
nonischemic tissues at 3 and 7 days after femoral artery
ligation in WT mice. As shown in Figure 4, gp91phox was
dramatically increased in ischemic tissues at both 3 and 7
days after operation. Double staining after ischemic injury for
gp91phox and CD45 or lectin shows that gp91phox protein
appears to be prominently expressed by infiltrating inflam-
matory leukocytes at 3 days and by newly formed capillaries
at 7 days. Using Western blot analysis, we found that p22phox,
p47phox, and p67phox protein expression is also upregulated in
ischemic tissues at both 3 and 7 days after operation (data not
shown).

Infiltration of Inflammatory Cells and Induction
of VEGF Expression Are Not Decreased in
gp91phox�/� Mice
We examined whether the impairment of angiogenesis and
ROS production in gp91phox�/� mice is due to the reduction of
infiltration of inflammatory cells that release ROS and
angiogenic factors. As shown in Figure 5A, there was no
significant difference in the number of infiltrated CD45-
positive leukocytes and macrophages in ischemic tissues
between WT and gp91phox�/� mice at 3 or 7 days. Further-
more, because VEGF is a major mediator of ischemia-
induced angiogenesis5 and stimulates ROS production by
ECs,17,18,26 we examined the expression of VEGF in the
ischemic tissues of WT and gp91phox�/� mice. Figure 5B
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shows that there was a significant increase in VEGF expres-
sion at 3 and 7 days in WT mice and an even more robust
enhancement of expression in gp91phox�/� mice. Taken to-
gether, these results suggest that impairment of angiogenesis
in gp91phox�/� mice is not due to the decrease of inflammatory
cells or VEGF expression but to the inhibition of their
downstream ROS production in ischemic tissues.

Ebselen Inhibits Ischemia-Induced Angiogenesis
To gain further insight into the role of increased ROS
production in ischemia-induced angiogenesis, we examined
in WT mice the effect of the glutathione peroxidase mimetic
ebselen, which scavenges H2O2. Infusion of ebselen markedly
reduced at day 7 the ischemia-induced increase in the LDBF
ratio (Figure 6A) and capillary density (Figure 6B). Ische-
mia-induced increase in DCF fluorescence at day 7 was
markedly inhibited by ebselen and by PEG-catalase (Figure
6C) but was only slightly reduced by PEG-SOD (data not
shown). These results provide additional support for the
notion that ROS, predominantly H2O2, are important for
neovascularization induced by tissue ischemia.

Discussion
New blood vessel formation in response to ischemia is an
important adaptive response for preserving tissue integrity
and is regulated by hypoxia and inflammation.1 The present
study provides direct evidence that hindlimb ischemia in mice
induces a significant increase in ROS production in the
ischemic area, not only as an early response to injury but also
at 7 days after femoral ligation (Figures 2 and 3). Histological
analysis reveals that inflammatory cell infiltration into the
ischemic hindlimb is observed maximally at 3 days (Figure 3)
when blood flow is significantly reduced (Figure 1), whereas

Figure 1. Impaired angiogenic response in the ischemic hind-
limbs of gp91phox�/� mice. A, Top, quantitative analysis of the
ischemic/nonischemic LDBF ratio in the WT (closed circle) and
gp91phox�/� (open circle) mice preoperatively and on postopera-
tive days 0, 3, and 7 (n�7, *P�0.05 vs WT). Bottom, a low per-
fusion signal (dark blue) was observed in the ischemic hindlimbs
of gp91phox�/� mice, whereas a high perfusion signal (yellow to
red) was detected in WT mice on postoperative days 3 and 7.
Arrows indicate delayed blood flow recovery in gp91phox�/� mice
on day 7. B, Top, immunostaining of ischemic and nonischemic
tissues with G simplicifolia lectin to detect capillaries at 7 days
after ischemia (green) as visualized by Zeiss fluorescence micro-
scope. Bottom, quantitative analysis of capillary density in WT

Figure 2. Increase of O2
�� production via gp91phox-containing

NAD(P)H oxidase in hindlimb tissues after ischemia. Ischemia-
induced increase of O2

�� production in hindlimb tissues in WT
and gp91phox�/� mice at 0, 3, and 7 days after ischemia, as
measured by lucigenin-enhanced chemiluminescence technique
(n�5, *P�0.05 vs baseline, †P�0.05 vs WT).

and gp91phox�/� mice at 7 days after ischemia. Capillary density
was expressed as the number of capillaries per high-power field
(magnification �400, per square millimeter; n�5, *P�0.05 vs
WT). C, Quantitative analysis of collateral blood flow of hind-
limbs using 15-�m-diameter fluorescent microspheres. Data are
shown as ischemic/nonischemic fluorescence ratio (n�8,
*P�0.05 vs WT).
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new capillary formation is prominent at 7 days when inflam-
matory cells are no longer detectable (Figure 3) and blood
flow has almost completely recovered (Figure 1). Of note, the
extent of ROS production on day 7 is much higher than that
on day 3 (Figure 2), suggesting that the increase in ROS
levels is related to neovascularization. The early recruitment
of inflammatory cells to the ischemic sites has been shown to
be important for the subsequent development of angiogenesis
induced by hindlimb ischemia.2,3 DHE staining of ischemic
tissues reveals that the source of O2

�� is mainly from infil-
trated inflammatory cells at 3 days and from lectin-positive
ECs at 7 days after ischemia (Figure 3). This method has been
used to localize O2

�� production within the vessel wall.21,27,28

These observations indicate that hindlimb ischemia stimu-
lates increase in ROS production initially from inflammatory
cells and subsequently from the neovasculature.

NAD(P)H oxidase is a major enzymatic source of ROS
produced in both inflammatory cells and ECs.15,25 In

neutrophils, the full electron transport function of the
respiratory burst NAD(P)H oxidase resides in gp91phox,
which interacts with p22phox to form cytochrome b558. We
and others have shown that gp91phox is a critical component
for O2

��-generating NAD(P)H oxidase in ECs.17,29 The
present study demonstrates that expression of the gp91phox

protein in ischemic tissues is increased concomitantly with
the elevation in ROS levels at both 3 and 7 days after
occlusion (Figure 4). Furthermore, other NAD(P)H oxi-
dase components such as p22phox, p47phox, and p67phox

proteins are also upregulated in ischemic hindlimbs. We
also show that ischemia-induced increase in ROS produc-
tion at both time points is almost completely abolished in
gp91phox�/� mice (Figure 2). These data suggest that
gp91phox-containing NAD(P)H oxidase is a major source of
ROS produced from inflammatory cells in the early phase
and from activated or newly formed ECs in the later phase
during ischemia-induced angiogenesis.

Figure 3. Localization of O2
�� production

in hindlimb tissues after ischemia. A,
H&E staining in ischemic and nonische-
mic tissues in WT and gp91phox�/� mice
at 3 days after femoral artery ligation.
Arrows indicate inflammatory cells. B,
DHE staining for detection of O2

�� in non-
ischemic and ischemic tissue sections
and staining of serial sections with
CD45-positive inflammatory leukocytes
and macrophage for detection of inflam-
matory cells on day 3. C, H&E staining in
ischemic and nonischemic tissues in WT
and gp91phox�/� mice at 7 days after fem-
oral artery ligation. Arrows indicate
capillary-like structures. D, DHE staining
of nonischemic and ischemic tissue sec-
tions on day 7. The increase of DHE flu-
orescence is almost completely abol-
ished by coincubation with 500 U/mL
PEG-SOD. E, The high-power magnifica-
tion of DHE staining of ischemic tissues
and its serial section stained with G sim-
plicifolia lectin for detection of ECs. A–E
are representative of 3 independent
experiments.
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Neovascularization in the adult occurs through angiogen-
esis (capillary growth) and arteriogenesis (collateral growth).1

In the present study, we evaluated angiogenesis by measuring
capillary density with lectin staining and arteriogenesis by the
formation of large conductance of collateral vessels using
microspheres with 15-�m diameters, which do not pass
through small capillaries.24 Using these techniques in addi-
tion to the laser Doppler perfusion imaging, we demonstrated
that ischemia-induced blood flow recovery, collateral blood
flow, and an increase in capillary density were significantly
inhibited in gp91phox�/� mice (Figure 1). Furthermore, infu-
sion of ebselen, which scavenges H2O2, significantly inhibits
ischemia-induced increase in blood flow restoration, in cap-
illary density, and in H2O2 generation in WT mice. These data
strongly suggest that ROS derived from gp91phox-containing
NAD(P)H oxidase play an important role in ischemia-
induced new blood vessel formation. It should be noted that
ebselen also scavenges peroxynitrite,30 which is produced
through the reaction of O2

�� with nitric oxide. Given that a
role of nitric oxide has been implicated in neovasculariza-
tion31,32 and O2

�� is generated in response to tissue ischemia
(present study), it is possible that peroxynitrite also may be

involved in ischemia-induced angiogenesis. In the present
study, ischemia-induced increase in DCF fluorescence in
ischemic tissues is markedly inhibited by PEG-catalase (Fig-
ure 6) but is only modestly reduced by PEG-SOD. Thus,
postischemic increase in DCF fluorescence appears to reflect
enhanced production of H2O2, but a contribution of peroxyni-
trite cannot be excluded. Our results are consistent with the
possibility that H2O2 derived from the gp91phox-containing
NAD(P)H oxidase at least in part plays an important role in
neovascularization in response to tissue ischemia. Because
circulating EPCs also contribute to postnatal neovasculariza-
tion,33,34 we cannot exclude the possibility that gp91phox-
derived ROS also may be involved in mobilization or
incorporation of EPCs to the neoangiogenic sites.

Other reports implicate a role for ROS in neovasculariza-
tion in experimental models. Hypoxia/reoxygenation in hearts
produces ROS, which in turn is associated with myocardial
angiogenesis13 and coronary collateral development.35 Corre-
lation between ROS production and neovascularization has
been demonstrated in the eyes of diabetic rats,36,37 the
neointima of balloon-injured rat arteries,38 and the response to
carotid artery ligation in mice overexpressing p22phox.22 An-

Figure 4. Induction of gp91phox protein
expression in response to hindlimb is-
chemia. Ischemia-induced increase in
gp91phox protein expression in nonische-
mic and ischemic hindlimb tissues in WT
mice at 3 and 7 days after femoral artery
ligation. Photographs are representative
of 3 independent experiments.

Figure 5. Ischemia-induced infiltration of
inflammatory cells and induction of VEGF
expression are not decreased in
gp91phox�/� mice. Quantitative analysis of
the number of infiltrated CD45-positive
inflammatory leukocytes and macro-
phages (A) and VEGF protein expression
(B) in hindlimb ischemic tissues in WT
and gp91phox�/� mice at 0 (for B), 3, and
7 days after femoral artery ligation (n�3,
NS; not significant, *P�0.05 and
†P�0.01 vs WT mice at day 0).
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tioxidant treatment inhibits neovascularization in the
mouse cornea angiogenesis model39 and tumor angiogen-
esis model in vivo.40 Overexpression of extracellular SOD,
which scavenges O2

��, reduces tumor angiogenesis.41 Moreover,
we have shown that VEGF-induced new vessel formation in
a sponge implant model is impaired in gp91phox�/� mice.17

Our study extends and amplifies these data by identifying
the gp91phox-containing NAD(P)H oxidase as a major source
of ROS involved in adaptive angiogenesis in response to
tissue ischemia.

It has been shown that infiltrating inflammatory cells
release cytokines and angiogenic factors, including VEGF,
and thus promote collateral development and angiogenesis in
hindlimb ischemia.2,3,42,43 In the present study, we demon-
strate that the absence of gp91phox did not inhibit recruitment
of inflammatory cells (assessed at day 3) or the increased

expression of VEGF at 3 or 7 days after operation (Figure 5).
These observations are in line with previous reports that
gp91phox-knockout mice show normal inflammatory responses
to bacteria44 and to hindlimb unloading/reloading, which
induces muscle inflammation.45 Thus, gp91phox-derived ROS
may be important in mediating signaling responses in the
neovasculature itself. This notion is consistent with our
previous report that stimulation of endothelial ROS produc-
tion from gp91phox-containing NAD(P)H oxidase is necessary
for VEGF-induced autophosphorylation and activation of
VEGFR2, as well as cell proliferation and migration in ECs.17

Moreover, using laser Doppler flow analysis, we found that
ischemia-induced increase in blood flow recovery in the later
phase is inhibited in transgenic mice overexpressing catalase
in the vascular endothelium (M. Ushio-Fukai, PhD, unpub-
lished data, April 2005). These findings emphasize an impor-

Figure 6. Scavenging H2O2 inhibits
angiogenesis in response to hindlimb
ischemia. A, Quantitative analysis (top)
and representative images (bottom) of
the ischemic/nonischemic LDBF ratio in
WT mice treated with saline (closed cir-
cle) or antioxidant ebselen (open circle,
10 mg · kg�1 · d�1) before surgery and
on postoperative days 0, 3, and 7 (n�7,
*P�0.05 vs saline). Arrows indicate
impairment of blood flow recovery in
ebselen-treated WT mice at 7 days after
ischemia. B, Representative pictures (left)
and quantification (right) of G simplicifolia
lectin staining (green) to detect capillary
density in ischemic and nonischemic tis-
sues in WT mice treated with saline or
ebselen at 7 days (n�5, *P�0.05 vs
saline). C, DCF staining in ischemic tis-
sues in WT mice treated with saline or
ebselen or PEG-catalase (350 U/mL) at 7
days after operation, suggesting that
H2O2 is predominantly produced after
ischemia. Photographs are representa-
tive of 3 independent experiments.
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tant role for EC-derived ROS in new blood vessel formation
triggered by tissue ischemia.

Neither the infiltration of inflammatory cells nor their
production of VEGF and possibly other angiogenic factors is
affected after ischemia, whereas ROS production from these
cells on day 3 is markedly diminished in gp91phox�/� mice.
Previous studies show that hindlimb ischemia–induced early
recruitment of inflammatory cells is temporally associated
with the activation of matrix metalloproteinases (MMP)-2
and -9, which also are involved in postnatal revasculariza-
tion.46 Given that ROS activates MMP-9 in isolated macro-
phages47 and macrophage-derived MMP-9 plays an important
role in ischemia-induced angiogenesis,19 ROS produced from
inflammatory cells may be required for the subsequent
activation of ECs through regulating MMP activity. Defini-
tive answers about the relative roles of leukocyte versus EC
gp91phox in ischemia-induced neovascularization will require
further investigation. Our current data, however, suggest that
gp91phox-derived ROS exert a major influence on events
downstream of VEGF generation, most likely, in signaling
pathways in ECs.

In summary, the present study provides compelling evi-
dence that ROS derived from gp91phox-containing NAD(P)H
oxidase play a critical role in ischemia-induced neovascular-
ization. We found that gp91phox-derived ROS are produced
mainly from inflammatory cells and neovascular ECs in early
(day 3) and later phases (day 7), respectively. Acute inflam-
matory cell recruitment to ischemic tissue appears to be
necessary2,3,42,43 but not sufficient for the full reconstitution
of blood flow at the time points studied here. Although ROS
produced from infiltrated inflammatory cells may be impor-
tant for the subsequent activation of ECs, induced events
involving ROS production within the endothelium itself
appear to be essential to the complete development of
angiogenesis in response to tissue ischemia. These findings
provide novel insight into NAD(P)H oxidases and their
products as attractive therapeutic targets for modulating
angiogenesis in vivo.
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Simvastatin Versus Ezetimibe
Pleiotropic and Lipid-Lowering Effects on Endothelial Function

in Humans

Ulf Landmesser, MD*; Ferdinand Bahlmann, MD*; Maja Mueller, BS; Stephan Spiekermann, MD;
Nina Kirchhoff, BS; Svenja Schulz, BS; Costantina Manes, MD, PhD; Dieter Fischer, MD;

Kirsten de Groot, MD; Danilo Fliser, MD; Günter Fauler, MD; Winfried März, MD; Helmut Drexler, MD

Background—Statins may exert important pleiotropic effects, ie, improve endothelial function, independently of their
impact on LDL cholesterol. In humans, however, pleiotropic effects of statins have never been unequivocally
demonstrated because prolonged statin treatment always results in reduced LDL cholesterol levels. We therefore tested
the hypothesis that similar reductions in LDL cholesterol with simvastatin and ezetimibe, a novel cholesterol absorption
inhibitor, result in different effects on endothelial function.

Methods and Results—Twenty patients with chronic heart failure were randomized to 4 weeks of simvastatin (10 mg/d)
or ezetimibe (10 mg/d) treatment. Flow-dependent dilation (FDD) of the radial artery was determined by high-resolution
ultrasound before and after intra-arterial vitamin C to determine the portion of FDD inhibited by radicals (�FDD-VC).
Activity of extracellular superoxide dismutase, a major vascular antioxidant enzyme system, was determined after
release from the endothelium by a heparin bolus injection. Endothelial progenitor cells were analyzed with an in vitro
assay. Simvastatin and ezetimibe treatment reduced LDL cholesterol to a similar extent (15.6% versus 15.4%; P�NS),
whereas changes in mevalonate, the product of HMG-CoA-reductase, differed between groups (�mevalonate-simva-
statin, �1.04�0.62 versus �mevalonate-ezetimibe, 1.79�0.94 ng/mL; P�0.05 between groups). Importantly, FDD was
markedly improved after simvastatin (10.5�0.6% versus 5.1�0.7%; P�0.01) but not after ezetimibe treatment
(5.6�0.5% versus 5.8�0.6%; P�NS). �FDD-VC was substantially reduced after simvastatin but not after ezetimibe
treatment. Extracellular superoxide dismutase activity was increased by �100% (P�0.05) after simvastatin but not
ezetimibe treatment. Simvastatin treatment increased the number of functionally active endothelial progenitor cells,
whereas ezetimibe had no effect.

Conclusions—Four weeks of simvastatin treatment improves endothelial function independently of LDL cholesterol
lowering, at least in part by reducing oxidant stress. Simvastatin may thereby exert important pleiotropic effects in
humans. (Circulation. 2005;111:2356-2363.)

Key Words: endothelium � stem cells � heart failure � statins � superoxide dismutase

Statins may exert numerous pleiotropic effects, ie, improve
endothelial function, increase vascular nitric oxide (NO)

bioavailability, reduce oxidant stress, and improve endothe-
lial progenitor cell (EPC) function, which have largely been
proposed on the basis of experimental studies.1–5 In rodents,
the improvement in outcome after myocardial infarction or
stroke by statins is dependent on endothelial NO synthase but
independent of LDL cholesterol because statins have little
effect on LDL cholesterol in mice or rats.6–8 It has, however,
never been unequivocally demonstrated in humans that pro-
longed statin treatment exerts effects independently of LDL

cholesterol because their application always results in re-
duced LDL cholesterol levels.

See p 2280

The observation of pleiotropic statin-induced effects has
resulted in the notion that statins are a potential therapeutic
option in conditions not related to LDL cholesterol. Of note,
in patients with chronic heart failure (CHF), several recent
studies have shown that lower serum cholesterol levels are
independently associated with an impaired prognosis,9 which
raises concerns about whether cholesterol lowering is bene-

Received October 5, 2004; revision received January 23, 2005; accepted January 26, 2005.
From Abteilung Kardiologie und Angiologie (U.L., M.M., S.S., N.K., S.S., C.M., D. Fischer, H.D.) and Abteilung Nephrologie (F.B., K.d.G., D. Fliser),

Medizinische Hochschule Hannover, Hannover, Germany, and Clinical Institute of Medical and Chemical Laboratory Diagnostics (G.F., W.M.), Medical
University of Graz, Graz, Austria.

*Drs Landmesser and Bahlmann contributed equally to this study.
Correspondence to Ulf Landmesser, MD, Medizinische Hochschule Hannover, Abteilung Kardiologie und Angiologie, Carl Neuberg Str 1, 30625

Hannover, Germany. E-mail Landmesser.Ulf@MH-Hannover.de
© 2005 American Heart Association, Inc.

Circulation is available at http://www.circulationaha.org DOI: 10.1161/01.CIR.0000164260.82417.3F

2356

Vascular Medicine



ficial in these patients. In contrast, statin treatment has been
associated with improved left ventricular (LV) function10 and
prognosis11 in patients with CHF, raising the possibility that
statins exert potent beneficial effects in these patients inde-
pendently of LDL cholesterol.

Interestingly, there is evidence from both experimental and
clinical studies that reduced endothelial NO availability may
play an important role in the pathophysiology of heart failure.
In fact, reduced endothelial NO availability results in im-
paired myocardial neovascularization and EPC function,7,12,13

augmented LV dysfunction and remodeling,14,15 and reduced
myocardial efficiency.16 In mice with heart failure after
myocardial infarction, endothelial NO synthase (eNOS) de-
ficiency impairs survival,14 but endothelial overexpression of
eNOS attenuates LV dysfunction and improves survival in
mice after myocardial infarction.17 We have recently demon-
strated that statin treatment improves LV function and sur-
vival in experimental heart failure after myocardial infarction
by an eNOS-dependent but LDL cholesterol–independent
mechanism.7

In the present study, we tested the hypothesis that similar
reductions in LDL cholesterol with simvastatin and
ezetimibe, a novel intestinal cholesterol absorption inhibitor,
result in different effects on endothelial function, oxidant
stress, and EPCs in patients with CHF.

Methods
Twenty patients with New York Heart Association functional class
III CHF were studied. Characteristics of patients are shown in the
Table. Patients with diabetes mellitus, current tobacco use, signifi-
cant valvular heart disease, heparin therapy within the last 24 hours,
or any condition that would preclude the safe withholding of
vasoactive medication were excluded from the study.

Protocol
Patients were randomized to 4 weeks of treatment with simvastatin
(10 mg/d) or ezetimibe (10 mg/d) to have a similar effect on LDL
cholesterol levels. Measurements of flow-dependent, endothelium-
mediated vasodilation (flow-dependent dilation [FDD], before and
after vitamin C) and blood sampling for determination of endothe-
lium-bound extracellular superoxide dismutase (ecSOD) and culti-
vation of EPCs were performed the same day before and after 4
weeks of therapy. Before measurements of FDD, vasoactive medi-
cations were withheld and alcohol and caffeine were prohibited for
�12 hours. Blood samples were taken to determine endothelium-

bound ecSOD activity and cultivation of EPCs as described in detail
below. Then, FDD of the radial artery was determined, the antioxi-
dant vitamin C was infused intra-arterially, and FDD was measured
again to determine the portion of FDD inhibited by oxygen free
radicals. The local ethics committee approved the protocol.

Measurement of FDD
Radial artery diameters were measured with a high-resolution
ultrasound system (ASULAB). This method is well established in
our laboratory, has an excellent reproducibility and variability, and
was used as described in detail previously.18–20

Blood flow velocity was recorded continuously; radial artery
diameter was determined every 30 seconds until stable baseline
conditions were obtained (�30 minutes). Then, a wrist arterial
occlusion (8 minutes) was performed, and FDD in response to
reactive hyperemic blood flow was assessed. When radial artery
diameter and blood flow had returned to baseline values, the
antioxidant vitamin C was infused (25 mg/min for 10 minutes in the
brachial artery), followed by determination of FDD.

Measurement of Endothelium-Bound ecSOD
Activity In Vivo
ecSOD is rapidly released from endothelium into plasma by heparin
bolus injection, allowing determination of endothelium-bound ec-
SOD activity in humans in vivo.19–21 Plasma Cu, Zn, and Mn-SOD
are not affected by heparin.19,21 For measurement of endothelium-
bound ecSOD, 2 venous blood samples (antecubital vein) were
obtained at baseline. Heparin (5000 U) was then injected into the
brachial artery of the same (nondominant) arm, and blood samples
were drawn in intervals from the antecubital vein (1, 3, 5, 7, and 10
minutes after heparin injection) as described in detail previously.19,20

Tubes were immediately centrifuged (2000g for 15 minutes at 4°C),
and plasma was stored at �80°C.

Activity of SOD in plasma was measured at pH 8.2 by a modified
nitrite method.22 Superoxide generated by hypoxanthine and xan-
thine oxidase was changed to nitrite ion by hydroxylamine. Nitrite
ion was measured by color densitometry at 550 nm with a coloring
reagent. The amount of SOD required to inhibit the rate of nitrite ion
generation by 50% was defined as 1 U of SOD activity, according to
McCord and Fridovich.23 Calibrations were performed with known
amounts of purified bovine SOD. Endothelium-bound ecSOD activ-
ity was calculated as area under the curve of the increase in plasma
SOD activity after heparin bolus injection as described previous-
ly.19,20 Reagents were from Sigma-Aldrich.

Isolation and Cultivation of EPCs
Isolation and characterization of EPCs were performed as described
previously.24 In brief, peripheral blood mononuclear cells were
isolated from 14 mL of the patient’s blood using density gradient
centrifugation with Bicoll (Biochrome) and seeded 107 cells on
6-well plates coated with human fibronectin (Sigma) in endothelial
basal medium-2 (Clonetics). The medium was supplemented with
endothelial growth medium-2 (Single Quots, Clonetics) containing
FBS, human vascular endothelial growth factor-A, human fibroblast
growth factor-B, human epidermal growth factor, insulinlike growth
factor-1, and ascorbic acid in appropriate amounts. After 4 days of
culture, nonadherent cells were removed by washing the plates with
PBS. The remaining adherent cells were trypsinated and reseeded 106

cells on fibronectin-coated 6-well plates. New media were applied,
and the cell culture was maintained through day 7.

Characterization of EPCs
Fluorescent chemical detection was performed to determine the cell
type of attached human peripheral blood mononuclear cells after 7
days in culture. To detect the uptake of 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarbocyanine–labeled acetylated LDL (acLDL-DiI)
(Molecular Probes), cells were incubated with acLDL-DiI (6 �g/mL)
at 37°C for 2 hours. Cells were then fixed with 1% paraformaldehyde
for 10 minutes and incubated with FITC-labeled Ulex europaeus
agglutinin-1 (UEA-1; Sigma) for 1 hour. After staining, samples

Characteristics of Patients With CHF

Simvastatin Group
(n�10)

Ezetimibe Group
(n�10)

Age, y 59�3 59�4

Male/female, n 8/2 7/3

LV ejection fraction, % 23�2 23�3

LV EDD, mm 68�2 71�2

ICM/DCM, n 3/7 2/8

LDL cholesterol, mg/dL 106�8 109�6

Creatinine, mg/dL 1.0�0.1 1.0�0.1

Body weight, kg 79�2 81�5

Height, cm 173�2 174�3

EDD indicates end-diastolic diameter; ICM, idiopathic cardiomyopathy; and
DCM, dilated cardiomyopathy.
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were viewed with an inverted fluorescent microscope (Leica). Cells
double stained for both UEA-1 and acLDL-DiI were counted as
EPCs. Two investigators in blinded experiments counted �4 ran-
domly selected high-power fields.

Measurement of Mevalonate
Mevalonate levels were determined in plasma samples by a novel gas
chromatogram–mass spectrometry analysis with d4-mevalonic acid
lactone as the internal standard. In brief, mevalonic acid was
converted to the corresponding lactone at acidic pH. Aqueous
samples were absorbed by anhydrous sodium sulfate, and lactone
was eluted in ethyl acetate. After evaporation and redissolution in
ethyl ether, samples were purified by silica gel chromatography and
eluted with dichloromethane:methanol (95:5 vol/vol). After evapo-
ration, lactone rings were opened by aqueous ammonia (2.5 g/dL)
and, after evaporation of solvent, derivatized by MSTFA (containing
1% TMCS):pyridine (2:1 vol/vol). This derivatization produced a
tri-(trimethylsilyl)-mevalonic acid molecule, which could be ana-
lyzed by electron ionization gas chromatogram–mass spectrometry
in single-ion-monitoring mode. The method was validated in a range
from 0.5 to 128 ng mevalonic acid lactone per 1 mL for plasma.
Interday and intraday accuracy precision analysis of QC samples was
below �15% at each concentration level. Samples stored below
�20°C were stable up to 12 weeks. No degradation occurred during
freeze-thaw testing.

Statistical Analysis
All data are expressed as mean�SEM. Comparisons of �2 mea-
surements were done by 1-way ANOVA for repeated measures,
followed by the Student-Newman-Keuls test (comparisons within
one group of patients and between the different groups of patients).
The data of functionally active EPCs were analyzed by use of the
Wilcoxon test to compare EPC numbers before and after treatment
with simvastatin and ezetimibe and to compare changes in EPC
numbers in response to both treatments. The comparison of �meva-
lonate, �FDD, �FDD-vitamin C, and �ecSOD between groups was
performed with the Student t test. A value of P�0.05 was considered
statistically significant.

Results
Patient Characteristics
There were no significant differences in patient characteris-
tics at baseline between patients randomized to simvastatin or
ezetimibe therapy as shown in the Table.

Change in LDL Cholesterol and Mevalonate
Levels After Simvastatin Versus
Ezetimibe Treatment
LDL cholesterol levels were reduced to a similar extent after
4 weeks of treatment with simvastatin and ezetimibe

(15.6�5.2% versus 15.4�5.3%; P�NS; Figure 1). In con-
trast, the changes in plasma levels of mevalonate, the product
of HMG-CoA-reductase, after 4 weeks of treatment differed
significantly between groups (�mevalonate after simvastatin,
�1.04�0.62 ng/mL; �mevalonate after ezetimibe,
1.79�0.94 ng/mL; P�0.05 between groups).

Effect of Simvastatin Versus Ezetimibe Treatment
on FDD
In contrast to similar changes of LDL cholesterol levels, there
was a marked difference in the effect of both treatments on
FDD, defined as percent increase in vessel diameter after
wrist occlusion. FDD was substantially improved after 4
weeks of simvastatin treatment (Figure 2A), whereas no
effect of ezetimibe treatment on FDD was observed (Figure
2B). Furthermore, there was a significant difference in �FDD
after both treatments as shown in Figure 2C. Forearm blood
flow at rest (simvastatin versus ezetimibe group, 30�4 versus
34�5 mL/min) and at maximal reactive hyperemia (simvastatin

Figure 2. FDD (change in radial artery
diameter, %) after wrist occlusion during
reactive hyperemia in patients with CHF
at baseline and after 4 weeks of treat-
ment with simvastatin (10 mg/d, n�10;
A) or ezetimibe (Ezetim; 10 mg/d, n�10;
B). C, �FDD after 4 weeks of therapy
with simvastatin or ezetimibe (vs before
treatment).

Figure 1. Change in LDL cholesterol serum levels after 4 weeks
of treatment with statin (simvastatin, 10 mg/d) or intestinal cho-
lesterol absorption inhibitor ezetimibe (10 mg/d).
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versus ezetimibe group, 100�27 versus 85�19 mL/min) was
similar in patients with CHF after 4 weeks of simvastatin or
ezetimibe treatment. Systemic blood pressure and heart rate did
not change during the experimental protocol (data not shown).

Effect of Simvastatin Versus Ezetimibe Treatment
on �FDD–Vitamin C
A significant improvement in FDD was seen after intra-arte-
rial infusion of the antioxidant vitamin C in both groups of
patients with CHF before treatment (Figure 3). After 4 weeks
of simvastatin treatment, there was a marked reduction in the
effect of vitamin C on FDD (Figure 3A), whereas no change
in the response of FDD to vitamin C was observed after
treatment with ezetimibe (Figure 3B). Furthermore, there was
a significant difference in the change of the vitamin C effect
on FDD after both treatments, as shown in Figure 3C.

Effect of Simvastatin Versus Ezetimibe Treatment
on ecSOD Activity
Endothelium-bound ecSOD activity (released after heparin
bolus injection) was markedly increased after 4 weeks of
simvastatin treatment (Figure 4A); however, there was no
effect of ezetimibe treatment on ecSOD (Figure 4B). Further-
more, there was a significant difference in the change of
endothelium-bound ecSOD activity after both treatments, as
shown in Figure 4C.

Effect of Simvastatin Versus Ezetimibe Treatment
on EPCs
To evaluate the effect of simvastatin versus ezetimibe treat-
ment on EPC number and function, we isolated mononuclear
cells from the blood of each patient before and after 4 weeks
of statin or ezetimibe treatment. After culturing the cells for
7 days, we identified adherent EPCs by acLDL-DiI uptake
and concomitant UEA-1 binding. The absolute number of
functionally active EPCs before the start of simvastatin or
ezetimibe treatment ranged from 115 to 475 double-positive
cells per high-power field and was similar in the statin and
ezetimibe group before treatment (252�49 versus 244�38;
P�NS). There was a marked increase in the number of
functionally active EPCs after 4 weeks of simvastatin treat-
ment (446�79 versus 252�49; P�0.05; Figure 5A), whereas
no change was observed after ezetimibe treatment (242�36
versus 244�38; P�NS; Figure 5B). Furthermore, there was
a significant difference in the change of the number of
functionally active EPCs after both treatments as shown in
Figure 5C.

Discussion
The present study produced 4 major findings. First, 4 weeks
of therapy with simvastatin, an HMG-CoA-reductase inhibi-
tor, but not with ezetimibe, a novel cholesterol absorption
inhibitor, improved endothelium-dependent vasodilation in

Figure 3. Effect of intra-arterial infusion
of antioxidant vitamin C (25 mg/min for
10 minutes) before and after 4 weeks of
treatment with simvastatin (A) or
ezetimibe (Ezetim; B) in patients with
CHF. C, Change in effect of vitamin C on
FDD after 4 weeks of therapy with sim-
vastatin or ezetimibe (vs before
treatment).

Figure 4. Endothelium-bound ecSOD activ-
ity, released by heparin bolus injection, in
patients with CHF at baseline and after 4
weeks of treatment with simvastatin (A) or
ezetimibe (Ezetim; B). C, Change in endo-
thelium-bound ecSOD activity after 4 weeks
of therapy with simvastatin or ezetimibe (vs
before treatment).

Landmesser et al Statin Versus Ezetimibe and Endothelial Function 2359



patients with CHF despite a similar change in LDL choles-
terol, suggesting that prolonged statin treatment improves
endothelial function by LDL cholesterol–independent mech-
anisms in humans. Second, the antioxidant vitamin C im-
proved endothelial function at baseline, an effect that was
substantially reduced after simvastatin but not ezetimibe
treatment, suggesting that reduced vascular oxidant stress
contributes to the beneficial effect of statin treatment on
endothelial function. Third, simvastatin treatment increased
the activity of endothelium-bound ecSOD, a major vascular
antioxidant enzyme system, by �100%, whereas no effect of
ezetimibe was observed, suggesting that improved ecSOD
activity contributes to the antioxidant effects of statin treat-
ment. Finally, simvastatin treatment increased the number of
functionally active EPCs, an effect that was not observed
after ezetimibe therapy, suggesting another potentially impor-
tant LDL cholesterol–independent effect of chronic statin
treatment in patients with CHF.

Numerous pleiotropic, LDL cholesterol–independent ef-
fects of statins have been proposed largely on the basis of
experimental studies. In particular, it has been demonstrated
by several in vitro studies that statins enhance endothelial NO
bioavailability by both promoting endothelial NO produc-
tion25–28 and preventing NO inactivation by radicals.3 Fur-
thermore, in rodents, statins improve outcome after myocar-

dial infarction or stroke by LDL cholesterol–independent but
eNOS-dependent mechanisms.6–8

The present study has addressed the question of whether
prolonged statin treatment exerts effects independent of LDL
cholesterol in humans by comparing the effect of simvastatin
treatment with ezetimibe. Importantly, there was a marked
difference with respect to the effect of both treatments on
endothelial function despite similar changes in LDL choles-
terol levels. Of note, most pleiotropic effects of HMG-CoA
reductase inhibitors are thought to be related to inhibition of
mevalonate-dependent isoprenylation of small GTP-binding
proteins, ie, Rho, Ras, and Rac.1 In fact, the effects of
HMG-CoA-reductase inhibition on endothelial NO synthase
and Rac-1–dependent antioxidant properties are reversed
after the addition of mevalonate.3,25 The different changes in
mevalonate levels observed in the present study after simva-
statin and ezetimibe treatment are consistent with the notion
that differences in the mevalonate pathway may contribute to
different vascular effects of both treatment strategies.

In the present study, ezetimibe therapy did not improve
endothelium-dependent vasodilation despite a reduction in
LDL cholesterol serum levels. Of note, the impairment of
endothelium-dependent vasomotion and vascular oxidant
stress in animals on a high-cholesterol diet is reversible by
dietary correction of hypercholesterolemia.29 In addition, in

Figure 5. Absolute numbers of EPCs per
high-power field before and after 4
weeks of treatment with simvastatin (A)
or ezetimibe (Ezetim; B) in patients with
CHF. C, Changes in numbers of EPCs
after 4 weeks of therapy with simvastatin
or ezetimibe (vs before treatment). Rep-
resentative images of cultured EPCs in
patient with CHF before and after simva-
statin treatment (D) and in patient with
CHF before and after ezetimibe treat-
ment (E) are shown.

2360 Circulation May 10, 2005



patients with hypercholesterolemia, acute LDL cholesterol
reduction by �60% with apheresis30 and chronic cholester-
ol-lowering treatment with diet and cholestyramine resulting
in �30% LDL cholesterol reduction31 have been shown to
improve endothelium-dependent vasodilation, suggesting that
increased LDL cholesterol levels contribute to endothelial
dysfunction in hypercholesterolemia.

Notably, the patients included in the present study had no
hypercholesterolemia. Furthermore, the change in LDL cho-
lesterol levels after 4 weeks of ezetimibe treatment was
moderate (15% reduction in LDL cholesterol). Therefore,
both the absence of hypercholesterolemia and the moderate
change in LDL cholesterol levels may explain, at least in part,
the lack of effect of ezetimibe therapy on endothelium-
dependent vasomotion in the present study. In addition, we
cannot exclude the possibility that some effect of ezetimibe
therapy on endothelium-dependent vasomotion may have
been found if we had analyzed more patients. Importantly,
however, the present study suggests a marked difference in
the effect of chronic simvastatin and ezetimibe treatment on
endothelial function in patients with CHF.

Therefore, we further analyzed mechanisms through which
statin treatment may improve endothelial function indepen-
dently of LDL cholesterol in patients with CHF. Of note, the
impairment of endothelium-dependent vasodilation in exper-
imental and clinical heart failure is reversible by radical
scavengers.18,32 In the present study, there was a markedly
reduced effect of the antioxidant vitamin C on endothelium-
dependent vasodilation after simvastatin treatment, compati-
ble with the concept that simvastatin treatment reduced
vascular oxidant stress in patients with CHF.

Furthermore, the activity of endothelium-bound ecSOD, a
major vascular antioxidant enzyme system,33 was markedly
increased after statin treatment, which may have contributed
to reduced vascular oxidant stress after statin treatment in
patients with CHF. Although the association of increased
ecSOD activity and improved endothelium-dependent vaso-
dilation does not prove a cause-and-effect relationship, there
is recent evidence to suggest that ecSOD is critical for the
vascular bioavailability of NO. We have recently observed
that reduced ecSOD activity in patients with CHF is closely
related to impaired endothelium-dependent vasodilation and
vascular oxidant stress.20 Moreover, in mice lacking ecSOD,
endothelium-dependent vasodilation is substantially impaired
as a consequence of increased vascular oxidant stress.34 In
addition, ecSOD activity is profoundly regulated by NO,
suggesting that it represents an important feed-forward mech-
anism to enhance the bioactivity of NO.35 Furthermore, recent
in vitro studies suggest that statins increase thioredoxin
activity by an NO-dependent pathway,36 which may represent
another mechanism through which improved NO availability
promotes endogenous vascular antioxidant defense systems.
Statin treatment has been shown to inhibit the activation of
the oxidant enzyme system NAD(P)H oxidase, likely by
preventing the membrane translocation of the small G protein
rac-1,3,37 which may contribute to reduced vascular oxidant
stress after statin treatment.

Of note, several recent studies in patients with CHF have
suggested that reduced serum cholesterol levels are indepen-

dently associated with an impaired prognosis,9 raising con-
cerns as to whether cholesterol lowering is beneficial in these
patients. In contrast, however, statin treatment has been
associated with improved outcome in patients with severe
CHF.11 Thus, it is conceivable that the beneficial effects of
statins in CHF are unrelated to cholesterol levels. The
findings of the present study suggest a potential mechanism
by which statins may exert beneficial effects independently of
LDL cholesterol in patients with CHF. There is increasing
evidence from both experimental and clinical studies that
reduced endothelial NO availability may importantly contrib-
ute to the pathophysiology of heart failure. In fact, reduced
endothelial NO availability results in impaired myocardial
neovascularization and EPC function,7,12,13 augmented LV
dysfunction and remodeling,14,15 and reduced myocardial
efficiency.16 In mice with experimental heart failure after
myocardial infarction, eNOS deficiency impairs survival,14

and endothelial overexpression of the eNOS attenuates LV
dysfunction and improves survival.17 We have recently dem-
onstrated that statin treatment improves LV function and
survival in experimental heart failure after myocardial infarc-
tion by an eNOS-dependent mechanism.7

Several recent studies have shown that the degree of
endothelial dysfunction is a strong and independent predictor
of cardiovascular events.38 It is therefore conceivable that
improved endothelial function may have contributed to the
beneficial effects of simvastatin observed in the 4S39 and HPS
studies.40

In the present study, we have observed a marked increase
in functionally active EPCs in patients with CHF after 4
weeks of statin treatment, whereas ezetimibe therapy had no
effect on EPCs. Several recent studies have shown that EPCs
have the potential to increase endothelial regeneration41,42 and
improve myocardial neovascularization and function.43–45

We and others have previously observed that eNOS-derived
NO plays an essential role in the mobilization and function of
EPCs.7,13 Furthermore, a close relation between endothelial
NO-mediated vasodilation and the functional capacity of
EPCs has recently been observed in humans.46 The finding of
the present study—that simvastatin but not ezetimibe treat-
ment increased the number of functionally active EPCs—may
further support the concept that chronic statin treatment
exerts LDL cholesterol–independent effects on vascular func-
tion in patients with CHF.

Study Limitations
The present study suggests that chronic simvastatin therapy
exerts a beneficial, LDL cholesterol–independent effect on
endothelial function in humans. It cannot be concluded that
this represents a class effect of statins. However, a rapid
effect on endothelium-dependent vasodilation within 1 or 3
days of treatment has been shown for simvastatin, pravasta-
tin, and cerivastatin,47–50 consistent with the concept that
other statins also may exert pleiotropic effects in humans.

The present study has compared the effect of simvastatin
and ezetimibe therapy on endothelial function in patients with
chronic heart failure. Therefore, the present findings are not
necessarily applicable to other patient populations. As dis-
cussed, statin treatment today is considered a potential

Landmesser et al Statin Versus Ezetimibe and Endothelial Function 2361



therapeutic option in patients with CHF independent of LDL
cholesterol levels, and identifying mechanisms by which
statins may exert cholesterol-independent, beneficial effects
in this patient population is of particular interest.

In summary, the present study provides evidence that
prolonged simvastatin treatment exerts important pleiotropic
effects that may mediate beneficial, cholesterol-independent
effects in patients with CHF. In more general terms, the
beneficial effect of simvastatin as observed in large clinical
trials (4S, HPS) may be related in part to cholesterol-
independent effects, suggesting that how cholesterol is re-
duced may be important.
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Regulation of Bone Morphogenetic Protein-2 Expression in
Endothelial Cells

Role of Nuclear Factor-�� Activation by Tumor Necrosis Factor-�, H2O2,
and High Intravascular Pressure

Anna Csiszar, MD, PhD; Kira E. Smith; Akos Koller, MD, PhD; Gabor Kaley, PhD;
John G. Edwards, PhD; Zoltan Ungvari, MD, PhD

Background—Recent studies suggest that bone morphogenetic protein-2 (BMP-2), a transforming growth factor-�
superfamily member cytokine, plays an important role both in vascular development and pathophysiological processes,
including endothelial activation that is likely to contribute to the development of coronary atherosclerosis, yet the factors
that regulate arterial expression of BMP-2 are completely unknown. We tested the hypothesis that BMP-2 expression
in endothelial cells is governed by an H2O2 and nuclear factor (NF)-��–dependent pathway that can be activated by both
proinflammatory and mechanical stimuli.

Methods and Results—The proinflammatory cytokine tumor necrosis factor (TNF)-� induced NF-�� activation and
elicited significant increases in BMP-2 mRNA and protein in primary coronary arterial endothelial cells and human
umbilical vein endothelial cells that were prevented by NF-�� inhibitors (pyrrolidine dithiocarbamate and SN-50),
silencing of p65 (siRNA), or catalase. Administration of H2O2 also elicited NF-�� activation and BMP-2 induction. In
organ culture, exposure of rat arteries to high pressure (160 mm Hg) elicited H2O2 production, nuclear translocation of
NF-��, and upregulation of BMP-2 expression. Although high pressure upregulated TNF-�, it appears that it directly
regulates BMP-2 expression, because upregulation of BMP-2 was also observed in vessels of TNF-� knockout mice.

Conclusions—Vascular BMP-2 expression can be regulated by H2O2-mediated activation of NF-�� both by inflammatory
stimuli and by high intravascular pressure. (Circulation. 2005;111:2364-2372.)

Key Words: free radicals � cytokines � growth factors

The transforming growth factor superfamily member cy-
tokine, bone morphogenetic protein-2 (BMP-2), was

originally detected in cartilage and bone1; however, recent
studies from this and other laboratories demonstrated that
vascular endothelial and smooth muscle cells are also a
significant source of BMPs.2–6 First genetic analysis of
patients with primary pulmonary hypertension indicated that
a vascular BMP-2/BMP receptor system plays an important
role in vascular physiology.7,8 Indeed, BMP-2 has been
shown to regulate a host of cellular functions,2,4,5,9 including
cardiovascular development,9 neovascularization in tumors,10

and smooth muscle cell chemotaxis in response to vascular
injury.2 Both BMP-2 (unpublished observation, 2004) and
BMP-4, which are closely related by their amino acid
sequence and act on the same receptor,4,6 were shown to exert
proinflammatory effects by inducing expression of adhesion
molecules and enhancing monocyte adhesion. Endothelium-
derived BMPs are also osteoinductive,5 and hypotheses have
been put forward that they may also contribute to vascular
calcification during the development of atherosclerotic

plaques.3,5,11 Importantly, recent studies confirmed a striking
upregulation of BMP-2/4 in atherosclerotic lesions.2–4

Despite the growing evidence for the physiological/patho-
physiological importance of BMP-2 in blood vessels, the
mechanisms regulating endothelial BMP-2 expression have
not yet been elucidated. Previously, we12 have demonstrated
that in coronary arteries in hyperhomocysteinemia, vascular
inflammation and upregulation of TNF-� are associated with
an increased vascular BMP-2 expression. On the basis of
these findings, we hypothesized that expression of BMP-2 in
endothelial cells is regulated by inflammatory stimuli, such as
TNF-�.13 There are also data that show a mechanosensitive,
stretch-induced BMP expression in chondrocytes.14 Thus, we
aimed to elucidate whether mechanical loading of cells by
increased wall tension/high intraluminal pressure regulates
endothelial BMP-2 expression. Previous studies by us and
others suggested that both proinflammatory cytokines and
high intraluminal pressure elicit vascular oxidative stress.12,15

Importantly, an increased level of reactive oxygen species (in
particular an increased H2O2 production) has been linked to
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nuclear factor (NF)-�B activation and proinflammatory phe-
notypic alterations in various cell types. Thus, we hypothe-
sized that in endothelial cells, tumor necrosis factor (TNF)-�
and high pressure increase H2O2 production, which elicits
NF-�� activation and consequential upregulation of BMP-2
expression.

Methods
Studies on Endothelial Cell Cultures: TNF-�
Stimulation, Pharmacological Inhibition, and RNA
Interference (RNAi) Silencing of NF-��
Primary rat coronary arterial endothelial cells (CAECs; Celprogen)
and human umbilical vein endothelial cells (HUVECs; Cell Appli-
cations Inc) were maintained in culture as described previously.16

After passage 4, the cells were treated with recombinant TNF-� (0.1
to 30 ng/mL for 24 hours)16 in the presence or absence of an NF-��
inhibitor (pyrrolidine dithiocarbamate17 [PDTC]; 10�5 mol/L),
SN-50 (a cell-permeable peptide that inhibits nuclear translocation of
NF-��; 50 �g/mL, Calbiochem), SN-50M (an inactive form of
SN-50), the H2O2 scavenger catalase (500 U/mL), the O2

� scavengers
PEG-SOD (200 U/mL) and Tiron (10 mmol/L), or the NAD(P)H
oxidase inhibitors diphenyleneiodonium (DPI; 10�5 mol/L) and
apocynin (3�10�4 mol/L).

In separate experiments, downregulation of the p65 subunit of
NF-�� in HUVECs and CAECs was achieved by RNA interference
with the proprietary sequences of the TranSilent NFkB siRNA
Vector (Panomics) and the siLentGene U6 Cassette RNA Interfer-
ence System (Promega), as we have reported previously.16 Cell
density at transfection was 30%. Specific gene silencing was verified
with quantitative real-time reverse-transcription polymerase chain
reaction (QRT-PCR) and Western blotting as described previously.16

Cells transfected with anti-p65 small interfering RNA (siRNA) or
scrambled siRNA were treated with TNF-� on day 4 after the
transfection, when gene silencing was optimal.

Transient Transfection and Luciferase Assays
The effect of TNF-� on NF-�� activity in CAECs was tested by a
reporter gene assay. We used an NF-�� reporter that comprised an
NF-�B response element upstream of firefly luciferase (NF-�� -Luc,
Stratagene) and a renilla luciferase plasmid under the control of the
cytomegalovirus promoter (as an internal control). All transfections
were performed with Novafector (Venn Nova LLC) according to the
manufacturer’s protocols. Firefly and renilla luciferase activities
were assessed after 42 hours with the Dual Luciferase Reporter
Assay Kit (Promega) and a luminometer.

Vessel Culture Studies
Male Wistar rats (n�24, Taconic Biotechnology, Germantown, NY)
were euthanized by injection of sodium pentobarbital (50 mg/kg IP).
Branches of the left and right femoral arteries of rats were isolated
and maintained in vessel culture as reported previously.12,15,16,18 In
brief, arteries were cannulated on both sides in a stainless steel vessel
culture chamber (Danish Myo Technology) under sterile conditions
and superfused continuously with F12 medium (GIBCO BRL) that
contained antibiotics (100 IU/L penicillin, 100 mg/L streptomycin,
and 10 �g/L Fungizone), supplemented with 5% fetal calf serum
(Boehringer-Mannheim), as described previously.12,15,16,18 Arteries
were exposed to 80 or 160 mm Hg for 24 hours. Minimal intralu-
minal flow was maintained only to renew the culture medium within
the intraluminal space, with maintenance of minimal shear stress
(�0.5 dyne/cm2). Some segments were treated with PDTC (10�5

mol/L), SN-50,
or DPI.

In another set of experiments, carotid arteries from 8-week-old
male TNF-�–deficient mice and wild-type control mice (n�8,
Jackson Laboratory, Bar Harbor, Me) were cultured at 80 or

160 mm Hg. At the end of the culture period, the arterial segments
were removed from the organ culture bath and processed as
described below.

Animal Models of Hypertension
To study the effects of high pressure in vivo, hypertension was
induced in male Wistar rats by abdominal aortic banding (n�8) as
described previously (sham-operated control animals were used as
controls).18 The abdominal aortic banding model of hypertension
provides the advantage that blood vessels proximal to the coarctation
are exposed to high pressure, although in distal vascular beds,
pressure does not exceed normotensive levels. Because both vascular
beds are exposed to the same circulating factors, the in vivo effects
of the chronic presence of high blood pressure on vascular BMP-2
expression could be assessed independently. Hypertension was also
induced in separate groups of rats by infusion of angiotensin II (for
1 week) according to the methods of Laursen et al.19

Quantitative Real-Time PCR
Total RNA from the arteries was isolated with a Mini RNA Isolation
Kit (Zymo Research) and was reverse transcribed with Superscript II
RT (Invitrogen) as described previously.20,21 The QRT-PCR tech-
nique was used to analyze mRNA expression with the Strategene
MX3000, as reported previously.12,16,20,21 The housekeeping gene
�-actin or GAPDH was used for internal normalization. Oligonucle-
otides used for real-time QRT-PCR are listed in the Table. Fidelity
of the PCR reaction was determined by melting temperature analysis
and visualization of product on a 2% agarose gel.

Western Blotting
Western blotting was performed as described previously,20,21 with a
primary antibody that recognizes both the more abundant glycosy-
lated (18 kDa) and the nonglycosylated (13 to 15 kDa) forms of
BMP-2 (R&D Systems). The detection limit for recombinant, gly-
cosylated BMP-2 (R&D Systems) was �10 ng/well (Figure 1B).
Anti-�-actin (Novus Biologicals) was used for normalization pur-
poses. I�B content was analyzed in cytoplasmic extracts that
contained 10 �g of protein with an anti-I�B� antibody (Novus
Biochemicals).

Nuclear Extraction and NF-�� Activity Assay
Nuclei were isolated from arteries pressurized to 80 or 160 mm Hg
or treated with 10 ng/mL TNF-� (1 hour at 37°C) with the Nuclear
Extraction kit from Active Motif. In brief, vessel segments were
homogenized with a Dounce tissue homogenizer in 500 mL of
ice-cold hypotonic lysis buffer, followed by 2 centrifugation steps
(500g for 30 seconds at 4°C) to exclude tissue debris. Then, nuclear
proteins (�10 �g/vessel segment) were extracted according to the
manufacturer’s protocol. Cytosolic fractions were retained to assay

Oligonucleotides for Real-Time RT-PCR

mRNA Targets Sense Antisense

Rat BMP-2 TCAAGCCAAACACAAACAG CGCTAAGCTCAGTGGG

Rat TNF-� TCGTAGCAAACCACCAAG CTGACGGTGTGGGTGA

Rat p65 ATGGACGATCTGTTTCCC GTCTTAGTGGTATCTGTGCT

Rat �-actin GAAGTGTGACGTTGACAT ACATCTGCTGGAAGGTG

Mouse BMP-2 ACACAAACAGCGGAAG AGAGTCTGCACTATGGC

Mouse GAPDH CCCAATGTGTCCGTCGTGG AGCCCCGGCATCGAAG

Human BMP-2 GGTGGAATGACTGGATTG GCATCGAGATAGCACTG

Human p65 GCAGTTTGATGATGAAGACC CTGTCACTAGGCGAGT

Human GAPDH AACGAATTTGGCTACAGC AGGGTACTTTATTGATGGTACAT

Human �-actin GATAGCATTGCTTTCGTGT TTCAACTGGTCTCAAGTCAG
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I�B� content. Protein concentrations in samples were equalized with
a Bradford protein assay (Bio-Rad). The nuclear extract obtained
was used to assay NF-�� binding activity with the TransAM NF-��
ELISA kit (Active Motif) according to the manufacturer’s
guidelines.

In Situ Detection of Activated Form of NF-�B
Nuclear translocation of the activated form of NF-�� was detected in
situ according to the methods of Au-Yeung et al.22 In brief, femoral
arterial branches were pressurized to 80 or 160 mm Hg or treated
with 10 ng/mL TNF-� (for 1 hour at 37°C), then embedded in OTC
medium and cryosectioned. The sections were fixed in acetone,
permeabilized in PBS containing Triton X and Tween 20. Immuno-
labeling was performed with a primary antibody against the activated
p65 subunit of NF-�� (Chemicon International). This antibody is
specific for the activated form of NF-��, thus allowing identification
of active NF-��.22 A fluorescein (FITC)-conjugated goat anti-rabbit
IgG (Zymed Laboratories) was used as secondary antibody (1:50, at
37°C for 45 minutes). Because the activated NF-�� is translocated in
the nuclei, the sections were also stained with DAPI to identify cell
nuclei.

H2O2 Measurements
H2O2 production was measured by the methods of Werner23 in
cultured endothelial cells exposed to the following treatments:
TNF-�, TNF-� plus DPI, TNF-� plus apocynin [10�4 mol/L, to
inhibit NAD(P)H oxidase15,18], or untreated control. Cells were
incubated with an assay mix that consisted of homovanillic acid (100
�mol/L) and horseradish peroxidase (5 U/mL) in HEPES-buffered
salt solution (pH 7.5) with or without catalase at 37°C for 1 hour. The
reaction was stopped with 80 �L of glycine solution (0.1 mol/L, pH
10, 0°C). H2O2-induced fluorescent product was assessed with a
fluorimeter (excitation 321 nm, emission 421 nm), and the

background-corrected fluorescent signal was normalized to the cell
count. Calibration curve was constructed with 0.01- to 100-�mol/L
H2O2 standards in assay mix (1 hour at 37°C) with or without
catalase (200 U/mL). This method also was used to measure H2O2

production in intact blood vessels. In 1 mL of assay mix, cannulated
vessels were pressurized in the presence and absence of DPI,
apocynin, or catalase. At a constant pressure (80 or 160 mm Hg), the
vessels were superfused and intraluminally perfused with the assay
mix at a minimal flow rate (shear stress �0.1 dyne/cm2).

Data Analysis
Data were normalized to the respective control mean values. Data are
expressed as mean�SEM. Statistical analyses of data were per-
formed by Student’s t test or by 2-way ANOVA followed by the
Tukey post hoc test, as appropriate. P�0.05 was considered statis-
tically significant.

Results

TNF-� Promotes BMP-2 Expression in Endothelial
Cells: Role of NF-��
In CAECs, TNF-� elicited substantial increases in the mRNA
and protein expression of BMP-2 in a concentration-dependent
manner (Figures 1A and 1B). Identical results were obtained in
HUVECs as well (Figure 1E). Administration of PDTC, which
completely abolished TNF-�–induced NF-�� activation (Figure
2E), prevented TNF-�–induced BMP-2 expression in CAECs
(Figure 1A). TNF-�–induced BMP-2 expression in HUVECs
was also prevented by the NF-�� inhibitor peptide SN-50
(Figure 1E), but not by its inactive form, SN-50M (not shown).

Figure 1. A, Effect of TNF-� (from 0.1 to
30 ng/mL, for 24 hours) on expression of
BMP-2 mRNA in cultured primary rat
CAECs under control conditions or in
presence of PDTC (10�5 mol/L) or after
anti-p65 siRNA treatment. Analysis of
mRNA expression was performed by
real-time QRT-PCR. Data are
mean�SEM (n�4 to 5 for each group).
*P�0.05. B, Representative Western blot
showing increased BMP-2 protein
expression in TNF-�–treated CAECs
(first lane: molecular weight marker). Bar
graphs are summary data of 4 indepen-
dent experiments. Data are mean�SEM
*P�0.05. Bottom, Demonstration of sen-
sitivity of Western blot method with
serial dilutions of glycosylated recombi-
nant BMP-2 (rBMP-2, 18 kDa). *P�0.05.
C, rVISTA plot showing percent of con-
servation between mouse and human at
5� flanking region (3000 bp) of BMP-2
gene. Arrow points to location of highly
conserved NF-�� binding site.26 D, Rep-
resentative Western blot showing down-
regulation of p65 subunit of NF-�� in
HUVECs by day 4 after p65 siRNA treat-
ment (scr indicates scrambled siRNA
control). E, TNF-�–induced upregulation
of BMP-2 mRNA in HUVECs is pre-
vented by p65 siRNA treatment or by
SN-50, an NF-�� inhibitor peptide. Data
are mean�SEM (n�4 to 5 for each

group). *P�0.05 vs untreated control; #P�0.05 vs TNF-�. F, Expression of BMP-2 mRNA in femoral artery, aorta, and heart of wild-
type and TNF-� �/� mice, as determined by real-time QRT-PCR. GAPDH was used for normalization. Data are mean�SEM (n�3 to 5
for each group). *P�0.05.
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We used rVISTA (http://www-gsd.lbl.gov/vista), a tool
that combines a transcription factor binding sites database
search with a comparative sequence analysis,24 to confirm the
presence of a putative NF-�� binding site in an evolutionary,
highly conserved region of the human and rat BMP-2
promoter (Figure 1C).

To further explore the regulation of BMP-2 expression, we
used RNA interference (RNAi). Both in HUVECs and
CAECs, p65-siRNA treatment resulted in a significant down-
regulation of the mRNA (by �90%, QRT-PCR) and protein
expression of the p65 subunit of NF-�� (Figure 1D), which
substantially decreased TNF-�–induced BMP-2 expression
both in CAECs (Figure 1A) and in HUVECs (Figure 1E). The
siRNA treatment did not affect �-actin expression, and
administration of a scrambled siRNA sequence did not alter
the expression of p65 protein (Figure 1D). Basal mRNA
expression of BMP-2 was significantly lower in femoral and
carotid arteries of TNF-� �/� mice than in vessels of TNF
	/	 mice (Figure 1F), which suggests a role for TNF-� in
regulation of basal BMP-2 production in vivo.

Role of H2O2 in TNF-�–Induced NF-�� Activation
and BMP-2 Expression
Previous studies by others and ourselves have shown that
TNF-� can induce significant vascular reactive oxygen spe-
cies production.12 Indeed, we found that TNF-� elicited a
significant increase in H2O2 production in CAECs, which was
inhibited by catalase and DPI (Figure 2A). Administration of
catalase and DPI, but not superoxide dismutase (SOD),
prevented TNF-�–induced upregulation of BMP-2 (Figures
2B and 2C). We demonstrated that TNF-� significantly
enhanced the transcriptional activity of NF-�� (as indicated
by an increase in the luciferase activity), which was inhibited
by catalase and PDTC but not SOD in CAECs (Figure 2E).
We also found that TNF-�–induced NF-�� activation was
similarly inhibited by catalase, DPI, and apocynin, a specific
NAD(P)H oxidase inhibitor in HUVECs (Figure 2F). Collec-
tively, these findings suggest that TNF-� promotes NAD(P)H
oxidase–derived H2O2 production, which plays a key role in
NF-�� activation in endothelial cells. This view is further
supported by the observations that administration of exoge-

Figure 2. A, Demonstration of TNF-�–in-
duced, DPI-sensitive H2O2 generation in
CAECs by homovanillic acid/horseradish
peroxidase method. Results are expressed
as arbitrary fluorescent units (F.U.). Data are
mean�SEM, n�4 to 5 for each group.
*P�0.05 vs untreated control; #P�0.05 vs
TNF-� treatment. Inset, Exogenous H2O2

was used to construct calibration curve,
which was linear in 10�7 to 10�4 mol/L
range. B, Original Western blot showing that
TNF-�–induced BMP-2 expression was pre-
vented by catalase (CAT) but not by SOD
(representative of 3 independent experi-
ments; last lane is molecular weight marker).
C, DPI inhibits TNF-�–induced BMP-2
expression in CAECs. Real-time QRT-PCR.
Data are mean�SEM; n�4 to 5 for each
group. *P�0.05 vs untreated control;
#P�0.05 vs TNF-� treatment. D, Time
course of H2O2 (10�4 mol/L)-induced BMP-2
mRNA expression in CAECs (real-time QRT-
PCR). Data are mean�SEM; n�4 for each
time point. E, Reporter gene assay showing
that TNF-�–induced NF-�� reporter activity
in CAECs is suppressed by PDTC and cata-
lase (CAT), whereas it is increased by SOD.
CMB indicates cytomegalovirus. *P�0.05 vs
control; #P�0.05 vs TNF-� treatment. F,
TNF-�–induced NF-�� reporter activity in
HUVECs is suppressed by catalase (CAT),
DPI, and apocynin (Apo). *P�0.05 vs control;
#P�0.05 vs TNF-� treatment. G, H2O2

induces NF-�� reporter activity in CAECs in
concentration-dependent manner. Endotheli-
al cells were transiently cotransfected with
NF-�� –driven firefly luciferase and cyto-
megalovirus (CMV)-driven renilla luciferase
constructs followed by TNF-� stimulation.
Cells were then lysed and subjected to lucif-
erase activity assay. After normalization, rela-
tive luciferase activity was obtained from 4 to
7 independent transfections. Data are
mean�SEM *P�0.05 vs control.
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nous H2O2 induced NF-�� activation (Figure 2G) and signif-
icantly upregulated BMP-2 mRNA expression (Figure 2D).

High Intravascular Pressure Promotes Arterial
BMP-2 Expression
Exposure of arteries to high pressure in vitro elicited signif-
icant upregulation of vascular BMP-2 mRNA (Figure 3A)
and protein (Figure 3B) expression in cultured arteries that
could be prevented by inhibition of NF-�� activation with
PDTC and SN-50 (Figure 3A). To test the in vivo role of high
pressure, hypertension was induced in rats by abdominal
aortic banding (mean arterial pressure proximal to the coarc-
tation: 147�3 mm Hg, distal: 94�7 mm Hg). Compared with
normotensive femoral arteries, hypertensive brachial arteries
exhibited an upregulated BMP-2 expression (Figure 3C). In
contrast, BMP-2 expression was similarly increased in fore-
limb arteries and femoral arteries of rats with angiotensin
II–induced hypertension (Figure 3C; mean arterial pressure
148�5 mm Hg) compared with vessels of normotensive
control rats (mean arterial pressure 116�2 mm Hg), which
suggests a role for high pressure itself in regulation of BMP-2
expression.

Role of TNF-� in High Pressure–Induced
BMP-2 Expression
Exposure of cultured arterial segments to high pressure
resulted in a slight but significant increase in TNF-� expres-
sion (Figure 3D). We also extended earlier observations that
compared with normotensive vessels, there is also increased
(by �70%) TNF-� expression in hypertensive arteries of
aortic banded rats, predominantly located in the vascular
smooth muscle cells (data not shown). To test the hypothesis
that pressure-induced TNF-� promotes BMP-2 expression,
arteries of TNF-� �/� mice were pressurized to 80 or
160 mm Hg. These studies showed that high pressure also
resulted in significant upregulation of BMP-2 expression in
TNF-�–deficient vessels (Figure 3E), which suggests that
high pressure predominantly regulates BMP-2 expression
directly, via a TNF-�–independent pathway.

Demonstration of High Pressure–Induced
Activation of NF-�� in Vascular Endothelial Cells
Using an ELISA-based NF-�� binding assay, we found that
after pressurization to 160 mm Hg, the DNA-binding capac-
ity of NF-�� from arterial extracts was increased signifi-
cantly compared with extracts from vessels at 80 mm Hg
(Figure 4A). The short time course of NF-�� activation
strongly suggests that it is elicited directly by high pressure
and does not involve new protein synthesis (eg, that of
TNF-�).

One of the key steps in the activation of the NF-��
pathway involves its translocation to the nucleus, which first
requires phosphorylation and subsequent degradation of its
inhibitor I�B�.25 Thus, I�B� degradation is a useful marker
of vascular NF-�� pathway activation.25 We evaluated the
protein levels of I�B� isoform in cytoplasmic extracts of
vessels exposed to 80 or 160 mm Hg (for 20 minutes). In high
pressure–exposed arteries, levels of I�B� were reduced

Figure 3. A, High intraluminal pressure (160 mm Hg) increases
expression of BMP-2 mRNA in rat femoral arterial branches
maintained in organoid culture (for 24 hours). Analysis of mRNA
expression was performed by real-time QRT-PCR and normal-
ized to mean of control values obtained in nonpressurized arter-
ies. Data are mean�SEM (n�4 to 5 for each group). *P�0.05,
160 vs 80 mm Hg; #P�0.05, PDTC treated vs untreated. B,
Representative Western blot showing BMP-2 protein content in
cultured arteries exposed to 80 or 160 mm Hg pressure (last
lane: molecular weight marker). C, Expression of BMP-2 mRNA
was selectively upregulated in hypertensive forelimb arteries of
rats with aortic banding hypertension, whereas BMP2 expres-
sion was normal in normotensive hindlimb arteries (�-actin was
used for normalization). In angiotensin II (ANG)-infused rats,
both vascular beds were hypertensive and exhibited increased
BMP-2 expression. Data are normalized to mean value of nor-
motensive controls (n�4 to 6 for each group). D, High pressure
(160 mm Hg) elicited slight increases in expression of TNF-� in
cultured arteries. Data are mean�SEM (n�4 to 5 for each
group). *P�0.05 E, High pressure also induced BMP-2 expres-
sion in carotid arteries of TNF-� knockout mice. Data are
mean�SEM (n�4 to 5 for each group). *P�0.05.
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Figure 4. A, ELISA-based demonstration of high pressure– and TNF-� (10 ng/mL)–induced NF-�� activation in nuclear extracts from
isolated arteries. Data are mean�SEM (n�4 to 5 for each group). *P�0.05. vs 80 mm Hg. B and C, Demonstration of high pressure–
induced (B) or TNF-�–induced (C) decreases in cytoplasmic I�B� content by Western blotting. Bar graphs are summary data. Data are
mean�SEM (n�4 to 5 for each group). *P�0.05 vs 80 mm Hg. D and E, Demonstration of high pressure–induced nuclear translocation
of activated NF-��. Superimposed images of immunofluorescent staining of activated form of NF-�� (green) with nuclear counterstain-
ing (blue, DAPI) shows that high pressure treatment causes marked increase in nuclear staining intensity for activated NF-�� in endo-
thelial cells, which indicates translocation of NF-�� into nucleus (arrowheads in E). In contrast, little active NF-�� can be detected in
nuclei of endothelial and smooth muscle cells in arteries exposed to 80 mm Hg (arrowheads in D). Increased nuclear translocation of
NF-�� was also observed more frequently in smooth muscle cells of high pressure–exposed arteries (arrows in E) than in vessels
exposed to physiological pressure (arrow in D). Representative images were obtained from 6 separate experiments (original magnifica-
tion �40). L indicates lumen. F, Increased H2O2 generation (measured by homovanillic acid/horseradish peroxidase method) in high
pressure–exposed arteries was inhibited by NAD(P)H oxidase inhibitor DPI. Data are mean�SEM (n�4 to 5 for each group). *P�0.05
vs control; #P�0.05 vs high pressure treated. G, Inhibition of high pressure–induced NF-�� activation by DPI in isolated arteries
(ELISA). *P�0.05 vs no pressure; #P�0.05 vs untreated. H, Proposed scheme for common redox-sensitive pathway leading to activa-
tion and nuclear translocation of NF-�� in endothelial cells induced by increased H2O2 production due to activation of NAD(P)H oxidase
by inflammatory cytokines and high pressure. Binding of NF-�� to its target sequences promotes expression of proinflammatory medi-
ators, such as BMP-2, which induce proatherogenic phenotypic changes in endothelial cells. Ox indicates oxidase; Apo, apocynin; and
CAT, catalase.
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substantially compared with that in vessels pressurized to
80 mm Hg (Figure 4B). As a positive control experiment, we
confirmed that TNF-� treatment also elicited considerable
decreases in vascular I�B� content (Figure 4C).

Using a monoclonal antibody that specifically recognized
the activated p65 subunit of NF-��, we found that high
pressure treatment caused a marked increase in the nuclear
staining intensity for activated NF-�� in endothelial cells,
which indicates the translocation of NF-�� into the nucleus
(Figure 4E, arrowheads). In contrast, little active NF-�� was
detected in the nuclei of endothelial and smooth muscle cells
in arteries exposed to 80 mm Hg (Figure 4D, arrowheads).
For quantitative comparison, the captured green fluorescent
images were converted to grayscale images, and the ratio of
total pixel intensities in the nucleus (DAPI-positive area) and
total pixel intensities of the cytoplasm (DAPI-negative area)
was calculated with Scion image software (arbitrary units;
80 mm Hg 0.7�0.1, 160 mm Hg 2.8�0.5, P�0.05). In-
creased nuclear translocation of NF-�� also was frequently
observed in smooth muscle cells of high pressure–exposed
arteries (Figure 4E, arrows). Pretreatment with PDTC pre-
vented high pressure–induced nuclear translocation of NF-��
in both endothelial and smooth muscle cells (not shown).

High Pressure–Induced Vascular H2O2 Generation
Exposure to high pressure elicited substantial increases in
vascular H2O2 generation (Figure 4F) that were inhibited by
both catalase and DPI. Hypertensive arteries of aortic banded
rats also exhibited an increased DPI-sensitive H2O2 produc-
tion (234�37%) compared with vessels of normotensive rats
(100�41%), which suggests that NAD(P)H oxidase is a
dominant source of pressure-induced H2O2 generation both in
vivo and in vitro.15,18 The present data show that high
pressure–induced vascular NF-�� activation is inhibited by
DPI (Figure 4G), which suggests a direct link between high
pressure–induced activation of NAD(P)H oxidase-derived
H2O2 production, NF-�� activation, and BMP-expression.

Discussion
There are 3 important findings in this study. First, TNF-�
provoked a robust increase in BMP-2 mRNA and protein
expression in endothelial cells (Figures 1A and 1B). The
findings that inhibition of NF-�� signaling by pharmacolog-
ical and molecular methods prevented TNF-�–induced up-
regulation of BMP-2 (Figures 1A and 1D) provide strong
evidence that NF-�� plays a central role in regulation of
endothelial BMP-2 expression. Indeed, NF-�� binding sites
appear to be present in the promoter region of the rat BMP-2
gene, and a recent study reported that NF-�� binds an NF-��
response element in the 5� flanking region of the BMP-2 gene
in mouse chondrocytes.26 Interestingly, we found that this
NF-�� binding site is located in an evolutionary, highly
conserved region of the BMP-2 promoter (Figure 1C), which
provides an explanation for the similar upregulation of
BMP-2 expression in human and rat endothelial cells by
TNF-� (Figures 1A and 1D). The in vivo significance of the
regulation of vascular BMP-2 expression by TNF-� and
NF-�� is supported by the lower level of BMP-2 expression
in vessels of TNF-�–deficient mice (Figure 1G). Importantly,

endothelial NF-�� activation27 and an enhanced coexpression
of BMP-2 and TNF-�12 have been demonstrated recently in
pathophysiological conditions, such as hyperhomocysteine-
mia, that are known to promote vascular inflammation and
atherosclerosis.

The second significant finding in the present study was that
TNF-� elicited substantial NAD(P)H oxidase–derived H2O2

production in endothelial cells (Figure 2A), which is an
essential signaling event underlying BMP-2 induction (Fig-
ures 2B and 2C). We have provided direct evidence that
inhibition of NAD(P)H oxidase and/or elimination of H2O2

inhibits NF-�� activation in TNF-�–stimulated endothelial
cells (Figures 2E and 2F) and that exogenous H2O2 induces
robust NF-�� activation (Figure 2G) and BMP-2 expression
(Figure 2D). These findings are also in line with the obser-
vation that SOD, which increases H2O2 levels by enhancing
breakdown of O2

�, had the opposite effect on NF-�� activity
and BMP-2 expression (Figures 2B and 2E). A role for
NAD(P)H oxidase–derived H2O2 is further supported by the
observation that TNF-� stimulation did not increase BMP-2
levels in arteries of mice with genetic deficiency of the
NAD(P)H oxidase subunit gp91phox (A. Csiszar, unpublished
data, 2004).

The third and perhaps most interesting finding was that
high intraluminal pressure per se plays an important role in
endothelial H2O2 production, NF-�� activation, and regula-
tion of BMP-2 expression. The finding that high pressure
itself is sufficient to induce BMP-2 expression in vitro, in the
absence of circulating factors (Figures 3A and 3B), has been
confirmed by the ex vivo observations that in forelimb
arteries of aortic banded rats, which are exposed to high
pressure and exhibit an increased ROS production,18 BMP-2
is upregulated (Figure 3C), whereas normotensive arteries
(located downstream from the coarctation but which are
exposed to the same circulating factors) of the same animals
exhibit normal phenotype. Also, in angiotensin II–induced
hypertension, in which there are no regional differences in
blood pressure, BMP-2 expression was increased similarly in
the brachial and femoral arteries (Figure 3C). Interestingly,
pressure- or stretch-induced increased expression of the
BMP-related cytokine transforming growth factor-� has been
also documented in blood vessels,28 and mechanosensitive
expression of BMPs has been shown in bone1,29 and
chondrocytes.14

Because the chronic presence of high pressure may in-
crease plasma TNF-� levels30 and/or vascular TNF-� expres-
sion31 (Figure 3D), one could assume that high pressure
activates BMP-2 expression indirectly, via upregulation of
TNF-�. However, this hypothesis could be refuted, because
genetic absence of TNF-� did not prevent high pressure–
induced upregulation of BMP-2 in mouse carotid arteries
(Figure 3E). Instead, the present data support the view that
pressure directly activates NF-��. Because inhibition of
NF-�� prevented pressure-induced BMP-2 expression (Fig-
ure 3A), it is likely that inflammatory and mechanical stimuli
regulate BMP-2 expression by activating a common, NF-��
–dependent pathway. One of the key steps in activation of the
NF-�B pathway involves its translocation to the nucleus.
Indeed, we demonstrated that both administration of

2370 Circulation May 10, 2005



TNF-� and imposition of a high intraluminal pressure in arterial
segments were associated with rapid nuclear translocation of
NF-�� (Figure 4A), which extends recent findings by Lemarie
et al.25 Immunofluorescent labeling confirmed that high pres-
sure–induced nuclear accumulation of activated NF-�� was
particularly prevalent in the nuclei of endothelial cells (Figure
4D). Interestingly, NF-�� binding to its target sequence was also
shown to increase in hypertension,32 and recent studies suggest
that in vitro stretching may activate NF-�� in cultured endothe-
lial and smooth muscle cells.33 In resting cells, NF-�B is bound
in the cytoplasm by its redox-sensitive inhibitor, I�B, which
masks the nuclear localization sequence on the transcription
factor. We and others25 showed that high pressure elicits rapid
degradation of I�B�25 (Figure 4B), which is likely responsible
for the pressure-induced nuclear translocation of NF-��. The
data presented in Figure 2 indicated that H2O2 production is an
important mediator of NF-�� activation in endothelial cells.
Importantly, we found that high pressure can elicit significant
increases in vascular H2O2 generation,34 likely by activation of
NAD(P)H oxidase (Figure 4F).15 The view that high pressure–
induced NAD(P)H oxidase may initiate NF-�� activation in
endothelial cells even in the absence of proinflammatory cyto-
kines is supported by the finding that high pressure–induced
activation of NF-�� was decreased significantly by DPI
(Figure 4G).

In conclusion, we propose that in endothelial cells, both
inflammatory and mechanical stimuli (TNF-� and high
pressure–related cell stretch) promote NAD(P)H oxidase–
derived H2O2 generation, which leads to I�B degradation
and nuclear translocation of NF-�� (Figure 4H). Oxidative
stress–induced NF-�� activation upregulates the expres-
sion of BMP-2, which is likely to promote proatherogenic
endothelial activation and monocyte adhesion.4,6 Future
studies should elucidate the role of BMP receptor subtypes
and downstream signaling mechanisms (eg, SMAD-
dependent and -independent pathways, such as mitogen-
activated protein kinases) induced by BMPs, which medi-
ate their proinflammatory effects. More information on the
phenotypic consequences of high pressure–induced
NAD(P)H oxidase– derived H2O2 production and NF-��
activation should improve our understanding of vascular
remodeling and development of early atherosclerosis in
hypertension.2– 4,12
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Reduced ABCA1-Mediated Cholesterol Efflux and
Accelerated Atherosclerosis in Apolipoprotein E–Deficient

Mice Lacking Macrophage-Derived ACAT1
Yan Ru Su, MD; Dwayne E. Dove, PhD; Amy S. Major, PhD; Alyssa H. Hasty, PhD;

Branden Boone, MS; MacRae F. Linton, MD; Sergio Fazio, MD, PhD

Background—Macrophage acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1) and apolipoprotein E (apoE) have
been implicated in regulating cellular cholesterol homeostasis and therefore play critical roles in foam cell formation.
Deletion of either ACAT1 or apoE results in increased atherosclerosis in hyperlipidemic mice, possibly as a
consequence of altered cholesterol processing. We have studied the effect of macrophage ACAT1 deletion on
atherogenesis in apoE-deficient (apoE�/�) mice with or without the restoration of macrophage apoE.

Methods and Results—We used bone marrow transplantation to generate apoE�/� mice with macrophages of 4 genotypes:
apoE�/�/ACAT1�/� (wild type), apoE�/�/ACAT1�/� (ACAT�/�), apoE�/�/ACAT1�/� (apoE�/�), and apoE�/�/
ACAT1�/� (2KO). When macrophage apoE was present, plasma cholesterol levels normalized, and ACAT1 deficiency
did not have significant effects on atherogenesis. However, when macrophage apoE was absent, ACAT1 deficiency
increased atherosclerosis and apoptosis in the proximal aorta. Cholesterol efflux to apoA-I was significantly reduced
(30% to 40%; P�0.001) in ACAT1�/� peritoneal macrophages compared with ACAT1�/� controls regardless of apoE
expression. 2KO macrophages had a 3- to 4-fold increase in ABCA1 message levels but decreased ABCA1 protein
levels relative to ACAT1�/� macrophages. Microarray analyses of ACAT1�/� macrophages showed increases in
proinflammatory and procollagen genes and decreases in genes regulating membrane integrity, protein biosynthesis, and
apoptosis.

Conclusions—Deficiency of macrophage ACAT1 accelerates atherosclerosis in hypercholesterolemic apoE�/� mice but
has no effect when the hypercholesterolemia is corrected by macrophage apoE expression. However, ACAT1 deletion
impairs ABCA1-mediated cholesterol efflux in macrophages regardless of apoE expression. Changes in membrane
stability, susceptibility to apoptosis, and inflammatory response may also be important in this process. (Circulation.
2005;111:2373-2381.)

Key Words: acyltransferases � apolipoproteins � apoptosis � atherosclerosis � cholesterol

Efficient cellular cholesterol homeostasis is critical for
maintaining normal cell function. It is particularly im-

portant for arterial macrophages to protect against atheroscle-
rosis. The homeostatic intracellular cholesterol content is
regulated by cholesterol synthesis, influx, and efflux. Cho-
lesterol is stored either as free cholesterol (FC) in the
membrane or as cholesterol ester in cytoplasmic vesicles. The
dynamic equilibrium between FC and cholesterol ester in the
cell is tightly controlled by acyl-coenzyme A:cholesterol
acyltransferase (ACAT).1–4 Two different isoforms of ACAT
have been cloned in mammals.5–10 In humans, ACAT1 is
expressed in most tissues, including hepatocytes, skin cells,
adrenal cells, Kupffer cells, intestinal enterocytes, and mac-
rophages; ACAT2 is expressed in the intestinal mucosa cells

and hepatocytes. In mice, the tissue distribution pattern is
similar to that in humans, except the major isoform in
hepatocytes is ACAT2.5

ACAT1 promotes accumulation of cholesterol ester in
vascular macrophages, thereby contributing to foam cell
formation, a hallmark of early atherosclerosis. Because of the
potential role of ACAT in atherosclerosis, numerous ACAT
inhibitors have been developed and tested in animals as
potential agents for the treatment of atherosclerosis, but so
far, the results have been inconsistent.11,12 Nevertheless,
previous work in our laboratory has shown that the deletion
of ACAT1 in macrophages confers increased susceptibility to
atherosclerosis in LDLR�/� mice fed a high-fat diet, raising
the concern that selective disruption or complete inhibition of
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ACAT1 in macrophages can promote, rather than protect
against, atherosclerotic lesion formation.13 We therefore hy-
pothesized that the negative effects of macrophage ACAT1
deficiency on plaque formation are accentuated by hypercho-
lesterolemic conditions that lead to increased cellular choles-
terol burden but may not be as important under normocho-
lesterolemic conditions. Apolipoprotein (apo)E is a strong
driver of cholesterol efflux,14 and the increased atherogenicity
of apoE-deficient macrophages may be due to defective
elimination of cholesterol.15,16 We and others have shown that
macrophage apoE influences atherosclerosis both systemi-
cally, by controlling plasma cholesterol levels, and locally, by
regulating cholesterol homeostasis in the macrophage.15,17

Thus, in the present study, we used bone marrow transplan-
tation (BMT) to generate apoE�/� mice with or without
macrophage ACAT1 and apoE to address the effects of
ACAT1 deletion on the development of atherosclerosis under
both hypercholesterolemic and normocholesterolemic condi-
tions, and we investigated the underlying molecular mecha-
nisms of the accelerated atherosclerosis resulting from
ACAT1 deficiency.

Methods
Animals
Six-week-old male apoE-deficient (apoE�/�) mice were purchased
from the Jackson Laboratory (Bar Harbor, Maine). ACAT-knockout
(KO) and 2KO (ACAT�/�, apoE�/�) mice were bred in our labora-
tory from founders generously provided by Dr Robert V. Farese
(Gladstone Institute of Cardiovascular Disease, San Francisco,
Calif). C57BL/6 mice were originally obtained from Jackson Labo-
ratory and reproduced in our mouse colony. All mice used in this
study were on C57BL/6 background and were maintained in mi-
croisolator cages on a rodent chow diet (4.5% fat; Purina Mills Inc)
and autoclaved acidified water ad libitum. All experimental proto-
cols were performed according to the guidelines of Vanderbilt
University’s Institutional Animal Care and Usage Committee.

BMT Experiments
We used BMT to generate apoE�/� mice either wild type (WT) or
null for macrophage ACAT1 and apoE expression. The recipients
were 6-week-old male apoE�/� mice. We used 4 types of age-
matched male donor mice: (1) WT mice (ACAT�/�, apoE�/�), (2)
ACAT�/� mice (ACAT�/�, apoE�/�), (3) apoE�/� mice (apoE�/�,
ACAT�/�), and (4) ACAT, apoE double-KO mice (ACAT�/�,
apoE�/�). BMT experiments were done according to the method
described previously.17 After reconstitution, the macrophages from
the recipient mice are expected to have the same genotype as the
donor mice and were identified accordingly: WT ACAT1, WT
(ACAT1�/�, apoE�/�), ACAT1 KO, ACAT�/� (ACAT1�/�, apoE�/�),
apoE KO, apoE�/� (ACAT1�/�, apoE�/�), and 2KO (ACAT1�/�,
apoE�/�). After BMT, mice were fed a regular chow diet (4.5% fat;
Purina Mills Inc) for 12 weeks.

Serum Lipid Analysis
Serum samples were collected after an overnight fast at several time
points: 2 weeks before BMT and 4, 8, and 12 weeks after BMT.
Serum cholesterol and triglyceride levels were determined by meth-
ods described previously.18 Serum obtained at 12 weeks after BMT
was fractionated by fast-performance liquid chromatography through
a Pharmacia Superose-6 column (Pharmacia Biotech Inc), and
fractions were measured for total cholesterol concentration.

Quantification of Atherosclerotic Lesions in the
Proximal Aorta
Twelve weeks after BMT, all recipient mice were euthanized, and
the hearts with proximal aorta were harvested, embedded in OCT,

and snap-frozen in liquid nitrogen for further analysis. Frozen
sections (5 and 10 �m) were processed according to the procedures
commonly used in our laboratory and described previously.17

Lipoprotein Isolation and Modification
Human plasma was isolated from healthy volunteers. Lipoproteins
were isolated by sequential ultracentrifugation with plasma density
adjusted to 1.019 to 1.063 g/mL for LDL. Lipoproteins were
dialyzed overnight in 0.15 mol/L NaCl and 0.3 mmol/L EDTA at pH
7.4. Acetylated LDL (acLDL) was prepared by repeatedly adding
acetic anhydride (Sigma) to LDL in a sodium acetate solution and
dialyzed in 0.15 mol/L NaCl and 0.3 mmol/L EDTA at 4°C for 2
days.19

3H-Cholesterol Efflux in Peritoneal Macrophages
Cholesterol efflux from peritoneal macrophages was determined by
a modified procedure from Lin et al.20 Twelve weeks after BMT,
peritoneal macrophages were collected from recipient mice 3 days
after intraperitoneal injection with 3% thioglycollate. Cells were
harvested by peritoneal lavage and cultured in DMEM/10% FBS at
37°C and 5% CO2 overnight. The culture media was changed to
DMEM/4% FBS containing 2 �Ci/mL of 3H-cholesterol (NEN) and
50 �g/mL acLDL, and cells were loaded for 24 hours. Monolayers
were washed 3 times in serum-free DMEM/0.2% BSA and equili-
brated in serum-free DMEM/0.5% BSA for 4 hours at 37°C and 5%
CO2. Efflux media with serum-free DMEM/human apoA-I (10
�g/mL) was used to measure efflux mediated by the ABC-A1
transporter. Cells were incubated at 37°C and 5% CO2, with 100-�L
samples removed from each well at 0, 3, 6, and 18 hours. 3H-cho-
lesterol counts were detected with a scintillation counter. Total
cellular 3H-cholesterol counts and total cellular protein mass were
determined by lysing labeled cells with 0.1N NaOH. Protein con-
centration in the cell lysate was measured by the method of Lowry.
Cholesterol efflux, calculated from the total supernatant counts, is
expressed as a percentage of the total lysate counts.

Real-Time Reverse-Transcriptase Polymerase
Chain Reaction for Quantification of ABCA1,
ABCG1, and SR-BI gene Expression
The relative quantities of ABCA1, ABCG1, and SR-BI message
were quantified by real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) using a previously described method developed
in our laboratory.21–23 The primers and probes were synthesized by
Invitrogen and ABI, respectively. TaqMan 1-step RT-PCR master
mix reagent kit (ABI, P/N 4309169) was used for RT-PCR. Relative
quantification of ABCA1, ABCG1, and SR-BI was normalized with
18S ribosomal RNA as an endogenous control. Data were analyzed
by use of the comparative CT method and were conformed by
standard curve method. The mRNA quantity for the calibrator (WT
untreated macrophages) is expressed as 1� sample; all other
quantities are expressed as the number of fold changes relative to the
calibrator.

Western Blot Analysis for ABCA1, ABCG1,
and SR-BI
Western blotting was performed as previously described with mod-
ifications.22 Briefly, peritoneal macrophages were isolated from WT,
ACAT�/�, apoE�/�, and 2KO mice. Cells were cultured in either
DMEM with 2% FBS (untreated) or DMEM with 2% FBS plus 50
�g /mL acLDL for 24 hours (treated). Cell proteins (40 �g) were
separated by 4% to 12% Bis-Tris gel (Invitrogen). Polyclonal
antibodies to ABCA1 and SR-BI were purchased from Novus
Biologicals. Rabbit anti-mouse ABCG1 antibody was purchased
from Alpha Diagnostic International. Mouse anti–�-actin antibody
was obtained from Sigma.

cDNA Microarray Analysis of
Peritoneal Macrophages
Total RNA was extracted from peritoneal macrophages with the
Trizol reagent (Invitrogen). The isolated RNA samples were treated
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with RNAse-free DNAse I (Qiagen) and cleaned with RNeasy
column (Qiagen). All samples were run on an Agilent 2100 Bioan-
alyzer to assess RNA integrity. cDNA microarray was performed in
the Vanderbilt Microarray Shared Resource according to standard
protocol (http://array.mc.vanderbilt.edu/support). All arrays were
scanned with an Axon 4000B scanner. Raw data, generated by the
accompanying software GenePix 4.0, were analyzed with GeneTraf-
fic 2.6 (Lobion Informatics, LLC). All 20 773 spots were first
validated by the quality of signal intensity and were removed from
analysis if the following criteria were not met: Cy5 or Cy3
signal-to-background-intensity ratio �1.2 and Cy5 or Cy3 signal
intensity �200. Data were normalized with the Lowess subgrid method.
Lists of genes with a �2-fold change were generated for each experi-
ment. The molecular functions of each gene were based on the databases
of SOURCE (http://genome-www5.stanford.edu/cgi-bin/source), NIA
Mouse cDNA Database (http://lgsun.grc.nia.nih.gov), and Celera Dis-
covery System (http://www.celeradiscoverysystem.com).

TUNEL Staining of Peritoneal Macrophages
Terminal deoxynucleotidyl transferase–mediated dUTP nick-end
labeling (TUNEL) and MOMA-2 staining were performed as previ-
ously described.13 To visualize macrophages, we incubated sections
with the primary antibody directed against rat MOMA-2 (Accurate
Chemical & Scientific Corp) and used a TRITC-conjugated anti-rat
secondary antibody (Pharmingen). For TUNEL staining, sections
were incubated with deoxynucleotidyl transferase and fluorescein-
labeled nucleotide mixture according to manufacturer’s specifica-
tions (In Situ Cell Death Detection Kit, Roche Diagnostics GmbH).
Stained sections were analyzed with fluorescent microscopy (Olym-
pus AX70 microscope) and an Optronics digital camera. Controls for
each experiment included serial sections treated with DNase (posi-
tive control) or incubated with the labeling solution without terminal
transferase (negative control).

Statistical Analysis
All results are expressed as mean�SE unless indicated elsewhere.
Differences between groups were assessed by use of 1-way ANOVA
for comparisons among groups, followed by the Bonferroni posttest
when statistical significance was detected. Atherosclerotic lesion
assessment was also analyzed by 2-way ANOVA for apoE and
ACAT status. Values of P�0.05 were considered statistically
significant.

Results
Serum Lipid Profile in Recipient Mice
The average serum cholesterol at baseline was between 320
and 380 mg/dL, with no significant differences between
groups. As expected, the ACAT1�/�/apoE�/�3apoE�/� and
ACAT1�/�/apoE�/�3apoE�/� mice had a dramatic decrease
in total serum cholesterol as a result of the presence of
macrophage apoE in plasma.17 However, there were no
significant differences in plasma total cholesterol (Figure 1A)
and triglycerides (Figure 1B) between mice receiving
ACAT1�/� and those receiving ACAT1�/� marrow. Similarly,
fast-performance liquid chromatography analysis of the se-
rum lipoproteins revealed patterns similar to previously
published effects resulting from the presence or absence of
macrophage apoE,17 but there was no apparent influence from
the presence or absence of ACAT1 (Figure 1C).

Development of Atherosclerosis
There was a significant increase in the average lesion area
(2-fold) in the proximal aorta of ACAT1�/�/apoE�/�

3apoE�/� compared with ACAT1�/�/apoE�/�3apoE�/�

mice. Consistent with our previous results,17 atherosclerosis

was dramatically reduced in ACAT1�/�/apoE�/�3apoE�/�

and ACAT1�/�/apoE�/�3apoE�/� mice as a result of the
restoration of circulating apoE and the consequent reduction
in serum cholesterol (Figure 2A). The presence or absence of
macrophage ACAT1 did not affect the extent of atheroscle-
rosis in mice receiving apoE�/� marrow but increased lesion
size in mice receiving apoE�/� marrow, suggesting that
ACAT1 deficiency has no influence on atherosclerosis under
normocholesterolemic conditions but has a prominent effect
under hypercholesterolemic conditions (Figure 2B).

ABCA1-Mediated Cholesterol Efflux in ACAT1�/�

Peritoneal Macrophages
In the presence of human apoA-I as an acceptor, cholesterol
efflux was reduced �30% to 40% in ACAT1�/� macrophages
compared with ACAT1�/� macrophages in either the pres-
ence or absence of apoE (Figure 3). Cholesterol efflux
experiments were performed under mild acLDL loading
conditions; under these conditions, there was no difference
between the total cholesterol mass of WT and ACAT1�/�

macrophages (P�0.291; n�3).

Real-Time Quantitative RT-PCR and Western
Blot Analysis of ABCA1, ABCG1, and SR-BI
There were no significant changes in ABCG1 and SR-BI
mRNA expression levels (data not shown). No significant
changes were seen in ABCG1 and SR-BI protein levels as
detected by Western blot and normalized to �-actin (Figure
4C and 4D). However, ABCA1 mRNA level was signifi-
cantly increased by 3- to 4-fold in the 2KO and 2KO with
mild acLDL loading compared with WT macrophages.
ACAT�/� macrophages had a 2-fold increase in ABCA1
mRNA compared with the WT macrophages (Figure 4A).
Nevertheless, ABCA1 protein levels were decreased in both
ACAT1�/�-acLDL and 2KO macrophages as detected by
Western blot (Figure 4B), indicating abnormal posttranscrip-
tional regulation of ABCA1 in ACAT1�/� macrophages.

Gene Expression Analysis of
ACAT1�/� Macrophages
ACAT1�/� macrophages showed a 2- to 3-fold decrease in
mRNA levels of genes involved in membrane integrity (zinc
finger DHHC-containing domain 5), phospholipid binding
(milk fat globule–EGF factor 8 protein), functional and
dynamic regulation of mitotic spindles (sperm-associated
antigen 5), and a critical enzyme involved in collagen
maturation (procollagen-proline, 2-oxoglutarate 4-dioxygen-
ase) compared with WT ACAT1 macrophages. Conversely, a
2- to 3-fold increase in procollagen mRNA was observed in
ACAT1�/� macrophages. The 2KO macrophages showed a
gene expression pattern similar to the ACAT1�/� macro-
phages except for the involvement (decreased expression) of
a number of genes that protect cells from oxidative damage
(heme oxygenase, kynurenine 3-hydroxylase, cytochrome c
oxidase) and apoptosis such as cystein proteinases (cathepsin
H) (Figure 5). Gene expression profiling under acLDL
loading conditions (70 �g acLDL for 16 hours) is summa-
rized in the Table. Of note, ACAT1-deficient macrophages
showed a downregulation of translation initiation factor-3 and
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protein tyrosine phosphatase receptor type D, both involved
in posttranscriptional gene expression control, and upregula-
tion of ABCA1 and a number of protein kinases and serine/
threonine kinases.

Analyses of Lesion Composition
A significant increase in apoptotic cells within the lesion area
was observed in ACAT1�/�/apoE�/�3apoE�/� mice relative
to the other recipients. The apoptotic cells appeared to be

macrophages as determined by MOMA staining (Figure 6).
The collagen content in the proximal aortic lesion area, as
assessed by trichrome staining, was increased �3-fold in
ACAT1�/�/apoE�/�3apoE�/� mice compared with ACAT1�/�/
apoE�/�3apoE�/� mice (data not show).

Discussion
We used BMT to generate apoE�/� mice with or without
macrophage ACAT1 to address the effects of ACAT1 dele-

Figure 1. Serum lipid profile before and after BMT. Total serum cholesterol (A) and triglycerides (B) were measured before and at 4, 8,
and 12 weeks after BMT. C, Two representative samples (12 weeks after BMT) from each recipient group.
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tion on the development of atherosclerosis under both hyper-
cholesterolemic conditions, when systemic apoE is absent,
and normocholesterolemic conditions, when macrophage
apoE is restored on the background of systemic apoE defi-
ciency. We showed that ACAT1 deficiency aggravates lesion
formation in the absence of macrophage apoE but has no
effects when the hypercholesterolemia is corrected by mac-
rophage apoE synthesis. To further investigate the effect of
ACAT1 deficiency on macrophage cholesterol homeostasis,
we performed cholesterol efflux experiments and demon-
strated that ABCA1-mediated efflux to apoA-I is reduced
30% to 40% in ACAT1�/� macrophages. The reduction in
cholesterol efflux was found to be independent of the pres-
ence of macrophage apoE and probably was due to the
decrease in ABCA1 protein (Figure 4A). The reduction in
ABCA1-mediated cholesterol efflux observed in ACAT1�/�

macrophages may contribute to the increase in atherosclero-
sis. ABCA1 is a key player in reverse cholesterol transport
and is critical in regulating cellular cholesterol homeosta-
sis.25–28 ABCA1 is regulated both at the transcriptional level
via liver X receptor and retinoid X receptor and at the
posttranscriptional level via changes in trafficking and the
turnover rate of ABCA1 protein.26,28 Zinc finger protein 202
(ZNF202) has been reported to suppress ABCA1 expres-
sion.29 Downregulation of ZNF202 could result in a loss of
repression, leading to an increase in ABCA1 expression as
one of the regulatory mechanisms at the transcriptional
level.29 Our microarray data in the ACAT1-deficient macro-
phages show a downregulation of zinc finger DHHC contain-
ing protein 5 (Zdhhc5), a member of a recently identified zinc
finger superfamily that has been implicated in transcriptional
regulation of nuclear export signal and in protein-protein,
protein-DNA, and protein-lipid interaction in the nucleus and
cytoplasm.30 It is tempting to speculate that Zddhc5 may also
play a role in regulating ABCA1 expression.

The increase in ABCA1 message could also be a compen-
satory response to FC accumulation via liver X receptor/
retinoid X receptor activation. Our results show a discordant
expression between ABCA1 message and its protein, suggest-
ing a defect in posttranscriptional regulation of ABCA1. The
decrease in ABCA1 protein may be due to either an increase
in protein degradation or a reduction in translation. Interest-
ingly, reduced expression of translation initiation factor-3
was found in ACAT1�/� macrophages loaded with acLDL
(the Table). In agreement with our results, Feng and Tabas31

have shown that ABCA1-mediated cholesterol and phospho-
lipid efflux was inhibited by �80% in pretoxic FC-loaded
macrophages and was due mainly to an increase in ABCA1
degradation. Moreover, it is possible that the downregulation
of Zddhc5 and other membrane proteins could affect ABCA1
trafficking and localization to the cell membrane, thereby
leading to a reduction in ABCA1-mediated cellular choles-
terol efflux. The effects of ABCA1 in macrophages resulting
from ACAT1 deficiency in the presences of apoE (ACAT�/�)
are not as dramatic as in 2KO macrophages. However, even
under mild loading conditions, ACAT�/� macrophages have

Figure 2. Proximal aortic lesions 12
weeks after BMT. A, Representative
10-�mol/L cross sections of aortic root of
apoE�/� recipient mice 12 weeks after
BMT. Sections were stained with oil red O
and hematoxylin. A, WT ACAT1 (apoE�/�,
ACAT1�/�3apoE�/�); B, ACAT1 KO
(apoE�/�, ACAT1�/�3apoE�/�); C, apoE
KO (apoE�/�, ACAT1�/�3apoE�/�); D,
2KO (apoE�/�, ACAT1�/�3apoE�/�). B,
Quantification of lesion area. Data repre-
sent mean�SEM (n�9 per group).
*P�0.05, ***P�0.001 as determined by
1-way ANOVA to compare difference in
lesion size among groups. When analyzed
by 2-way ANOVA, atherosclerotic lesion
as function of apoE and ACAT status,
there is significant difference between
apoE�/� and 2KO (P�0.01) and no signifi-
cant difference between WT and ACAT�/�

groups (P�0.05).

Figure 3. Macrophage cholesterol efflux to apoA-I. Twelve
weeks after BMT, peritoneal macrophages from WT, ACAT1�/�,
apoE�/�, and 2KO mice (n�3 for each group) were collected.
Macrophages of same genotype were pooled and plated on
24-well plate. Six wells of macrophages from each genotype
were loaded with 50 �g/mL acLDL and 3H-cholesterol for 24
hours and then cultured in efflux media with 10 �g/mL human
apoA-I. 3H-cholesterol efflux measured as a percentage of cellu-
lar 3H-cholesterol counts showed that efflux is reduced 30% to
40% in ACAT1-KO and double-KO macrophages vs WT and
apoE-KO macrophages.
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significantly decreased ABCA1 protein, suggesting that
ACAT deficiency alone could affect the ABCA1-mediated
cholesterol efflux, as indicated in Figure 3. ABCG1 and
SR-BI are also important mediators of cholesterol efflux and
play critical roles in maintaining cellular cholesterol ho-
meostasis. However, ACAT1 deficiency has no significant
effect on either the mRNA or protein levels of both ABCG1
and SR-BI measured by real-time RT-PCR and Western blot,
respectively, suggesting that the primary effect on cholesterol
homeostasis resulting from ACAT1 deficiency is likely due
to the downregulation of the ABCA1-mediated pathway.

The importance of macrophage apoE in the pathogenesis of
atherosclerosis has been demonstrated by our previous stud-
ies and others.15,17,32,33 However, the interaction between

ACAT1 and apoE in the effect of cellular cholesterol ho-
meostasis has not been studied. Our data suggest that even
though both ACAT1 and apoE have significant influence on
cholesterol efflux, it is likely that such an effect is through
independent mechanisms. Nevertheless, the combined dele-
tion of apoE and ACAT1 had a greater effect on macrophage
cholesterol homeostasis and resulted in a significant increase
in atherogenesis compared with the deletion of apoE alone.
However, the all-or-none effects of macrophage apoE on
serum cholesterol make it difficult to identify possible phys-
iological connections between these proteins. We have pre-
viously reported that the absence of either macrophage apoE
or ACAT1 increases atherosclerosis in LDLR�/� mice in the
presence of a more severe hypercholesterolemia than that

Figure 4. Quantification of ABCA1,
ABCG1, and SR-BI in peritoneal macro-
phages. A, Relative quantity of ABCA1
mRNA is significantly increased in 2KO
macrophages and 2KO�acLDL vs WT
(P�0.001). B, C, D, Western blots of
ABCA1, ABCG1, and SR-BI, respec-
tively. Total cell lysates (40 �g) were
loaded in each lane. Top, ABCA1,
ABCG1, and SR-BI protein; bottom,
�-actin. Relative ratios of intensity-
normalized �-actin are shown on bar
graph. B, ABCA1 protein in ACAT�/�-
acLDL and 2KO macrophages is signifi-
cantly reduced. No significant differences
in ABCG1 and SR-BI protein levels are
seen among groups.

Figure 5. A, cDNA microarray analysis of
ACAT1�/� macrophages. Red shows fold
increase in gene expression compared
with ACAT1�/� macrophages; green, fold
decrease. B, Gene expression changes
in double-KO macrophages vs apoE�/�

macrophages.
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observed in the present study.13,16 We interpret this finding to
mean that the increased effect on atherogenesis resulting from
absence of both macrophage ACAT1 and apoE in the apoE�/�

model is most likely not mediated by the degree of plasma
cholesterol changes.

The microarray analysis of ACAT1-deficient macrophages
also revealed a decreased gene expression for proteins asso-
ciated with the mitotic spindle apparatus regulating mitosis
(sperm-associated antigen 5), proteins required for posttran-
scriptional processing and metabolism of histone mRNA

Deferential Gene Expression in ACAT1�/� Macrophages Loaded With acLDL

UNIQID Fold Change Name Function*

H3133B01 �3.1 Eukaryotic translation initiation factor-3 subunit 7 (eif-3
zeta) (eIf-3p66) (eif3 d)

Translation initiation factor

596629 �2.5 Transcribed sequence with strong similarity to protein
pir: S12207 (Mus), S12207 hypothetical protein (B2
element)–Mus

Mitochondrial gene, unknown

481955 �2.1 Protein tyrosine phosphatase, receptor type, D Cell adhesion receptor, protein tyrosine phosphatase
activity, regulation of cell growth, differentiation, mitotic
cycle

598396 �2.0 WD repeat domain 26 Structural protein, unknown

605155 2.8 Glutamyl-prolyl-tRNA synthetase ATP binding, regulate protein translation, apoptosis
suppressor

336726 2.7 LIM domain binding 3 Intracellular signal, protein interaction

425885 2.6 Hypothetical protein A430031N04

536663 2.5 Muskelin 1, intracellular mediator containing kelch
motifs

Mediate cell spreading and cytoskeletal response

464892 2.2 3-Monooxgenase/tryptophan 5-monooxgenase
activation protein, � polypeptide

Multifunctional regulator of the cell signaling processes
mediated by protein kinase C

420509 2.2 PCTAIRE-motif protein kinase 1 Serine/threonine kinase

644906 2.2 DNA segment, Chr 1, ERATO Doi 161, expressed Transcription factor, DNA binding

524155 2.2 Ubiquilin 1 Involved in spindle pole body duplication

439354 2.1 Vacuolar protein sorting 4a (yeast) Postendosomal sorting of cholesterol

457503 2.1 Adducin 3 (�) Membrane cytoskeleton-associated protein

516417 2.1 TGF-�–regulated gene 4 Unknown

350167 2.1 Insulin-induced gene 2 Cell growth and differentiation

575050 2.1 RIKEN cDNA 2410004N11 gene Protein binding, voltage-gated K� channel activity

579422 2.1 ATP-binding cassette, sub-amily A (ABC1), member 1 Cellular cholesterol transporter

582683 2.1 RIKEN cDNA 5031400M07 gene Integral to membrane

478504 2.0 Calpain 6 Unknown

482370 2.0 Intersectin (SH3 domain protein 1A) Protein binding, Ca2� binding

The gene function is based largely on the information obtained from SOURCE at http://genome-www5.stanford.edu/cgi-bin/source, MGI at http://www.informatics.
jax.org, and Celera Discovery System at http://www.celeradiscoverysystem.com.

Figure 6. TUNEL staining of proximal
aortic lesions. Red represents MOMA
staining specific for macrophages; green,
apoptotic cells. Compared with apoE�/�

group, 2KO group has more positive
staining for apoptosis. With higher mag-
nification (�400), TUNEL staining is seen
to localize in the macrophages.
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(stem-loop binging protein),34,35 and proteins involved in
protecting cells from oxidative damage (heme oxygenase,
kynurenine 3-hydroxylase, cytochrome c oxidase). Because
of these changes in gene expression, the ACAT1�/� macro-
phages may be more susceptible to cell damage and apopto-
sis, which is consistent with our findings of increased
apoptotic cells in the lesion area. In addition, the increase in
apoptotic cells in the lesion area may also be due to
downregulation of milk fat globule–EGF factor 8 (Figure
4A), a protein that binds apoptotic cells and facilitates their
elimination via phagocytosis.36 Feng et al37 recently eluci-
dated the mechanisms of FC loading–induced apoptosis in
macrophages. FC loading activates the unfolded protein
response in the endoplasmic reticulum, resulting in the
activation of signaling pathways that promote programmed
cell death.37

ACAT1�/� macrophages may also be exposed to proin-
flammatory factors such as interleukin-1 (IL-1) receptor.38

We observed a 3-fold increase in gene expression of IL-1
receptor type I in the double-KO macrophages compared with
apoE-KO macrophages (the Table). The IL-1 family com-
prises 4 members: IL-1�, IL-1�, IL-1 receptor antagonist
(IL-1ra), and IL-18. IL-1 binds to its receptor and triggers
intracelluar signal transduction through a p38 mitogen-acti-
vated protein kinase–activated phosphorylation cascade.
This, in turn, activates the transcription of a variety of
proinflammatory genes, including the production of IL-1
itself.39 Therefore, the IL-1 family is among the most impor-
tant cytokine mediators of the inflammatory responses and is
thought to play a key role in the propagation of vessel wall
inflammation in atherosclerosis.39 IL-1ra is an endogenous
inhibitor of the IL-1 receptor, which displays affinity for
IL-1R but does not induce a cellular response. IL-1ra trans-
genic mice have decreased atherosclerosis,40 whereas admin-
istration of IL-1ra reduces fatty streak formation in apoE�/�

mice.41

Our microarray data showed a 2- to 3-fold upregulation of
procollagen types II and III in ACAT�/� macrophages compared
with the ACAT�� macrophages. Evidently, procollagen-proline,
2-oxoglutarate-4-dioxygenase, �-subunit (P4HA1), an enzyme
that plays a critical role in collagen maturation, is downregu-
lated in ACAT�/� macrophages. P4HA1 catalyzes the forma-
tion 4-hydroxyproline by hydroxylation of proline residues in
the nascent procollagen protein, and the hydroxylated proline
is known to be essential for the assembly of newly synthe-
sized procollagen polypeptide chain into triple helical mole-
cules.42 Therefore, one can speculate that the decrease in
P4HA1 might result in an accumulation of procollagen
peptide in the extracellular matrix of the lesion, which is
supported by an increased collagen content found in the
proximal aortic lesions by trichrome staining in the 2KO mice
(data not show). However, it has been reported that most
collagens in the lesion are made by smooth muscle cells in
later stages of the lesion,43 and the relative contribution of
macrophage produced collagens in early lesion composition
and remodeling needs to be further investigated.

The vascular consequences of systemic ACAT1 deficiency
in hyperlipidemic mice are complex and not without contro-
versy. We reported that both LDLR�/� and apoE�/� mice have

reduced plasma lipid levels and increased lesion size when
ACAT1 is absent. Then, we showed that macrophage-specific
deletion of ACAT1 increases lesion size and induces apopto-
sis.13,44 These findings, however, are in contrast to those of a
study that reported a reduction in atherosclerosis in apoE�/�

mice.45 Because of the possible clinical utility of interfering
with ACAT function in vivo, several inhibitors have been
tested in mouse models for their effects on atherosclerosis.
The results suggest that nonselective inhibition of ACAT may
have a protective role in atherogenesis in animal models11 and
in vitro studies in macrophages.46,47 However, selective
inhibition of ACAT1 increases atherosclerosis in animal
models.12 It is reasonable to speculate that perhaps the
antiatherogenic effects are due to the inhibition of ACAT2,
with a subsequent reduction in cholesterol absorption and
plasma VLDL concentrations. This notion is also supported
by the evidence that apoE�/� mice deficient in ACAT2 are
resistant to atherosclerosis.48 Therefore, selective inhibition
of ACAT2 has promising potential in the treatment of
atherosclerosis, whereas inhibition of ACAT1 may have too
profound an influence on macrophage cholesterol homeosta-
sis to be a target of pharmacological inhibition.

Our study provides evidence of the detrimental biological
effects on the vasculature after macrophage ACAT1 deletion.
The underlying molecular mechanisms of disrupted cellular
cholesterol homeostasis and accelerated atherosclerosis are
likely due to the reduction in ABCA1-mediated cholesterol
efflux and predisposition to inflammation and apoptosis.
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Enrichment of Genes in the Aortic Intima That Are
Associated With Stratified Epithelium

Implications of Underlying Biomechanical and Barrier Properties of the
Arterial Intima

Pampee P. Young, MD, PhD; Vijay Modur, MD, PhD;
Amylynn A. Teleron, BA; Jack H. Ladenson, PhD

Background—Arteries and veins are exposed to different pressures and are easily distinguished by morphology. Although
several recent studies have focused on differential gene expression between the arterial and venous endothelium, the
molecular distinctions that give rise to the dramatic structural distinctions between arteries and veins, such as in the
organization of the intima, are not known.

Methods and Results—We used high-density oligonucleotide arrays to analyze the transcriptional profile of the mouse
aorta and inferior vena cava (IVC), not restricting our analysis to the endothelium, to identify genes whose expression
was enriched in aorta over other tissues and the IVC. By quantitative reverse transcription–polymerase chain reaction
analysis, these genes have been shown to be highly expressed in the mouse aorta and were either expressed at low levels
or were undetectable in the murine IVC. By immunofluorescence analysis of human tissue, we determined that a subset
of these aorta-enriched proteins exhibited a primarily intima-restricted expression. Intimal expression of at least a subset
of these genes, plakoglobin, galectin 7, sciellin, and SPRR3, was also detected in other types of arteries but not in veins.
Furthermore, SPRR3 expression in the intima was primarily associated with atheromas. The proteins identified are
functionally related in that they are known to also be enriched in stratified epithelia, where they play an important role
in stress-bearing and barrier properties.

Conclusions—Vascular expression of these genes has not been reported previously. Our observations suggest that they
may play a significant role in the mechanisms by which large arteries may adapt to biomechanical stress. (Circulation.
2005;111:2382-2390.)

Key Words: hemodynamics � arteries � veins � plaque � blood flow

Large-diameter arterial vessels such as the aorta are
exposed to high-pressure flow and, in contrast to veins,

characteristically are surrounded by a thick intimal and
medial layer (Figure 1).1,2 The vena cava and other veins have
comparatively thin intima and media and sustain dramatically
less pressure.1 In fact, the predominant vascular feature when
a vein is exposed to arterial flow is smooth muscle cell
proliferation and matrix deposition that results in intimal
thickening.3,4 It is widely believed that at least some aspects
of the differences in the functional phenotype of vascular
components, including the vascular endothelium and intimal
smooth muscle cells in arteries and veins, are related to these
hemodynamic considerations.5,6 Furthermore, many vascular
diseases are limited to either arteries or veins. For example,
the earliest atherosclerotic lesions are limited to large elastic
and muscular arteries.1,7,8 Consequently, one of the major

initiatives of vascular biology is to understand this functional
and anatomic heterogeneity at a molecular level.7,8 Because
so little is known about the molecular differences between
arteries and veins, we used high-density oligonucleotide
arrays to analyze the transcriptional profile of the mouse aorta
and inferior vena cava (IVC) to identify genes whose expres-
sion was enriched in aorta over other tissues and the IVC.

Methods

RNA Isolation and cDNA Synthesis
Vascular tissue was obtained from 6 C57BL/6 mice (Jackson Labs),
aged 4 to 8 weeks, by careful dissection of the aorta (aortic arch to
thoracic aorta) and IVC (the segment between the right atrium to just
superior to the liver). The vascular samples were pooled before
isolation of RNA. Various other tissues, including liver, spleen,
kidney, brain, skeletal muscle, lung, pancreas, heart, and skin, were
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also obtained from 2 to 6 separate sets of C57BL/6 mice, pooled,
flash-frozen, and processed to isolate RNA. Total RNA was isolated
with TRIzol LS reagent (Invitrogen). Integrity of the RNA was
confirmed by RNA with an A260/A280 ratio �1.9 and 28S/18S ratio
of �1.4 (Agilent 2100 Bioanalyzer RNA 6000 LabChip kit).

Microarray Analysis
From the total RNA, biotinylated cRNA probes were generated,
fragmented, and applied to Mouse MU74A (version 2) GeneChip
arrays for aorta, skin, IVC, and heart; version 1 was used for other
tissues, including heart (Affymetrix). The overall fluorescence in-
tensity across each chip was scaled to 1500, and comparisons of the
levels of transcripts were performed with Affymetrix analysis
software, Microarray Suite 5.0 (MAS 5.0). A recent analysis found
the same level of discordance across other algorithms used for data
analysis as MAS 5.0.9–12 Hence, the present data analysis used only
MAS 5.0 software, which has implemented algorithms for data
analysis that are based on nonparametric statistical techniques. The
detection probability value cutoffs to define “present” (P), “absent”
(A), and “marginal” (M) were the default settings (any probability
value falling below 0.04 is assigned “P”; above 0.06, “A”; and those
between, “M”).11 With the exception of heart tissue, which was run
both on version 1 and version 2 chips, all other samples were
analyzed by single microarray chip. The data obtained with the MAS
5.0 algorithms/statistical tests were imported into Spotfire Decision-
Site software to examine expression across various tissues. Absolute
calls (restricted to P, M, and A) were used to examine the frequency
of present calls and further filter the data for the absolute calls with
query devices.13 Spotfire DecisionSite does not distinguish between
origins of data; in the present analysis, this tool was used to filter the
data on the basis of the call metric assigned by MAS 5.0.13 No
further normalization of data was performed. Genes for which
expression was present in aorta and absent in other tissues queried
(including IVC) were the main focus of the present analysis.

Quantitative Reverse Transcription–Polymerase
Chain Reaction Analysis
cDNA was prepared from pooled samples of total RNA from aorta,
IVC, esophagus, and skin. Each pooled sample represents tissue
from 2 to 6 mice, and quantitative reverse transcription–polymerase
chain reaction (qRT-PCR) analysis was performed in triplicate for
each pool and averaged (n�1). qRT-PCR data for aorta and IVC
represent the mean value of qRT-PCR data from 6 distinct pools of
RNA (n�6) from 6 different groups of mice. qRT-PCR data from
esophagus and skin represent the mean from 3 distinct pools of RNA
from 3 different groups of mice (n�3). Each pooled sample was

prepared and assayed independently. For aorta and IVC, 3 of 6 pools
were obtained from 2- to 3-month-old mice and 3 pools were from
1-, 6-, and 12-month-old mice. For esophagus and skin, all pooled
samples (n�3) were obtained from 2- to 3-month-old mice. We
observed no significant age-dependent changes in gene expression.
Therefore, data are expressed as n�6 for aorta and IVC and n�3 for
esophagus and skin. Total RNA was purified on RNeasy mini
column (Qiagen) per the manufacturer’s protocol. cDNA synthesis
was performed with random primers and the Superscript First-Strand
Synthesis System for RT-PCR (Invitrogen). SYBR green qRT-PCR
was performed with 1 �L of cDNA reverse transcribed, 100 nmol/L
of gene-specific primers, and SYBR green master mix (Applied
Biosystems) in an Applied Biosystems ABI Prism 7700 sequence
detector according to the manufacturer’s protocol. Four or 5 serial
dilutions of cDNA were used to create a standard curve from cycle
thresholds to allow comparisons between samples. A standard curve
of cycle thresholds for 18S ribosomal RNA transcript was used to
normalize data between groups. All primer sets were analyzed with
RT�cDNA, RT-cDNA, and no template control before experimental
use. The average cycle threshold of qRT-PCR reactions for an
experiment was used to quantify the amount of mRNA relative to the
standard curve by previously described methods.14 The average fold
induction and standard error for the distinct genes were calculated for
each condition.14 Data are presented as mean of the data obtained
from separate experiments plus or minus SEM. Student t tests were
performed to compare different data sets. A probability value of
�0.05 was interpreted to denote statistical significance. Gene-
specific primers were designed with Primer Express 1.0 (Applied
Biosystems) and spanned an intron for all genes studied. Amplifi-
cation of a single polymerase chain reaction (PCR) product of the
expected size was confirmed by polyacrylamide gel electrophoresis
and with the dissociation curve. Sequences for the primer sets are
available on request.

Immunofluorescence
Segments of human large arteries and veins were obtained from 5
autopsies from both male and female subjects who did not have a
vascular cause of death. Five-micrometer sections were prepared
from formalin-fixed, paraffin-embedded tissue blocks or 10-�m
sections were prepared from frozen tissue embedded in OCT.
Immunofluorescence and immunohistochemistry on deparaffinized
sections were performed after antigen retrieval in citrate buffer. The
primary antibodies used recognized cytokeratin 13 (1:25, Dako),
SPRR3 (1:200, Alexis Biochemicals), plakoglobin (1:200, Sigma),
galectin 7 (1:200, a kind gift from Dr Thierry Magnaldo, Laboratory
of Genetic Instability and Cancer, CNRS UPR2169, Institut Gustave
Roussy, Villejuif, France), sciellin (1:300, kind gift from Dr Howard

Figure 1. Immunostaining of human
aorta and IVC. Hematoxylin and eosin
staining of human aorta (a) and IVC (b;
original magnification �20). Boundary
between tunica intima and tunica media
is not sharply defined in aorta by dis-
cernible internal elastic lamina but can
be distinguished by staining characteris-
tics such as degree of cellularity. Immu-
nofluorescence of sections from paraffin-
embedded, formalin-fixed sections of
human thoracic aorta (c–h) and human
IVC (i and j) with antibody against human
sciellin (c, e) or human plakoglobin (g, i)
display specific staining of intima of
aorta, particularly in region closest to
lumen. DAPI staining of same slide
showed location of nuclei. L indicates
lumen; I, intima; and IEL, internal elastic
lamina.
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Baden, Department of Dermatology, Cutaneous Biology Research
Center, Harvard Medical School, Massachusetts General Hospital,
Boston, Mass), and desmocollin 1 (1:50, Research Diagnostics, Inc).
Slides were washed and then incubated with appropriate secondary
antibodies conjugated to fluorochromes (Molecular Probes). Slides
were sealed with Vectashield mounting media (Vector Laboratories)
with DAPI. SPRR3 and keratin 13 were also analyzed by immuno-
histochemical staining on a Ventana Gen System (Ventana Medical
Systems) counterstained with hematoxylin. Control slides for mouse
monoclonal antibodies were incubated with irrelevant mouse anti-
body of the same IgG subclass, whereas control slides for rabbit
polyclonals were incubated with normal rabbit serum (Dako) before
incubation with secondary antibodies. Slides were viewed on a
Nikon Microphot-SA fluorescence microscope, and images were
captured with a Colorview camera (Olympus) and AnalySIS soft-
ware (Soft Imaging System).

Results and Discussion

Gene Expression Analysis Shows Overlap Between
Skin and Aorta Expressed Genes
Of the genes queried (12 000 probe sets, 8619 unigene
clusters), mRNAs represented by 271 probe sets were up-
regulated in the aorta over the IVC by �2-fold (raw data
available in the Data Supplement). To determine which genes
specifically discriminated for the aorta, we used Affymetrix
and Spotfire software to identify a set of genes that were
determined to be present in the aorta but absent in murine
IVC, spleen, liver, kidney, brain, skeletal muscle, lung,
pancreas, intestine, and heart. Transcripts represented by 93
probe sets were identified as present in the aorta and absent in
the IVC and all other tissues used in the comparison. A subset
of the probe sets (n�50), however, were absent from the
Mu74A (version 1) used to analyze the other tissues (with the
exception of the IVC, skin, and heart), and hence, their
expression in these tissues could not be determined. In
addition, other modifications of the probe sets present in the
new version may have resulted in altered hybridization
efficiency and, consequently, different absolute calls.15 To
evaluate the systemic variability resulting from the use of 2
different versions of GeneChip arrays, we reanalyzed the
labeled murine heart cRNA used for analysis on version 1 on
the version 2 chip. This analysis demonstrated that most
probe sets (�88%) were assigned the same absolute calls on
both versions (data not shown). When only the number of “P”
calls for every probe set was analyzed, there was better
correlation (�94%). 2D scatterplots of signal intensity (ob-
tained from MAS 5.0 analysis) from the 2 chips were plotted
against each other. The degree of deviation of the spots from
the main diagonal was interpreted as a measure of systemic
variation of intensity of expression. A Pearson correlation
coefficient of 0.82 was calculated when the comparison was
restricted to probe sets with signal intensities �1000 (data not
shown), which supports reports from other laboratories that
have validated the use of microarray data from different
platforms.15 Nevertheless, we realized that limiting our anal-
ysis to 1 chip for each set of pooled tissue (12 chips in all)
limited the statistical confidence of the data; however, we
used the microarray strategy only as the initial mechanism to
tentatively identify genes of interest. All of the genes subse-
quently were analyzed by a more accurate experimental

method on independently obtained, separate samples for
quantifying differences in gene expression.

To our surprise, a striking number (22/93, 24%) of the
genes expressed specifically in the aorta were previously
reported to be enriched in skin and other stratified epithelia
and represented 18 of the 40 highest-ranking signature genes
in the experiment (Table 1).16,17 The various tissues used in
our initial analysis to select for aorta-enriched genes did not
contain stratified epithelia. To rule out the possibility that the
significant overlap between the genes expressed in the aorta
and skin/stratified epithelia was not merely the result of our
analysis strategy, we performed microarray analysis on
pooled mouse skin RNA. We additionally examined the
subset of genes coexpressed in the aorta with each of the other
tissues, eg, heart, lung, and spleen, but which were absent in
all other remaining tissues. This analysis was expected to
identify a list of organ-specific (such as cardiac or liver)
signature genes that were also expressed in the aorta. The
liver, spleen, intestine, brain, heart, and lung contained an
overlap of only 2 or 3 genes with the aorta. Furthermore, none
of these genes represented tissue-enriched signature genes.
The pancreas and skeletal muscle contained no genes in
common with the aorta by this analysis. By contrast, 15%
(22/147) of the genes present in the skin but absent in IVC,
spleen, liver, kidney, brain, skeletal muscle, lung, pancreas,
and intestine were also present in the aorta, which confirms
the unexpected prevalence discerned by our initial analysis
(data not shown).

Common Features of Cornified Cell Envelope in
Skin and Aorta
We chose to further pursue this novel aorta/stratified epithe-
lium common gene association (Table 1). These genes fell
into 2 broad but overlapping categories: (1) a group highly
enriched in stratified epithelia (ie, skin), many of them
mapped to the epidermal differentiation complex, a region
that contains many genes vital to epidermal differentia-
tion17,18; and (2) a group of adhesive junction–related genes.
Interestingly, many of the identified genes that fell within the
first category, such as cytokeratin 13, SPRRs, sciellin, and
members of the S-100 calcium binding protein family, are
known to be involved in the formation of the cornified cell
envelope (CE).19 Terminally differentiating stratified squa-
mous epithelial cells assemble a specialized structure on their
periphery, termed “CE,” that is composed of numerous
structural proteins that become cross-linked by several trans-
glutaminase enzymes into a macromolecular assembly that is
critical to the mechanical and barrier properties of that
tissue.20,21 Interestingly, aside from the enduring significantly
greater biomechanical stress, the aorta also exhibits enhanced
barrier function, as demonstrated by Evans blue dye exclu-
sion experiments, compared with the IVC.22 Some CE pre-
cursors have been described in nonstratified epithelia that
have barrier properties.23,24 For example, the SPRR family
members also serve as cross-bridging proteins linked to
desmosomal desmoplakin, and sciellin has been identified in
simple epithelia with barrier properties, like the amnion, that
lack a CE.25,26 In general, however, expression of many of the
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CE precursor proteins outside of stratified epithelia, specifi-
cally vascular tissue, has not been described.

The expression of several CE precursor genes in the aorta
led us to further query the GeneChip data (or perform
qRT-PCR if transcripts were not represented on chip) to
identify the vascular expression profile of other known
components of the CE (Table 2). Assembly of the CE is
believed to initiate with the multimerization of periplakin,
envoplakin, and involucrin, which are crosslinked by N�(�-
glutamyl)lysine isopeptide cross-links by transglutaminase I
(TG1).21,27 The formation of this scaffold is an early step in
the assembly of CE structures of many different tissues that
contain stratified squamous epithelia. Both periplakin and
envoplakin were dramatically overexpressed in the aorta
relative to the IVC (17- and 15-fold, respectively; Table 2).
TG1 expression was not detected in IVC; expression in aorta
was �2-fold lower than that detected in mouse skin or

esophagus. Transglutaminase 3 (TG3), which also is involved
in cross-linking during later steps of CE assembly,20 was
detected in the aorta at approximately the same level as in the
skin and 6-fold higher than levels in the IVC. Cross-linking of
cytokeratins to the components of the CE (eg, SPRRs and
envoplakin) is critical in the coordination and maintenance of
epidermal structure.20,21 Cytokeratin 13 (Tables 1 and 2) was
found at high levels only in murine aorta. Other known CE
precursor proteins, such as involucrin, filaggrin, elafin, an-
nexin I, repetin, cystatin A, trichohyalin, and loricrin,28 were
not detected in murine aorta or IVC with the microarray
analysis or by qRT-PCR (data not shown).

Cell Adhesive Junction–Related Genes Are
Enriched in the Aorta Over IVC
A second subset of the skin-enriched genes identified in our
microarray analysis represented components of adhesive

TABLE 1. Identification of Many Aorta-Specific Genes by Microarray Analysis

Genes Signal in Aorta
cDNA ID

(Locus Link No.) Function*

Functions in cornification of stratified epithelia

Cytokeratin 13 50 380 16 663 Maintains cell shape; structurally coordinates CE assembly

SPRR3 38 536 20 766 Identified in EDC#. Member of the CE precursor protein family;
believed to be cross-bridging proteins that affect biomechanical
properties

SPRR1a 11 771 20 753

SPRR2J 3117 20 764

SPRR1B 1941 20 754

Sciellin 1544 64 929 Assembly of cornified epithelium envelope

S100 calcium BP 783 20 194 Identified in EDC#; may be involved in cornified envelope initiation

Enriched in stratified (cornified) epithelia

KDAP 41 134 64 661 Expressed in the suprabasal layer of embryonic skin

NICE-1 29 363 74 175 Identified in the EDC#; upregulated in differentiated keratinocytes

EST 25 576 67 855 Isolated from skin library; function unknown

Calmodulin 4 21 644 80 796 Expressed in epidermis; can associate with TG3

Galectin 7 21 157 16 858 Expressed in all layers of the epidermis; function unknown

Metallothionein IV 20 751 17 752 Expressed in stratum spinosum of mouse tongue, esophagus, and
upper stomach

Arachidonate 12-lipoxygenase 12R type 3563 11 686 Expressed in skin; mutated in nonbullous congenital ichthyosiform
erythroderma

Tyrosine hydroxylase 1589 21 823 Identified in melanocytes and cultured epithelium

CRABP2 1523 12 904 Involved in retinoic acid–mediated regulation of skin growth

Procollagen, type XVII, alpha 1 1128 12 821 Transmembrane; localized to where hemidesmosomes mediates
adhesion of keratinocytes to underlying membrane

Procollagen XV, alpha 1 650 12 819 Identified in adult skin and capillaries and basement membrane of
muscle

N-sulfotransferase 484 53 315 Marker of keratinocyte differentiation

Protein tyrosine phosphatase, 5 194 19 024 Striatum-enriched in humans

Functions in cell adhesion

Plakophilin 1 5207 18 772 Cutaneous cell–cell adhesion and epidermal morphogenesis;
member of armadillo protein family and component of
desmosomes

Desmocollin 1 439 13 505 Calcium-dependent glycoprotein of the cadherin superfamily;
constitutes the adhesive proteins of the desmosome cell–cell
junction

EDC indicates epidermal differentiation complex; EDC is a region on 1q21 that is composed of a large number of genes important in maturation of the human epidermis.
*Genes identified were queried against public databases (NCBI LocusLink, NCBI PubMed, Gene Ontology Consortium, and OMIM) to assign a functional classification.
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junctions involved in cell-cell adhesion (Tables 1 and 2). We
were especially surprised by the identification of desmocollin
I in the aorta, because desmosomes have not been detected in
ultrastructural analysis of large vessels.29 Expression of other
desmosomal cadherins, desmocollin 2 and desmoglein 2, was
also detected in low levels in both aorta and IVC, with similar
signal intensity (data not shown), whereas desmocollin 3 was
undetectable in both murine aorta and IVC. Plakophilin I is a
member of the armadillo family of arm proteins that directly
interact with cadherins located in both adherens junctions and
desmosomes (Table 1).29 These junctions play an important
role in providing strength to tissues that experience mechan-
ical stress, such as heart and epidermis, and are highly
expressed in these tissues.29–31 Plakoglobin belongs to the
same family as plakophilin I, has a similar role in adhesive
junctions, and has been shown to be important in interendo-
thelial adhesion during shear stress.32 We determined whether
expression of plakoglobin was also enriched in the aorta.
Plakoglobin expression in the murine aorta by microarray
analysis was only modestly higher than in the IVC (�2-fold;
Table 2).

qRT-PCR Confirms Microarray Results
For a subset of the genes, qRT-PCR was used as an
independent method to confirm the gene expression differ-
ences between the artery and IVC and to compare the relative
expression in the murine aorta to other tissues that contain
cornified stratified epithelia, such as the esophagus and skin
(Table 2). For the majority of the genes tested that were called
“absent” in the IVC by microarray analysis, the transcript was

undetectable by qRT-PCR with a separate set of experimental
samples (Table 2); however, low levels of galectin 7 expres-
sion (27-fold less than that in the aorta) were detected in the
IVC by qRT-PCR. The precise function of galectin 7 is not
yet known; however, its expression is linked to differentiation
of skin.33 The relative expression of many of these skin-
enriched genes in the aorta relative to mouse skin by
qRT-PCR analysis varied (Table 2), with generally higher
expression in murine skin; however, mRNA expression of
SPRR3 was higher in aorta than in skin. Interestingly, the
level of expression of many of the genes involved in CE in the
murine aorta was comparable to expression levels detected in
the murine esophagus, a tissue with a defined CE (Table 2).

The magnitude of overexpression determined by qRT-PCR
was similar to that determined from the signal intensity on the
microarray for most of the genes, except plakoglobin. Rela-
tive expression of plakoglobin in the aorta was �8-fold
higher than in the IVC by qRT-PCR, whereas the difference
was only 2-fold by microarray analysis (Table 1). Desmocol-
lin I was detected in the aorta only at a relatively low level
(signal intensity of 439). This is supported by the finding that
expression in the aorta was �200-fold less than in murine
skin. The difference of expression of each gene examined by
qRT-PCR between the artery and vein was statistically
significant.

This high level of correlation observed between the array
and qRT-PCR data was anticipated given that the majority of
aorta-enriched genes identified by our analysis represented
transcripts detected with very high signal intensity. Studies
from other laboratories have shown very strong reproducibil-

TABLE 2. Transcripts of Genes Enriched in Stratified Epithelia Are Expressed Specifically in Murine Aorta by GeneChip and
qRT-PCR Analysis

qRT-PCR Relative Levels

Genes Fold � Aorta:IVC* Aorta IVC Esophagus Skin
Fold �

Aorta:IVC
Fold �

Aorta:Esophagus
Fold �

Aorta:Skin

Genes involved in cornification

Cytokeratin 13 N/A 200�90 UD 19�4.2 0.01�0.02 ND 11 20 000

SPRR1a N/A 78�22 UD 61�5.8 640�58 ND 1.3 0.12

SPRR3 N/A 240�75 UD 10�7.0 0.72�0.78 ND 24 330†

Sciellin N/A 11�9.2 UD 23�2.8 52�12 ND 0.48 0.21

Periplakin 14 30�15 1.8�1.0 7.7�6.4 550�73 17 3.8 0.05

Envoplakin Not present on chip 280�95 19�2.9 200�86 1000�79 15 1.4 0.14

Transglutaminase I Not present on chip 48�32 UD 72�22 153�29 ND 0.67 0.50

Transglutaminase III 15 67�38 12�5.1 260�16 69�8.6 6 0.25 0.97

Genes involved in cell–cell adhesion

Desmocollin I N/A 120�21 UD 0.6�0.35 24 000�290 ND 200 0.005

Plakophilin I N/A 120�19 UD 0.52�0.51 1900�830 ND 230 0.06

Plakoglobin 2 220�32 28�6.8 1600�0.73 5300�10 8 0.13 0.04

Other genes identified by microarray analysis

Nice-1 N/A 44�24 UD 5.5�1.7 110�57 ND 8.0 0.4

Galectin 7 N/A 180�43 6.7�1.1 47�5.2 840�91 27 3.8 0.21

N/A indicates not applicable because expression in IVC was not detected; UD, mRNA undetected by qRT-PCR; and ND, not determined because expression was
limited to aorta by qRT-PCR.

*Denotes microarray data.
†Unlike the majority of the SPRR family, expression was described to be low in skin, high in esophagus and cervix.
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ity among this set.12,34 We also tested for a number of other
functionally related transcripts that were not identified in our
analysis (either because they were absent in the chip, eg,
envoplakin, or because they were also expressed in other
tissues, eg, plakoglobin transcripts were also detected in
murine heart). In each case, we were able to confirm
aorta-enriched expression, which provides further support for
the association between the aorta and this group of skin-
enriched proteins.

Protein Expression of Selected Murine Aorta-Enriched
Genes in Human Aorta and Other Arteries
Immunofluorescence and immunohistochemistry analysis
with vascular tissue obtained from human autopsy samples
was used to confirm whether protein expression was re-
stricted only to the aorta and also to determine the vascular
localization of a subset of these proteins. In each analysis
(except for cytokeratin 13), the same slide was also stained
with the nucleic acid dye DAPI to determine cellular local-
ization within the tissue. Expression of sciellin, plakoglobin,
galectin 7, SPRR3 (Figures 1 and 2), and cytokeratin 13 (Data
Supplement Figure I) was restricted to the human aorta, not
IVC (Data Supplement Figure II). Expression of sciellin
(Figures 1c and 1e) and cytokeratin 13 (Data Supplement
Figure I) was restricted to the intima of the aorta, with the
majority of staining in the portion of the intima closest to the
lumen. An antibody specific for plakoglobin and galectin 7
stained cells throughout the intima (Figures 1g, 2a, and 2c).
No specific staining was seen in the media or adventitia of the
aorta for sciellin, cytokeratin 13, or galectin 7 (data not
shown). Staining was absent in the human IVC with antibod-
ies against sciellin, galectin 7, and SPRR3 (Data Supplement
Figure II). Although staining in the IVC was primarily absent
with antibody to plakoglobin (data not shown), several
isolated areas of punctate immunoreactivity were detected,
particularly in regions in which the intima was thickened
(Figure 1i). This sporadic staining pattern was confirmed on
3 independent experiments; nonspecific staining due to
autofluorescence was ruled out by careful examination of the
other channels for fluorescence (data not shown). We noted
that SPRR3 showed discontinuous staining throughout the
aortic intima. To study the localization of SPRR3 further, we
performed immunohistochemistry on various human arteries
and veins. Interestingly, localization of SPRR3 was limited to
atheromatous plaques in several artery-derived vessels and
was not detectable in veins (Figure 3).

To determine whether expression of the newly identified
intima-enriched proteins is restricted to the aorta, we per-
formed immunofluorescent analysis of additional large arter-
ies (iliac, renal, and right coronary) and the renal and
pulmonary veins using antibodies that recognize plakoglobin,
sciellin, or galectin 7. Expression of all 3 proteins was
detected in an intima-enriched pattern in all arterial vessels
(Figure 4). Expression was absent in both types of veins; only
data from the renal vein analysis is shown in Figure 4.

Genes Present in IVC but Not Aorta or Other Tissues
Complementary analysis was performed to identify genes
expressed in the IVC but absent in the aorta and all other
tissues (excluding skin) used in the comparison presented for
the aorta study. Transcripts represented by 17 probe sets were
identified as present in the IVC and absent in the aorta and in
murine spleen, liver, kidney, brain, skeletal muscle, lung,
pancreas, intestine, and heart. Of these, all but 2 had signal
intensities below 1000 in the IVC. This is noteworthy because
“P” calls made by MAS 5.0 perform well at high concentra-
tions but are much less reliable at the low concentrations

Figure 2. Immunofluorescent staining of
human aorta and IVC. Antibody against
galectin 7 (a, c) or SPRR3 (e, g) was
used to stain paraffin-embedded
formalin-fixed sections of thoracic aorta.
Staining of aorta is restricted to intima.
DAPI staining depicts location of nuclei.
L indicates lumen; I, intima; and IEL,
internal elastic lamina.

Figure 3. Immunohistochemistry staining of human aorta (A),
iliac artery (B), and renal artery (C) showing extensive staining
with SPRR3, particularly around atheroma. No specific staining
was detected in renal vein (D). L indicates lumen; M, media; and
FC, fibrous cap.
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reflected by the low signal intensity.12,34 We could not discern
any functional relationships among these genes (Table 3).

Comparison of Adult Aorta Gene Expression With
Reported Artery/Vein Specified Genes
There are only a few known artery- or vein-specific
genes.7,8 EphrinB2 is expressed in developing arteries,
whereas EphB4 is expressed in veins.35,36 However, anal-
ysis of the vena cava of adult mice in whole mount
revealed patchy staining of the lacZ reporter targeted to the
ephrinB2 locus.35,36 Expression of EphB4, which is con-
sidered specific for venous endothelium, was detected in
lower levels in the wall of the adult dorsal aorta.35 More
recently, Lawson and colleagues37,38 and Zhong et al39

have described expression of the Notch and Gridlock
family of genes in precursors of endothelial cells, in which
they promote arterial fate and repress venous differentia-
tion. Unlike the ephrin genes, these and other differentially
expressed genes have pronounced differences that exist
only during early development.38 The expression profile of

TABLE 4. Expression of Known Artery-Specific or Shear
Stress/Flow-Regulated Genes

Tissue Enriched
or Regulation
With Shear

Signal in
Aorta

Signal
in IVC

Fold �
A:IVC

Known artery- or vein-enriched genes

Ephrin B2 Artery 1276 1684 0.76

Ephrin B4 Vein N/A* N/A N/A

Notch 3 Artery 1577 2017 0.78

Sox-13 Artery 3424 2347 1.5

Known shear-regulated genes

Thioredoxin reductase Upregulated 2198 2279 0.96

SGK Upregulated 4261 5107 0.83

Id2 Upregulated ND† ND ND

ICAM1 Upregulated 417 536 0.78

Smad 8 Upregulated N/A N/A N/A

Smad 6 Upregulated 1462 1971 0.74

Smad 7 Upregulated 1412 1888 0.75

GADD34 Upregulated N/A N/A N/A

LKLF Upregulated ND ND ND

EC-NOS Upregulated ND ND ND

SOD Upregulated 16 446 11 770 1.4

COX2 Upregulated ND ND ND

Endothelin Downregulated ND ND ND

VCAM Downregulated 411 704 0.58

*Not present on chip.
†Expression of gene not detected.

Figure 4. Intima-specific staining shown
in other human large arteries and vein.
Plakoglobin, sciellin, and galectin 7 were
detected in intima of various arteries as
noted but were not detected in renal
vein. L indicates lumen; I, intima.

TABLE 3. Genes Selectively Expressed in IVC

Gene Signal in IVC
cDNA ID

(Locus Link No.)

Interferon receptor (� and �) 1409 15 975

Rabaptin 5 361 54 189

IL3 989 18 030

THAP domain containing 7 903 69 009

Adrenomedullin 749 11 535

Cystatin 9 631 13 013

EGF-like module protein 815 13 733

EST 789

EST 179 72 137

Serine protease HTRA3 519 78 558

EST 865 68 222

Cartilage intermediate layer protein 2 621 68 709

Cytoskeleton-associated protein 1 914 66 411

TSH receptor 780 22 095

Arachidonate 15-lipoxygenase 1276 11 687

Follistatin 487 14 313

2388 Circulation May 10, 2005



some of these genes in our microarray analysis is provided
in Table 4 and did not demonstrate restricted expression.

Several recent reports have also used microarray analysis
to identify the molecular basis for the structural and func-
tional diversity in vessels, particularly in endothelial
cells.40–43 Many of these studies have been aimed at the
identification of endothelial genes that are regulated by
arterial levels of shear stress using in vitro models.40–43

Because the present study used whole-vessel homogenates,
not just endothelium, we suspect that our platform lacks the
sensitivity to identify the distinctions between the arterial and
venous endothelium reported by others. Hence, the message
detection levels of many of these genes were detected both in
the aorta and IVC at similar levels in our analysis (Table 4).

Using gene array to compare the gene expression profile of
the aorta and IVC, we have identified several genes that are
expressed specifically in the arterial but not venous intima.
The tunica intima is composed of a single layer of endothe-
lium that lines the lumen, smooth muscle cells, and connec-
tive tissue; the major cell type of the intima is the intimal
smooth muscle cell.1 A surprising number of these arterial
intima–enriched genes are also enriched in stratified epithe-
lia, such as the epidermis.17 A number of these represented
precursors of the CE and proteins involved in adhesive
junctions.17,21 The identification of such a large number of
known CE precursor proteins and proteins involved in cell-
cell adhesion in the arterial intima suggests that they may
play a role in the long-recognized enhanced barrier and
stress-bearing properties of arteries compared with veins.22

Expression of SPRR3, specifically, appears to be associated
with atherosclerotic plaques. The biomechanical disruptions
around atherosclerotic plaques have long been described but
are not well understood.44

Although the aorta has a number of CE precursors, it lacks
some of the important components, such as involucrin, which
is suggested to be a ubiquitous component of CEs in all
stratified epithelia.20 Together with the fact that a CE has not
been morphologically demonstrated in the aorta or large
arteries, it is unlikely that the aorta contains a classic CE;
however, these data raise the possibility that it may contain a
less well-developed CE. Alternatively, these precursors may
be participating in the cytoplasmic cross-linking of structural
proteins. The human phenotype of known mutations in a few
CE precursors usually manifests as various skin deformities,
such as ichthyosis and hyperkeratosis.20 Although vascular
defects in such conditions have not been appreciated and
linked yet, it will be interesting to study such patients to
determine whether there is greater predisposition to arterial
pathology, such as atherosclerosis or aneurysms.

Interestingly, the aortic intima at birth is limited to a lamina
of endothelial cells that closely abuts the internal elastic
lamina.1 During growth and development, there is prolifera-
tion and development of the intima in the large arteries, and
in the aorta, it expands to �0.2 mm in adults.1 It is
hypothesized that biomechanical stress represents an impor-
tant stimulus for differentiation of not just the endothelium
but the entire intima.1,5 Future studies to examine the role of
arterial intima–enriched proteins in intimal smooth muscle

cells during vascular adaptation to biomechanical stress are
under way.
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B-Type Natriuretic Peptide in Organic Mitral Regurgitation
Determinants and Impact on Outcome

Delphine Detaint, MD; David Messika-Zeitoun, MD; Jean-François Avierinos, MD;
Christopher Scott, MS; Horng Chen, MD; John C. Burnett, Jr, MD; Maurice Enriquez-Sarano, MD

Background—B-type natriuretic peptide (BNP) activation observed in cardiac diseases is a predictor of poor outcome;
however, in organic mitral regurgitation (MR), BNP determinants and prognostic value are unknown.

Methods and Results—We prospectively enrolled 124 patients with chronic organic MR (aged 63�15 years, 60% males)
in whom we measured BNP level and simultaneously quantified MR degree, left ventricular (LV) remodeling, and left
atrial (LA) volumes and analyzed long-term outcome. Baseline BNP level (54�67 pg/mL, median 31 pg/mL) was
associated univariately with multiple clinical and echocardiographic characteristics, but in multivariate analysis,
independent determinants of BNP, beyond age and sex (both P�0.01), were LV end-systolic volume index, LA volume,
atrial fibrillation, and symptoms (all P�0.02). Conversely, MR degree was not independently associated with BNP.
During follow-up, patients with high versus low BNP (�31 versus �31 pg/mL) displayed lower survival rates (at 5
years, 72�10% versus 95�5%, P�0.03) and higher rates of the combined end point of death and heart failure (at 5
years, 42�10% versus 16�7%, P�0.03). In multivariate analysis, with adjustment for age, sex, functional class, MR
severity, and ejection fraction, BNP was independently predictive of mortality (hazard ratio per 10 pg/mL, 1.23 [95%
CI 1.07 to 1.48], P�0.004) and of death or heart failure (hazard ratio per 10 pg/mL, 1.09 [95% CI 1.001 to 1.19],
P�0.04).

Conclusions—BNP activation in organic MR reflects primarily ventricular and atrial consequences rather than degree of
MR. Higher BNP level in patients with organic MR independently predicts adverse events under conservative
management. Therefore, BNP activation in organic MR is an emerging biomarker of severity of MR consequences and
of poor clinical outcome, and its assessment should be considered in the clinical evaluation and risk stratification of
patients with MR. (Circulation. 2005;111:2391-2397.)

Key Words: natriuretic peptides � echocardiography � regurgitation � prognosis

Organic mitral regurgitation (MR) is a frequent and
progressive valve disease that is difficult to manage

clinically1 because insidious cardiac overload2,3 causes hemo-
dynamic, left ventricular (LV), and left atrial (LA) alterations,
which lead to poor clinical outcome.2,4–8 Among mechanistic
complications, recent reports noted that MR may also cause
hormonal activation, with an elevated level of B-type natri-
uretic peptide (BNP).9,10 This observation is important be-
cause in various cardiac diseases, BNP activation reflects
hemodynamic alterations, detects LV dysfunction, and pro-
vides prognostic information and thus was touted as an
important clinical tool.11–14

However, in chronic organic MR, BNP physiological
determinants and outcome implications are undefined. In-
deed, it is unclear whether BNP purely reflects the symp-
toms9,10 or MR severity9 or whether it is a biomarker of
ventricular and atrial alterations due to the MR. Furthermore,
no study has yet analyzed BNP implications for subsequent

survival and development of heart failure. Such an outcome
link would be important, because few markers of high risk
under conservative management exist to guide clinical deci-
sion making.1

Therefore, we prospectively enrolled patients with chronic
organic MR, measured BNP levels simultaneous to extensive
clinical and Doppler echocardiographic assessment, and an-
alyzed their outcome under medical management. We hy-
pothesized that BNP is essentially determined by the adverse
physiological consequences of MR, rather than by its degree,
and that BNP is an independent determinant of outcome
under medical management. The verification of these hypoth-
eses would pave the way for routine utilization of BNP in the
risk stratification and management of patients with MR.

Methods
This study was conducted consecutively and prospectively. Patients
were enrolled between 1996 and 1998 if they had chronic, isolated,
pure, and organic MR (degenerative lesions, healed endocarditis, or
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chronic rheumatic disease) of mild or larger degree, underwent
comprehensive quantitative Doppler echocardiography performed by
the authors, and consented to blood draw for BNP measurement.
Exclusion criteria were acute MR, previous valve repair or replace-
ment, papillary muscle rupture, ischemic cause of MR, absence of
intrinsic mitral disease, and associated aortic or congenital disease.
No exclusions were based on sex, age, or treatment received. Clinical
evaluation and management of the patients were conducted by their
independent physicians with symptom assessment by the New York
Heart Association classification and atrial fibrillation (AF) diagnosis
by ECG. Doppler echocardiographic recording and blood sampling
were collected simultaneously but were processed independently.
Follow-up was obtained in 2002 after all baseline clinical, hormonal,
and echocardiographic data were processed and entered in a database
that was not subsequently altered.

Doppler Echocardiography
Comprehensive Doppler echocardiography was performed. MR was
quantified by 3 methods: quantitative Doppler with mitral and aortic
stroke volumes,15,16 quantitative 2D echocardiography with LV
stroke volumes,15,17 and the proximal isovelocity surface area meth-
od.2 These methods were averaged, which allowed calculation of
regurgitant volume, regurgitation fraction (RF), and effective regur-
gitant orifice.18 LV end-diastolic and end-systolic volume indexes
and ejection fraction were measured by Simpson disk method as
recommended.19 LA volume was measured by the biplane area-
length method with 2 orthogonal apical views at end systole.20

Systolic pulmonary artery pressure (SPAP) was measured with
tricuspid regurgitant velocity. Cardiac index was calculated with
pulse-wave Doppler echocardiography.

Blood Sampling
Blood sampling was obtained for all patients immediately after
enrollment in the echocardiographic laboratory. After patients had
been in a supine position for at least 30 minutes, a blood sample was
drawn from a peripheral vein, immediately placed on ice, and

transferred to the laboratory facilities in the same campus. After
plasma extraction, BNP and 3�5�-cGMP were measured by standard
radioimmunoassay.14,21,22

Statistical Analysis
Results are presented as mean�SD or percentages. Group com-
parisons were performed with ANOVA, t test, or �2 test as
appropriate. Associations of baseline BNP (dependent variable) to
independent variables (Table 1) were tested with linear and
nonparametric regressions (categorical variables). Analyses were
performed overall and stratified by symptoms, RF, and LA
volume classes. Multivariate analysis with stepwise multiple
linear regression was used to define independent determinants of
BNP levels and included adjustment for age and sex. Because
pulmonary pressure could not be measured in all patients, initial
models did not include it, but the final model was rerun with the
addition of this variable to assess its potential additive predictive
value. As an adjunctive analysis, BNP was stratified in 4
categories (below BNP median [�31 pg/mL] and with division of
values greater than the median into 3 categories: 31 to 60, 61 to
90, and �90 pg/mL). We then calculated with logistic regression
analysis the ORs of an upward category change in BNP according
to increments of independent determinants. Outcome after diag-
nosis was analyzed under conservative management by censoring
at death or last follow-up for patients who did not undergo
surgery and at surgery for those who did (64 patients ultimately
underwent surgery, up to 6 years after diagnosis). Events ana-
lyzed were total mortality and the combined end point of
mortality or new heart failure with rates estimated by the
Kaplan-Meier method and tested by log rank. Evaluation of BNP
as a predictor of outcome used the Cox proportional hazards
analysis, univariately and after adjustment for age, sex, effective
regurgitant orifice, symptoms, and ejection fraction,23 with cal-
culation of adjusted hazard ratios (HRs) and 95% CIs. P�0.05
was considered significant.

TABLE 1. Clinical and Hemodynamic Baseline Characteristics and Correlates to BNP

BNP Levels Correlation to BNP

Overall
(n�124)

�31 pg/mL
(n�62)

�31 pg/mL
(n�62) P R P

Clinical and hemodynamic variables

Age, y 63�13 57�14 70�12 �0.0001 0.40 �0.0001

Male, n (%) 75 (60) 40 (65) 35 (56) 0.36 0.03 0.75

NYHA class, n (%) 0.002 0.37 �0.0001

I 85 (69) 52 (84) 33 (53)

II 30 (24) 8 (13) 22 (36)

III or IV 9 (7) 2 (3) 7 (11)

AF, n (%) 12 (10) 1 (2) 11 (18) 0.001 0.41 0.02

CI, L � min�1 � m�2 2.8�0.6 2.9�0.6 2.7�0.6 0.19 �0.20 0.02

SPAP, mm Hg 38�10 33�7 44�13 �0.0001 0.49 �0.0001

Echocardiographic variables

LA volume, mL 98�47 77�35 118�55 �0.0001 0.50 �0.0001

LV EF, % 69�8 70�7 69�9 0.26 �0.22 0.01

LV EDVI, mL/m2 106�28 103�26 109�29 0.23 0.16 0.08

LV ESVI, mL/m2 33�14 31�11 35�16 0.09 0.26 0.002

ERO, mm2 39�30 33�24 43�34 0.06 0.17 0.06

RF, % 41�18 38�18 44�18 0.06 0.20 0.02

RVol, mL 64�45 57�39 68�47 0.14 0.14 0.14

NYHA indicates New York Heart Association; CI, cardiac index; EF, ejection fraction; EDVI, end-diastolic volume
index; ERO, effective regurgitant orifice; and RVol, mean regurgitant volume.
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Results
Baseline Characteristics
A total of 124 patients (aged 63�13 years, 60% males) were
enrolled in the study and followed up for 4.4�1.4 years.
Their baseline characteristics are presented in Table 1. MR
cause was degenerative in 116 (with prolapse in 94), chronic
rheumatic in 5, and healed endocarditis in 3 patients. Overall,
RF was 41�18%, with a wide range: 30% had mild MR (RF
�30%), 34% had moderate MR (RF 30% to 49%), and 35%
had severe MR (RF �50%). SPAP measurable in 113
patients was 38�11 mm Hg. BNP plasma level was 54�67
pg/mL, with a wide range (0.10 to 410 pg/mL, median 31
pg/mL). Overall, BNP level correlated with that of its
biological second messenger cGMP (r�0.38, P�0.0001).
Higher BNP category (BNP �31, 31 to 60, 61 to 90, or �90
pg/mL) was associated with higher cGMP level (respectively,
2.9�2.2, 4.5�3.2, 4.3�2.8, and 6.3�5.0 pg/mL; P�0.0002).

Determinant of BNP in MR
For display purposes, patients were divided according to BNP
median (31 pg/mL). Table 1 summarizes comparisons be-
tween groups with high and low BNP and correlations
between explanatory variables and BNP. Patients with higher
versus lower BNP level (�31 pg/mL versus �31 pg/mL)
were older, more symptomatic, and more often in AF (all
P�0.002) and had higher SPAP and higher LA volume (both
P�0.0001), with trends toward more severe MR and larger
end-systolic volume index (ESVI). All of these variables
(Table 1) showed significant correlations with BNP level (all
P�0.02). Stratified by symptom class (Figure 1) and MR
severity (Figure 2), BNP level increased significantly with
symptom severity (P�0.0001) and tended to increase with
MR severity (P�0.08), but within each class, a wide range of
BNP level was observed, with large overlap between consec-
utive classes.

In multivariate linear regression analysis (Table 2) with
adjustment for age and sex, independent predictors of high
BNP level were mainly consequences of MR (symptoms,
ESVI, LA volume, and AF; P�0.02 for all). Association

between BNP level and LA volume (Figure 3) showed an
overlap between classes, but BNP levels �100 pg/mL were
observed almost exclusively in patients with marked LA
enlargement. Importantly, MR degree (RF) was univariately
but not independently associated with BNP level. When
SPAP was added to the model, it was additionally indepen-
dently associated with BNP level (P�0.0001). These results
were not altered after exclusion of endocarditic and rheumatic
lesions. Adjusted ORs of higher BNP category (95% CI) for
specific increments of ESVI, LA, and presence of AF after
multivariate logistic regression analysis are indicated in Table
2. New York Heart Association symptom class was not
independently predictive of higher BNP category with logis-
tic analysis.

Outcome Analysis
Under medical management of MR (between diagnosis and
last follow-up or surgery), 7 patients died, and 11 patients
incurred congestive heart failure. Patients with higher (�31
pg/mL) compared with lower (�31 pg/mL) levels of BNP
experienced lower survival (at 5 years, 72�10% versus
95�5%, P�0.03; Figure 4) with a univariate HR per 10
pg/mL of 1.17 (95% CI 1.06 to 1.28; P�0.003). After
adjustment for age, sex, symptoms, ejection fraction, and
effective regurgitant orifice, BNP level was independently
predictive of survival, with an adjusted HR of 1.23 (95% CI
1.07 to 1.48) per 10 pg/mL (P�0.004).

Combined adverse events (death or heart failure) occurred
at higher rates in patients with BNP �31 versus �31 pg/mL
(at 5 years, 42�10% versus 16�7%, P�0.03; Figure 5), with
a univariate HR of 1.12 (95% CI 1.04 to 1.19) per 10 pg/mL
(P�0.004). After adjustment for age, sex, symptoms, ejection
fraction, and effective regurgitant orifice, BNP independently
predicted death or heart failure (adjusted HR 1.09 [95% CI
1.001 to 1.19] per 10 pg/mL, P�0.04). Outcome analyses
were unchanged after exclusion of patients with endocarditic
and rheumatic lesions.

Figure 1. Scatterplots of BNP stratified by New York Heart
Association (NYHA) functional class I, II, and III or IV; 25th, 50th,
and 75th percentile BNP values are represented by bars in each
group. Mean�SD by NYHA class are, respectively, 40�5,
73�69, and 131�123 pg/mL.

Figure 2. Scatterplots of BNP stratified according to degree of
MR, stratified as mild, moderate, and severe by RF classifica-
tion; 25th, 50th, and 75th percentile BNP values are represented
by bars in each group. Mean�SD by RF class are, respectively,
33�34, 64�71, and 61�79 pg/mL.
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Discussion
The present study, which to the best of our knowledge is the
largest and the first to analyze the association of BNP with
clinical outcome in MR, showed that BNP activation is
present in chronic organic MR and is biologically active.
BNP activation essentially reflects the hemodynamic, ven-
tricular, and atrial consequences of MR, assessed by ESVI,
LA volume, and AF, irrespective of MR degree. The func-
tional symptom class only contributes modestly to BNP
activation, which is not a mere reflection of symptoms but
rather a biomarker that integrates the severity of the MR
consequences. Furthermore, elevated BNP levels are inde-
pendently associated with higher rates of mortality and of the
combined end point of death or heart failure. Thus, BNP
activation in MR is an emerging biomarker of severe conse-
quences and poor clinical outcome under conservative man-
agement; BNP measurement in patients with organic MR is a
promising clinical tool for risk stratification, which suggests
that large cohorts of patients with organic MR and BNP
measurement should be analyzed.

Rationale of the Study
BNP, synthesized and released by overloaded myocardi-
um,21,24,25 has natriuretic and vasodilator properties mediated

by its second messenger, cGMP.13,25 MR causes volume
overload with LA enlargement26,27 and LV remodeling8,28,29

and induces BNP activation.9,10 The present study confirms
BNP activation in chronic organic MR and shows that it is
biologically active, with parallel cGMP elevation.

In heart failure and coronary disease, BNP level reflects
the magnitude of hemodynamic and LV alterations and
predicts outcome,11,14,30 is linked to the presence of func-
tional MR,31 and is a major biomarker of risk,32,33 so that
BNP measurement was recently recommended as integral
to clinical management.34 –36 In organic MR, there is a
profound need for such a biomarker, because the identifi-
cation of high-risk patients is essential for clinical man-
agement and to indicate when surgery is necessary.1,23

Currently proven risk markers in organic MR, symptoms23

and LV dysfunction,4,23,29 are observed in a minority of
patients and late in the disease course, such that these
markers are associated with poor postoperative out-
come.4,37 MR surgery before such markers are present was
proposed, but selection of potential candidates remains
controversial,23,37,38 requiring new markers of cardiac re-
modeling and poor outcome under medical management.
Demonstration that BNP activation may be such a marker
is of considerable importance and may provide substantial
help in the clinical management of patients with MR.

Figure 3. Scatterplots of BNP stratified according to LA volume,
classified as �50, 50 to 99, and �100 mL; 25th, 50th, and 75th
percentile BNP values are shown by bars in each group.
Mean�SD by LA class are, respectively, 21�30, 39�49, and
85�83 pg/mL.

Figure 4. Survival under conservative management of patients
with organic MR stratified according to baseline BNP level
higher (dotted line) or lower (continuous line) than 31 pg/mL.
Values indicated are mean�SE at 5 years.

TABLE 2. Determinants of BNP in MR and Adjusted ORs for Higher BNP Levels

Variable
BNP, Multivariate

Analysis (P )

Adjusted OR of Moving to the Next
Highest BNP Level

(�30, 31–60, 61–90, �90 pg/mL)

Threshold OR (95% CI) P

LA volume 0.0001 Per 10 mL 1.13 (1.02–1.26) 0.02

AF 0.006 If present 5.30 (1.32–21.3) 0.02

ESVI 0.02 Per 10 mL/m 1.58 (1.14–2.21) 0.007

NYHA class 0.01 Per class 1.36 (0.71–2.60) 0.36

Sex 0.01 If female 5.01 (1.92–13.1) 0.001

Age 0.0003 Per year 1.08 (1.04–1.11) �0.001

NYHA indicates New York Heart Association.
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Determinants of BNP Activation
In previous limited MR series, BNP primarily reflected
functional class.9,10 Such a conclusion would restrain the use
of BNP, because symptoms are readily assessed clinically.
The present study reveals BNP activation and physiological
significance in organic MR, which reflect combined cardiac
alterations due to MR. Indeed, despite MR progression,
symptoms may be absent, in contrast to subclinical complica-
tions initiated by MR.39 Volume overload induces LV remodel-
ing and dysfunction, which leads to poor outcome.4–6,8,23,29

Importantly, a larger ESVI7 independently determines a
higher BNP level. The ESVI-BNP association in MR was not
observed previously, possibly because of insensitive methods
used to assess LV remodeling (diameter9 versus volumes40).
Similarly, MR induces LA overload and enlargement and
subsequent AF, which leads to heart failure and poor prog-
nosis.23,27 Remarkably, higher BNP independently reflects
atrial enlargement and fibrillation, which, in contrast to lone
AF,20 reveals differences in arrhythmia mechanism due to
atrial overload in MR.41 In addition, LA volume measurement
better reflects LA overload than a single diameter,9 revealing
strong associations between LA consequences of MR and
BNP activation. Finally, the additive association with BNP
activation of pulmonary pressures, determined by both re-
duced LA compliance and degree of MR,42 furthers the
concept that BNP level integrates various untoward MR
consequences. BNP association with MR consequences, in-
dependent of known BNP links with age and sex,43 does not
merely reflect an association of BNP with degree of MR and
may contrast with BNP determinants in heart failure.31

Furthermore, BNP overlap between MR grades (Figure 2)
clearly shows that BNP is not a surrogate for MR degree and
cannot be used clinically for this purpose. Therefore, BNP
activation is essentially determined by adverse hemodynamic,
ventricular, and atrial alterations due to MR and consequently
denotes the fact that organic MR is complicated by serious
consequences.

BNP and MR Outcome
The hypothesis that BNP is a predictor of outcome in patients
with MR stems from outcome studies conducted in patients

with heart failure or ischemic heart disease that showed BNP
as a strong independent predictor of mortality and morbidi-
ty.11,12,33 A similar predictive value in chronic MR that allows
identification of high-risk patients under medical manage-
ment is of great interest. Indeed, the only clinical character-
istics predictive of outcome under medical management,
overt symptoms and LV dysfunction,23 are observed in a
minority of patients1,23 and late in the course of the dis-
ease.4,37 The current high-feasibility, low-risk, and excellent
long-term outcome of valve repair44 suggest that patients at
high risk under medical management should be considered
for surgery irrespective of symptoms. This seminal study was
designed to examine long-term follow-up after diagnosis and
denotes for the first time that BNP activation is a new
independent predictor of death and congestive heart failure in
MR. The risk attached to higher BNP levels is notable and is
almost unaffected by adjustment. Therefore, the outcome
implication of BNP activation is not just a surrogate for
consequences or degree of MR but is additive to other
descriptors of MR severity and predictors of outcome.23,45

The results of the present study extend BNP prognostic
value to valvular diseases, specifically to MR. These prom-
ising data, with relatively large CIs of risk, suggest the need
for large-cohort studies of patients with MR but suggest
important clinical implications of BNP measurement.

Clinical Implications
The findings of the present study, which shows that BNP
activation reflects severe consequences of MR and is a
marker of poor outcome, suggest that BNP should be added to
the clinical armamentarium; however, BNP measurement
cannot be substituted for MR quantification, which should
follow guidelines of the American Society of Echocardiog-
raphy. In organic MR, BNP activation reflects serious MR
consequences irrespective of its degree. These consequences
are measurable by Doppler echocardiography, but such mea-
surements are not performed consistently in routine practice.
In this context, BNP activation should direct the attention of
clinicians toward more severe LA, LV, and hemodynamic
consequences than may appear with a cursory evaluation.40

Such patients should be evaluated carefully, and additional
quantitative and hemodynamic measurements may be
indicated.

In view of the association of BNP activation with worse
outcome, careful clinical attention should be directed to
patients with such activation, and the need for mitral surgery
should be considered anew. If prompt mitral surgery does not
appear to be in the best interest of patients with MR and BNP
activation, they should be monitored closely, with follow-up
visits scheduled within a short time frame.

The association of BNP activation with both severe MR
consequences and poor outcome suggests that BNP measure-
ment is a promising research tool in the population of patients
with MR. Indeed, BNP appears to be a legitimate end point in
clinical trials evaluating the medical treatment of MR.

Study Limitations
The scope of this study was not to address all points of
interest and biological mechanisms with regard to BNP in

Figure 5. Incidence of death or new heart failure under conser-
vative management of patients with organic MR stratified
according to baseline BNP level higher (dotted line) or lower
(continuous line) than 31 pg/mL. Values indicated are mean�SE
at 5 years.
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MR. We focused on major consequences and outcome of
MR, which provided novel and important information. Cost-
benefit and further outcome analyses should be performed,
and analysis of BNP activation progression with progression
of MR consequences would be useful in confirming causal
mechanistic relationships. To address these important ques-
tions, very large populations will be required. However, the
seminal data presented here pave the way for these analyses
to be conducted in various population strata in future large
prospective studies. The value of quantitative Doppler echo-
cardiographic methods has been debated; however, LV vol-
umes are reliable with high-resolution imaging, LA volume
has been measured to describe LA remodeling,20,46 and MR
has been quantified by 3 validated methods.15–17

Conclusions
The present study demonstrates that in organic, chronic MR,
BNP activation is present and biologically active and reflects
essentially the severe hemodynamic, ventricular, and atrial
consequences of MR, irrespective of its degree. Furthermore,
elevated levels of BNP are independent predictors of mortal-
ity and morbidity under medical management. Thus, BNP
emerges as a biomarker of severity of MR consequences and
of poor clinical outcome in patients with MR. BNP measure-
ment should be considered in patients with organic MR to
support the clinical decision-making process. These promis-
ing data pave the way for further analyses of BNP implication
in larger series.
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Chronic Venous Insufficiency
Robert T. Eberhardt, MD; Joseph D. Raffetto, MD

Chronic venous disease is often overlooked by primary
and cardiovascular care providers because of an

underappreciation of the magnitude and impact of the
problem. The importance of chronic venous disease is
related to the number of people with the disease and the
socioeconomic impact of its more severe manifestations.
Unfortunately, the literature concerning the prevalence and
incidence of chronic venous disease has varied greatly
because of differences in the methods of evaluation,
criteria for definition, and the geographic regions ana-
lyzed. The most common manifestations of chronic venous
disease are dilated cutaneous veins, such as telangiectases
and reticular veins, and varicose veins. The term chronic
venous insufficiency (CVI) describes a condition that
affects the venous system of the lower extremities with
venous hypertension causing various pathologies including
pain, swelling, edema, skin changes, and ulcerations.
Although the term CVI is often used to exclude uncom-
plicated varicose veins, varicose veins have incompetent
valves with increased venous pressure leading to progres-
sive dilation and tortuosity. We will use the term CVI to
represent the full spectrum of manifestations of chronic
venous disease.

Varicose veins have an estimated prevalence between 5%
to 30% in the adult population, with a female to male
predominance of 3 to 1, although a more recent study
supports a higher male prevalence.1 The Edinburgh Vein
Study screened 1566 subjects with duplex ultrasound for
reflux finding CVI in 9.4% of men and 6.6% of women, after
age adjustment, which rose significantly with age (21.2% in
men �50 years old, and 12.0% in women �50 years old).2

The San Valentino Vascular Screening Project found among
the 30 000 subjects evaluated by clinical assessment and
duplex ultrasound a prevalence of 7% for varicose veins and
0.86% for “symptomatic” CVI.3 As in previous studies, CVI
was more common with increasing age, but there was no
significant sex difference. The rate of varicose vein develop-
ment may be estimated from the Framingham Heart Study,
which found an annual incidence of 2.6% in women and 1.9%
in men.4 Risk factors found to be associated with CVI include
age, sex, a family history of varicose veins, obesity, preg-
nancy, phlebitis, and previous leg injury.5,6 There also may be
environmental or behavioral factors associated with CVI such
as prolonged standing and perhaps a sitting posture at work.6,7

Varicose veins have a significant impact on healthcare
resources, with millions of people seeking medical attention
for their cosmetic appearance annually. Although often min-
imized, the cosmetic consequences may adversely affect an
individual’s quality of life and are associated with other
manifestations.

The more serious consequences of CVI such as venous
ulcers have an estimated prevalence of �0.3%, although
active or healed ulcers are seen in �1% of the adult
population.8 It has been estimated that �2.5 million people
have CVI in the United States, and of those, �20% develop
venous ulcers.9 The overall prognosis of venous ulcers is
poor, with delayed healing and recurrent ulceration being
common.10 More than 50% of venous ulcers require pro-
longed therapy lasting �1 year.5 The socioeconomic impact
of venous ulceration is dramatic, resulting in an impaired
ability to engage in social and occupational activities, thus
reducing the quality of life and imposing financial con-
straints. Disability related to venous ulcers leads to loss of
productive work hours, estimated at 2 million workdays/year,
and may cause early retirement, which is found in up to
12.5% of workers with venous ulcers.11 The financial burden
of venous ulcer disease on the healthcare system is readily
apparent: An estimated $1 billion is spent annually on the
treatment of chronic wounds in the United States, or up to 2%
of the total healthcare budget in all Western countries, and
recent estimates place the cost of venous ulcer care at $3
billion annually.12,13

Given the prevalence and socioeconomic impact of chronic
venous disease, an understanding of the clinical manifesta-
tions, diagnostic modalities, and therapeutic options is war-
ranted. This article reviews the clinical aspects of CVI with a
focus on the diagnostic and therapeutic options.

Venous Pathophysiology

Normal Venous Anatomy and Function
To appreciate the pathophysiology of CVI, an understanding
of the normal venous anatomy and function is necessary. The
peripheral venous system functions as a reservoir to store
blood and as a conduit to return blood to the heart. Proper
functioning of the peripheral venous system depends on a
series of valves and muscle pumps. Blood that enters into the
lower-extremity venous system must travel against gravity
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and against fluctuating thoracoabdominal pressures to return
to the central circulation in a person in an erect position.

The veins of the lower extremity are divided into the
superficial and deep venous system connected by a series of
perforator veins.14,15 The superficial venous system is located
above the muscular fascial layer. It comprises an intercon-
necting network of veins, which serve as the primary collect-
ing system, and several truncal superficial veins, which
function as a conduit to return blood to the deep venous
system. The principal named superficial veins of the lower
extremity are the short (or lesser) saphenous vein, which runs
from the ankle typically to join the popliteal vein at the
saphenopopliteal junction, and the great saphenous vein,
which runs from the ankle to join the common femoral vein
at the saphenofemoral junction. Other superficial veins,
including the posterior arch, lateral accessory saphenous, and
vein of Giacomini, also can develop pathology leading to
CVI.

The deep venous system is located below the muscular
fascia and serves as collecting veins and the outflow from the
extremity. The deep veins of the lower extremity consist of
axial veins, which follow the course of the major arteries, and
the intramuscular veins. Venous sinusoids within the leg
muscles coalesce to form intramuscular venous plexi. Paired
calf veins, which, corresponding to the axial arteries, merge
to form a single large popliteal vein. The popliteal vein, on
passing through the adductor canal, is subsequently known as
the femoral (often called the superficial femoral) vein. The
femoral vein is joined by the profunda femoris (or deep
femoral) vein in the upper thigh to form the major outflow of
the leg, the common femoral and eventually the external iliac
vein. The superficial veins are connected to the deep venous
system by a number of perforating veins in the thigh and leg
that pass through anatomic fascial spaces.

A series of bicuspid valves are located throughout the
deep and superficial veins and ensures that blood moves in
the cephalad direction, preventing the return of blood
toward the feet while in the upright posture.14 The first of
these lower-extremity valves is usually located in the
common femoral vein or less commonly in the external
iliac vein. The frequency of venous valves increases from
the proximal to the distal leg to prevent an increase in
pressure within the distal veins resulting from the effects
of gravity. Perforating veins also contain one-way valves
that prevent reflux of blood from the deep veins into the
superficial system.

The valves function in concert with venous muscle pumps
to allow the return of blood against gravity to the heart.16

Contraction of the muscle pumps primarily in the calf, but
also in the foot and thigh, and forces blood out of the venous
plexi and up the deep venous system because of increased
pressure within the fascial compartments. The valve system
prevents blood from being forced distally within the deep
venous system or through the perforator system into the
superficial system. Immediately after ambulation, the pres-
sure within the veins of the lower extremity is normally low
(15 to 30 mm Hg) because the venous system has been
emptied by the muscle pump function (Figure 1A). Relax-
ation of the muscle pump then allows blood to return to the

deep venous system via arterial inflow through the superficial
and the distal deep venous systems. With prolonged standing,
the veins slowly fill and become distended, allowing the
valves to open and eventually increase pressure that is
directly related to the height of the column of blood. Con-
traction of the muscle pump will again empty the veins and
reduce venous pressure.

Venous Pathophysiology and Dysfunction
Venous pathology develops when venous pressure is in-
creased and return of blood is impaired through several
mechanisms.17 This can result from valvular incompetence of
the axial deep or superficial veins, perforator valve incompe-
tence, venous obstruction, or a combination of these. These
factors are exacerbated by muscle pump dysfunction in the
lower extremity. These mechanisms serve to produce venous
hypertension particularly with standing or ambulation. Con-
tributing to the macrocirculatory hemodynamic disturbances
are alterations within the microcirculation.18,19 Unabated
venous hypertension may result in dermal changes with
hyperpigmentation, subcutaneous tissue fibrosis (“lipoderma-
tosclerosis”), and eventual ulceration.

With failure of the valves of the deep veins, normal blood
volume is pumped out of the extremity, but refill occurs by
both arterial inflow and pathological retrograde venous flow.
The venous pressure immediately after ambulation may be
slightly elevated or even normal, but veins refill quickly with
the development of high venous pressure without muscle

Figure 1. Illustrative ambulatory venous pressure measure-
ments. (A) Normal venous pressure. The resting standing
venous pressure is �80 to 90 mm Hg. The pressure drops with
calf exercise to �20 to 30 mm Hg, or a �50% decrease. The
return in pressure is more gradual, with refill taking �20 s. (B)
Abnormal venous pressure with deep venous reflux. The drop in
pressure with exercise is blunted (�50% decrease). The return
in venous pressure to the resting level is rapid because of a
short refill time (�20 s).
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contraction (Figure 1B). Dysfunction of the valves of the
deep venous system is most often a consequence of damage
from previous deep vein thrombosis (DVT).20

Dysfunction or incompetence of the valves in the superfi-
cial venous system also allows retrograde flow of blood and
increased hydrostatic pressures. Valve failure may be primary
the result of preexisting weakness in the vessel wall or valve
leaflets, or secondary to direct injury, superficial phlebitis, or
excessive venous distention resulting from hormonal effects
or high pressure.17 Failure of valves located at the junctions of
the deep and superficial systems, most notably at the saphe-
nofemoral and saphenopopliteal junctions, allows high pres-
sure to enter the superficial veins. In this situation, venous
dilatation and varicose veins form and propagate from the
proximal junction site down the extremity.

High pressure also can enter the superficial system because
of failure of the valves in the communicating perforator
veins.21,22 Perforator valve incompetence allows blood to
flow from deep veins backward into the superficial system
and the transmission of the high pressures generated by the
calf muscle pump. This local high pressure can produce
excessive venous dilatation and secondary failure of superfi-
cial vein valves. As a result, a cluster of dilated veins
develops at this site and appears to ascend up the leg.
Clinically relevant perforator vein incompetence is typically
associated with reflux of the deep and/or superficial venous
system.21,22

Obstruction of the deep veins may limit the outflow of
blood, causing increased venous pressure with muscle con-
traction and secondary muscle pump dysfunction. Obstruc-
tion may occur because of an intrinsic venous process, such
as previous DVT with inadequate recanalization or venous
stenosis, or because of extrinsic compression, as in May-
Thurner syndrome (compression of the left common iliac
vein as it traverses between the right common iliac artery and
the lumbosacral region). Venous outflow obstruction appears
to play a more significant role in the pathogenesis of CVI and
its clinical expression than previously appreciated.23

Dysfunction of the muscle pumps leads to venous blood
not being effectively emptied out of the distal extremity. This
rarely occurs as a “primary” disorder with neuromuscular
conditions or muscle wasting syndromes; however, clinically
significant muscle pump dysfunction often occurs in the
setting of severe reflux or obstruction. The immediate post-
ambulatory venous pressure will be nearly as high as the
pressure after prolonged standing. Muscle pump dysfunction
appears to be a major mechanism for the development of
superficial venous incompetence and its complications such
as venous ulcers.24,25

Changes in the hemodynamics of the large veins of the
lower extremity are transmitted into the microcirculation and
eventually result in the development of venous microangi-
opathy.18 Features of this microangiopathy include elonga-
tion, dilation, and tortuosity of capillary beds, thickening of
basement membranes with increased collagen and elastic
fibers, endothelial damage with widening of interendothelial
spaces, and increased pericapillary edema with “halo” forma-
tion. The abnormal capillaries with increased permeability
and high venous pressure leads to the accumulation of fluid,

macromolecules, and extravasated red blood cells into the
interstitial space. In addition to changes in the blood vessels
and connective tissue, alteration in the lymphatic network and
nervous system may occur. Fragmentation and destruction of
microlymphatics may further impair drainage from the ex-
tremity, whereas dysfunction of local nerve fibers may alter
regulatory mechanisms.

Several mechanisms for the development of venous mi-
croangiopathy have been postulated, including fibrin cuff
formation, growth factor trapping, and white blood cell
trapping.18 The fibrin cuff theory involves the accumulation
of fluid containing fibrin into the pericapillary space. This
cuff with impaired fibrinolysis is speculated to increase the
diffusion barrier, inhibit the repair process, and maintain the
inflammatory process. A related mechanism is the trapping of
growth factor by fibrin and other macromolecules, making
them unavailable to facilitate healing. Another theory in-
volves the trapping of white blood cells in the capillaries or
postcapillary venules. The adhesion of white blood cells with
activation releases inflammatory mediators and proteolytic
enzymes with endothelial damage that may increase perme-
ability or impede flow leading to occlusion.

Clinical Manifestations
CVI represents a spectrum of conditions ranging from simple
telangiectases or reticular veins to more advanced stages such
as skin fibrosis and venous ulceration. It is important to
realize that the same clinical manifestations may result from
the varied pathogenic mechanisms (ie, incompetent valves
alone, venous obstruction alone, muscle pump dysfunction
alone, or a combination). The major clinical features of CVI
are dilated veins, edema, leg pain, and cutaneous changes.
Varicose veins are dilated superficial veins that become
progressively more tortuous and larger (Figure 2A). They are
prone to develop bouts of superficial thrombophlebitis.
Edema begins in the perimalleolar (or gaiter) region but
ascends up the leg with dependent accumulation of fluid. The
leg pain or discomfort is described as heaviness or aching
after prolonged standing and relieved by elevation of the leg.
Edema presumably produces the pain by increasing intracom-
partmental and subcutaneous volume and pressure. There also
may be tenderness along varicose veins from venous disten-
tion. Obstruction of the deep venous system may lead to
venous claudication, or intense leg cramping with ambula-
tion. Cutaneous changes include skin hyperpigmentation
from hemosiderin deposition and eczematous dermatitis (Fig-
ure 2B). Fibrosis may develop in the dermis and subcutane-
ous tissue (lipodermatosclerosis). There is an increased risk
of cellulitis, leg ulceration, and delayed wound healing
(Figure 2C). Long-standing CVI also may lead to the devel-
opment of lymphedema, representing a combined disease
process.

The manifestations of CVI may be viewed in terms of a
well-established clinical classification scheme. The CEAP—
Clinical, Etiology, Anatomic, Pathophysiology—classifica-
tion was developed by an international consensus conference
to provide a basis for uniformity in reporting, diagnosing, and
treating CVI (Table 1).26 The clinical classification has 7
categories (0 to 6) and is further categorized by the presence
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or absence of symptoms. The etiologic classification is based
on congenital, primary, and secondary causes of venous
dysfunction. Congenital disorders are those that are present at
birth, although they may be recognized later in life, including
the well-recognized Klippel-Trenaunay (varicosities and ve-
nous malformations, capillary malformation, and limb hyper-
trophy) and Parkes-Weber (venous and lymphatic malforma-
tions, capillary malformations, and arteriovenous fistulas)
syndromes.27 The cause of primary venous insufficiency is
uncertain, whereas secondary venous insufficiency is the
result of an acquired condition. The anatomic classification
describes the superficial, deep, and perforating venous sys-
tems, with multiple venous segments that may be involved.
The pathophysiological classification describes the underly-
ing mechanism resulting in CVI, including reflux, venous
obstruction, or both. Validation of the CEAP classification
system has often focused on the clinical classification.28 The
classification is a valuable tool in the objective evaluation of
CVI, providing a system to standardize CVI classification,
with emphasis on the manifestations, cause, and distribution
of the venous disease that is widely accepted.29

There are limitations to the CEAP clinical classification,
which is arbitrary and subjective with inadequate delineation
of the categories. To complement the CEAP classification

and further define the severity of CVI, a venous severity score
was developed.30 The venous severity scoring provides a
numeric score based on 3 components: the venous clinical
severity score, the anatomic segment disease score, and the
disability score. The venous clinical severity score consists of
10 attributes (pain, varicose veins, venous edema, skin
pigmentation, inflammation, induration, number of ulcers,
duration of ulcers, size of ulcers, and compressive therapy)
with 4 grades (absent, mild, moderate, severe). The venous
anatomic segmental score assigns a numerical value to
segments of the venous system in the lower extremity that
account for both reflux and obstruction. The venous disability
score comes from the ability to perform normal activities of
daily living with or without compressive stockings. The
venous severity scoring has been shown to be useful to
evaluate the response to treatment.31

Diagnosis of CVI
The diagnosis of CVI is made via patient history and physical
examination with the assistance of noninvasive testing. Inva-
sive testing also may be used to establish the diagnosis, but it
is typically reserved for assessing disease severity or when
surgical intervention is being contemplated. A comprehensive
overview of the methods to assess CVI may be found in a
previously published consensus statement.32

Physical Examination
The physical examination plays an important role in guiding
therapy in CVI. Inspection and palpation may reveal visual

Figure 2. Manifestations of CVI. A, Uncomplicated varicose
veins. B, Hyperpigmentation, dermatitis, and severe edema
likely resulting from combined lymphedema. C, Active and
healed venous ulcerations.

TABLE 1. CEAP Classification of Chronic Venous Disease

Classification Description/Definition

C, Clinical (subdivided into A for
asymptomatic, S for symptomatic)

0 No venous disease

1 Telangiectases

2 Varicose veins

3 Edema

4 Lipodermatosclerosis or
hyperpigmentation

5 Healed ulcer

6 Active ulcer

E, Etiologic

Congenital Present since birth

Primary Undetermined etiology

Secondary Associated with post-thrombotic,
traumatic

A, Anatomic distribution (alone or in
combination)

Superficial Great and short saphenous veins

Deep Cava, iliac, gonadal, femoral, profunda,
popliteal, tibial, and muscular veins

Perforator Thigh and leg perforating veins

P, Pathophysiological

Reflux Axial and perforating veins

Obstruction Acute and chronic

Combination of both Valvular dysfunction and thrombus
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evidence for chronic venous disease. The surface of the skin
is examined for irregularities or bulges to suggest the pres-
ence of varicose veins. Hyperpigmentation, stasis dermatitis,
atrophic blanche (white scarring at the site of previous
ulcerations with a paucity of capillaries), or lipodermatoscle-
rosis may be observed. The distribution of varicose veins may
follow the course of the affected superficial vein, such as the
great or short saphenous veins. Examination should include
an evaluation of the patient in the upright posture to allow
maximal distention of the veins and from multiple directions.
The presence of edema and its severity are assessed. Edema
is usually pitting; however, early evidence may be calf
fullness or increased limb girth, so the calf muscle consisten-
cy should be assessed and measurement of the limb girth
should be performed. Long-standing edema may become
more resilient to palpation with “brawny” edema. Palpation
also may reveal tenderness of the dilated veins. Active or
healed ulcers are seen with more advanced disease. The
venous ulcers usually occur in the medial supramalleolar area
at the site of major perforating veins and the greatest
hydrostatic pressure.

A classic tourniquet (or Trendelenberg) test may be per-
formed at bedside to help distinguish deep from superficial
reflux.33 The test is performed with the patient lying down to
empty the lower extremity veins. The upright posture is
resumed after applying a tourniquet or using manual com-
pression at various levels. In the presence of superficial
disease the varicose veins will remain collapsed if compres-
sion is more proximal or cephalad to the point of reflux. With
deep (or combined) venous insufficiency, the varicose veins
will appear despite the use of the tourniquet or manual
compression. Although useful to help determine the distribu-
tion of venous insufficiency, this test does not help determine
the extent or severity of disease or provide information about
the cause.

The use of continuous wave Doppler has often been used to
assist in the bedside evaluation.34 The presence and direction
of flow in the veins (eg, common femoral vein) may be
determined after maneuvers, such as the Valsalva maneuver
or the sudden release of thigh or calf compression. Minimal
signal should be detected toward the feet with these maneu-
vers. This technique also has been used to assess the great and
short saphenous veins, although this is technically more
difficult because of the lack of direct visualization. A limita-
tion of this technique relates to the inability to insonate an
individual vessel while flow is detected in any vessel within
the path of the ultrasound beam. The lack of direct visualiza-
tion of the vessels leaves uncertainty about the precise site of
reflux.

Differential Diagnosis
There is a broad differential for the common presenting
complaint in limb swelling and discomfort seen with CVI.
Acute venous problems such as DVT need to be excluded.
Systemic causes of edema need to be considered such as heart
failure, nephrosis, liver disease, endocrine disorders, or a side
effect of a medication, such as calcium channel blockers,
nonsteroidal antiinflammatory agents, and oral hypoglycemic
agents. Other regional considerations include a ruptured

popliteal cyst, soft tissue hematoma or mass, chronic exer-
tional compartment syndrome, a gastrocnemius tear, or
lymphedema. The use of examination findings and noninva-
sive testing allows for the proper diagnosis to be established.

Noninvasive Testing

Venous Duplex Imaging
Venous duplex imaging is a well-established method to
diagnosis DVT. The technique also is used to confirm the
diagnosis of CVI and assess its etiology and severity.35,36

Venous duplex imaging combines B-mode imaging of the
deep and superficial veins with pulsed Doppler assessment of
flow. This provides information about the anatomic extent of
disease involving the deep and superficial systems, as well as
perforators. A standard venous duplex examination is per-
formed to exclude DVT or venous obstruction. Venous
compressibility complimented by flow characteristics is the
key element of the examination to exclude thrombosis. The
direction of flow may be assessed in a 30° reverse Trendelen-
berg position during provocative maneuvers, such as the
Valsalva maneuver, or after augmenting flow with limb
compression. The use of a cuff inflation-deflation method
with rapid cuff deflation in the standing position is preferred
to induce reflux.37

The presence of reflux is determined by the direction of
flow because any significant flow toward the feet is sugges-
tive of reflux. The duration of reflux is known as the reflux
time (replacing the commonly used valve closure time). A
reflux time of �0.5 (or 1.0) second has been used to diagnosis
the presence of reflux, although a more refined definition
with a variable “cutoff” based on location has been suggest-
ed.38 The longer the duration of reflux or the greater the reflux
time implies more severe disease. Other parameters such as
the reflux velocity and even the calculated reflux volume
have been used to assess the severity of reflux.39 These
parameters, however, provide at best a semiquantitative
assessment of the severity of disease. Importantly, there is a
weak correlation of the severity of disease by duplex imaging
with both plethysmographic techniques and clinical
manifestations.

Despite the limitation of the venous duplex reflux evalua-
tion, it is considered the mainstay of the noninvasive evalu-
ation of CVI. Venous duplex imaging may provide informa-
tion about local valve function to construct an anatomic map
of disease in terms of the systems and levels of involvement.
This is often adequate information to help guide therapy, but
if the contribution of the reflux to global hemodynamics is
required, then further testing, such as plethysmographic
techniques, may be considered.

Photoplethysmography
Photoplethysmography (PPG) may be used to establish a
diagnosis of CVI.40 Relative changes in blood volume in the
dermis of the limb can be determined by measuring the
backscatter of light emitted from a diode with a photosensor.
A PPG probe is placed on the foot with maneuvers to empty
the foot with calf muscle contraction. Then return of blood is
detected by increased backscatter of light and the refill time
may be calculated. The venous refill time is the time required
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for the PPG tracing to return to 90% of the baseline after
cessation of calf contraction. The measure is not quantitative,
but it has been shown to correlate with invasive measure-
ments to diagnosis CVI.41 A venous refill time �18 to 20
seconds, depending on the patient’s position during the study,
is indicative of CVI.40,41 A venous refill time �20 seconds
suggests normal venous filling. The use of a tourniquet or
low-pressure cuff allows for distinguishing superficial from
deep venous disease. Correction of an abnormal refill time
with a low-pressure thigh cuff is indicative of great saphe-
nous vein disease. Failure to correct rapid venous refill time
with a low-pressure cuff is indicative of deep venous disease.
The test provides information about regional venous function,
not about specific anatomic distribution. Although a shorter
rapid refill time suggests more severe disease, there is a poor
correlation of the severity of disease as assessed by other
methods.32 Refill time depends on several factors, including
the volume of reflux and the vessel diameter. The technique
has been used to assess emptying of the venous system during
calf muscle contraction and venous outflow.32 PPG may
provide an assessment of the overall physiological function of
the venous system, but it is most useful to determine the
absence or presence of disease.

Air Plethysmography
Air plethysmography (APG) has the ability to measure each
potential component of the pathophysiological mechanisms
of CVI—reflux, obstruction, and muscle pump dysfunc-
tion.42,43 Changes in limb volume are measured by air
displacement in a cuff surrounding the calf during maneuvers
to empty and fill the venous system. Venous outflow is
assessed during rapid cuff deflation on an elevated limb that
has a proximal venous occlusion cuff applied. The outflow
fraction at 1 second (or venous outflow at 1 second expressed
as a percentage of the total venous volume) is the primary
parameter used to evaluate the adequacy of outflow. The limb
is then placed in the dependent position to evaluate the venous
filling. The rate of refill is used to determine the presence and
severity of reflux. The key parameter is the venous filling index,
which is calculated by measuring 90% of the venous volume and
dividing this by the time required to fill 90% of the venous
volume after resuming an upright position. A normal venous
filling index is �2 mL/s, whereas higher levels (�4 to 7 mL/s)
have been found to correlate with the severity of CVI.44,45 The
venous filling index may be the best parameter in the detection
of abnormal reflux, with a sensitivity of 70% to 80% and
positive predictive value of 99%.43 The ability of the calf muscle
pump to eject blood is determined after a single and 10 repetitive
contractions during toe raises. The volume of blood ejected with
1 tiptoe maneuver divided by the venous volume is the so-called
ejection fraction. Complications of CVI, such as ulceration, have
been shown to correlate with the severity of reflux assessed with
the venous filling index and ejection capacity.32,42,44 This tech-
nique provides quantitative information about several aspects of
global venous function. It may be used in the selection of
intervention and assessment of the response to intervention.46,47

Other Techniques
Other techniques such as strain gauge plethysmography and
foot volumetry also may be used. Both techniques provide

physiological information about global venous function and
may correlate better with the clinical severity than does
duplex imaging.48

Invasive Testing

Phlebography
Phlebography or venography may be either ascending or
descending.49 Ascending phlebography involves the injection
of contrast in the dorsum of the foot with visualization of
contrast traveling up the lower extremity in the deep venous
system. Although ascending phlebography is considered the
gold standard to determine the patency of veins, it has been
largely replaced by noninvasive imaging. It does provide
details of venous anatomy that may be useful with surgical
interventions and can help to distinguish primary from
secondary disease. Descending phlebography involves prox-
imal injection of contrast in a semivertical posture on a tilt
table with the use of the Valsalva maneuver. It is most useful
to identify reflux in the common femoral vein and at the
saphenofemoral junction, but it may be used to evaluate other
locations. A grading scheme has been developed based on the
anatomic extent of reflux. This modality has been largely
replaced by duplex scanning. It is now performed if deep
venous reconstruction is being contemplated or with an
inconclusive duplex scan before other venous surgery.

Ambulatory Venous Pressure
Ambulatory venous pressure (AVP) monitoring is the hemo-
dynamic gold standard in assessing CVI.50,51 The technique
involves insertion of a needle into the pedal vein with
connection to a pressure transducer. The pressure is deter-
mined at rest and after exercise is performed, usually in the
form of toe raises. The pressure also is monitored before and
after the placement of an ankle cuff to help distinguish deep
from superficial reflux. AVP has been shown to be valuable
in assessing the severity and clinical outcomes in CVI.52 The
mean ambulatory venous pressure (normal range of 20 to
30 mm Hg) and refill time (normal range of 18 to 20 seconds)
are the most useful measurements. AVP provides information
on the global competence of the venous system; however,
there is concern about the failure of pressure to accurately
reflect the pressure within the deep system.53 Because of the
invasive nature and alternative diagnostic modalities, AVP
seldom is used in clinical practice. Attempts to determine
AVP by noninvasive means have been evaluated in small
studies and are not widely used.54

Selection of Studies
The purpose of the testing needs to be considered upon
selecting a diagnostic modality. All of the noninvasive
modalities may be performed to establish a diagnosis CVI
(Table 2). The modality that is most commonly used within
the vascular laboratory performing the testing is typically the
most appropriate for this purpose. Further information regard-
ing the anatomic site of disease and its hemodynamic impor-
tance is often required for the treatment of CVI, however. The
anatomic site of reflux, which is required to plan an interven-
tion, is best provided by venous duplex reflux evaluation. If
quantitative information is required to assess the severity of
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disease to guide therapy and monitor the response to therapy,
then APG is appropriate.

Treatment of CVI

Conservative Treatment
The initial treatment of CVI involves conservative measures
to reduce symptoms and help prevent the development of
secondary complications and the progression of disease.
Behavioral measures such as elevating the legs to minimize
edema and reducing intraabdominal pressure should be ad-
vocated. The use of compressive stockings is the mainstay of
conservative treatment and described in more detail below. If
conservative measures fail or provide an unsatisfactory re-
sponse, then further treatment should be considered based on
anatomic and pathophysiological features (Figure 3).

Regarding the treatment of CVI, the practitioner should be
able to recognize the manifestations of CVI and use confir-
matory testing such as venous duplex reflux studies and
perhaps air plethysmography. Specific treatment is based on
severity of disease, with CEAP clinical classes 4 to 6 often
requiring invasive treatment. Referral to a vascular specialist
should be made for patients with CEAP classes 4 to 6 (and
probably for CEAP class 3 with extensive edema). These
patients with uncorrected advanced CVI are at risk for
ulceration, recurrent ulceration, and nonhealing venous ulcers
with progressive infection and lymphedema.

Compressive Leg Garments
A preliminary therapeutic consideration for all CEAP
clinical classes of CVI is compression therapy. The objec-
tive is to provide graded external compression to the leg
and oppose the hydrostatic forces of venous hypertension.
A number of compression garments are available including
graded elastic compressive stockings, paste gauze boots,
layered bandaging, and adjustable layered compression
garments. The use of graded elastic compressive stockings
(with 20 to 50 mm Hg of tension) is well established in the
treatment of CVI. Treatment with 30 to 40 mm Hg com-
pression stockings results in significant improvement in
pain, swelling, skin pigmentation, activity, and well-being
if compliance of 70% to 80% is achieved.55 In patients
with venous ulcers, graded compression stockings and
other compressive bandaging modalities are effective in
both healing and preventing recurrences of ulceration.
With a structured regimen of compression therapy 93% of
patients with venous ulcers can achieve complete healing
at a mean of 5.3 months.56 Several studies have investi-
gated the hemodynamic benefits of compression therapy in
patients with CVI. Compression stockings have been
shown to reduce the residual volume fraction, which is an
indicator of improving the calf muscle pump function, and
to reduce reflux in vein segments.57,58

The prescription for elastic compression stockings in
CVI includes information about the tension and length.
The tension is based on the clinical severity, with 20 to
30 mm Hg for CEAP classes 2 to 3, 30 to 40 mm Hg for
CEAP classes 4 to 6, and 40 to 50 mm Hg for recurrent
ulcers. The most common length is knee-length stockings
because patient adherence is greater and symptom relief is
adequate. The use of thigh- or waist-high stockings may be
necessary in patients with edema extending above the
knee, but these stockings are more difficult to use. Proper
fitting of the stockings also requires diameter measure-

TABLE 2. Relative Value of Noninvasive Testing Modalities in
CVI Based on Clinical Indication

Duplex APG PPG

To establish a diagnosis ��� �� ���

To assess severity �/� ��� �

To determine anatomy ��� � �

To determine hemodynamic significance � ��� �

Figure 3. A simplified overview for the
diagnosis and treatment of CVI based on
pathophysiological mechanisms. Multiple
pathophysiological mechanisms may
contribute to CVI within the same patient
and require a combination of treatment
options.
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ments of the extremity; this is most often performed at the
medical supply facility. Stockings need to be changed
every 6 to 9 months if worn daily with an alternate pair to
avoid loss of the tension that the stockings exert.

Wound and Skin Care
Because progressive CVI may lead to compromised skin
integrity, it is important to keep the affected area well
moisturized to reduce the risk of skin breakdown and
possibility of infection. The development of stasis derma-
titis needs to be treated with a topical steroid. With venous
ulcers, bacterial overgrowth control and aggressive wound
care are required to minimize infectious complications. A
variety of hydrocolloids and foam dressings are available
to control wound fluid drainage and resultant maceration
of the adjacent skin.59 In the presence of an infected ulcer
bed, silver-impregnated dressings have been effective in
controlling infection and restoring tissue integrity.60,61

Pharmacological Therapy
Four groups of drugs have been evaluated in the treatment
of CVI including coumarins (�-benzopyrones), flavonoids
(�-benzopyrones), saponosides (horse chestnut extracts),
and other plant extracts. These drugs have venoactive
properties and are widely used in Europe but are not
approved for use in the United States. The principle for the
use of venoactive drugs in CVI is to improve venous tone
and capillary permeability, although a precise mechanism
of action of these drugs is not known. It is thought that the
flavonoids affect leukocytes and the endothelium by mod-
ifying the degree of inflammation and reducing edema. A
micronized purified flavonoid fraction, Daflon, has been
shown to reduce edema-related symptoms as either pri-
mary treatment or in conjunction with surgical therapy.62 A
trial of 231 patients with CVI found a combination of
coumarin and troxerutin (a flavonoid) with compression
garments given for 12 weeks resulted in less edema and
pain as compared with placebo.63 Horse chestnut seed
extract has been found to be as effective as compression
stockings in the short-term at reducing leg edema and pain
from CVI, but the long-term safety and efficacy has not
been established.64,65

Other agents have been used in the treatment of advance
venous disease with ulceration. Several trials have sug-
gested that pentoxifylline may improve venous ulcer heal-
ing rates, although the magnitude of the effect appears to
be small and its role in patient management is unclear.66,67

Although the use of other agents such as aspirin and
platelet-derived growth factor in promoting the healing or
preventing the recurrence of venous ulceration has been
reported, there have been no large randomized studies. It
also should be mentioned that there are no data to support
the use of aspirin in the prevention of thromboembolic
events in CVI.

Exercise
Abnormalities in the calf and foot muscle pump functions
play a significant role in the pathophysiology of CVI. Graded
exercise programs have been used in an effort to rehabilitate
the muscle pump and improve the symptoms of CVI. In a

small controlled study, 31 patients with CEAP class 4 to 6
CVI were randomized to structured calf muscle exercise or
routine daily activities. Venous hemodynamics was assessed
with duplex ultrasound and air plethysmography, and muscle
strength was assessed with a dynamometer. After 6 months,
patients receiving the calf muscle exercise regimen had
normalized their calf muscle pump function parameters but
experienced no change in the amount of reflux or severity
scores. Padberg et al concluded that structured exercise to
reestablish calf muscle pump function in CVI may prove
beneficial as a supplemental therapy to medical and surgical
treatment in advanced disease.68

Interventional Treatment

Sclerotherapy
Venous sclerotherapy is a treatment modality for obliter-
ating telangiectases, varicose veins, and venous segments
with reflux. Sclerotherapy may be used as a primary
treatment or in conjunction with surgical procedures in the
correction of CVI. Sclerotherapy is indicated for a variety
of conditions including spider veins (�1 mm), venous
lakes, varicose veins of 1 to 4 mm in diameter, bleeding
varicosities, and small cavernous hemangiomas (vascular
malformation). There are a number of sclerosing agents
including hypertonic solution of sodium chloride (23.4%),
detergents such as sodium tetradecyl sulfate, polidocanol,
and sodium morrhuate, and other compounds such as
sodium iodide and chromated glycerin. In the United
States, sodium tetradecyl sulfate and sodium morrhuate are
approved for treating varicosities. In general, for smaller
diameter veins, the sclerosing agent needs to be diluted to
avoid tissue inflammation and tissue necrosis. Sclerosing
agents such as polidocanol have been shown to be superior
to normal saline in both obliterating incompetent varicose
veins and improving venous hemodynamics at 12 weeks.69

In Europe, sclerotherapy with polidocanol foam with
duplex ultrasound guidance has become standard in the
treatment of intracutaneous telagectasies, subcutaneous
varicose veins, transfascial perforating veins, and venous
malformations.70 This efficient method of sclerosing is not
yet approved in the United States. A common complication
of sclerotherapy is hyperpigmentation of the surrounding
skin from hemosiderin degradation. Attempts to minimize
complications of sclerotherapy have been undertaken with
microthrombectomy with multiple small incisions directly
over the thrombosed varicosity to extrude the thrombus. A
randomized multicenter study found that microthrombec-
tomy 1 to 3 weeks after the injection of small varicose
veins (�1 mm) resulted in less hyperpigmentation, and in
varicose veins up to 3 mm, it resulted in less pain and
inflammation.71

Ablative Therapy With Endovenous Radiofrequency
and Laser
A recent advance in venous ablative surgery is the use of
thermal energy in the form of radiofrequency or laser to
obliterate veins. This technique is frequently used for great
saphenous vein reflux as an alternative to stripping. The heat
generated causes a local thermal injury to the vein wall
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leading to thrombosis and eventual fibrosis. With radiofre-
quency ablation of the great saphenous vein, there is complete
obliteration in 85% after 2 years with recanalization in
�11%; however, 90% of patients treated with radiofrequency
ablation are free from saphenous vein reflux and 95% of
patients report satisfaction and improvement of symptoms,
regardless of the technical success.72 Although radiofre-
quency ablation is less invasive than surgical stripping,
potential complications include saphenous nerve injury, man-
dating only treating a specific segment of the great saphenous
vein, and DVT in up to 16% of limbs, requiring the use of
duplex ultrasound surveillance.73 Laser treatment with either
an 810-nm or a 940-nm diode has provided excellent results;
saphenous vein obliteration occurred in 93% at 2 years and
there was no case of DVT.74 Both radiofrequency and laser
treatment are performed with tumescent anesthesia to prevent
skin burns and reduce pain with earlier return to normal
activities. Although there have been no randomized trials
comparing the techniques, the techniques are associated with
lower morbidity than is traditional venous surgery.

Endovascular Therapy
Endovascular therapy in the treatment of CVI has become
increasingly important to restore outflow of the venous
system and provide relief of obstruction. Approximately
10% to 30% of patients with severe CVI can be diagnosed
with a significant abnormality in venous outflow involving
iliac vein segments that contributes to persistent symp-
toms. Before endovascular therapy, iliac vein stenosis and
obstruction causing CVI was treated with surgical proce-
dures such as cross-femoral venous bypass or iliac vein
reconstructions with prosthetic materials.75 Because of the
success of venous stenting, surgical venous bypass is
infrequently performed. In a large single-center series of
429 patients with CVI and evidence of outflow obstruc-
tion, iliac vein stenting resulted in clinical improvement:
50% of patients were completely relieved of pain and 33%
experienced complete resolution of edema.76 Furthermore,
55% of patients with venous ulcers experienced complete
healing of their ulcer.76 Patency of iliac vein stents appears
good, with primary patency of 75% at 3 years. Close
follow-up is mandatory to ensure that stent patency is
maintained. Also mandatory is to intervene early in pa-
tients with recurrent symptoms that may indicate in-stent
restenosis, which occurs in �23% of patients.77

Surgical Treatment
In severe forms of CVI, venous ulcers may require treatment
for as long as 6 months before complete healing is achieved,
and recurrence is frequent especially when compression
therapy is not maintained. In CVI that is refractory to medical
and less-invasive therapy, surgical options should be consid-
ered to complement compressive stockings, including pa-
tients who have persistent discomfort with disability, or
venous ulcers that do not heal despite maximal medical
efforts. Invasive and surgical options also may be considered
in patients who are unable to comply with compression
therapy or experience recurrent varicose veins.

Ligation and Stripping and Venous Phlebectomy
Removing the saphenous vein with high ligation of the
saphenofemoral junction is considered durable and the stan-
dard for many patients with CVI.78 In addition, large venous
varicose clusters that communicate with the incompetent
saphenous vein can be avulsed at the same setting by a
technique called stab phlebectomy. There is also a newer
technique of transilluminated power phlebectomy (or TriVex)
to remove clusters of varicosities with fewer incisions and a
decrease in operation time.79 The ligation and stripping of the
great saphenous vein can be applied to all CEAP clinical
classes 2 to 6 with superficial venous reflux and have been
shown to result in significant improvements in venous hemo-
dynamics, possibly eliminate concomitant deep venous re-
flux, provide symptomatic relief of advanced stages of CVI,
and assist in ulcer healing.80,81 In a study evaluating 500
patients with venous ulcer and reflux of superficial and deep
venous systems, randomization to surgery (only to the super-
ficial venous segments) plus compression demonstrated a
significant reduction in ulcer recurrence at 12 months as
compared with compression alone (12% versus 28%).82 This
finding supports the additional benefit of correcting the
incompetent superficial venous system on prevention of ulcer
recurrence.

Subfascial Endoscopic Perforator Surgery
The importance of the incompetent perforator vein to the
manifestations of CVI and its more advanced forms has been
appreciated for many years. A surgical principle has been to
ligate perforator veins that may contribute to the focal high
pressure within the superficial veins with advanced CVI. This
may present difficulties with traditional surgical techniques
because of the preexisting tissue damage in the affected area.
Subfascial endoscopic perforator surgery (SEPS), however,
provides a means to ligate incompetent perforator veins by
gaining access from a remote site on the leg that is away from
the area with lipodermatosclerosis or ulcers. A multicenter
study involving 148 SEPS procedures in patients with active
and healed venous ulcers demonstrated accumulative ulcer
healing of 88% at 1 year and an ulcer recurrence of 28% at 2
years.83 SEPS also can be used in conjunction with superficial
vein ablation with 91% ulcer healing at a mean of 2.9 months,
and is accompanied by a significant improvement in the
clinical severity and venous disability scores.84 In a large
study evaluating 832 patients with CEAP clinical classes 4 to
6 for 9 years, 55% of patients underwent both SEPS and
ligation and stripping of the superficial venous segments. In
this group, 92% of ulcers healed overall with only 4%
recurrence rates, 3% nonfatal complication rate, and a signif-
icant improvement in venous hemodynamics.85 This study
underscores the importance of surgical interruption of incom-
petent superficial and perforator veins in patients with ad-
vanced CVI.

Valve Reconstruction
Venous valve injury or dysfunction may contribute to the
development and progression of CVI. Venous valve recon-
struction of the deep vein valves has been performed in
selected patients with advanced CVI who have recurrent
ulceration with severe and disabling symptoms. An open
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technique for repairing the femoral vein valve that renders the
valve leaflets competent has been described.86 This technique
of open valvuloplasty has been refined, and closed techniques
for venous repair developed with transcommissural valvulo-
plasty.87 Venous valvuloplasty has been shown to provide
59% competency and 63% ulcer-free recurrence at 30
months. Complications from valvuloplasty include bleeding
because patients need to remain anticoagulated, DVT, pul-
monary embolism, ulcer recurrence, and wound infections.
The technique is not routinely performed and is considered in
selected patients. Other procedures for reconstructing non-
functioning venous valves resulting from post-thrombotic
valve destruction (not amenable to valvuloplasty) include
transposition of the profunda femoris vein or saphenous vein
valve and axillary vein valve transplantation to the popliteal
or femoral vein segments. Cryopreserved vein valve allo-
grafts also have been used; however, early thrombosis, poor
patency and competency, and a high patient morbidity have
precluded their use as a primary intervention.88

Summary
Chronic venous disease is a common problem that has a
significant impact on afflicted individuals and the health-
care system. Normal venous function requires the axial
veins with a series of venous valves, perforating veins to
allow communication of the superficial to the deep venous
system, and the venous muscle pumps. Dysfunction of any
of the normal structures may lead to venous hypertension
and the development of CVI. There is a spectrum of
manifestations of CVI with an emphasis on more serious
consequences such as venous ulceration. There are a
number of noninvasive and invasive techniques that assist
in diagnosis and treatment. The most commonly used
technique is the use of venous duplex reflux evaluation to
confirm the diagnosis and provide anatomic detail. The use
of air plethysmography often is used to assist in assessing
the severity of disease. The treatment of CVI is based on
the severity of disease and guided by anatomic and
pathophysiological considerations. Compressive garments
have been a mainstay in treatment and should be included
in the treatment of CVI. Traditional surgical techniques
and newer interventional methods often are reserved for
unsatisfactory response to conservative measures, although
the earlier use of techniques such as venous ablation is
considered.
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Robert Arthur Bruce, MD
1916–2004

J. Ward Kennedy, MD; Leonard A. Cobb, MD; Werner E. Samson, MD

Robert Arthur Bruce, the “father of exercise cardiology,”
died in Seattle on February 12, 2004, at the age of 87

years. Born in Somerville, Mass, he received his Bachelor of
Science degree from Boston College and graduated from the
University of Rochester School of Medicine in 1943. He
completed his internship and medical residency at the Uni-
versity of Rochester Strong Memorial Hospital. After service
as Chief Resident in Medicine, he joined the Faculty of
Medicine at the University of Rochester in 1946. In 1950, Dr
Robert H. Williams, the founding
Chief of Medicine at the new Univer-
sity of Washington School of Medi-
cine, selected Dr Bruce to be the first
Chief of Cardiology. He directed the
division until 1971 and codirected
with Dr Harold T. Dodge for an
additional 10 years. He became Pro-
fessor Emeritus in 1987 but contin-
ued to be actively interested in the
division for the remainder of his life.

As a young cardiologist at the Uni-
versity of Rochester, Dr Bruce recog-
nized that exercise stress testing
could play an important role in the
evaluation of cardiac patients. The
cumbersome Master’s Two-Step test,
in common use at that time, was
clearly inadequate to assess respira-
tory and circulatory function during
varying degrees of sustained exer-
tion. He and his early coworker, Dr
Paul Yu, who had recently arrived
from China, collaborated to develop a
treadmill exercise test. His first pub-
lication on exercise testing was in
1949, in which he reported observa-
tions relating to the basis of dyspnea in beryllium workers
with cor pulmonale. After his initial experience with treadmill
exercise testing, he came to the conclusion that “a technique
of standardized exercise is considered satisfactory for the
investigation of dyspnea in clinical patients” (Bruce et al.
J Clin Invest. 1949;28;1423).

Initially, Dr Bruce and coworkers used a single-stage test,
but it soon became clear that multiple stages would afford
advantages. Shortly after moving to Seattle in 1950, Dr Bruce
modified his test to comprise 4 progressive stages. Subse-
quently, the standard Bruce Exercise Treadmill Test evolved
into its present form, with seven 3-minute stages.

An important achievement during his early years at the
University of Washington was the conception and validation
of the multistage exercise protocol in 1963. Subsequently, an

extensive database was used to de-
velop normal standards based on age,
sex, and habitual pattern of activity.
The duration of exercise then became
the principal measurement for the es-
timation of what he termed “func-
tional aerobic impairment.” Today’s
near-exclusive emphasis on the ECG
response to exercise is at odds with Dr
Bruce’s concept of exercise testing, in
which substantial attention was di-
rected to exercise performance and
heart rate and blood pressure changes,
coupled with targeted examination of
the patient during and immediately
after exertion. From such observa-
tions, exercise-induced hypotension
was identified as a manifestation of
fixed stroke volume and a strong pre-
dictor of adverse long-term outcomes.

The Seattle Heart Watch program,
initiated by Dr Bruce in 1971, orga-
nized a dedicated group of community
physicians in hospitals, offices, and
industrial practices to test the feasibil-
ity and utility of symptom-limited ex-
ercise testing in both ambulatory car-

diac patients and in apparently healthy subjects. A database
representing �10 000 persons was developed over the ensu-
ing 10 years. Whereas ST-segment depression was signifi-
cantly related to death within 3 years, Dr Bruce also con-
cluded that “changes in systolic pressure during exercise
merit greater attention than monitoring ST displacements.”
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Bob Bruce was a caring and dedicated physician. Neither
conservative nor unduly radical in formulating clinical deci-
sions, he unfailingly maintained the utmost concern for his
patients. He was an early proponent of the objective assess-
ment of the benefits and downsides of the newly introduced
valvular surgical procedures.

Dr Bruce was thoughtful and imaginative. He was one of
the first to use cardiac electrode catheter pacing for cardiac
arrest or third-degree heart block during the course of acute
myocardial infarction. (The initial patient was Dr Williams,
who had recruited Dr Bruce to the University of Washington.)
Dr Bruce acquired an early interest in the use of computers in
cardiology and developed a method for quantifying the QRS
and ST segments during exercise. In the late 1950s, he was
also one of the first to suggest the possible benefit of
thrombolysis in acute myocardial infarction. Dr Bruce pub-
lished �300 scientific articles; these, in aggregate, represent
a major contribution to our knowledge of cardiovascular
physiology in health and disease.

As a pioneer in cardiology, Dr Bruce was often invited to
be a visiting professor at other institutions. He spent extended
periods at several foreign institutions, including the Univer-
sity of Edinburgh (1965 to 1966), University of Malaya
(1974), and the Academia Sinica, Taiwan (1982). As most
academic physicians, he belonged to many professional
organizations. Of note, he was a founding member of the
Association of University Cardiologists and its second pres-
ident in 1969. He was a member of the American Society of
Clinical Investigation and a past president of the Western
Society of Clinical Investigation. He served on study sections

of the National Heart, Lung, and Blood Institute and was an
advisor to the Federal Aviation Agency and the National
Aeronautic and Space Administration.

For many, Bob Bruce was the quintessential academic
cardiologist. In particular, he was an imaginative and highly
focused clinical investigator, whose special contributions
deserve high ranking in any list of important medical mile-
stones. He will likely be best remembered for the Bruce
multistage treadmill test, which by its simplicity of design
became a reproducible, readily performed estimate of maxi-
mal exercise capacity and, by extension, maximal oxygen
consumption. Over the period of a decade or thereabouts, the
Bruce protocol became the most commonly used test of its
kind in this country.

Bob Bruce was diagnosed with chronic lymphatic leuke-
mia �10 years before his death. Unfortunately, he became
progressively limited by spinal stenosis during his last years.
Robert A. Bruce died at his home in Seattle, where many of
his family, old friends, and members of the current University
of Washington cardiology faculty were able to visit with him
just before his death.

On a personal level, Bob Bruce was the ultimate New
England gentleman. Reserved, unassuming, and kind to the
core, he was an excellent teacher and mentor to a large
number of physicians who went on to assume leading roles in
medicine and physiology, both here and abroad. Those of us
who worked closely with Dr Bruce over the years will
continue to be inspired by his dedication to clinical investi-
gation, teaching, and the care of patients that characterized
his career.
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Leaflet Fracture of a St. Jude Mechanical Bileaflet Valve
A. Mosterd, MD, PhD; G.M.M. Shahin, MD; W.J. van Boven, MD; W. Jaarsma, MD, PhD;

A.D. Graafland, MD; H.A. van Swieten, MD, PhD

Eighteen months after mitral (33-mm St. Jude Medical)
and aortic (25-mm Carbomedics Tophat) valve replace-

ment because of rheumatic valve disease, a 54-year-old man
was admitted with acute pulmonary edema. He had been in
excellent condition until the sudden onset of epigastric pain
and shortness of breath 2 hours before admission. Other than
warfarin (International Normalized Ratio 2.7, 9 days before
admission), he was not using any medication. Physical
examination demonstrated a man in severe respiratory dis-
tress (blood pressure 95/60 mm Hg, temperature 36.2°C), and
bilateral rales were heard. Heart sounds could not be detected.
The ECG demonstrated sinus tachycardia (100/min) without
signs of ischemia. The chest x-ray film showed bilateral
pulmonary edema. After intubation and mechanical ventilation,
a transesophageal echocardiogram was performed (Figure 1),

revealing massive mitral regurgitation attributed to malfunction-
ing of one leaflet (Movies I, II, and III). The left ventricle was
hyperdynamic. The patient was urgently transported to a thorax
center (St. Antonius Hospital, Nieuwegein, the Netherlands).
Although leaflet fracture was considered, mechanical valve
thrombosis was considered more likely and thrombolytic ther-
apy was initiated. On emergency surgery, which was performed
because of progressive clinical deterioration, one leaflet of the
mitral valve prosthesis was found to be broken, the major part
missing (Figure 2). The valve was explanted and replaced by a
29-mm Carbomedics prosthesis. CT scanning localized the
missing valve fragment in the right iliac artery bifurcation
(Figure 3). This fragment was surgically removed 4 weeks later
by a retroperitoneal approach. The patient made an uneventful
recovery and returned to his professional life.

Figure 1. Transesophageal echocardiographic still-frame image
showing partial absence (A) of one leaflet. A indicates partial
absence of one leaflet; L, leaflet in place; LAA, left atrial appendage.
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Figure 3. Axial CT image of pelvis, showing escaped leaflet
fragment in right iliac artery (arrow). L5 indicates L5 vertebral
body; P, psoas muscle; A, iliac artery; and V, Iliac vein.

Figure 2. Explanted mitral valve prosthesis (A) and broken leaf-
let (B) recovered from right iliac artery.
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Fast and Complete Healing of 2 Coronary Artery
Spontaneous Dissections

Daniela Trabattoni, MD; Alfreda Calligaris, MD; Antonio L. Bartorelli, MD

Spontaneous coronary artery dissection is a rare cause of
acute myocardial infarction (MI). Optimal treatment

remains controversial. A 38-year-old hypertensive woman
presented with a 4-hour history of chest pain. A diagnosis of
anterior Q-wave MI was made on the basis of ECG findings
and cardiac enzyme levels (creatine kinase-MB mass, 11.4
ng/mL). Echocardiography showed akinesia of the left ven-
tricular (LV) apex with moderate ejection fraction reduction
(51%). Coronary angiography demonstrated spontaneous cor-

onary dissection of the left anterior descending artery (LAD)
and the obtuse marginal (OM) branch of the left circumflex
artery (LCx; Figure 1). No intervention was performed.
Predischarge Tc-MIBI SPECT showed only a fixed perfusion
defect of the anterior LV wall. At 3-month follow-up,
echocardiography showed a significant improvement of LV
function (ejection fraction 69%), whereas angiography re-
vealed complete healing of the LAD and OM dissections
(Figure 2).
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Figure 1. Left coronary angiography (30° right anterior oblique
projection) showing spontaneous dissections of LAD and OM
of LCx (arrows).

Figure 2. Complete healing at 3-month angiographic
follow-up.
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The Expert Guide to Beating Heart Disease:
What You Absolutely Must Know
Harlan M. Krumholz, MD
262 pp. New York, NY: Harper Resource, a division of
HarperCollins Publishers; 2005. $14.95. ISBN 0-06-
057834-3. Available in paperback.

This new paperback provides welcome help for the field of
preventive cardiology at a time of real need. Evidence-based
research over the past 20 years has defined highly effective
therapies to prevent and modulate the progression of coronary
heart disease in patients at risk. Practitioners who counsel and
care for these patients have learned that the battery of lifestyle
and drug interventions demonstrated to produce these benefits
requires a successful partnership between a physician (or RN or
RD) aware of the evidence-based guidelines and an informed
patient who understands something of the nature of the disease
and the rationale for the therapies prescribed. Only in such a
setting can we expect consistent patient adherence to the multiple
therapies required to actually achieve the benefits defined in
studies and trials.

Although most who care for such patients could cover the
information needed to produce compliance-enhancing under-
standing in our patients, the pressures of current practice erect
significant barriers. Simply put, having the luxury of adequate
time to impart all of this detailed information and to do so at a
pace that allows assimilation is increasingly a rarity. In this
setting, we have learned that many patients follow through with
indicated therapies incompletely, ineffectively, or for too short a
time to realize the documented outcome benefits possible.

Dr Krumholz’s excellent book can fill an important niche in
dealing with this problem. He is a leader in the field of outcomes
research and has written in clear and easily understandable
language for the layman. The 5 chapters deal in orderly fashion
with the spectrum of heart disease prevention. Chapter 1,
“Understanding Heart Disease,” presents a simple discussion of
the atherosclerotic process, the symptoms of coronary artery
disease, the range of diagnostic tests available, and a clear
exposition of the concept of risk factors, both modifiable and
nonmodifiable. It then lays the basis for the patient’s role, as a
partner with the physician, in adhering to the program and
monitoring results.

Chapter 2, “Seven Key Strategies in Taking Charge of Heart
Disease,” moves thoroughly but clearly through the subjects of
blood pressure control, cholesterol management, physical activ-
ity and fitness, weight control, diabetes and blood sugar man-
agement, smoking cessation, and finally a detailed section on
medications not covered in the previous sections, including
aspirin and anticlotting agents, �-blockers, angiotensin-
converting enzyme inhibitors and angiotensin receptor blockers,
and cholesterol-lowering agents. For each group, there is clear
information on guideline recommendations, side effects, and risk
versus benefit. Dr Krumholz’s many years of promoting the use

of evidence-based decision-making in the development of treat-
ment guidelines is manifest throughout this excellent chapter. In
each section, care is taken to promote specific reference to the
relevant guidelines of the American Heart Association/American
College of Cardiology, National Cholesterol Education Program,
American Diabetes Association, etc.

The remaining 3 chapters amplify helpful details on pertinent
subjects beyond the major risk factors. “Beyond the Key Strat-
egies” covers diet in considerable detail and then moves on to
alcohol, vitamins, stress management, hormones, etc. “Research
and Emerging Therapies” covers a wide range of treatments for
which evidence is not mature enough to base firm recommenda-
tions or write guidelines. These range from implantable cardio-
verter defibrillators in heart failure and resynchronization to
HDL drugs, gene therapy, and inflammatory markers. The author
presents a handy “grading” system with icons for each treatment
discussed, which ranges from “proven benefit” to “unclear
effect” to “no benefit” or “possibly harmful.” The last chapter,
“Staying Well and Prepared,” emphasizes monitoring techniques
and other helpful tips for maximizing results of a treatment
program.

These fact-filled chapters are followed by several useful
appendices, which provide models and forms for monitoring
blood pressure and weight, working up to an exercise program
goal, use of the Seattle Angina Questionnaire, drug interactions,
and a clear review of the purpose and “workings” of many
cardiac tests and procedures. Finally, there is an excellent
glossary of cardiac terms and concepts, as well as extensive
references (ie, 40 pages!).

This handy volume is presented in a fashion that allows a
patient to personalize selection of topics, learn the pertinent facts
quickly and easily, and refer back to it as a follow-up (and
reinforcing!) reference. As a piece of “mother-in-law research”
(which would, ironically, make almost any good outcomes
researcher’s eyes roll), I gave this book to a personal friend who
is intelligent and accomplished in his own field but has no
medical training, aside from interest in the considerable health
information that is in the press these days. Two days later, he
gave it back with this comment: “This was really clear and easy
to understand—and I’ve got to tell you, I thought I knew a lot
about this stuff, but I learned something new on almost every
page!” I consider that summation quite a positive “review”
indeed from a member of the intended target audience.

Personally, I would suggest that all practitioners dealing with
prevention in heart disease patients and those at risk consider
adding this book to their recommendations for those patients. I
believe it will substantially enhance the much-needed process of
“getting the message across” and thus, support increased persis-
tent adherence to therapies by the patient. This should, in turn,
help produce the improved clinical outcomes that the many trials
of recent years have promised.

Rodman D. Starke, MD
Clinical Professor of Medicine, Emeritus

University of California, San Francisco

(Circulation. 2005;111:e283.)
© 2005 American Heart Association, Inc.
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Letter Regarding Article by Tsimikas et al,
“High-Dose Atorvastatin Reduces Total Plasma
Levels of Oxidized Phospholipids and Immune
Complexes Present on Apolipoprotein B-100 in
Patients With Acute Coronary Syndromes in the
MIRACL Trial”
To the Editor:

Tsimikas et al hypothesized that in the MIRACL (Myocardial
Ischemia Reduction with Aggressive Cholesterol Lowering)
study statins induced a net efflux of oxidized phospholipids
(OxPL) from the vessel wall, which is reflected by an increased
OxPL/apoB ratio, representing enrichment in OxPL of apoB
particles.1 We would like to suggest an alternative interpretation.
The oxidized low-density lipoprotein (OxLDL)-E06 assay used
captures apoB-containing particles from the plasma sample.
Because plasma lipoprotein(a) (Lp(a)) increased and LDL de-
creased during statin treatment, more Lp(a) and fewer LDL
particles were captured after statin treatment. Because OxPL are
predominantly associated with Lp(a),2 the increased OxPL/apoB
ratio could be explained by the shift in the Lp(a)/LDL ratio.
Similarly, in the placebo-treated group the decreased OxPL/apoB
ratio results from a decrease in Lp(a) relative to LDL. It is
therefore unlikely that the OxPL/apoB ratio is a surrogate marker
of net removal of OxPL from the vessel wall. Moreover, the
observed 30% decrease in total plasma apoB-OxPL also argues
against an increased net efflux of OxPL from the vessel wall.
Recently, using the OxLDL assay from Mercodia in which an
oxidation epitope associated with apoB is detected with mono-
clonal antibody 4E6, we found that atorvastatin (80 mg/d) and
simvastatin (40 mg/d) reduced total plasma Ox-apoB (�43% and
�35%, respectively) in patients with familial hypercholesterol-
emia from the ASAP study.3 Interestingly, we observed no
change in the Ox-apoB/apoB ratio when we used the noncom-
petitive version of the kit, in which the immobilized antibody
captures Ox-apoB from the sample. We did, however, observe a
small increase in the Ox-apoB/apoB ratio (18% for atorvastatin,
13% for simvastatin) when we used the competitive version,
which unlike the noncompetitive version is sensitive to the
number of oxidation epitopes associated with apoB. In addition,
the increase in Ox-apoB/apoB ratio can be explained by an
increase in Lp(a) relative to LDL. To further address this
question, measurements of OxLDL with E06 and 4E6 in well-
designed assays (eg, in isolated Lp(a) particles) at different time
points after the start of statin treatment are required.

Lambertus J. van Tits, PhD
Jacqueline de Graaf, MD, PhD
Anton F. Stalenhoef, MD, PhD

Department of General Internal Medicine
Radboud University Nijmegen Medical Centre

Nijmegen, The Netherlands
B.vantits@aig.umcn.nl

1. Tsimikas S, Witztum JL, Miller ER, Sasiela WJ, Szarek M, Olsson AG,
Schwartz GG; Myocardial Ischemia Reduction with Aggressive Choles-
terol Lowering (MIRACL) Study Investigators. High-dose atorvastatin
reduces total plasma levels of oxidized phospholipids and immune com-
plexes present on apolipoprotein B-100 in patients with acute coronary
syndromes in the MIRACL trial. Circulation. 2004;110:1406–1412.

2. Tsimikas S, Bergmark C, Beyer RW, Patel R, Pattison J, Miller E, Juliano
J, Witztum JL. Temporal increases in plasma markers of oxidized low-
density lipoprotein strongly reflect the presence of acute coronary syn-
dromes. J Am Coll Cardiol. 2003;41:360–370.

3. Smilde TJ, Van Wissen S, Wollersheim H, Trip MD, Kastelein JJ,
Stalenhoef AF. Effect of aggressive versus conventional lipid lowering on
atherosclerosis progression in familial hypercholesterolaemia (ASAP): a
prospective, randomised, double-blind trial. Lancet. 2001;357:577–581.

Response
We thank Van Tits et al for their interesting analysis of our

data.1 Although we cannot absolutely rule out that their
interpretation is correct, we strongly favor our interpretation
for the following reasons: (1) 4E6 binds malondialdehyde-
lysine epitopes on LDL, which have not been documented to
be present on Lp(a) per se, and does not bind the OxPL that
are recognized by E06 and present on Lp(a). Thus, the
increase in their “oxidized apoB/apoB” ratio cannot be ex-
plained by increased Lp(a) levels. (2) Similar increases in
OxPL/apoB and Lp(a) were noted in response to low-fat diets2

and immediately after angioplasty,3 in which only 50% of the
OxPL were physically present on Lp(a), whereas the rest were
on non-Lp(a) apoB-containing lipoproteins, conditions under
which one may postulate efflux of OxPL from the vessel wall.
(3) As pointed out in the Discussion in our original article, our
hypothesis is strongly supported by unpublished studies in
animals, including rabbits that do not have Lp(a), showing
similar increases in OxPL/apoB with concomitant decreases in
total OxPL-apoB and reduced vessel wall immunostaining for
OxPL in response to regression diets. Therefore, the increased
OxPL/apoB that accompanies lesion regression is clearly not
the result of changes in Lp(a). We have additional evidence in
humans that Lp(a) is the preferential (but not obligatory)
acceptor of OxPL, which explains the strong association with
Lp(a).4

Unlike the OxPL/apoB measure, the Mercodia OxLDL assay
strongly correlated with LDL (r��0.70) in multiple studies and
may not be independent of LDL. The methodology for the
competition assay is not described and therefore we are unable to
assess whether the parameters the authors describe are indepen-
dent of apoB.

Comparative studies of current OxLDL assays are needed to
understand their clinical utility. We agree that a focus of ongoing
research should be to test the hypothesis that Lp(a) binding of
OxPL is an innate immune mechanism to clear proinflammatory
OxPL, and in particular to understand the mechanisms respon-
sible for the increase in Lp(a) levels in response to statins or
low-fat diets.

Sotirios Tsimikas, MD
Joseph L. Witztum, MD
Elizabeth R. Miller, BS
Department of Medicine
University of California

San Diego, Calif
stsimikas@ucsd.edu

William J. Sasiela, PhD
Michael Szarek, SM

Pfizer Pharmaceuticals Group
New York, NY

Anders G. Olsson, MD, PhD
Department of Medicine and Care

Faculty of Health Sciences
University of Linköping

Linköping, Sweden

Gregory G. Schwartz, MD, PhD
Cardiology Division

Veterans Affairs Medical Center
University of Colorado Health Sciences Center

Denver, Colo
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vastatin reduces total plasma levels of oxidized phospholipids and
immune complexes present on apolipoprotein B-100 in patients with
acute coronary syndromes in the MIRACL trial. Circulation. 2004;
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Letter Regarding Article by Selvanayagam et al,
“Value of Delayed-Enhancement Cardiovascular
Magnetic Resonance Imaging in Predicting
Myocardial Viability After Surgical
Revascularization”
To the Editor:

With interest we read the study by Selvanayagam et al1
addressing the value of MRI with contrast enhancement to assess
myocardial viability and predict subsequent improvement of
function after revascularization. In 52 patients, contrast-
enhanced MRI was performed early preoperatively (6 days) and
late postoperatively (6 months). Clinically most important is the
improvement of function at late follow-up because recovery of
function may require sufficient time.2 In the article by Selvanay-
agam et al,1 viability was defined as segments with delayed
enhancement on MRI involving �25% in transmurality. Using
this cutoff value, the authors reported a positive and negative
predictive value of 73% and 69%, respectively, to predict
improvement of function. Re-analysis of the data revealed a
sensitivity and specificity of 78% and 64%, respectively. The
specificity of this approach is somewhat disappointing, as is
observed for nuclear imaging techniques as well. This value is
even lower when a cutoff value of 50% in transmurality was
chosen, resulting in a sensitivity and specificity of 95% and 26%,
respectively. These findings are not surprising. In fact, contrast-
enhanced MRI is an excellent technique to assess infarcted
tissue, but it does not provide information on the viability status
of the remaining myocardium. In particular, if the remaining
(nonenhanced) myocardium is normal, then no recovery can be
anticipated, and the segment can be considered a subendocardial
infarct. If the remaining myocardium is ischemically jeopardized
(stunned, hibernating, ischemic, or all 3), however, then recovery
of function may occur after revascularization. To further discrim-
inate the viability status of the myocardial wall, additional
information may be needed, and assessment of contractile
reserve may be useful. In a recent study,3 a direct comparison
between contrast-enhanced and low-dose dobutamine MRI in 48
patients with chronic left ventricular dysfunction demonstrated
that 42% of the segments with an intermediate transmurality of
infarction on contrast-enhanced MRI had contractile reserve and
58% did not. Moreover, Wellnhofer et al4 suggested that low-
dose dobutamine MRI may be superior for predicting functional
recovery. Do the authors believe that a stepwise approach for
viability assessment may be considered? In particular, delayed
enhancement could be used as an initial test, and in case of
subendocardial infarction (25% to 50% transmurality), low-dose
dobutamine MRI could be performed to further assess the
likelihood of recovery of function.

Ernst E. van der Wall, MD, PhD
Jeroen J. Bax, MD, PhD
Department of Cardiology

Leiden University Medical Center
Leiden, The Netherlands

1. Selvanayagam JB, Kardos A, Francis JM, Wiesmann F, Petersen SE,
Taggart DP, Neubauer S. Value of delayed-enhancement cardiovascular
magnetic resonance imaging in predicting myocardial viability after
surgical revascularization. Circulation. 2004;110:1535–1541.

2. Bax JJ, Visser FC, Poldermans D, Elhendy A, Cornel JH, Boersma E, van
Lingen A, Fioretti PM, Visser CA. Time course of functional recovery of
stunned and hibernating segments after surgical revascularization. Circu-
lation. 2001;104:I314–I318.

3. Kaandorp TA, Bax JJ, Schuijf JD, Viergever EP, van Der Wall EE, de
Roos A, Lamb HJ. Head-to-head comparison between contrast-enhanced
magnetic resonance imaging and dobutamine magnetic resonance

imaging in men with ischemic cardiomyopathy. Am J Cardiol. 2004;93:
1461–1464.

4. Wellnhofer E, Olariu A, Klein C, Grafe M, Wahl A, Fleck E, Nagel E.
Magnetic resonance low-dose dobutamine test is superior to SCAR quan-
tification for the prediction of functional recovery. Circulation. 2004;109:
2172–2174.

Response
We welcome the interest of Bax et al in our article.1 They state

correctly that the improvement of function at late follow-up is
clinically important because recovery of regional and global
function may take a significant amount of time. Our follow-up
window of 6 months after revascularization is as late a follow-up
that has been reported in the literature in viability studies with
delayed-enhancement magnetic resonance imaging (DE-MRI).
The overall specificity of our study matches previous results2 and
is only moderate when all hyperenhancement (HE) grades are
considered. In our article, we acknowledged that this is particu-
larly so in the intermediate HE segments, and stated that “the
addition of low-dose dobutamine stress MR imaging to the
DE-MRI protocol may further increase the diagnostic accuracy
for viability detection, and future studies are awaited.” The study
by Kaandorp et al supports this assertion.3 Thus, we agree that a
stepwise assessment is the preferred approach.

We do not believe, however, that dobutamine stress MRI
(DSMR) is the preferred viability test for all comers. The recent
finding by Wellnhofer et al4 that low-dose DSMR is superior to
DE-MRI in predicting functional recovery is certainly of interest,
but it should be viewed cautiously until larger studies from other
centers have confirmed these findings. Furthermore, when con-
sidering noninvasive imaging options for viability assessment,
many issues need to be considered, including availability, accu-
racy, safety, ease of use, and local expertise.

Joseph B. Selvanayagam, MBBS, FRACP
Attila Kardos, MD, PhD
Steffen E. Petersen, MD

Jane M. Francis, DCRR, DNM
Frank Wiesmann, MD
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Letter Regarding Article by Jaeggi et al,
“Transplacental Fetal Treatment Improves the
Outcome of Prenatally Diagnosed Complete
Atrioventricular Block Without Structural
Heart Disease”
To the Editor:

Jaeggi et al conclude “a standardized approach using
dexamethasone and beta-stimulation . . . improved the out-
come of isolated fetal complete heart block (CHB).”1 They
used this approach in one 7-year period (90% steroid use; 80%
survival) and contrasted it with the preceding 7-year period
(19% steroid use; 44% survival). We have grave concerns in
accepting that their “standardized approach” was responsible
for the improved outcome— other reasons and chance alone
cannot be excluded.

To put their results in perspective, we reviewed our results for
all fetuses with anti-Ro associated congenital CHB observed at
our center since 1990 (same time period as Jaeggi et al).
Dexamethasone and beta-stimulation were used empirically for
fetal compromise, adverse outcome in previous pregnancies, or
incomplete heart block. Our results differ from Jaeggi et al
(Table). Steroid use decreased over the 2 time periods—27% in
the first and 0% in the second, with survival increasing from 77%
to 93%.

Administering dexamethasone to pregnant mothers is not
without risk. Animal data report adverse effects of corticoste-
roids on birth weight and brain maturation.2 Spontaneous abor-
tion, stillbirths, and adrenal insufficiency were frequently seen
after prophylactic dexamethasone use in anti-Ro-positive moth-
ers.3 We use dexamethasone when there is evidence of hydrops,
poor ventricular function, or both. Similarly, we use beta-
stimulation in this setting when the fetal heart rate is �55 beats
per minute.4,5

Our data do not address the outcome for patients surviving
beyond 1 year, but a comparison of our patients with those in
the Jaeggi et al contemporaneous series does not point to a
major advantage in utero and early infancy. Indeed, if the
results in our second 7-year period were taken as the baseline
for a nonrandomized study, it would be unlikely that any new
treatment modality could show a significantly improved
outcome.

We believe that steroids and beta-stimulation should be
reserved for fetuses that are compromised. We await compelling
evidence for their use in the noncompromised fetus with anti-
Ro-associated congenital CHB.

Eric Rosenthal, MD, FRCP
Patrick A. Gordon, MB, MRCP

John M. Simpson, MD, FRCP
Gurleen K. Sharland, MD, FRCP

Departments of Fetal and Paediatric Cardiology
Guy’s Hospital

London, UK

1. Jaeggi ET, Fouron JC, Silverman ED, Ryan G, Smallhorn J, Hornberger
LK. Transplacental fetal treatment improves the outcome of prenatally
diagnosed complete atrioventricular block without structural heart
disease. Circulation. 2004;110:1542–1548.

2. Huang WL, Harper CG, Evans SF, Newnham JP, Dunlop SA. Repeated
prenatal corticosteroid administration delays astrocyte and capillary tight
junction maturation in fetal sheep. Int J Dev Neurosci. 2001;19:487–493.

3. Costedoat-Chalumeau N, Amoura Z, Le Thi Hong D, Wechsler B,
Vauthier D, Ghillani P, Papo T, Fain O, Musset L, Piette JC. Questions
about dexamethasone use for the prevention of anti-SSA related con-
genital heart block. Ann Rheum Dis. 2003;62:1010–1012.

4. Groves AM, Allan LD, Rosenthal E. Therapeutic trial of sympathomi-
metics in three cases of complete heart block in the fetus. Circulation.
1995;92:3394–3396.

5. Sivarajah J, Huggon IC, Rosenthal E. Successful management of fetal
hydrops due to congenitally complete atrioventricular block. Cardiol
Young. 2003;13:380–383.

Response
We wish to thank Rosenthal et al for their comments regarding

our recent article.1 We do not have a ready explanation for the
similarities in outcome between our treated and Guy’s Hospital’s
untreated fetal population with isolated complete atrioventricular
block (CAVB) since 1997. From the limited data provided by
Rosenthal et al it is unclear whether the 2 study populations are
truly comparable. Indeed, if beta-stimulation was used in the
setting of fetal heart rates �55 bpm, only 1 (7%) of 14 cases
required such treatment at Guy’s Hospital when compared with
8 in 19 (42%; P�0.05) continued pregnancies in our study since
1997. Moreover, in spite of a general improvement in prenatal
detection of fetal anomalies, Guy’s Hospital has seen a 46%
decline in fetal CAVB numbers since 1997 (14 cases) when
compared with 1990 to 1996 (26 cases). This could be related to
incomplete data sampling, an altered referral pattern to this
center, or both.

Between 1997 and 2003, the live-birth and 1-year outcome of
actively managed isolated CAVB improved at our institutes to
95% respectively, when compared with 80% and 47%, respec-
tively, between 1990 to 1997.1 If 3 cases with pregnancy
termination were included, the 1-year survival still improved
from 44% to 86%, and not 80% as stated by Rosenthal et al. We
believe but cannot be sure that this decreased morbidity and
mortality was the result of the change in overall treatment rather
than any single intervention or therapy or coincidence. We agree
that there are potential risks involved with the use of dexameth-
asone during pregnancy and that prophylactic therapy is not
indicated for anti-Ro/La antibody-associated pregnancies. The
value of a transplacental treatment that is reserved for compro-
mised fetuses is unknown apart from a handful of anecdotal case
reports.2

We therefore believe that the efficacy and safety of our and
alternative treatment approaches should be further addressed
prospectively in a large-scale randomized study.

Edgar T. Jaeggi, MD
Jeffrey Smallhorn, MBBS

Division of Cardiology
Department of Pediatrics

The Hospital for Sick Children
University of Toronto
Toronto, ON, Canada

Earl D. Silverman, MD, FRCPC
Division of Rheumatology
Department of Pediatrics

The Hospital for Sick Children
University of Toronto
Toronto, ON, Canada

Comparison of Use of Dexamethasone and Beta-Stimulation

Jaeggi et al Guy’s Hospital

1990–1996 1997–2003 1990–1996 1997–2003

No. 16 21 26 14

Dexamethasone 3 19 7 0

Beta-stimulation 1 9 2 1

1-y survival 7 (44%) 17 (80%) 20 (77%) 13 (93%)
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Because of an oversight, the name of Susanne Fries, MD, was excluded from the author list of the
paper by Egan et al, “Cyclooxygenases, Thromboxane, and Atherosclerosis: Plaque Destabiliza-
tion by Cyclooxygenase-2 Inhibition Combined With Thromboxane Receptor Antagonism,” that
appeared in the January 25, 2005, issue of Circulation (Circulation. 2005;111:334–342).
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