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AASLD PUBLIC POLICY

The AASLD and Public Policy: Coming in
Out of the Cold

This issue of HEPATOLOGY contains the first of a
new form of communication about public policy—
an article on public policy of interest to the Amer-

ican Association for the Study of Liver Diseases (AASLD)
and its members, written by an expert in the field. This is
the first in a series of articles on topics identified by the
AASLD Public Policy Committee (PPC), and is the result
of the leadership of AASLD and the PPC recognizing the
need to keep members of the association aware of public
policy issues and actions taken by AASLD.

Over the last few years, the AASLD has become in-
creasingly involved in public policy in the United States.
In large part, this recent emphasis has come as a result of
the most recent version of the AASLD strategic plan
(found under the “Member Center” at www.aasld.org)
which recognized the need for the association to become
more active in public policy and advocacy. The Public
Policy Committee of AASLD has recently taken a more
proactive position with regard to public policy, at the
direction of the governing board of AASLD. Each year,
the PPC develops a written public policy agenda (found
under “Press & Policy” at www.aasld.org) for the coming
year. This agenda then frames the activities of the PPC for
the coming year, with the approval of the governing
board. The development of and the actions taken to
achieve this agenda are done in collaboration with
AASLD’s Washington representatives, Mr. Lyle Dennis
and Ms. Jennifer Shevchek, of the firm Cavarucchio,
Dennis and Associates. Their role is to acquire informa-
tion of importance to the association and communicate
that with the association’s leadership. They also provide
invaluable advice on how the association should try to
affect public policy.

For most of the first 50 years of its existence, the
AASLD has focused its activities on its annual meeting
and postgraduate course. The main emphasis at our an-
nual meeting and in the AASLD’s main publication,

HEPATOLOGY, has always been on dissemination of new
research findings. Education has also played a prominent
role in the association’s activities, particularly with the
recent introduction of a certificate of added qualification
in transplant hepatology.

However, the field of hepatology has changed with
the introduction of liver transplantation and availabil-
ity of greater numbers of treatments for patients with
acute and chronic liver diseases. This has led to the
growth of our discipline and of our association. Liver
diseases are the tenth largest cause of death in the
United States, accounting for nearly 50,000 deaths
each year.1 Contributing to this is an epidemic of
chronic hepatitis C viral (HCV) infection which has
emerged in this country over the last 2 to 3 decades
and, although the number of new cases of HCV infec-
tion has declined, the number of deaths due to chronic
HCV infection is likely to rise for some time to come.
HCV infection is the leading indication for liver trans-
plantation, and the overall number of liver transplants
among both adults and children has increased progres-
sively over the last 2 decades, to nearly 7,000 each year
now (www.optn.org). Thus, hepatologists find them-
selves in the thick of public policy issues related to liver
disease and organ transplantation, involved in a tussle
for resources to provide care for this large number of
patients.

Our increasing involvement in public policy issues has
resulted in a variety of methods to communicate our ac-
tivities to AASLD members, including by e-mail, faxes,
articles in the AASLD newsletter, and sometimes even by
announcements at our annual meeting. Readers may re-
view some of these archived documents on the associa-
tion’s web site (found under “Press & Policy” at
www.aasld.org). The Governing Board and the PPC hope
that by publishing regular public policy columns in our
flagship publication, we can help frame issues that will
affect our specialty. This first article was written by Dr.
Norman Grace, the first chair of AASLD’s Public Policy
Committee, and Mr. Lyle Dennis and deals with
AASLD’s efforts to involve its membership in public pol-
icy issues, and the importance of all members becoming
involved in the issues facing our specialty. Hopefully, this
article will serve as a primer on advocacy and will take
away some of the mystery of what happens in our nation’s
capital. It also introduces a new system employed by
AASLD that will solicit your direct communication with

Abbreviations: AASLD, American Association for the Study of Liver Diseases;
HCV, hepatitis C virus; PPC, public policy committee.
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your national elected officials on important issues facing
AASLD and hepatology

Readers will see other similar articles that have been
commissioned for publication in HEPATOLOGY over the
next year on public policy issues. Wherever possible, these
articles will be inspired by the public policy agenda of
AASLD and will attempt to inform members of impor-
tance to them and help the association come in from the
public policy cold.

ADRIAN M. DI BISCEGLIE, M.D.
Division of Gastroenterology and Hepatology
Saint Louis University Liver Center
Saint Louis University School of Medicine
St. Louis, MO
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Advocacy: What Is a Nice Scientist Like You Doing in
Washington, DC?

Many members of the American Association for
the Study of Liver Diseases (AASLD) are sur-
prised to learn that their association has an

active public policy presence in Washington, DC. In
many ways, politics is the antithesis of science. It is emo-
tional and reactive, not precise and hypothesis-driven. It
is sometimes used to interfere with science rather than to
advance it.

Yet, it can be argued that there is no more important
activity in which the AASLD, or any other scientific asso-
ciation or society, should become involved. When done
right, public policy advocacy can have a significant posi-
tive effect on the goals of the society. The budget of the
National Institutes of Health (NIH) was doubled be-
tween 1998 and 2003 because of effective public policy
advocacy. The fact that HIV/AIDS went from a death
sentence to something approaching a chronic disease in
less than 20 years is to a significant extent the result of
effective advocacy. Much of the progress against cancer,
heart disease, stroke, and other diseases and disorders
finds its basis in public policy advocacy.

Advocates for disease research run the gamut from pa-
tients and their families, to physicians, to nonphysician
researchers, and to interested private companies and non-
profit organizations. They may all come to the question
from a different direction, but they bring the collective
experience and viewpoint of an American society that is
diverse and multifaceted. Perhaps more importantly, they
bring to policymakers facts, both scientific and societal,
that help put the importance of healthcare research into
perspective.

Advocacy, like a scientific experiment, does not always
work. There are multiple reasons for failures in advocacy.
Sometimes, failure is related to the quality of the request.
At other times, it relates to its timeliness: asking for an
appropriation from Congress the day after the bill passes

is a formula for failure. At still other times, requests can be
lost in the congressional maelstrom caused by issues un-
related to the request: the perceived need to cut taxes or
the exigencies of a September 11 attack or a Hurricane
Katrina catastrophe. One must appreciate that the mem-
bers of Congress have to develop priorities for the limited
resources available.

A carefully planned and timed advocacy effort, how-
ever, can bear fruit for scientific research. That is what this
article is about.

What Makes Advocacy Successful?
Advocacy on behalf of science (or anything else, for

that matter) tends to be successful when the advocates
take the time to learn the rules and to learn the players,
and then work hard to implement what they have learned.
Learning the rules in Washington is not nearly as difficult
as it is sometimes portrayed. Although there are a lot of
nuances and subtleties that become obvious as one moves
along, and things do change and evolve from time to time,
there are some basics on how the process works.

In general, a bill is introduced by a representative or a
senator and referred (by the Speaker in the House and the
Majority Leader in the Senate) to a committee (Table 1).
The committee chair then refers it to the appropriate
subcommittee, which may or may not ever consider it.
Assuming they do, the members of the subcommittee
have the opportunity to amend it. When action is com-
plete in the subcommittee, the bill moves back to the full
committee, which can then consider it or not consider it,
again at the discretion of the chair. The same amendment
process can occur, and the committee can vote to send the
bill to the full House or Senate.

In both houses of Congress, the Majority Leader sets
the schedule and determines which bills will come up for
a vote. The House has a Rules Committee that sets the
requirements for debate, whether amendments are al-
lowed, and if so, which ones. In the Senate (sometimes
known as “the world’s most deliberative body”), on most
bills, amendments are always in order, and debate tends to
be longer.

When each house has passed a version of a bill, there
are often differences between them. Those differences are
resolved by a conference committee, appointed again by
the Speaker of the House and the Majority Leader of the
Senate, which is usually composed of members of the
subcommittees that originally considered the bill. The

Abbreviations: AASLD, American Association for the Study of Liver Diseases;
CDC, Centers for Disease Control and Prevention; CMS, Centers for Medicare and
Medicaid Services; FDA, U.S. Food and Drug Administration; HCV, hepatitis C
virus; HHS, Department of Health and Human Services; NIH, National Institutes
of Health.
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single compromise bill that results (a “conference report”)
then must pass both houses again in identical form. Only
then can it be sent to the President for a signature or veto.

This is a top-down system, with the most power and
discretion residing with the highest ranking members of
the House and Senate: the leadership, the committee
chairs, and the subcommittee chairs. However, the rank-
and-file members have an important role to play as well.
Their views have to be considered because decisions on
approving bills at every level are made by majority vote.
They are offering amendments; they are making speeches.
Their power is more diffuse, but it exists nonetheless.

Just as important as learning the rules is learning the
players. Every AASLD member is represented in Congress
by 1 member of the House of Representatives and 2 mem-
bers of the US Senate. If you do not know who they are,
you need to find out. Go to www.dc-crd.com, the Web
site of AASLD’s Washington advocacy firm, CRD Asso-
ciates; click on “Write Congress” and follow the links to
get the names of your representative and senators.

Once you learn who they are, go to their Web sites, and
see to what committees they belong. Most liver research
funding issues are handled in the House and Senate Ap-
propriations Committees and their Labor, Health and
Human Services, and Education (Labor-HHS-Educa-
tion) Subcommittees. Most nonfunding issues are han-
dled in the House Energy and Commerce Committee and
its Health Subcommittee and in the Senate Health, Edu-
cation, Labor, and Pensions Committee, which handles
health issues without the benefit of a subcommittee.
Medicare issues are handled in the House Ways and
Means Committee and the Senate Finance Committee,
both of which have Health Subcommittees.

However, even if your representatives are not on a
committee or subcommittee of direct import to liver re-
search, they still get a vote on the House or Senate floor.
They are still part of the process, and there are many
reasons to learn who they are and, more importantly, to
let them learn who you are. One of the ways to do that is

to reach out to their staffs. Every elected official has staff
members, and there is always someone designated to han-
dle healthcare and health research. After you learn who
your representatives are, learning who their key staff
members are is next in importance.

Now that you have learned the rules and the players, all
that is left is for you to make a personal commitment to
become involved in advocacy. It does not take much to
take the plunge. You know, for example, that the flat
funding of NIH over the last 4 years has had a deleterious
effect on biomedical research. Maybe 1 of your grants was
reduced, or perhaps you were not funded for research that
just missed a reduced payline. Members of the House and
Senate need to hear those stories, and only you as an active
researcher can tell them.

Whether you visit your representatives’ offices (in
Washington or at home) or you call on the phone, send an
e-mail, or write a letter, there are a couple of key rules that
you will want to follow. You will want to make your
points strongly but politely. Time is a valuable commod-
ity, so you will want to be clear and succinct. It helps if
your story is personal: for example, the impact on your
research of 10% paylines and across-the-board budget
cuts.

If you visit or call, it always pays for you to follow up
with a short thank-you note, reiterating your major points
and offering to be a resource for the office on liver-related
or gastrointestinal-related issues. Keeping in touch on a
regular basis puts you in a very good position when im-
portant issues arise to contact the offices again, or even for
them to reach out to you.

Can You Advocate Before Government
Agencies?

Our discussion above is very specific to Congress, but
much of what the government does relates to actions that
occur in various Executive Branch agencies, such as the
NIH, the Centers for Disease Control and Prevention

Table 1. Principal Committees and Subcommittees of Interest to the AASLD

Committee Subcommittee Relevant Jurisdiction

House Appropriations Labor-HHS-Education Department of Health and Human Services (includes NIH, CDC, HRSA, CMS, and FDA)
Senate Appropriations Labor-HHS-Education Department of Health and Human Services (includes NIH, CDC, HRSA, CMS, and FDA)
House Energy and

Commerce
Health Public health, mental health and research, biomedical research, Medicaid and

national health insurance plans, and food and drugs
Senate Health, Education,

Labor, and Pensions
None (all health issues are

handled by the full committee)
Public health and biomedical research and development

House Ways and Means Health Programs that pay for health care, health delivery systems, or health research and
health programs under the Social Security Act

Senate Finance Health Care Health programs under the Social Security Act and health programs financed by a
specific tax or trust fund

NOTE. HRSA indicates the Health Resources and Services Administration.
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(CDC), the Food and Drug Administration (FDA), and
the Centers for Medicare and Medicaid Services (CMS).
Moreover, the rules, official and unofficial, are not neces-
sarily the same from agency to agency.

For example, the NIH and CDC are not regulatory
agencies. They implement policies enacted and funded by
Congress within the broad framework of Administration
policy. Consequently, lobbying these agencies is possible
and is often done. For example, when you go to see a
division director or program officer to discuss the need for
a greater research emphasis in a specific area, you are lob-
bying the NIH. When the AASLD goes to Atlanta to
discuss with CDC officials the need to create a “home” for
liver disease at the agency, they are lobbying the CDC.

The FDA is a slightly different animal, however. The
FDA is a regulatory agency, and this makes its actions
quasijudicial. For this reason, different rules apply. One
cannot, for example, set up a meeting with the FDA to
discuss a pending drug application without the prior ap-
proval of the applicant. Even if that permission is granted,
FDA employees are prohibited from revealing details
about an application to prevent the inadvertent disclosure
of proprietary information.

The CMS falls somewhere between. However, the dif-
ficulty with lobbying the CMS really stems from the in-
credible complexity of the systems that it has created. If
the AASLD were to want to seek a higher payment for a
specific Current Procedural Terminology (CPT) code, it
would quickly become caught in the maelstrom between
the CMS and the American Medical Association, which
has a contract to operate the Resource-Based Relative
Value Update Committee, or RUC. More than 1 medical
specialty society has gotten lost while being ping-ponged
back and forth between these 2 entities.

Yet, despite the difficulties, successes do abound. The
AASLD played an instrumental role in the issuance of the
first request for applications for hepatitis C virus (HCV)
research. A well-timed meeting, at which we worked to-
gether with our allies in the digestive disease field, enabled
us to persuade the National Institute of Diabetes and
Digestive and Kidney Diseases that its leadership was cru-
cial in ensuring that the request for applications targeted
HCV’s impact on the liver, thus ensuring that much of
the research funding went to hepatologists. A matching

grant of $100,000 from the Digestive Health Foundation
combined with AASLD’s leadership was offered to the
NIH and resulted in an additional $5 million from mul-
tiple institute sources targeted to HCV research.

Similarly, AASLD’s concern about the impact of acet-
aminophen resulted in our meeting with senior FDA of-
ficials in 2006 to discuss their proposal to revise labeling
requirements for this drug. Following that meeting,
which helped to establish AASLD’s expertise on liver tox-
icity, changes in labeling were promulgated, and there is
currently an ongoing comment period for public input.

Conclusion
The members of any organization that is interested in

having an effect on public policy need to learn the rules
that govern how laws and regulations are made. Then,
they need to learn who the people are that are involved in
making key policy decisions. Finally, they need to decide
to take the initiative to get involved, make the outreach to
elected and appointed officials, and make themselves a
resource for those officials as they consider taking official
actions that will have an impact on their research or their
practice.

The AASLD works closely with other medical specialty
and scientific organizations, and with patient advocacy
and other groups, to advance the practice of hepatology to
better treat and cure liver disease and to promote liver
wellness. In the coming months, you will see the AASLD
become even more active, in particular, by asking for your
help in contacting legislators. The introduction of a soft-
ware program called CapWiz will help the AASLD move
to the next level of grassroots action. This program will
enable members to reach out to their representatives with
a few clicks of the mouse and enhance the role played by
the association in the Washington health research advo-
cacy community. We hope you will respond when called
upon.

NORMAN D. GRACE1

LYLE B. DENNIS2

1Gastroenterology Division, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA

2Cavarocchi-Ruscio-Dennis Associates, LLC, Washington,
DC
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EDITORIALS

Therapy for Hepatocyte Transporter Trafficking
Mutations: The Time Is Now

See Article on Page 1506

Bile acid (BA)-dependent bile flow occurs from the
concerted action of (1) absorption of BAs at the
basolateral membrane, (2) transhepatic transport,

and (3) secretion at the canalicular membrane. The mo-
lecular nature of the proteins, including membrane trans-
porters, that are involved in this process have been defined
over the last decade, and the mechanisms by which they
are regulated are beginning to be uncovered. Although
NTCP (sodium taurocholate co-transporting polypep-
tide; SLC10A1) is the major transporter involved in Na-
dependent uptake of conjugated BA absorption from
portal blood, multiple members of the organic anion
transporting (OATP) family have been implicated as hav-
ing some contribution in the uptake of BA as well as other
organic anions such as bilirubin and many drugs.1 The
holy grail in the canalicular secretion of BAs was resolved
when bile salt export pump (BSEP) (ABCB11) was cloned
and shown to be a member of the multidrug-resistant,
ATP-binding cassette (ABC) family of transporters.2 The
discovery of the molecular identity of the transport pro-
teins and their cognate genes led to the definition of a
genetic basis of inherited cholestatic syndromes collec-
tively called progressive familial inherited cholestasis
(PFIC). We now know that whereas PFIC1 is due to
mutations in FIC1 (a phosphatidyl serine [PS] flippase)
and BSEP in some patients with benign recurrent intra-
hepatic cholestasis (BRIC), PFIC2 is due to mutations in
BSEP, and PFIC3 is due to mutations in multidrug-resis-
tant P-glycoprotein 3 (MDR3).

Multiple (approximately 30) missense, premature ter-
mination, and frameshift mutations in BSEP have been
identified in patients with PFIC2. In addition, BSEP mu-
tations have also been found in a subset of BRIC patients

with no changes in FIC1.3 Recent studies have reported
BSEP mutations in acquired cholestasis (drug-induced)
and in some cases identified single-nucleotide polymor-
phisms (SNPs) in the gene.4 Because premature termina-
tion and frameshift mutations typically result in proteins
that are truncated, abnormal, and hence nonfunctional,
most of the studies have concentrated on missense muta-
tions and their effect on BSEP function using heterolo-
gous systems employing Sf9 insect cells (baculovirus-
encoded complementary DNA [cDNA]) or Madin-
Darby canine kidney (MDCK) cell line (using plasmid-
encoded or adenovirus-encoded cDNA). These studies
have been carried out using mouse, rat, and human BSEP
cDNAs. These studies examined the following BSEP mu-
tations and their effects on function and targeting to the
apical membrane: (1) G238V, (2) E297G, (3) C336S, (4)
D482G, (5) G928R, (6) R1153C, and (7) R1268Q.
Wang et al.5 introduced these missense mutations into rat
Bsep and examined Bsep expression in MDCK and Sf9
cells transfected with the mutated DNA constructs. Their
data revealed that although 5 mutations (G238V,
E297G, G982R, R1153C, and R1268Q) prevented api-
cal targeting of Bsep, 4 mutations (E297G, G982R,
R1153C, and R1268Q) in addition also eliminated trans-
port activity. Studies by Plaas et al.6 analyzed the effect of
D482G in mouse Bsep in HepG2 cells and found that
this mutation did not affect transport whereas membrane
and intracellular protein amount was significantly af-
fected combined with a decrease in glycosylation. Similar
to the observations with �F508 mutation in cystic fibrosis
transmembrane conductance regulator (�F508-CFTR),7

growth of cells at a lower temperature led to increased
messenger RNA and protein along with increased mem-
brane protein and glycosylation. Thus, these data were
consistent with the data obtained by Wang et al. in that
the D482G mutation in rat and mouse Bsep altered the
trafficking and processing of the Bsep protein. In their
earlier studies, Hayashi, Sugiyama, and colleagues8 intro-
duced 2 common mutations found among European
PFIC2 patients (E297G and D482G) in human BSEP
and studied them by adenovirus-mediated infection into
MDCK and human embryonic kidney 293 cells. Their
results showed that whereas most of the D482G and some
of the E297G mutants underwent core glycosylation,
there was a significant reduction in the intracellular pro-
tein content together with decreased membrane traffick-
ing. Treatment with the proteasome inhibitor MG132

Abbreviations: BA, bile acid; BSEP, bile salt export pump; CFTR, cystic fibrosis
transmembrane conductance regulator; 4-PBA, sodium 4-phenyl butyrate; PFIC,
progressive familial inherited cholestasis.
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(carbobenzoxy-L-leucyle-L-leucyle-L-norralinol) increased
the BSEP protein content in endoplasmic reticulum which
was core glycosylated, suggesting increased proteasomal deg-
radation of the mutated protein. Thus, studies from 3 differ-
ent laboratories made the common observation that the
D482G mutation in BSEP led to decreased protein whereas
decreased membrane trafficking was seen in the case of hu-
man and mouse proteins. Hayashi and Sugiyama now show,
as reported in this issue of HEPATOLOGY, that this membrane
trafficking defect could be corrected with the use of the agent
sodium 4-phenyl butyrate (4-PBA).

More than a decade ago, Li et al.9 showed, using bac-
ulovirus-encoded �F508-CFTR, that the phosphoryla-
tion-regulated chloride channel property of CFTR was
not affected by the mutation thus narrowing the effect to
an altered trafficking to the membrane. Subsequent to
these studies, Rubenstein et al.7 used 4-PBA and elegantly
showed that membrane trafficking defects in �F508-
CFTR can be rescued by this compound. The agent
4-PBA is a less toxic form of butyrate which has been
employed in many studies to increase gene expression by
rendering chromatin more permissive to transcription be-
cause of its ability to inhibit histone deacetylases. How-
ever, its use in reversing defective targeting of a membrane
transporter had not been shown. However, Rubenstein et
al. demonstrated that nasal epithelia obtained from pa-
tients with �F508-CFTR exposed to 0.1-2 mM 4-PBA
for 7 days restored forskolin-activated chloride secretion.
In addition, cultures of primary nasal epithelia and a
bronchial epithelial cell line (IB3-1) when treated with
4-PBA led to the appearance of CFTR protein with
higher molecular mass suggestive of addition or modifi-
cation of carbohydrates and processing in the Golgi. En-
couraged by this finding and later clinical trials of
4-PBA,10 Hayashi and Sugiyama proposed that muta-
tions that introduced trafficking defects in BSEP could be
rescued by treatment with 4-PBA. Proof of this principle
is illustrated in their article appearing in this issue.

Hayashi et al. show that when 4-PBA was added to
MDCK II cells infected with wild-type or mutant
(E297G and D482G) BSEP cDNA-containing adenovi-
ruses, it led to increased appearance of mature functional
protein in the membrane (as assessed by biotinylation and
transcellular transport) compared to untreated cells. Ki-
netic analysis showed that this increase was due to an
increase in Vmax (reflecting transporter density on the
membrane) rather than Km (affinity of the transporter for
substrate). What is different about these studies from
those on CFTR is the fact that trafficking of the wild-type
protein can also be increased by 4-PBA in the BSEP-
infected cells. Although 4-PBA was used in earlier work
because of its effect on transcription enhancement, mech-

anisms of how it improves maturation of membrane pro-
teins (CFTR and now BSEP) and targeting to the correct
membrane domain is not clear. In this context, some
headway has been achieved through a few recent studies.
Using microarray and proteomic profiling approaches,
these investigators identified as many as 85 proteins that
were modulated by 4-PBA treatment in the bronchial
epithelial cell line IB3-1.11,12 Notable among these pro-
teins were heat shock protein chaperones. However, other
protein classes that were altered by 4-PBA addition in-
cluded members of structural elements, cellular defense,
protein biosynthesis, and ion transport families. Such a
microarray/proteomic approach in cells of hepatocellular
origin might potentially be useful in development of
newer compounds with protein maturation capacity.
Multiple pathways and interactions with proteins such as
HS1-associated protein X-1 (HAX-1) and myosin II reg-
ulatory light chain (MLC2) are involved in BSEP traffick-
ing to the membrane (Fig. 1), which seemed to regulate 2
separate intracellular pools of the protein in the hepato-
cyte.13 It remains to be seen whether 4-PBA affects any of
these pathways in addition to facilitating Golgi process-
ing, although the data from this study show that it in-
creases the cell surface–resident BSEP. Also not known is
what effect 4-PBA will have on other missense mutations
(G238V, G982R, R1153C, and R1268Q) studied by
Wang et al. If it turns out that 4-PBA improves the tar-
geting of the other BSEP missense mutations its use will
have much broader implications and may even be consid-
ered for use in MRP2 targeting mutations (Delta R, M
[del R1392-M1393], and R768W)14,15 observed in Du-
bin-Johnson syndrome. It is also unclear why the D482G
mutation in rat Bsep did not affect apical targeting but did
so when mouse or human BSEP was expressed possibly
arguing for a dominant effect in a species-specific fashion.
Hayashi et al. also show that these effects of 4-PBA are
tenable in vivo because Sprague-Dawley rats injected with
this compound showed enhanced Bsep expression in the
canalicular membrane which resulted in increased biliary
secretion of [3H]taurocholate. Thus, their case for poten-
tial use of 4-PBA in cholestatic patients with a decreased
expression of BSEP might be well worth considering go-
ing forward.

In summary, the studies published in this issue by Ha-
yashi and Sugiyama show great promise in considering
therapeutic approaches to ameliorating diseases involving
mutations in liver transporters, at least from the point of
targeting-defective mutations. Combined with ap-
proaches involving gene therapy schemes and the use of
nuclear receptor ligands, the future looks promising. Ad-
ditional studies are needed to further refine technologies
and develop additional small-molecule compounds that
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are more effective in the hepatocyte. Once experimental
studies using animal models and cell lines have demon-
strated the efficacy and safety of these therapeutics, rigor-
ous clinical trials followed by FDA approval may provide
hope for this class of liver disease in humans.

MEENAKSHISUNDARAM ANANTHANARAYANAN, PH.D.
Laboratory of Developmental and Molecular Hepatology
Department of Pediatrics
The Mount Sinai Medical Center
New York, NY
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Fig. 1. Pathways involved in the transcription and posttranslational processing of wild-type BSEP (hepatocyte at left) and their derangement when
BSEP-containing missense mutations (as seen in PFIC2 patients) are synthesized. Arrows indicate the progression of the BSEP/bsep biosynthetic and
membrane insertion route based on currently known data from various laboratories. Green arrow indicates stimulation by the agent or secretion of
BA by functional BSEP/bsep, whereas red dashed arrow points to an absent protein/function. Red crosses across arrows indicate defect in the marked
pathway. Known and hypothetical (indicated by “?”) mechanisms by which 4-PBA might enhance BSEP/Bsep processing and targeting are indicated.
Colored squiggles and small lines represent intact and degraded BSEP protein, respectively. Abbreviations: ER, endoplasmic reticulum; HAX-1,
HS1-associated protein X-1; MLC2, myosin II regulatory light chain; 4-PBA, sodium 4-phenyl butyrate.
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Good Fat/Bad Fat

See Article on Page 1366

The hallmark of nonalcoholic fatty liver disease
(NAFLD)/nonalcoholic steatohepatitis (NASH)
is hepatic steatosis, usually macrovesicular fat.

The clinical factors associated with NAFLD/NASH are
multiple and ever increasing, including not only obesity/
metabolic syndrome, but also drugs (e.g., Amiodarone,
Tamoxifen), chemotherapy-associated steatohepatitis,
and environmental toxins to name only a few.1-4 Why
some patients progress from simple steatosis to more ag-
gressive liver disease is unknown. The prevailing concept
is the 2-hit theory in which there is a baseline of steatosis
plus one or more second hits (e.g., cytokines, oxidative
stress, mitochondrial dysfunction1,5). A rapidly-evolving
concept, which has been much more intensively investi-
gated in other forms of organ injury, is lipotoxicity.6-10

Herein, lipids such as fatty acids are the noxious agents,
and triglycerides actually serve as a “sink” or protective
pathway in lipid metabolism.6,7 There are multiple defi-
nitions for lipotoxicity; a frequently used one is adverse
effects of fatty acid accumulation in nonadipose tissues
(Fig. 1).

Many novel strategies are being investigated to pre-
vent/treat NAFLD/NASH, including small molecules
that alter lipid metabolism. Previous studies by Yu et al.
published in HEPATOLOGY used antisense oligonucleo-
tides to decrease the expression and activity of diacylglyc-
erol acyltransferase (DGAT) 2 (Enzyme Commission
number EC 2.3.1.20), which markedly reduced hepatic
steatosis in obese (ob/ob) mice.10 Thus, there was some
optimism that blocking DGAT2, which catalyzes the fi-
nal step in hepatic triglyceride production, may be bene-
ficial in NAFLD/NASH. In the study by Yamaguchi et al.
in this issue of HEPATOLOGY, a more complex model of
steatosis was used, employing db/db mice fed a methi-
onine-restricted, choline-deficient (MCD) diet.11 Animal
models for NAFLD/NASH are multiple, with genetic

and dietary manipulations being most frequently used.
The db/db mouse is an animal model of the metabolic
syndrome, having obesity, hyperglycemia, insulin resis-
tance, and hyperleptinemia, and modest increases of he-
patic triglycerides. The db/db mouse also has increased
intestinal permeability, portal vein endotoxemia, and in-
creased levels of circulating inflammatory cytokines.12

Feeding the MCD diet has been shown to markedly aug-
ment steatosis, inflammation, and fibrosis in the db/db
mouse.13 Feeding the MCD diet also sensitizes rodents to
lipopolysaccharide, resulting in increased tumor necrosis
factor production and hepatotoxicity.14 Animals fed
MCD diets develop low levels of the critical methylating
agent S-adenosylmethionine (SAM) and an altered SAM:
S-adenosylhomocysteine ratio, which is associated with
decreased activity of most methyltransferases.14 Rats re-
maining on the MCD diet over the long term can develop
severe fibrosis/cirrhosis and even hepatocellular carci-
noma. Similarly, mice deficient in the enzyme that con-
verts methionine to SAM in the liver (MAT1A) also
develop steatosis, subsequent steatohepatitis, and in the
long term, may develop hepatocellular carcinoma.15

Moreover, gut microbiota (through reducing bioavail-
ability of choline) have recently been shown to play a
critical role in fatty liver development in a frequently used
insulin-resistant mouse strain (129S6).16 Patients with al-
coholic and nonalcoholic steatohepatitis often have alter-
ations in hepatic methionine metabolism.1 Thus, the
NASH model (db/db mouse fed the MCD diet) used by
Yamaguchi and coworkers in this issue is a unique com-
bination of a genetic and dietary model of NASH that
may have important mechanistic and clinical relevance.

Feeding db/db mice the MCD diet in the Yamaguchi
study caused hepatic steatosis, hepatocyte injury and cell
death, oxidative stress, and fibrosis.11 The elevated hepatic
triglyceride content decreased with duration of study and
with increasing severity of liver injury (similar to human
NASH and cryptogenic cirrhosis). Although treatment with
DGAT2 antisense oligonucleotides produced an expected
reduction in hepatic triglyceride content, antisense-treated
animals also developed significantly greater hepatic inflam-
mation, fibrosis, elevated alanine aminotransferase levels, ter-
minal deoxynucleotidyl transferase–mediated dUTP nick
end labeling staining, and very prominent increases in cyto-
chrome P450 2E1 and 4-hydroxynonenal. The MCD-fed
animals (with antisense therapy) had lower body weights,
lower glucose and lower insulin levels, and an improved
overall insulin sensitivity profile (disassociating liver injury
and insulin sensitivity). Animals receiving antisense therapy

Abbreviations: CLA, conjugated linoleic acid; DGAT, diacylglycerol acyltrans-
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cient; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis;
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had higher adiponectin levels and lower serum free fatty ac-
ids. Importantly, hepatic free fatty acids were elevated in
MCD antisense-treated animals, which is in contrast to find-
ings of the Yu article10 in which ob/ob obese mice receiving
antisense therapy had lower hepatic free fatty acid levels.
Thus, the paradigm created by Yamaguchi et al. in this
month’s HEPATOLOGY likely represents a system of in vivo
hepatic lipotoxicity, possibly in conjunction with other hep-
atotoxic agents such as reactive oxygen species from cyto-
chrome P450 2E1 and injury from 4-hydroxynonenal.

Probably the most plausible inducers of lipotoxicity are
the long-chain fatty acids (LCFA), either as free, nonest-
erified species or as activated forms, such as acyl-coen-
zyme A (acyl-CoA). Although LCFAs are normal,
obligatory intermediates in overall fat metabolism, these
lipid species become toxic when their intracellular con-
centrations exceed a certain level. There is no universal
limit for such an increase; rather, the critical levels differ
with the cell type and organ, depending upon the cell’s
overall capacity to metabolize free fatty acids.

There are two main natural sources, both dietary, of
increased intracellular concentration of LCFA and/or
their CoA derivatives: high-fat or high-carbohydrate
diets. Nondietary causes, such as drugs that impair
fatty acid oxidation, have also been identified, and they
also lead to increased intracellular LCFA and or acyl-
CoA levels. Removal of LCFA and/or their CoA deriv-
atives may reduce or reverse their lipotoxic effects.
Among the natural ways to decrease the intracellular
levels of the LCFA/acyl-CoAs is their esterification to
form less toxic or nontoxic compounds, such as triacyl-
glycerols.6 Moreover, inhibiting the pathway of esteri-
fication to triacylglycerols may lead to high
intracellular levels of LCFA and/or their CoA deriva-
tives, therefore perpetuating their lipotoxic effects.

This has been well documented in other tissues or or-
gans. For example, oleic acid and palmitate metabolism
in Chinese hamster ovary cells have been extensively
studied. Although oleic acid supplementation led to
well-tolerated triglyceride accumulation, excess
palmitic acid was poorly incorporated into triglyceride
and caused apoptosis.6 Unsaturated fatty acids rescued
palmitate-induced apoptosis by channeling palmitate
into triglyceride pools and away from pathways leading
to apoptosis. Moreover, when triglyceride synthesis
was inhibited, oleate induced lipotoxicity. The NASH
model used by Yamaguchi with DGAT2 antisense in-
tervention likely represents an in vivo model of hepatic
lipotoxicity, with inhibited hepatic triglyceride forma-
tion, disruption of other pathways of lipid metabolism
due to the MCD diet, and hepatic fatty acid accumu-
lation.11

The critical concept highlighted by Yamaguchi et
al., is that increased intracellular levels of LCFA and/or
their CoA derivatives can be toxic to cells.11 Several
mechanisms underlying the LCFA-induced lipotoxic-
ity are mentioned in the Discussion section. Two ad-
ditional mechanisms include sphingolipid formation
in a sequence of reactions that starts with serine:
palmitoyl-CoA transferase (EC 2.3.1.50); and protein
palmitoylation (N-palmitoyl-CoA transferase; EC
2.3.1.96).17,18 Sphingolipid formation may lead to in-
creased ceramide generation, which may in part explain
the elevated hepatocyte apoptosis seen in the study.17

Protein palmitoylation, although there are very few
studies in liver steatosis, may also be of interest because
it is necessary for anchoring proteins to various cell
membranes.18 A final important concept possibly asso-
ciated with lipotoxicity is fatty acid-induced inflamma-
tion (“lipoinflammation”). It is now clear that certain

Fig. 1. The 2-hit theory of NASH suggests that a
baseline of steatosis plus one or more second hits
such as cytokines, oxidative stress, play a role in the
progression of steatosis to steatohepatitis. In lipotox-
icity, impairment of fatty acid incorporation into triglyc-
eride (decrease in triglyceride:fatty acid ratio),
especially in conjunction with other defects in lipid
metabolism, can cause cell death. Multiple pathways
may be involved in hepatic lipotoxicity, ranging from
lysosomal dysfunction to ER stress. Note that many
second hits are also metabolic complications of
liptoxicity such as oxidative stress, mitochondrial
dysfunction.
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fatty acids can activate Toll-like receptor 4 (TLR4),
cause nuclear factor �B activation, and result in pro-
duction of proinflammatory cytokines such as tumor
necrosis factor.19 It is the lipid A moiety of endotoxin
that activates TLR4, and certain common fatty acids
also do this. Interestingly, the fatty acids that activate
TLR4, such as palmitate, are ones that classically cause
lipotoxicity, while fatty acids such as oleate do not
activate TLR4. This TLR4 activation has not only been
demonstrated in vitro, but in animals in vivo following
lipid infusion and feeding high fat diets.

An important issue in most animal and human stud-
ies of NASH is an almost exclusive focus on the liver.
Whereas the hepatologist deals with hepatic steatosis,
the cardiologist studies lipid accumulation in athero-
sclerotic plaques and the heart, and the endocrinologist
examines adipose tissue. Obesity and the metabolic
syndrome involve altered energy metabolism and lipid
accumulation in many tissues/organs that critically im-
pact one another. Unfortunately, potential therapeutic
interventions for the metabolic syndrome may be ben-
eficial for one organ system but possibly deleterious to
another. For example, the nutritional supplement,
conjugated linoleic acid (CLA), reduces adiposity and
is sold in health food stores as a weight loss agent.20

However, its unwanted consequence is hepatic steato-
sis. CLAs given by gavage to mice caused marked in-
flammation of adipose tissue and markedly reduced
adiponectin levels in less than 1 week. CLAs modulate
critical genes in opposite directions in adipose tissue
versus liver; the scavenger receptor CD36 (which takes
up both fatty acids and endotoxin similar to TLR4) is
up-regulated in liver but decreased in adipose tissue.20

On the other hand, the insulin sensitizer rosiglitazone
decreases hepatic steatosis but increases body weight
and adipose tissue. Investigators from Dr. Belury’s lab-
oratory have recently combined these agents in mice
fed a high-fat diet to maximize the benefits of each
product while minimizing negative effects.20 We pre-
dict that future studies of NASH will increasingly eval-
uate not only the liver but other tissues/organs, such as
muscle, adipose tissue, in order to evaluate critical
cross-talk between tissues. We may see more combina-
tion therapy (similar to the Belury laboratory ap-
proach) in the future.20 We must develop a better
understanding of lipids (both extracellular and intra-
cellular) and their mechanisms and role in hepatic in-
flammation, injury, and fibrosis. We also must evaluate
effects of lipids on individual cell types in the liver,
such as stellate cells. In this study, blocking DGAT2
accelerated fibrosis. Stellate cells exhibit both DGAT1

and DGAT2 activity, and how these enzymes modulate
lipid/vitamin A metabolism and hepatic fibrosis are
important areas for future investigation. Finally, we
likely will find even more pathways leading to NASH,
and may have to reconsider how we view hepatic tri-
glyceride (both as a marker in noninvasive imaging and
as a “good” fat versus a “bad” fat).
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AASLD PRACTICE GUIDELINE

Corrections to AASLD Guidelines on Chronic Hepatitis B
To the Editor:

We would appreciate if corrections to Tables 2 and 10
in Lok and McMahon (HEPATOLOGY 2007;45:507-539)
and a cautionary note on the use of entecavir in patients
with hepatitis B virus (HBV)/human immunodeficiency
virus (HIV) coinfection not simultaneously receiving
highly active antiretroviral therapy (HAART) be brought
to the attention of our readers.

We deeply regret that Table 2 regarding who should be
screened for HBV infection had an error: in the first bullet
point, “South Asia” should be replaced with “Asia”. Be-
low is a corrected version of Table 2.

Dose adjustments for telbivudine in patients with im-
paired renal function in Table 10 should also be revised to
conform with the package insert as follows:

Special Populations
Co-infection with HBV and HIV

We were also informed of a recent case report in which
the selection of an HIV mutant containing the methi-
onine-to-valine (M184V) substitution was found during
entecavir treatment for chronic hepatitis B in an HBV/
HIV coinfected patient who was not simultaneously re-
ceiving HAART.1 In light of this report, Bristol-Myers
Squibb has advised caution regarding use of entecavir in
this setting. Although the data is preliminary, we agree
with the recommendations in the cautionary letter sent to
all health care providers. Thus, until further data are avail-
able, we have revised recommendation #33 to read as:

33. Patients who are not on HAART and are not
anticipated to require HAART in the near future
should be treated with an antiviral therapy that does
not target HIV, such as pegIFN-�, adefovir, or ente-
cavir. Caution should be exercised if entecavir is used
in this setting. Although telbivudine does not target
HIV, it should not be used in this circumstance. (II-3)

ANNA S. F. LOK1

BRIAN J. MCMAHON2

1Division of Gastroenterology, University of Michigan
Medical Center, Ann Arbor, MI

2Liver Disease and Hepatitis Program, Alaska Native
Medical Center and Arctic Investigations Program,
Centers for Disease Control, Anchorage, AK

Reference
1. McMahon M, Jilek B, Brennan T, Shen L, Zhou Y, Bhat S, Hale B, Hegarty

R, Silicano R, Thio C. The Anti-Hepatitis B Drug Entecavir Inhibits HIV-1
Replication and Selects HIV-1 Variants Resistant to Antiretroviral Drugs.
Presented at the 14th Conference on Retroviruses and Opportunistic Infec-
tions, Los Angeles, CA, February 2007.

Copyright © 2007 by the American Association for the Study of Liver Diseases.
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/hep.21738
Potential conflict of interest: Nothing to report.

Table 2. Groups at High Risk for HBV Infection Who Should
Be Screened9

● Individuals born in areas of high# and intermediate prevalence rates† for
HBV including immigrants and adopted childrenˆ*

— Asia: all countries (except Sri Lanka)
— Africa: all countries
— South Pacific Islands: all countries and territories (except nonindigenous

populations of New Zealand and Australia)
— Middle East: all countries (except Cyprus)
— Western Europe: Greece, Italy, Malta, Portugal, and Spain
— Eastern Europe: all countries (except Hungary)
— The Arctic: indigenous populations
— South America: Argentina, Bolivia, Brazil, Ecuador, Guyana, Suriname,

Venezuela, and Amazon region of Colombia and Peru
— Central America: Belize, Guatemala, Honduras, and Panama
— Caribbean: Antigua and Barbuda, Dominica, Dominican Republic,

Grenada, Haiti, Jamaica, Puerto Rico, St. Kitts and Nevis, St. Lucia,
St. Vincent and Grenadines, Trinidad and Tobago, and Turks and
Caicos.

● Other high-risk groups recommended for screening
— Household and sexual contacts of HBsAg-positive persons*
— Persons who have ever injected drugs*
— Persons with multiple sexual partners or history of sexually transmitted

disease*
— Men who have sex with men*
— Inmates of correctional facilities*
— Individuals with chronically elevated ALT or AST*
— Individuals infected with HCV or HIV*
— Patients undergoing renal dialysis*
— All pregnant women

ˆIf HBsAg-positive persons are found in the first generation, subsequent
generations should be tested

#HBsAg prevalence �8%
†HBsAg prevalence 2%–7%
*Those who are seronegative should receive hepatitis B vaccine

Table 10. Adjustment of Adult Dosage of Nucleos(t)ide
Analog in Accordance with Creatinine Clearance

Creatinine clearance (ml/min) Recommended dose

d. Telbivudine
�50 600 mg once daily
30–49 600 mg once every 48 hours
�30 (not requiring dialysis) 600 mg once every 72 hours
End-stage renal disease 600 mg once every 96 hours*

*To be administered after hemodialysis
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The Lille Model: A New Tool for Therapeutic Strategy
in Patients with Severe Alcoholic Hepatitis Treated

with Steroids
Alexandre Louvet,1,8 Sylvie Naveau,2,9 Marcelle Abdelnour,1,2 Marie-José Ramond,3 Emmanuel Diaz,4 Laetitia Fartoux,5

Sébastien Dharancy,1,8 Frédéric Texier,1 Antoine Hollebecque,1,8 Lawrence Serfaty,5 Emmanuel Boleslawski,6

Pierre Deltenre,1 Valérie Canva,1 François-René Pruvot,7 and Philippe Mathurin1,8

Early identification of patients with severe (discriminant function > 32) alcoholic hepatitis
(AH) not responding to corticosteroids is crucial. We generated a specific prognostic model
(Lille model) to identify candidates early on for alternative therapies. Three hundred twenty
patients with AH prospectively treated by corticosteroids were included in the development
cohort and 118 in its validation. Baseline data and a change in bilirubin at day 7 were tested.
The model was generated by logistic regression. The model combining six reproducible
variables (age, renal insufficiency, albumin, prothrombin time, bilirubin, and evolution of
bilirubin at day 7) was highly predictive of death at 6 months (P < 0.000001). The area
under the receiver operating characteristic (AUROC) curve of the Lille model was 0.89 �
0.02, higher than the Child-Pugh (0.62 � 0.04, P < 0.00001) or Maddrey scores (0.66 �
0.04, P < 0.00001). In the validation cohort, its AUROC was 0.85 � 0.04, still higher than
the other models, including MELD (0.72 � 0.05, P � 0.01) and Glasgow scores (0.67 �
0.05, P � 0.0008). Patients above the ideal cutoff of 0.45 showed a marked decrease in
6-month survival as compared with others: 25% � 3.8% versus 85% � 2.5%, P < 0.0001.
This cutoff was able to identify approximately 75% of the observed deaths. Conclusion: In
the largest cohort to date of patients with severe AH, we demonstrate that the term “nonre-
sponder” can now be extended to patients with a Lille score above 0.45, which corresponds
to 40% of cases. Early identification of subjects with substantial risk of death according to
the Lille model will improve management of patients suffering from severe AH and will aid
in the design of future studies for alternative therapies. (HEPATOLOGY 2007;45:1348-1354.)

The treatment of severe forms of alcoholic hepatitis
(AH) constitutes a major challenge in manage-
ment of severe alcoholic liver disease. Before the

era of the Maddrey function (DF),1,2 clinicians faced sub-
stantial difficulties in identifying subgroups of patients

with high risk of death over a short term; as a conse-
quence, survival of untreated patients enrolled in ran-
domized controlled trials (RCTs) ranged from 0 to 81%.3

Since the use of DF (DF � 32) in several RCTs,1,4-6

spontaneous 2-month survival has been approximately
50%. The DF clearly demonstrates the tremendous
progress provided by elaborating specific prognostic func-
tions for AH. The advantage of accurate models has been
confirmed by the growing importance of the MELD score
in the selection of candidates for liver transplantation.7-9

In patients with DF � 32, several RCTs and a recent
meta-analysis showed that corticosteroids improve short-
term survival.1,5,10-14 However, novel strategies or mole-
cules are required, in light of the fact that approximately
40% of patients die at 6 months.15 Therefore, improve-
ment in the prediction of mortality in severe AH is war-
ranted. However, we lack evidence supporting the higher
efficacy of new models such as MELD and Glasgow scores
compared with the DF.16-18 In the particular setting of

Abbreviations: AH, alcoholic hepatitis; AUROC, area under the receiver oper-
ating characteristic; DF, Maddrey function; INR, international normalized ratio;
RCT, randomized controlled trial.

From 1Services d’Hépato-Gastroentérologie: Hôpital Huriez Lille; 2Hôpital An-
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patients treated by corticosteroids, new specific models
could pose a challenge to clinical practitioners by inciting
them to consider all available options in targeted patients
after a short period of evaluation.15,19,20

The aims of the current study on a large cohort of patients
with severe AH prospectively treated with corticosteroids
were: (1) to generate a specific prognostic model, the so-
called Lille model, enabling clinicians to identify subjects
early on who are unlikely to survive; and (2) to propose new
management based on this specific model.

Patients and Methods
Patients

Inclusion Criteria and Corticosteroid Protocol. All
patients with a DF � 32 or encephalopathy at admission
were treated by corticosteroids if they fulfilled the follow-
ing criteria: (1) a history of alcoholism; (2) liver chemistry
suggestive of AH; (3) the absence of uncontrolled infec-
tion or recent gastrointestinal hemorrhage (�15 days);
(4) transjugular liver biopsy, which was carried out for all
patients. Histological diagnosis of AH was based on the
presence of hepatocellular necrosis and infiltration of
polymorphonuclear leukocytes.21 We excluded patients
with active peptic ulcers, neoplasms, positive test for hep-
atitis B surface antigen, and human immunodeficiency
virus antibodies. Patients were treated in all centers using
the same treatment protocol.6 Prednisolone was given in a
single dose of 40 mg each morning for 28 days. Patients
unable to take oral medication received intravenous infu-
sions of 32 mg methylprednisolone. In the validating co-
hort, only patients with a DF � 32 were treated.

Exploratory Cohort of Severe AH. For development
of the model, 320 patients were included from July 1990
to October 2001 in Beaujon, Beclere, and Saint-Antoine
Hospitals and from October 2001 to October 2003 in the
Lille Hospital.

Validating Cohort of Severe AH. We validated the
performance of the Lille model in an independent pro-
spective cohort of patients hospitalized in Lille and Be-
thune Hospitals for severe AH treated by corticosteroids.
Validation and comparison of models were performed
prospectively from November 2003 to April 2005 in all
patients (n � 118) admitted. International normalized
ratio (INR) was measured in this validating cohort to
compare the Lille model with the MELD score calculated
using the formula described by Dunn et al.16

Clinical and Biological Data
The following clinical and biological variables were

recorded at admission, and biological data were prospec-
tively determined during the treatment period (7, 14, 21,
and 28 days): center, age, sex, alcohol intake, presence of

encephalopathy, ascites, survival, bilirubin, prothrombin
time, albumin, AST, creatinine, white blood cell count,
polymorphonuclear count, and DF. All patients were fol-
lowed for at least 6 months. For patients lost to follow-up
before 6 months, data were censored at the last follow-up.

Statistical Analysis
The primary end-point was 6-month survival. As a first

step, clinical and biological baseline variables that differed
significantly between living and deceased patients were
identified by univariate analysis using chi-square, Student
t test, and the Mann-Whitney test. All P values were two-
tailed. In the second step, the independent discriminative
values of variables reaching a univariate P � 0.05 were
then assessed by logistic regression analysis. The logistic
regression method was used because our objective was to
predict, in a binary fashion, whether a patient would be
alive after 6 months regardless of the time of death. The
third step was to construct a model that combined pre-
dictive factors of survival at 6 months. To construct a
reproducible model, we included only objective criteria;
thus, subjective and fluctuating criteria such as encepha-
lopathy were not used. The best index for discrimination
was the R function obtained by the forward logistic re-
gression function combining the most discriminatory in-
dependent factors. The score probability of death ranged
from 0 to 1 using the following formula: Exp (�R)/[1 �
Exp(�R)]. The prediction of the model was expressed by
the area under the receiver operating characteristic (AU-
ROC) curves. The differences in terms of diagnostic ac-
curacy between the models were assessed by comparison
of AUROC curves using the z test described in Zhou et
al.22 Sample size calculation of the validating cohort was
determined to show a significant difference between the
Lille model and MELD and Maddrey scores. We hypoth-
esized that the AUROC of MELD and Maddrey scores
would not be significantly different, according to two pre-
vious studies comparing both scores.16,18 With an � risk
of 0.05 and a � risk of 0.2, a prevalence of death at 0.4,
and a bilateral test, the sample size was calculated for the
following hypotheses of AUROC curves: 0.85 for the
Lille model and 0.7 for the Maddrey or MELD. Thus, the
sample size of the validating cohort was calculated to be at
least 100 patients.

In the final step, we determined the best cutoff of the Lille
model capable of identifying patients at high risk of death. In
a final step, we evaluated the accuracy of the model and its
defined cutoff in nontreated patients using individual data
from the last three RCTs. For this purpose, data from 102
placebo-randomized patients and 113 randomized cortico-
steroid patients were used.11 All statistical analyses were per-
formed using NCSS 2004 software.
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Results
General Characteristics of the Exploratory Cohort of
Patients with Severe AH

Three-hundred twenty patients were prospectively
treated by corticosteroids. Before inclusion, DF was recal-
culated for all patients. AH was biopsy-proven in 94% of

cases. In the remaining cases, the size of biopsy sample or
failure of the transjugular procedure did not permit his-
tological diagnosis of AH. We retrospectively identified
and excluded 25 patients who did not fulfill the inclusion
criteria of severity (DF � 32 and absence of encephalop-
athy). Thus, a total of 295 patients with severe AH as-
sessed by a DF � 32, or encephalopathy at admission,
constituted the exploratory cohort for the development of
the Lille model (Table 1). Survival of these patients was
86.5% � 2%, 77% � 2.5%, 65.4% � 2.9% at 1, 2, and
6 months, respectively.

Development of the Lille Model in the Exploratory
Cohort

In a first step, we tested, in univariate analysis, the
prognostic values of clinical and biological variables for
survival at 6 months (Table 2). Ten variables reached a P
value � 0.05 in univariate analysis: age (P � 0.03), albu-
min (P � 0.01), renal insufficiency (P � 0.000001), dif-
ference in bilirubin levels between day 0 and day 7 (P �
0.000001), serum bilirubin (P � 0.000003), prothrom-
bin time (P � 0.02), DF (P � 0.00001), Child-Pugh
score (P � 0.02), presence of encephalopathy (P �

Table 1. Clinical and Biochemical Features of Patients
Included in the Exploratory Cohort

Number of patients 295
Male sex, no (%) 149 (50.5%)
Age (y), median (range) 49.7 (28.2–78)
Presence of ascites, no. (%) 203 (78%)
Encephalopathy, no. (%) 78 (26.6%)
Bilirubin (�mol/l), median (range) 210 (32–877)
Prothrombin time (s), median (range) 19.5 (13.5–32)
Albumin (g/l), median (range) 27 (11–49)
Serum creatinine (mg/dl), median (range) 0.8 (0.32–6.7)
AST (IU/l), median (range) 95 (15–504)
White blood cells (no/mm3), median (range) 10,800 (2,200–64,000)
Daily alcohol intake (g/day), median (range) 120 (30–400)
Evolution of bilirubin between day 0 and day 7

(�mol/l), median (range) 32.2 (355–403)
Child-Pugh score, median (range) 10 (7–15)
Maddrey function (DF), median (range) 47.5 (23.2–144.6)

The data “presence of ascites” were not available for 37 patients.

Table 2. Prognostic Significance at 6 Months According to the Log-Rank Test in Baseline Variables Included
in Univariate Analysis

6-Month Survival � SE P Value of Log-Rank Test

Male 61% � 4% P � 0.11
Female 69.9% � 4%
Age � 49.7 years 74.1% � 3.7% P � 0.003
Age � 49.7 years 56.9% � 4.2%
Serum bilirubin � 237 �mol/l 77% � 3.3% P � 0.000003
Serum bilirubin � 237�mol/l 54.3% � 4.4%
Prothrombin time � 19.7 s 72.9% � 3.6% P � 0.02
Prothrombin time � 19.7 s 62.1% � 4%
DF � 47.5 77.3% � 3.6% P � 0.00001
DF � 47,5 54.1% � 4.3%
Serum albumin � 27 g/l 60.5% � 4.4% P � 0.01
Serum albumin � 27 g/l 75.5% � 4%
Child-Pugh score � 10 78.2% � 5.2% P � 0.02
Child-Pugh score � 10 63.8% � 4.6%
Renal insufficiency 33.3% � 6.8% P � 0.000001
Absence of renal insufficiency 69.2% � 3.3%
Difference in bilirubin between day 0 and day 7 � 32 �mol/l 43.4% � 4.7% P � 0.000001
Difference in bilirubin between day 0 and day 7 � 32 �mol/l 85% � 3.3%
AST � 93 IU/l 66.1% � 4.3% P � 0.4
AST � 93 IU/l 66.7% � 4.3%
Daily alcohol intake � 120 gram/day 60.8% � 5.3% P � 0.13
Daily alcohol intake � 120 gram/day 70.9% � 4.4%
White blood cells � 10,800/mm3 64% � 4.5% P � 0.8
White blood cells � 10,800 cells/mm3 64.7% � 4.5%
Absence of ascites 82.4% � 5.3% P � 0.003
Presence of ascites 61.7% � 3.5%
Absence of encephalopathy 71.8% � 3.2% P � 0.0002
Presence of encephalopathy 48.4% � 5.9%

NOTE. The cutoff level for values was the median value. Renal insufficiency was defined by serum creatinine above 1.3 mg/dl (115 �mol/l) or creatinine clearance
of less than 40 ml/min.
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0.0002), and ascites (P � 0.003). Because our objective
was to develop a reproducible function for predicting
death at 6 months, only objective variables were consid-
ered. Multivariate analysis was performed using logistic
regression (Table 3). Because the DF combines bilirubin
and prothrombin time, those two functions were in-
cluded individually in the definitive formula of the Lille
model. The final logistic regression function (R Lille
model) combining six variables (P logistic function �
0.000001) was: 3.19 � 0.101 * (age in years) � 0.147 *
(albumin day 0 in g/L) � 0.0165 * (evolution in bilirubin
level in �M) � 0.206 * (renal insufficiency) � 0.0065 *
(bilirubin day 0 in �M) � 0.0096 * (prothrombin time in
seconds). Renal insufficiency was rated 0 if absent and 1 if
present (below or above 115 �M [1.3 mg/dl ]). The final
Lille model score fluctuated from 0 to 1 (see Materials and
Methods for more details). The AUROC curve for sur-
vival at 6 months of the derived score probability (Lille
model, Fig. 1) was 0.89 � 0.02 (95%CI: 0.83-0.93). In a
second step, we compared the AUROC curve of the Lille
model with the AUROC of the Child-Pugh and DFs, the
other two models prospectively calculated in the explor-
atory cohort. The AUROC curve of the Lille model was
significantly higher than that of the Child-Pugh (0.62 �

0.04, P � 0.00001) and Maddrey scores (0.66 � 0.04, P
� 0.00001). The AUROC curve of the Lille model was
significantly higher than that of the evolution of DF be-
tween day 0 and day 7: 0.88 � 0.03 versus 0.70 � 0.04,
P � 0.0001. In terms of prediction of mortality, the evo-
lution of DF between day 0 and day 7 did not add any
advantage to the DF at day 0, as shown by comparison of
their AUROC curves: 0.70 � 0.04 versus 0.66 � 0.04
(P � 0.6).

Validation of the Lille Model and Comparison with
All Available Models in the Validating Cohort

One hundred eighteen patients with severe AH were
prospectively included in the validating cohort (Table 4).
In addition, MELD and Glasgow scores were calculated.
The AUROC curve of the Lille model in the validation
cohort was: 0.85 � 0.04 (95% CI: 0.76-0.91). The AU-
ROC curve of the Lille model was significantly higher
than that of all other prognostic models: Child-Pugh
(0.67 � 0.05, 95% CI: 0.56-0.76, P � 0.003), DF
(0.73 � 0.05, 95% CI: 0.62-0.81, P � 0.03), MELD
(0.72 � 0.05, 95% CI: 0.61-0.8, P � 0.01), and Glasgow
scores (0.67 � 0.05, 95% CI: 0.56-0.76, P � 0.0008)
(Fig. 2). The AUROC curve of the Lille model was also
significantly higher than the AUROC curves of changes

Table 3. Multivariate Analysis

Age Albumin Day 0
Evolution of

Bilirubin at Day 7 Renal Insufficiency DF Day 0

Odds ratio (95 % CI) 0.93 [(0.89)–(0.97)] 1.13 [1.05–1.23] 1.01 [1.01–1.02] 0.33 [(0.13)–(0.86)] 0.98 [(0.97)–(0.999)]
P 0.0004 0.002 �0.000001 0.02 0.04

Fig. 1. Receiver operating characteristic curve for survival at 6 months
in the exploratory cohort using the Lille model.

Table 4. Clinical and Biochemical Features of Patients
Included in the Validating Cohort

Number of patients 118
Male sex, no. (%) 55 (48.3%)
Age (year), median (range) 53 (32.4–70.2)
Presence of ascites, no (%) 83 (72.8%)
Encephalopathy, no (%) 37 (32.5%)
Bilirubin (�mol/l), median (range) 261.7 (42.5–1102)
Prothrombin time (sec), median (range) 21.6 (15.2–51.5)
INR, median (range) 2.06 (1.28–6.35)
Albumin (g/l), median (range) 23.3 (13–44.2)
Serum urea (mmol/l), median (range) 3.8 (0.7–32.9)
Serum creatinine (mg/dl), median (range) 0.9 (0.4–5.5)
AST (IU/l), median (range) 118 (38–471)
White blood cells (no/mm3), median (range) 9450 (3600–35200)
Evolution of bilirubin between day 0 and day 7

(�mol/l), median (range) 32.3 (394–543)
Child-Pugh score, median (range) 12 (8–15)
DF, median (range) 61.6 (33.1–176)
Glasgow alcoholic hepatitis score, median

(range) 9 (6–12)
MELD, median (range) 23.6 (10.4–53.5)
Lille model, median (range) 0.46 (0.0008–0.998)
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between day 0 and day 7 of the DF score (0.72 � 0.05,
P � 0.02), MELD score (0.67 � 0.07, P � 0.0003) and
Glasgow score (0.61 � 0.06, P � 0.002) (Fig. 3). The
AUROC curves of the Maddrey, MELD, and Glasgow
scores at day 0 were not significantly different from the
AUROC of their change between day 0 and day 7 (data
not shown).

New Management Based on the Lille Model
Because our main objective was to propose a new ther-

apeutic strategy, we tested the cutoff of the Lille model
with the highest prediction value in the validation cohort.
The 0.45 cutoff fulfilled this ideal criterion with sensitiv-
ity and specificity at 81% and 76%, respectively, in the
validation cohort and 76% and at 85% on overall pa-
tients. After 7 days of treatment, 62% of patients had a
score less than 0.45 and 38% of patients had a score of
0.45 or greater. As expected, the group of patients with a
score 0.45 or better were shown to have a higher median

Lille score than the group with a score below 0.45: 0.75
(95% CI: 0.7-0.83; range: 0.451-0.999) versus 0.11
(95% CI: 0.1-0.16; range, 0.00008–0.44), P � 0.0001.
Using this cutoff, patients with a Lille score �0.45 had a
drastic decrease in 6-month survival as compared with
patients with a Lille score �0.45: 25% � 3.8% versus
85 � 2.5%, P � 0.0001 (Fig. 4). In terms of diagnostic
accuracy for prediction of death, the 0.45 Lille score cut-
off was more efficient than our previous simple criterion
referred to as ECBL12 (P � 0.001) and the proposed
cutoff of 9 for the Glasgow score17 (P � 0.01). In terms of
number of predicted deaths, the 0.45 cutoff of the Lille
model was able to identify 75.6% of the observed deaths,
whereas ECBL and the cutoff of 9 for the Glasgow score
were able to identify 62.5% and 64.5%, respectively. The
comparisons between Lille and Glasgow scores were per-
formed only in the subgroup of patients in whom the
Glasgow score was available (n � 167).

In placebo patients from the last three RCTs,1,6,11,23

the AUROC curve of the Lille model was 0.76 � 0.05, P
� 0.00001 (in comparison with 0.5, because the AUC of
a “useless” criterion is 0.5). In the placebo group,
6-month survival of patients with a Lille score of at least
0.45 was significantly lower than that of patients with a
Lille score � 0.45: 25.7 � 7.2% versus 63.9% � 8.3%,
P � 0.0003. The usefulness of the 0.45 cutoff was con-
firmed in randomized corticosteroid patients: 6-month
survival of patients with a Lille score of at least 0.45
(27.8 � 10%) was significantly lower than that of patients
with a Lille score � 0.45 (84.6% � 5.1%, P � 0.00001).
The percentage of patients who may be considered as
responders to the assigned treatment (with a Lille score �
0.45) was higher in the randomized corticosteroid group
than in the randomized placebo group: 74.3% versus
53.8%, P � 0.003. Before initiation of treatment, the
placebo and corticosteroid groups had similar DF: 45
(95% CI 42-48.3) versus 45.1 (95% CI: 41.4-47), NS.

Fig. 2. Receiver operating characteristic curves for survival at 6
months in the validation cohort as determined by the Lille model versus
the evolution of the Maddrey function (P � 0.03), the MELD score (P �
0.01), the Glasgow score (P � 0.0008) and the Child-Pugh score (P �
0.003).

Fig. 3. Receiver operating characteristic curves for survival at 6
months in the validation cohort as determined by the Lille model versus
the evaluation of the Maddrey function (P � 0.02), the MELD score (P
� 0.0003) and the Glasgow score (P � 0.002).

Fig. 4. Kaplan-Meier survival analysis according to 0.45 cutoff of the
Lille model.
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Randomized corticosteroid patients with a Lille score
�0.45 had a significantly higher 6-month survival than
placebo patients with a Lille score �0.45: 84.6 � 5.1%
versus 63.8 � 8.3%, P � 0.005. Twenty-eight-day sur-
vival (end of treatment period) was still significantly
higher in corticosteroid patients: 97.3% � 1.9% versus
81.6% � 5.5%, P � 0.003. Before initiation of therapy,
randomized placebo and corticosteroid patients with a
Lille score �0.45 were similar in terms of AH severity as
assessed by the Maddrey function: 43 (95% CI: 38.6-
45.2) versus 41.4 (95% CI: 39.9-45.2), NS. Conversely,
in patients with a Lille score �0.45, there was no signifi-
cant survival difference at 6 months between the cortico-
steroid and placebo groups: 27.8 � 10% versus 25.7 �
7.2%, NS. The formula is available online at http://ww-
w.lillemodel. com.

Discussion
Our study demonstrates that the Lille model, a com-

bination of six reproducible variables, has high sensitivity
and specificity for early identification of patients at high
risk of death at 6 months. Indeed, its accuracy with the
AUROC curve is excellent, 0.89. Although its accuracy is
significantly higher than that of Child, Maddrey, Glas-
gow, or MELD scores, the Lille model is not designed to
compete with such models but rather to predict poor
survival in subjects with AH treated with corticosteroids.
Above the ideal cutoff of 0.45, the Lille model is able to
predict 76% of the observed 6-month deaths. The ab-
sence of differences in survival among patients with a Lille
score �0.45 who were treated with either corticosteroids
or placebo suggests that continuing corticosteroids after 7
days may be futile. Thus, alternative treatments should be
tested in these subjects.15,20

The current study was performed using a large sample
size of over 650 patients carefully selected and prospec-
tively treated or not for severe AH. To ensure the repro-
ducibility of the model, subjective and fluctuating criteria
likely to be affected by standard medical therapies, such as
encephalopathy and ascites, were not considered. In the
exploratory and validating cohorts, the Lille model was
constantly and significantly more effective than other
tested models when comparing AUROC curves.

At first glance, the Lille model might not necessarily
appear to constitute a novel approach, because its formula
does include some well-known variables. However, our
objective was not to develop a completely innovative
model but rather to improve the current management of
severe AH using a model that includes the most informa-
tive and reproducible variables for early prediction of
mortality.

The superiority of the Lille score when compared with
all other prognostic models cannot be attributed simply to
the incorporation of a dynamic variable, for at least three
reasons: (1) the AUROC curve of the Lille score is higher
than the AUROC curves of the dynamic evolution of
Maddrey, MELD, and Glasgow scores between day 0 and
day 7; (2) the evolution of Maddrey, MELD, and Glas-
gow scores did not add any advantage to their respective
diagnostic accuracy at baseline; (3) the Lille model has
better diagnostic accuracy than the previous dynamic cri-
terion, ECBL. For centers using INR instead of pro-
thrombin time in seconds, we provided a formula using
INR instead of prothrombin time: 3.19 � 0.101 * (age in
years) � 0.147 * (albumin day 0 in g/L) � 0.0165 *
(evolution in bilirubin level in �M) � (0.206 * renal
insufficiency) � 0.0065 * (bilirubin day 0 in �M) �
0.0096 * (INR). We showed that the two formulas of the
Lille model were similar, as indicated by comparison of
AUCs: 0.85 � 0.038 (Lille model with prothrombin
time) versus 0.85 � 0.037 (Lille model with INR), NS.
Therefore, both formulas may be used.

The term “nonresponder to corticosteroids” is not re-
stricted simply to patients without ECBL, but should
now be extended to all patients with a Lille score above
0.45. Using the 0.45 Lille model cutoff, close to 40% of
patients do not benefit from corticosteroids, a percentage
higher than the 25% previously identified by ECBL.12

Clinicians need to improve the management of poor re-
sponders to corticosteroids, that is, patients with a Lille
score �0.45.

The current study highlights the benefits obtained
from studies focusing on a strategy integrating the impact
of treatment on the evaluated endpoint. As an example, in
patients with hepatitis C, therapeutic strategy is now
based on pretreatment variables (e.g., genotype, viral load)
and response to treatment, as assessed by a decline in viral
load at week 12. Thus, the Lille model, developed using a
similar approach that included both pretreatment and
“on treatment” variables, is the first model to propose
guidelines for adapting patient therapeutic strategy to al-
coholic liver disease. Using this model, the percentage of
patients considered to be responders to the assigned treat-
ment was higher among those treated with corticosteroids
than those given a placebo. This suggests that corticoste-
roid treatment produces 20% more responders, thereby
reducing the risk of death in comparison with the absence
of therapy.

Whereas 25% of patients with a Lille score �0.45 do
not die at 6 months and thus cannot be considered “true”
nonresponders, the persistence of severe liver insuffi-
ciency at 6 months in such “non-responders” is of utmost
importance. Although data on the evolution of liver func-
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tion at 6 months were available for only a small number of
such patients, we observed that approximately half of
them still had severe liver insufficiency, with a median
Child score of 8.5 (range, 6-14) and a median MELD
score of 21.5 (range, 12-31) (data not shown). This sug-
gests that, among live non-responders with a Lille score �
0.45, only half are no longer at risk of liver-induced death.

In conclusion, we have developed a model for predict-
ing survival at 6 months in patients with AH being treated
with prednisolone. This model uses five routine pretreat-
ment variables and change in bilirubin level at day 7. It is
significantly more accurate than DF, MELD, or Glasgow
scores in predicting short-term mortality, and is better
than ECBL at predicting subjects likely to die. The Lille
model is able to identify 40% of subjects receiving pred-
nisolone treatment who have a poor survival prognosis
and who thus may be candidates for alternative treat-
ments. The formula is available online at http://www.
lillemodel.com.
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Induction of Cytochrome Promotes Liver Injury
in ob/ob Mice

Aparajita Dey and Arthur I. Cederbaum

Cytochrome P450 2E1 (CYP2E1) activates several hepatotoxins and contributes to alcoholic
liver damage. Obesity is a growing health problem in the United States. The aim of the
present study was to evaluate whether acetone- or pyrazole-mediated induction of CYP2E1
can potentiate liver injury in obesity. CYP2E1 protein and activity were elevated in acetone-
or pyrazole-treated obese and lean mice. Acetone or pyrazole induced distinct histological
changes in liver and significantly higher aminotransferase enzymes in obese mice compared
to obese controls or acetone- or pyrazole-treated lean mice. Higher caspase-3 activity and
numerous apoptotic hepatocytes were observed in the acetone- or pyrazole-treated obese
mice. Increased protein carbonyls, malondialdehyde, 4-hydroxynonenal-protein adducts,
elevated levels of inducible nitric oxide synthase, and higher 3-nitrotyrosine protein adducts
were found in livers of acetone- or pyrazole-treated obese animals, suggesting elevated
oxidative and nitrosative stress. Liver tumor necrosis factor � levels were higher in pyrazole-
treated animals. The CYP2E1 inhibitor chlormethiazole and iNOS inhibitor N-(3-(amino-
methyl)-benzyl) acetamidine abrogated the toxicity and the oxidative/nitrosative stress
elicited by the induction of CYP2E1. Conclusion: These results show that obesity contributes
to oxidative stress and liver injury and that induction of CYP2E1 enhances these effects.
(HEPATOLOGY 2007;45:1355-1365.)

Obesity is a potential health issue in the United
States.1 Obesity is also considered a causative
factor for nonalcoholic fatty liver disease.2 Eth-

anol-inducible cytochrome P450 2E1 (CYP2E1) is in-
volved in the metabolism of several environmental
toxicants to their active forms.3 CYP2E1 produces reac-
tive oxygen species (ROS) and generates oxidative stress,
and contributes to the pathogenesis of alcoholic liver in-
jury, including alcoholic steatohepatitis.3,4 CYP2E1 is el-
evated in pathophysiological conditions like obesity and
diabetes.5,6

In the present study, we used the ob/ob mouse as a
genetic model for obesity, and acetone and pyrazole as
inducing agents to elevate CYP2E1 levels in these ani-
mals. The homozygous C57BL/6J ob/ob mouse exhibits
characteristics associated with human obesity, such as hy-
perlipidemia, hyperinsulinemia, and mild hyperglyce-
mia,7 and has been used extensively as an animal model to
study human obesity.8,9

Acetone and pyrazole induce CYP2E1 and increase
CYP2E1-mediated oxidant stress and subsequent cell in-
jury.10,11 We have used acetone and pyrazole for long- and
short-term induction of CYP2E1, respectively. To elucidate
the role of CYP2E1, chlormethiazole (CMZ), which
abrogates CYP2E1-mediated liver damage,12,13 was used.
Inducible nitric oxide synthase (iNOS) is involved in alco-
hol-induced liver injury,14 therefore we used N-(3-(amino-
methyl)-benzyl) acetamidine (1400W), a specific inhibitor
of iNOS to investigate the role of iNOS in CYP2E1-poten-
tiated liver injury in obese mice. Although evidence for the
induction of CYP2E1 in obesity exists, the role of CYP2E1-
mediated toxicity in promoting liver injury and the mecha-
nisms involved in the pathogenesis and development of fatty
liver need to be studied further. The aim of this study was to
study the effects of CYP2E1 induction on promoting oxida-
tive and nitrosative stress and liver injury in ob/ob mice, an
experimental model of obesity.

Abbreviations: 1400W, N-(3-(aminomethyl)-benzyl) acetamidine; 3-NT, ni-
trotyrosine; CMZ, chlormethiazole; CYP2E1, cytochrome P450 2E1; HNE, 4-hy-
droxynonenal; iNOS, inducible nitric oxide synthase; MDA, malondialdehyde;
mRNA, messenger RNA; TNF�, tumor necrosis factor �; TUNEL, terminal de-
oxynucleotidyl transferase–mediated dUTP nick-end labeling.
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Materials and Methods

Animals and Treatment. Male 8-week-old homozy-
gous obese C57BL/6J ob/ob mice and heterozygous lean
littermate C57BL6/J�/? mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). The animals were
housed in a facility approved by the American Association
for Accreditation of Laboratory Animal Care and divided
into 10 groups, each of which consisted of 4-6 animals.
Group 1 and 2 consisted of lean and obese mice, respec-
tively, fed a commercially available high-fat control dex-
trose diet (Bio-Serv, Frenchtown, NJ) with 42% of
calories derived from fat, 16% from protein, and 42%
from carbohydrates (dextrin-maltose) ad libitum for 2
weeks. These animals, which served as controls, had access
to regular drinking water. Groups 3 and 4 consisted of
lean and obese mice, respectively, fed the liquid diet plus
2% acetone in drinking water for the same time period.
Groups 5 and 6 consisted of obese and lean mice, respec-
tively, injected intraperitoneally with pyrazole (Sigma),
150 mg/kg body weight, once per day for 2 days. Groups
7 and 8 consisted of obese and lean mice, respectively,
injected intraperitoneally with 0.9% saline. Group 9 con-
sisted of obese mice injected with CMZ (Sigma), 75
mg/kg body weight, 2 hours before pyrazole treatment for
2 days. Group 10 consisted of obese mice injected with
1400W (Sigma), 10 mg/kg body weight, 2 hours before
pyrazole treatment for 2 days. Mice in groups 5-10 had
access to regular drinking water and standard chow ad
libitum. Mice were sacrificed with an overdose of pento-
barbital.

Liver Pathology. Liver homogenates were prepared
in 8 volumes of ice-cold 50 mM Tris-HCl, pH 7.4,
1.15% KCl, and 1 mM ethylenediamine tetraacetic acid
buffer. Liver samples for histology were fixed in 10% for-
malin, and paraffin-embedded, 5-�m sections were
stained with hematoxylin-eosin. The percentage of hepa-
tocytes containing fatty droplets was counted. Degenera-
tive or necrotic changes were observed and were graded as
none (0), mild (�25%), moderate (25%-50%), and se-
vere (�75%). Serum ALT and AST levels were measured
using a diagnostic kit (Thermo Electron). Triglyceride
contents in the liver homogenates were measured by using
the Infinity Triglyceride Reagent (Thermo Electron).

Western Blot Analysis. Levels of CYP2E1, inducible
nitric oxide synthase (iNOS), Bcl-xL, Bcl-2, Bax, or Bad
protein in 30-50 �g of protein samples from freshly pre-
pared liver homogenates were determined using Western
blot analysis with anti-human CYP2E1 polyclonal anti-
body (1:3,000) (kindly provided by Dr. J.M. Lasker),
anti-iNOS antibody (1:1,000), anti-human Bcl-xL poly-
clonal antibody (1:1,000), anti-human Bcl-2 monoclonal

antibody (1:1,000), anti-human Bax polyclonal antibody
(1:1,000) or anti-human Bad monoclonal antibody (1:
500), respectively, followed by incubation with the ap-
propriate secondary antibody, respectively. All primary
antibodies except CYP2E1 were procured from Santa
Cruz Biotechnology. Detection by the chemilumines-
cence reaction was carried out for 1 minute using the ECL
kit (Amersham Biosciences) followed by exposure to
Kodak Biomax x-ray film (Eastman Kodak Co.). Blots
were scanned using the Automated Digitizing System
(UN-SCAN-IT gel programs, version 5.1, Silk Scientific
Corp., Orem, UT) and results expressed as the protein/
�-actin ratio.

CYP2E1 mRNA and Activity. CYP2E1 mRNA ex-
pression was assessed by Northern blot.15 CYP2E1 activ-
ity was measured by the rate of oxidation of p-nitrophenol
to p-nitrocatechol.16

Lipid Peroxidation. Lipid peroxidation was mea-
sured in liver homogenates using a previously described
method.17 Thiobarbituric acid-reactive components were
detected at 535 nm, using an extinction coefficient of
1.56 � 105/M/cm to calculate malondialdehyde equiva-
lents.

TUNEL Assay and Caspase-3 Activity Assay. DNA
fragmentation was assessed via terminal deoxynucleotidyl
transferase–mediated dUTP nick-end labeling (TUNEL)
assay using the ApopTag in situ apoptosis detection kit
(Chemicon). The quantitative analysis of positive hepa-
tocytes with DNA fragmentation or apoptotic nuclei was
performed by counting the average number of apoptotic
nuclei per visual field (21 visual fields per sample).
Caspase-3 activity was measured in the liver homogenate
using the caspase-3 colorimetric assay kit (Sigma).

Protein Carbonyl Adducts and 4-HNE Adducts.
Protein carbonyl adducts were assayed in liver homoge-
nates using 20 �g of protein samples and the OxyBlot
Protein Oxidation Detection Kit (Chemicon). Paraffin-
embedded liver sections were immunostained for 4-hy-
droxynonenal (HNE) adducts using the ImmunoCruz
Rabbit ABC Staining System Kit (Santa Cruz Biotechnol-
ogy). The positive staining was detected by dark brown
color and was evaluated as negative (�), weakly positive
(�), moderately positive (��), and strongly positive
(���).

Immunohistochemistry and Slot Blot for Nitroty-
rosine Residues. Immunohistochemical staining was
performed with the ImmunoCruz Rabbit ABC Staining
System Kit (Santa Cruz Biotechnology) for 3-nitroty-
rosine (3-NT) protein adducts using anti-3-NT antibody
(1:100) (Upstate USA Inc). Positive staining was detected
by a brownish-yellow color and was graded as negative
(�), weakly positive (�), moderately positive (��) and
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strongly positive (���). For immunochemical detec-
tion of protein nitrotyrosine residues (3NT) in liver
homogenate, a slot-blot technique with 0.5 �g of homog-
enate protein plus polyclonal rabbit anti-3-NT antibody
was used.

Tumor Necrosis Factor � Levels. Tumor necrosis
factor � (TNF�) levels in liver homogenates were mea-
sured using the mouse TNF� ELISA kit (Pierce Biotech-
nology, Inc.).

Statistical Analysis. Analysis of variance (ANOVA)
followed by Student-Newman-Keuls post hoc test was em-
ployed to calculate the statistical significance between the
different groups of treated and untreated mice. Data are
presented as the mean � SE. A P � 0.05 was considered
statistically significant.

Results

Acetone or Pyrazole Induce Pathological Changes
in the Livers of Obese Mice. Mice were treated with two

different inducers of CYP2E1 to evaluate whether induc-
tion of CYP2E1 induces hepatotoxicity in obesity. Hema-
toxylin& eosin staining showed that the control lean mice
did not exhibit any fatty droplets in their liver and acetone
or pyrazole treatment of lean mice did not induce distinct
pathological changes (Fig. 1A, panels 1, 2, 5, and 6). The
livers of control obese mice exhibited 50% steatotic hepa-
tocytes, 35% of hepatocytes exhibiting microvesicular
and 15% macrovesicular steatosis in both the pericentral
and periportal area (panel 3). Acetone induced extensive
fatty changes represented by massive steatosis (60%-85%)
with the presence of inflammatory cells; however, mild
necrosis (�25%) was observed in the livers of obese mice
(Fig. 1A, panel 4). Pyrazole-treated obese mice had pro-
nounced macrovesicular steatosis (75%-90%), inflamma-
tory cells surrounding the steatotic hepatocytes, and
multifocal necrosis (�75%), which were not seen in con-
trol obese mice (�5%) (Fig. 1A, panels 7, 8). The lipid
droplets were located in the cytoplasm of the hepatocytes,

Fig. 1. (A) Effect of acetone or pyrazole on
liver morphology. Photomicrographs of liver
samples stained with hematoxylin & eosin: liver
section (panels 1 and 5) from control lean
mouse shows normal morphology; liver section
from acetone-treated lean mouse or pyrazole-
treated lean mouse (panels 2 and 6) shows
minimal steatotic or necrotic changes; liver sec-
tion from control obese mouse (panels 3 and
7) shows a mixture of microvesicular and ma-
crovesicular steatosis (50%) as depicted by the
presence of scattered lipid droplets in central
and periportal areas; liver section from ace-
tone-treated obese mouse (panel 4) shows
extensive and severe macrovesicular steatosis
(60%-85%) with characteristic large fat drop-
lets, mostly in the pericentral area; liver section
from pyrazole-treated obese mouse (panel 8)
shows massive steatosis (75%-90%) more pro-
nounced in the pericentral area and inflamma-
tory cells surrounding the steatotic hepatocytes
and multifocal necrosis represented by the
lighter area containing the damaged cells in the
right of the photomicrograph; liver section from
CMZ plus pyrazole-treated obese mouse (panel
9) shows almost normal ob/ob morphology
with characteristic fatty droplets (50%-65%)
and minimal necrosis; liver section from
1400W plus pyrazole-treated obese mouse
(panel 10) shows almost normal ob/ob mor-
phology with microvesicular and macrovesicular
steatosis (50%-65%). (B) Triglyceride levels.
*P � 0.05 for control obese mice versus con-
trol lean mice. †P � 0.05 for pyrazole-treated
lean or obese mice versus control lean or obese
mice. ‡P � 0.05 for CMZ or 1400W plus
pyrazole-treated obese mice versus pyrazole-
treated obese mice. Data represent the
mean � SE of six animals/group.

HEPATOLOGY, Vol. 45, No. 6, 2007 DEY AND CEDERBAUM 1357



pushing the nuclei to the periphery of the cell. All these
pathophysiological changes were more pronounced in the
pericentral area. Although 50%-65% steatosis was ob-
served in the CMZ- or 1400W-treated obese mice, similar
to that observed in control obese mice, necrotic changes
were very mild (�20%) (Fig. 1A, panels 9, 10). The tri-
glyceride levels in control obese mice were almost 3-fold
higher than the control lean mice (Fig. 1B). Pyrazole
treatment caused a small increase in triglyceride content
in lean mice but a 2-fold further increase over the elevated
triglyceride levels of obese mice. Treatment of the pyra-
zole-treated obese mice with CMZ or 1400W caused a
2-fold decrease in the triglyceride levels, back to the obese
control levels (Fig. 1B).

Acetone treatment did not significantly increase serum
ALT or AST levels in the lean mice. Treatment of lean
mice with pyrazole resulted in a 50% increase in ALT
levels; however, AST levels were not increased signifi-
cantly (Fig. 2 A,B). The control obese mice had higher
ALT and AST levels than the control lean mice, and ace-
tone or pyrazole caused further 2- to 4-fold significant
increases in ALT and AST levels. Treatment with CMZ
or 1400W significantly lowered this increase in ALT and
AST levels back to the control obese levels (Fig. 2A,B).

Effect of Acetone or Pyrazole on Caspase-3 Activity
and DNA Fragmentation. Significant increases in
caspase-3 activity were observed in the lean mice admin-
istered acetone or pyrazole (76% and 98%, respectively),
while more substantial increases were observed in the ac-
etone- or pyrazole-treated obese mice (142% and 275%
increase in caspase-3 activities, respectively) (Fig. 3A).
CMZ or 1400W treatment of pyrazole mice lowered the
elevated caspase-3 activity. TUNEL analysis indicated
that the control lean mice and the control obese mice
exhibited very few cells with the characteristic intense
brown staining, although the control obese mice did have
higher TUNEL-positive nuclei as compared to control
lean mice (Fig. 3B). Treatment of lean and obese mice
with either acetone or pyrazole elevated TUNEL-positive
staining (Fig. 3B). A 4-fold increase in the number of
hepatocytes with positively stained nuclei was observed in
the acetone- or pyrazole-treated obese mice as compared
to a 2-fold increase in acetone- or pyrazole-treated lean
mice (Fig. 3B). CMZ and 1400W lowered the pyrazole-
elevated TUNEL back to the control obese levels, nearly
completely blunting the pyrazole-induced increase.

Effect of Acetone or Pyrazole on CYP2E1 mRNA,
Protein, and Catalytic Activity. CYP2E1 mRNA level
as normalized to GAPDH was 1.8-fold lower in control
obese mice compared to control lean mice (1.74 versus
0.98). Treatment of lean mice with pyrazole caused a
40% decrease in CYP2E1 mRNA levels (1.12 versus
1.74). Pyrazole-treated obese mice had a 55% decrease in
CYP2E1 mRNA levels (0.44 versus 0.98). The control
lean mice had 2-fold higher basal CYP2E1 protein level
compared to the control obese mice (Fig. 4A). Acetone
treatment resulted in a 50% increase in CYP2E1 protein
in the lean mice and a 150% increase in the obese mice.
Pyrazole treatment increased CYP2E1 protein by 32%
and a highly significant 270% increase in the lean and
obese mice, respectively. CMZ and 1400W caused a 76%
and 61% decrease, respectively, in CYP2E1 protein in the
pyrazole-treated obese mice. CYP2E1 catalytic activity
was higher in lean mice when compared to the obese
animals (Fig. 4B) analogous to the higher CYP2E1 pro-
tein in the lean mice. The acetone or pyrazole treatment
produced about 65% increases in the CYP2E1 activity in
lean mice and about 140% increases in obese mice. CMZ
and to a lesser extent 1400W decreased the activity of
CYP2E1 in pyrazole-treated obese mice. Importantly,
CMZ completely blunted the elevation in CYP2E1 activ-
ity produced by pyrazole, to the obese control levels.
Thus, results assaying content and activity of CYP2E1
show that the acetone or pyrazole treatment increased the
lower CYP2E1 level and activity found in the obese mice.

Fig. 2. Acetone or pyrazole increases serum (A) ALT and (B) AST in
obese mice. *P � 0.05 for control obese mice versus control lean mice.
†P � 0.05 for acetone- or pyrazole-treated lean or obese mice versus
control lean or obese mice. ‡P � 0.05 for CMZ or 1400W plus
pyrazole-treated obese mice versus pyrazole-treated obese mice. Data
represent the mean � SE of six animals/group.
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Effect of Acetone or Pyrazole on Protein Carbonyl,
HNE Adduct Formation, and Lipid Peroxidation.
The intensity of the protein carbonyl bands in acetone or
pyrazole-treated lean mice was 50% higher than the con-
trol lean mice (Fig. 5A). Treatment of the obese mice with
acetone or pyrazole increased the formation of the protein
carbonyl adducts by about 150% and 106%, respectively.
CMZ or 1400W decreased the elevated levels of the
protein carbonyl adducts in pyrazole-treated obese mice
(Fig. 5A).

Sections of liver, immunohistochemically stained
for HNE adducts showed none or mild staining (�/�)
in control lean and obese mice (Fig. 5B), but the ace-
tone- or pyrazole-treated animals showed stronger
immunostaining (��/���), which was highly pro-
nounced in the regions near the central vein. This region

contains the highest levels of CYP2E1.4 The acetone- or
pyrazole-treated obese mice not only had more intense
staining (���) but also exhibited extensive distribution
of HNE adducts when compared to the acetone- or pyra-
zole-treated lean mice. Positive staining for HNE adduct
was seen mainly in the cytoplasm of the hepatocytes.
Treatment with CMZ or 1400W strongly lowered
HNE adducts in the pyrazole-treated obese mice (�)
(Fig. 5B). Control obese mice had higher malondialde-
hyde (MDA) product formation, likely a reflection of
increased lipid peroxidation than the control lean mice
(Fig. 5C). Pyrazole treatment caused a 2-fold increase in
MDA levels in lean mice and a 3.5-fold increase in MDA
levels in obese mice. CMZ or 1400W completely blunted
the increase in MDA formation in pyrazole-treated obese
mice (Fig. 5C).

Fig. 3. Acetone or pyrazole increases
caspase-3 activity (A) and TUNEL-positive
hepatocytes (B) in lean and obese mice. (A)
*P � 0.05 for control obese mice versus con-
trol lean mice. †P � 0.05 for acetone- or
pyrazole-treated lean or obese mice versus
control lean or obese mice. ‡P � 0.05 for CMZ
or 1400W plus pyrazole-treated obese mice
versus pyrazole-treated obese mice. Data rep-
resent the mean � SE of six animals/group.(B)
Hepatocytes having apoptotic nuclei and show-
ing positive brown staining (arrows) were de-
tected using TUNEL. The quantitative analysis of
positive nuclei with DNA fragmentation was
performed by counting the average number of
apoptotic nuclei per visual field, which are
indicated in parentheses.
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Effect of Acetone or Pyrazole on iNOS Protein
Expression and 3-NT Adducts. iNOS levels were simi-
lar in the control lean and obese mice (Fig. 6A). Upon
acetone administration, the iNOS content in lean mice
was not changed; however, there was a 3-fold induction of
iNOS expression in the obese mice (Fig. 6A). Pyrazole
treatment resulted in 2- or 3-fold increase in iNOS levels
in the lean and obese mice, respectively. The formation of
3-NT adducts was examined through immunohisto-
chemical analysis and slot blot. Immunohistochemical
staining showed that the livers of control and acetone- or
pyrazole-treated lean mice or control obese mice did not
have any positive staining for 3-NT (�) (Fig. 6B). How-
ever, the obese mice treated with acetone or pyrazole had
strong positive staining for 3-NT (��/���) in the
cytoplasm of the hepatocytes, mostly in midcentral and
pericentral areas. This intense staining in the pyrazole-
treated obese mice was prevented by CMZ or 1400W (�)
(Fig. 6B). The results of immunohistochemical staining
for 3-NT were quantified by a slot blot technique (Fig.
6C). Treatment with acetone did not change the intensity
of the bands significantly in lean mice. The acetone-
treated obese mice had a 2.7-fold increase in 3-NT pro-
tein adduct staining compared to the control obese mice.
Pyrazole treatment caused a 2-fold and 4-fold increase in

3NT levels in lean and obese mice, respectively. CMZ or
1400W decreased the levels of 3NT by 3-fold, back to the
control obese levels (Fig. 6C).

Effect of Acetone on Pro- and Anti-apoptotic Pro-
teins. The effect of acetone on the expression of various
pro- and anti-apoptotic proteins was examined. The basal
level of Bcl-2 was similar in both control lean and obese
mice and acetone treatment caused a 5- to 6-fold increase
in both groups (Fig. 7A,B). The level of Bcl-xL was also
not different between the two control groups. Acetone
lowered Bcl-xL content in the lean mice about 2-fold;
however, acetone treatment of obese animals did not
cause any change in Bcl-xL expression (Fig. 7A,B). The
control obese mice had a 1.5-fold higher level of Bax
than the control lean animals and acetone did not cause
significant changes in either the lean or obese mice. The
control obese mice also had a 2.3-fold higher level of Bad
protein when compared to the lean mice. Acetone treat-
ment resulted in 1.5- and 3-fold increases in the expres-
sion of Bad in lean and obese mice, respectively (Fig.
7A,B). The lack of distinct patterns of changes in the
regulation of pro- (Bax, Bad) and anti- (Bcl-2) apoptotic
mitochondrial proteins in livers of treated obese mice sug-
gests that acetone elicits a mixed response for cell survival
and cell death.

Fig. 4. Acetone or pyrazole increases
CYP2E1 protein expression and activity. (A)
Top: Western blot showing protein expression of
CYP2E1 in liver homogenates from lean or
obese mice. Bottom: Densitometric values (du)
for CYP2E1/�-actin ratio. Data represent the
mean � SE of three independent experiments.
*P � 0.05 for control lean mice versus control
obese mice. †P � 0.05 for acetone- or pyra-
zole-treated obese mice versus control obese
mice. ‡P � 0.05 for CMZ or 1400W plus
pyrazole-treated obese mice versus pyrazole-
treated obese mice. (B) Microsomal CYP2E1
activity. Data represent the mean � SE of six
animals/group. *P � 0.05 for control lean
mice versus control obese mice. †P � 0.05 for
acetone- or pyrazole-treated lean or obese
mice versus control lean or obese mice. ‡P �
0.05 for CMZ or 1400W plus pyrazole-treated
obese mice versus pyrazole-treated obese
mice.
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Fig. 5. Acetone or pyrazole increases protein
carbonyl (A), HNE adduct formation (B), and
lipid peroxidation (C) in lean and obese mice.
(A) Top: Protein carbonyl bands in liver homog-
enates from lean or obese mice. Bottom: Den-
sitometric values (du). Data represent the
mean � SE of three independent experiments.
*P � 0.05 for control obese mice versus con-
trol lean mice. †P � 0.05 for acetone- or
pyrazole-treated lean or obese mice versus
control lean or obese mice. ‡P � 0.05 for CMZ
or 1400W plus pyrazole-treated obese mice
versus pyrazole-treated obese mice. (B) Immu-
nohistochemical detection of HNE protein ad-
ducts. Liver sections from control lean and
obese mice show minimal HNE adduct forma-
tion, while acetone- or pyrazole-treated lean
and especially acetone- or pyrazole-treated
obese mice show strong positive staining for
HNE adducts, mostly in the cytoplasm and in
some nuclei in the pericentral area. This strong
staining is blunted by CMZ and 1400W in the
pyrazole-treated obese mice. (C) Lipid peroxi-
dation. *P � 0.05 for control obese mice
versus control lean mice. †P � 0.05 for pyra-
zole-treated lean or obese mice versus control
lean or obese mice. ‡P � 0.05 for CMZ or
1400W plus pyrazole-treated obese mice ver-
sus pyrazole treated obese mice. Data repre-
sent the mean � SE of six animals/group.
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Fig. 6. Acetone or pyrazole increase iNOS
levels and 3-NT adduct formation in obese
mice. (A) Top: Western blot showing the protein
expression of iNOS in liver homogenates from
lean or obese mice. Bottom: Densitometric val-
ues (du) for iNOS. Data represent the mean �
SE of three independent experiments. †P �
0.05 for pyrazole-treated lean or obese mice or
acetone-treated obese mice versus control lean
or obese mice. (B) Photomicrographs of immu-
nohistochemical staining of 3-NT protein ad-
ducts in liver sections of control or acetone- or
pyrazole-treated lean and obese mice. The
strong staining in the pyrazole-treated obese
mice livers was prevented by either CMZ or
1400W treatment. (C) Representative slot blot
analysis of 3-NT protein adducts in livers of
control or acetone- or pyrazole-treated lean and
obese mice. Results from three mice in each
group are depicted. Densitometric values (du)
for 3-NT protein adducts are shown in the bar
graphs. Data represent the mean � SE of three
independent experiments. *P � 0.05 for con-
trol obese mice versus control lean mice. †P �
0.05 for pyrazole-treated lean or obese mice or
acetone-treated obese mice versus control lean
or obese mice. ‡P � 0.05 for CMZ or 1400W
plus pyrazole-treated obese mice versus pyra-
zole-treated obese mice.
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Effect of Pyrazole on TNF-� Levels. Control obese
mice had 2.5-fold higher TNF-� levels in liver as com-
pared to the control lean mice (Fig. 8). Pyrazole treatment
increased the TNF-� levels 2- to 3-fold in lean and obese
mice, with highest TNF-� levels in the pyrazole-treated
obese mice. CMZ or 1400W caused a 1.5- to 2-fold de-
crease in TNF-� levels in pyrazole-treated obese mice.

Discussion
The role of obesity in causing liver damage and the

development of steatotic liver in obesity having patho-
logic manifestations resembling alcoholic liver disease has
been well documented in the literature.2,18 CYP2E1-me-
diated metabolism of excess free fatty acids in obesity
causes oxidative stress and promotes liver injury.19

CYP2E1 is induced by acetone, mainly through protein
stabilization.20 Pyrazole affects the metabolism of several
drugs by the microsomal mixed-function oxidase sys-
tem21 and increases CYP2E1.11 The effects of acetone or
pyrazole on liver toxicity in obesity have not been studied
and was the goal of the current study.

The obese mice having access to acetone showed dis-
tinct histological changes in their liver, not observed in
the lean mice, which included severe fatty changes, con-
gestion, a marked increase in steatosis, inflammation, and
minimal necrosis. Pyrazole-treated mice exhibited pro-
nounced steatosis and inflammatory cells surrounding
steatotic hepatocytes and multifocal necrosis. ALT and
AST were significantly higher in control obese mice when
compared to the lean mice. An increase in ALT and AST
was observed in acetone-treated obese, but not in the lean
group. Pyrazole increased the serum aminotransferases in
both lean and obese mice, though it was significantly
higher in the obese group. The increase in the levels of
these enzymes and the histopathology in obese mice indi-
cate that acetone or pyrazole promotes liver injury in
obese conditions. Acetone or pyrazole induced apoptotic
changes in the obese mice which included a high
caspase-3 activity, and increased number of hepatocytes
having apoptotic nuclei positively stained for TUNEL.
All these pathological changes observed with pyrazole-
treated animals were abrogated with CMZ or 1400W.

CYP2E1 mRNA expression was lower in the control
lean mice when compared to the obese mice. Pyrazole
treatment did not increase the mRNA expression as it
induces CYP2E1 primarily through protein stabiliza-
tion.11,20 CYP2E1 protein expression and activity were
lower in the ob/ob mice, and acetone or pyrazole caused a
significant induction in both protein and enzyme activity
in both lean and especially the obese groups. The increase
in CYP2E1 levels was reversed by CMZ or 1400W treat-
ment. In a recent study involving obese patients with
nonalcoholic fatty liver disease, increased CYP2E1 pro-
tein content and activity correlated with the development
of liver injury.22 Constitutive levels of CYP2E1 mRNA,

Fig. 8. Pyrazole increases TNF-� levels in lean and obese mice. *P �
0.05 for control obese mice versus control lean mice. †P � 0.05 for
pyrazole-treated lean or obese mice versus control lean or obese mice.
‡P � 0.05 for CMZ or 1400W plus pyrazole-treated obese mice versus
pyrazole-treated obese mice. Data represent the mean � SE of six
animals/group.

Fig. 7. Effect of acetone on pro- and anti-apoptotic proteins. (A)
Western blots showing the protein expression of Bcl-2, BCl-xL, Bax, and
Bad in liver homogenates from lean or obese mice. (B) Densitometric
values (du) of the protein/�-actin ratio for the same blots. Data repre-
sent the mean � SE of three independent experiments. *P � 0.05 for
control obese versus control lean and ‡P � 0.05 for acetone-treated lean
or obese mice versus control lean or obese mice, respectively.
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protein, and activity were shown to be decreased in livers
of ob/ob mice, and acetone increased CYP2E1 protein
and activity levels in both lean and obese mice, but the
consequences of this acetone-induced increase in
CYP2E1 with respect to liver injury were not studied.23

Binge ethanol increased CYP2E1 levels, apoptosis, and
liver injury in obese rats more than in lean controls.24 It is
interesting to speculate that the low basal levels of
CYP2E1 protein expression in obese mice may account
for the absence of severe liver injury despite obesity and
could well be a compensatory survival mechanism for
these leptin-deficient animals. The decrease in CYP2E1
levels with 1400W is consistent with the findings that
adenovirus containing iNOS and S-nitroso-N-acetyl-
D,L-penicillamine (SNAP), a NO donor, increased the
CYP2E1 expression in iNOS-null hepatocytes.25 Thus,
NO may play a role in regulating CYP2E1, although this
remains to be further studied.

The pyrazole- or acetone-treated obese mice showed
several-fold higher oxidation of protein as assayed by the
formation of strong protein carbonyl bands, suggesting
that oxidative stress is higher in these animals. The un-
treated mice, lean and obese, had minimal staining for
HNE adducts, and acetone or pyrazole increased the
HNE adduct formation in both lean and obese mice. The
obese mice displayed a greater distribution of HNE ad-
ducts, suggesting that acetone- or pyrazole-mediated in-
duction of CYP2E1 causes increased lipid peroxidation in
obesity. This was confirmed by the large increase in the
MDA levels found in the pyrazole-treated obese mice.
The inhibition of these changes with CMZ confirmed the
essential role of CYP2E1 in potentiating liver toxicity and
oxidative stress in obesity. Similarly, the iNOS inhibitor
1400W reversed the toxicity observed in these mice.

iNOS plays a critical role in the development of insulin
resistance in the liver of obese mice.26 Acetone or pyrazole
caused a significant increase in iNOS protein in obese
mice. The acetone- or pyrazole-induced increase in
CYP2E1, which produces superoxide, and the increase in
iNOS in obese mice, which produces NO, could promote
peroxynitrate formation and the subsequent formation of
3-NT adducts. Indeed, the acetone- or pyrazole-treated
obese mice had higher 3-NT levels. Some increase in ni-
trosative stress was also observed in the control obese mice
as reflected by the formation of 3-NT residues, consistent
with previous studies involving obese mice and human
subjects.27 The liver samples from acetone- or pyrazole-
treated obese mice showed much stronger bands and also
a strong positive staining for 3-NT, while these changes
were not observed in the acetone-treated lean mice. The
use of CMZ or 1400W abrogated all these changes and
confirmed the possibility that increased nitrosative stress

may play a role in the liver toxicity found in the obese
mice treated with pyrazole.

The TNF-� levels were higher in control obese mice as
compared to lean mice, consistent with the observations
that patients with fatty liver or nonalcoholic steatohepa-
titis have increased serum TNF-� levels28 and anti-
TNF-� antibody improves mitochondrial dysfunction in
obese mice.29 Highest levels of TNF-� were found in the
livers of the pyrazole-treated obese mice. CMZ or 1400W
were effective in abrogating the increase in TNF-� in
pyrazole-treated obese mice. The role of TNF-� in the
enhanced toxicity found in acetone- or pyrazole-treated
obese mice will require further study.

In summary, acetone induces extensive steatosis,
pyrazole induces necrotic changes and both these
CYP2E1 inducers increased aminotransferase levels in
livers of obese mice. The acetone- or pyrazole-treated
obese mice also had higher caspase-3 activity and apo-
ptotic hepatocytes. The protein expression and cata-
lytic activity of CYP2E1 was elevated in acetone- or
pyrazole-treated lean and obese mice. The obese ani-
mals treated with acetone or pyrazole showed forma-
tion of more HNE adducts and protein carbonyl bands
of a much stronger intensity. Acetone or pyrazole also
induced the basal levels of iNOS in obese mice, along
with higher 3-NT adduct formation, indicating in-
creased nitrosative stress. Pyrazole also increased
TNF-� levels in both lean and obese mice. In conclu-
sion, acetone or pyrazole induces the expression and
catalytic activity of CYP2E1 in obese mouse liver, in-
creases oxidative and nitrosative stress, and produces
apoptotic liver injury. The inhibitors of CYP2E1-
CMZ and iNOS-1400W abrogated the CYP2E1-me-
diated toxicity induced in obese mice. These results
suggest that acetone- or pyrazole-mediated induction
of CYP2E1 may synergize with high fat in obesity to
promote cell injury.
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Inhibiting Triglyceride Synthesis Improves Hepatic
Steatosis but Exacerbates Liver Damage and Fibrosis

in Obese Mice with Nonalcoholic Steatohepatitis
Kanji Yamaguchi,1 Liu Yang,1 Shannon McCall,2 Jiawen Huang,1 Xing Xian Yu,3 Sanjay K. Pandey,3 Sanjay Bhanot,3

Brett P. Monia,3 Yin-Xiong Li,1 and Anna Mae Diehl1

In the early stages of nonalcoholic fatty liver disease (NAFLD), triglycerides accumulate in
hepatocytes. Diacylglycerol acyltransferase 2 (DGAT2) catalyzes the final step in hepatocyte
triglyceride biosynthesis. DGAT2 antisense oligonucleotide (ASO) treatment improved he-
patic steatosis dramatically in a previous study of obese mice. According to the 2-hit hypoth-
esis for progression of NAFLD, hepatic steatosis is a risk factor for nonalcoholic
steatohepatitis (NASH) and fibrosis. To evaluate this hypothesis, we inhibited DGAT2 in a
mouse model of NASH induced by a diet deficient in methionine and choline (MCD).
Six-week-old genetically obese and diabetic male db/db mice were fed either the control or
the MCD diet for 4 or 8 weeks. The MCD diet group was treated with either 25 mg/kg
DGAT2 ASO or saline intraperitoneally twice weekly. Hepatic steatosis, injury, fibrosis,
markers of lipid peroxidation/oxidant stress, and systemic insulin sensitivity were evaluated.
Hepatic steatosis, necroinflammation, and fibrosis were increased in saline-treated MCD
diet–fed mice compared to controls. Treating MCD diet–fed mice with DGAT2 ASO for 4
and 8 weeks decreased hepatic steatosis, but increased hepatic free fatty acids, cytochrome
P4502E1, markers of lipid peroxidation/oxidant stress, lobular necroinflammation, and
fibrosis. Progression of liver damage occurred despite reduced hepatic expression of tumor
necrosis factor alpha, increased serum adiponectin, and striking improvement in systemic
insulin sensitivity. Conclusion: Results from this mouse model would suggest accumulation
of triglycerides may be a protective mechanism to prevent progressive liver damage in
NAFLD. (HEPATOLOGY 2007;45:1366-1374.)

Nonalcoholic fatty liver disease (NAFLD) is one
of the most common liver diseases in the
world.1-3 Clinically, the most common disorder

associated with NAFLD is insulin resistance.4 Accumula-

tion of triglycerides in hepatocytes is the hallmark of
NAFLD. Recent studies have demonstrated that acyl-co-
enzyme A:diacylglycerol acyltransferase 2 (DGAT2) plays
an important role in hepatocyte triglyceride synthesis and
hepatic steatosis.5,6 Triglyceride synthesis is increased in
the fatty livers that accompany obesity and type 2 diabetes
in humans and mice.7 According to the 2-hit hypothesis
for NAFLD progression, hepatic steatosis is a risk factor
for nonalcoholic steatohepatitis (NASH) and fibrosis.8,9

In a previous study, knocking down DGAT2 in the livers
of mice with diet-induced obesity (DIO) and diabetes
successfully prevented hepatic steatosis.10 Because only
mild NASH and little fibrosis develop in mice with DIO,
however, that model is not helpful for determining if
inhibiting steatosis prevents progression of NAFLD to
more advanced stages of liver damage (i.e., NASH and
liver fibrosis).

To address this question, we studied a recently de-
scribed model of progressive obesity-related NASH in
db/db mice.11,12 Db/db mice spontaneously develop obe-

Abbreviations: ASO, antisense oligonucleotide; MCD, methionine-choline defi-
ciency; DGAT, diacylglycerol acyltransferase; FFA, free fatty acids; NAFLD, non-
alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; TNF� tumor
necrosis factor alpha.
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sity, severe type 2 diabetes, and fatty livers as a result of a
functional defect in the long form of the leptin receptor,
which plays a key role in the regulation of food intake,
insulin sensitivity, and control of body weight. Feeding
db/db mice MCD diets induces NASH and liver fibrosis
within 4-8 weeks, providing a useful small-animal model
for progressive obesity-related NAFLD. In this study, we
tested if inhibiting hepatic DGAT2 expression by treat-
ment with DGAT2 antisense oligonucleotide (ASO)
would reduce hepatic steatosis and prevent development
of NASH and liver fibrosis in db/db mice fed MCD diets.

We found that treatment with DGAT2 ASO success-
fully prevented hepatic steatosis but worsened liver injury
and fibrosis. Interestingly, progressive liver damage oc-
curred despite striking improvement in several parameters
of systemic insulin resistance, but correlated with in-
creased hepatic free fatty acid content, cytochrome P450
2E1 induction, and evidence of oxidative stress and lipid
peroxidation. These findings suggest that in this model,
triglyceride synthesis per se is not harmful to hepatocytes.
Rather, it provides a useful mechanism for protecting the
liver from lipotoxicity.

Materials and Methods

Animals and Treatments. A mouse model of MCD
diet–induced nonalcoholic steatohepatitis (NASH) was
studied. Six-week-old male db/db mice (BKS.Cg-m�/
�Leprdb/J) were purchased from Jackson Laboratories
(Bar Harbor, ME), maintained in a temperature- and
light-controlled facility, and permitted ad libitum con-
sumption of water. Thirty-six mice were fed either the
control diet (n � 6; cat no. 960441; ICN, Aurora, OH)
or the MCD diet (n � 30; cat no. 960439; ICN, Aurora,

OH) for 4 or 8 weeks. Half the MCD diet–fed mice were
treated with 25 mg DGAT2 ASO/kg mouse body weight
(Isis Phamaceuticals, Inc., Carlsbad, CA) intraperitone-
ally twice weekly; the remainder were injected with sa-
line.10 All animal experiments fulfilled NIH and Duke
University requirements for humane animal care.

Immunoblot. Immunoblot was performed as de-
scribed previously.13 Protein isolated from whole livers
was loaded onto a 10% SDS-PAGE gel and transferred to
PVDF membranes (Millipore, Billerica, MA). Mem-
branes were probed with anti-Cyp2E1 (Stressgen, Victo-
ria, Canada), anti-catalase (Abcam, Cambridge, MA) or
�-actin (Sigma-Aldrich, St. Louis, MO) antibody fol-
lowed by horseradish peroxidase (HRP)–conjugated an-
timouse or rabbit IgG (Amersham, UK). Antigens were
demonstrated by ECL (Amersham, UK) and quantitated
by AlphaEaseFC software (Alpha Innotech, San Leandro,
CA).

Two-Step Real-Time RT-PCR. Total RNA was ex-
tracted from whole livers with RNeasy kits (Qiagen, Va-
lencia, CA), reverse-transcribed using random primer and
Superscript RNase H-reverse transcriptase (Invitrogen,
Carlsbad, CA), and analyzed by real-time PCR as previ-
ously described.14 Primers were designed by Primer Ex-
press Software (PE Applied Biosciences; Table 1). For all
primer pairs, specificity was confirmed by sequencing
PCR products. Target gene level is presented as a ratio of
levels in the treated group versus the corresponding con-
trol group, according to the ��Ct method as previously
reported.15 The magnitude of changes was determined
using point and interval estimates.

Immunohistochemistry and Analysis of Liver Archi-
tecture. Serial sections were stained with H&E or Oil

Table 1. RT-PCR Primers for Analysis

Gene

Genbank
accession
number Direction Sequence Amplicon size (bp)

Gus NM_010368 Forward GCAGTTGTGTGGGTGAATGG 142
Reverse GGGTCAGTGTGTTGTTGATGG

DGAT1 NM_010046 Forward TCCGCCTCTGGGCATTC 65
Reverse GAATCGGCCCACAATCCA

DGAT2 NM_001012345 Forward CTGGCTGATAGCTGCTCTCTACTTC 78
Reverse TGTGATCTCCTGCCACCTTTC

�-SMA NM_007392 Forward AAACAGGAATACGACGAAG 149
Reverse CAGGAATGATTTGGAAAGGA

TIMP-1 NM_011593 Forward CCTTGCAAACTGGAGAGTGACA 88
Reverse AGGCAAAGTGATCGCTCTGGT

TGF�-1 NM_011577 Forward TTGCCCTCTACAACCAACACAA 103
Reverse GGCTTGCGACCCACGTAGTA

TNF� NM-013693 Forward TCGTAGCAAACCACCAAGTG 209
Reverse AGATAGCAAATCGGCTGACG

Pro-Col1�1 NM_007742 Forward GACATCCCTGAAGTCAGCTGC 167
Reverse TCCCTTGGGTCCCTCGAC
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Red O using standard techniques. After deparaffinization,
microwave antigen retrieval, and blocking endogenous
peroxidase activity, other sections were incubated with a
TdT-mediated dUTP-digoxigenin nick end labeling
(TUNEL) reaction mixture containing terminal deoxyri-
bonucleotidyl transferase (TdT) and fluorescein-dUTP
(Roche Diagnostic, Indianapolis, IN), anti-�-smooth
muscle actin (�-SMA; DakoCytomation, Carpinteria,
CA), or anti-HNE-11s (Alpha Diagnostic International
Inc., San Antonio TX) antibody. Antigens were demon-
strated using a secondary antifluorescein antibody POD
conjugate (Roche, Indianapolis, IN), antimouse or rabbit
polymer HRP (Dako, Carpinteria, CA), and DAB
chromagen (Dako, Carpinteria, CA), and a counterstain-
ing with Gill’s hematoxylin (Vector Laboratories).
TUNEL-positive hepatocytes were quantitated in 3 ran-
domly selected fields/section (20� magnification). The
proportion of 4-hydroxy-2-nonenal (4-HNE)–positive
hepatocytes was quantitated in 5 randomly selected fields/
section (20� magnification) with Meta Morph software
(Molecular Devices Corporation, Downington, PA) as
previously described.16,17

Quantification of Hepatic Collagen Content. Liver
sections were stained with picrosirius red (Sigma-Aldrich,
St. Louis, MO) and counterstained with fast green
(Sigma-Aldrich, St. Louis, MO). Sirius red staining was
quantitated by Meta Morph software in 3 randomly se-
lected fields/section (20� magnification). Hydroxypro-
line content was quantified colorimetrically. Freeze-dried
liver specimens (20 mg) were hydrolyzed in 6N HCl at
110°C for 16 hours. After evaporation under vacuum,
sediment was dissolved in distilled water, filtered, and
incubated with chloramine-T (Sigma-Aldrich, St. Louis,
MO) in acetate-citrate buffer and 50% isopropanol. To
this was added Ehrlich’s solution (4-dimethylaminoben-
zaldehyde in 60% perchloric acid with isopropanol, all
from Sigma-Aldrich, St. Louis, MO). After incubating at
65°C for 15 minutes, absorbance was read at 561 nm.
Hydroxyproline concentration was calculated from a
standard curve prepared with high-purity hydroxyproline
(Sigma-Aldrich, St. Louis, MO).

Tissue and Serum Biochemical Measurements. Se-
rum aspartate aminotransferase (AST), alanine amino-
transferase (ALT), free fatty acid (FFA), glucose, insulin,
and adiponectin levels were measured as previously de-
scribed.10 Tissue FFA, triglyceride, and thiobarbituric ac-
id-reactive substances (TBARS) were measured using the
free fatty acid Half-Micro test (Roche, Indianapolis, IN),
Triglyceride Detection Kit (Sigma-Aldrich, St. Louis,
MO), and TBARS Assay kit (ZeptoMetrix Co., Buffalo,
NY) according to the manufacturers’ instructions.

Statistical Analysis. The results are expressed as
means � SEMs. Significance was established using the
Student t test and analysis of variance when appropriate.
Differences were considered significant at P � 0.05.

Results

DGAT2 ASO Successfully Inhibited Hepatic
DGAT2 Expression. An earlier study demonstrated that
twice-weekly intraperitoneal injections of DGAT2 ASO
effectively suppressed hepatic triglyceride accumulation
in mice with genetic or diet-induced obesity, whereas
treatment with DGAT1 ASO had no effect.10 In separate
studies, we initially evaluated the effect of DGAT1 ASO
in MCD diet–fed db/db mice and verified that DGAT1
inhibition also failed to improve hepatic triglycerides or
reduce hepatic necroinflammation in our model (data not
shown). Therefore, in the present study, we compared
hepatic expression of DGAT2 in db/db mice that were fed
MCD diets for 4 or 8 weeks while being treated with
either saline or DGAT2 ASO. Results of both MCD-fed
groups were compared to those in untreated db/db mice
that were fed comparable methionine-sufficient diets
(control). The MCD diet per se had no effect on hepatic
expression of DGAT2 mRNA. As expected, treatment
with DGAT2 ASO reduced DGAT2 mRNA expression
by more than 90% at both time points (**P � 0.01; Fig.
1). As in the previous study,10 DGAT2 ASO had no effect
on hepatic expression of DGAT1 (data not shown).

Inhibiting DGAT2 Reduced Hepatic Steatosis. Be-
cause DGAT2 catalyzes the final step in triglyceride syn-
thesis, inhibiting DGAT2 expression is expected to
reduce hepatic steatosis. This was evaluated by H&E and
Oil Red O staining. Steatosis was scored on H&E-stained
sections according to Brunt’s criteria,18 and photomicro-

Fig. 1. DGAT2 expression in db/db mice. Expression of DGAT2
mRNA was analyzed by quantitative real-time PCR. In each sample,
results were normalized to expression of glucuronidase. Mean � SE
values of data from each MCD diet–fed group (n � 8/group) are
presented as the magnitude of change relative to chow-fed db/db
controls (n � 3); **P � 0.01.
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graphs from representative mice are shown (Fig. 2A).
Control db/db mice had mild diffuse steatosis. MCD di-
ets exacerbated this. Treatment with DGAT2 ASO atten-
uated the increases in hepatic steatosis that were caused by
MCD diets, lowering the steatosis score from 4 to 1 at 4
weeks. These findings were confirmed by biochemical
analysis of hepatic triglyceride content (Fig. 2B). Con-
sumption of MCD diets more than doubled hepatic tri-
glycerides after 4 weeks (**P � 0.01). Treatment with
DGAT2 ASO significantly inhibited the early, MCD di-
et–induced accumulation of hepatic triglycerides (**P �
0.01 for MCD-DGAT2 ASO vs. MCD-saline groups).
Interestingly, hepatic triglyceride content declined as the
duration of MCD diet consumption was extended from 4
to 8 weeks. At the later time, liver triglyceride concentra-
tions were similar in both groups of MCD-fed mice, sug-
gesting that factors other than triglyceride synthesis
determine hepatic triglyceride storage during prolonged
methionine-choline deficiency.

Despite Decreased Steatosis and Lower TNF�
Than MCD Controls, Mice Treated with DGAT2
ASO Had Worse Liver Injury. Steatosis is thought to
be a prerequisite for NASH and has also been identified as
an independent risk factor for liver fibrosis. Thus, reduc-
ing hepatic steatosis was expected to protect db/db mice
from MCD diet–induced hepatic inflammation and fi-
brosis. To address this issue, we compared various injury-
related parameters among the 3 groups of mice. In many
murine models of obesity and insulin resistance, as well as

in humans with these conditions, tumor necrosis factor
alpha (TNF�) has been implicated in the pathogenesis of
NASH. MCD diets increased expression of TNF�
mRNA in the livers of db/db mice (Fig. 3A). Treatment
with DGAT2 ASO blocked this MCD diet–related in-
duction of TNF� expression. As noted for hepatic steato-
sis, greater inhibition occurred after 4 weeks than after 8
weeks. Consistent with evidence that MCD diets in-
creased hepatic steatosis and TNF� expression, saline-
treated db/db mice that were fed MCD diets exhibited
6-fold higher serum ALT values than did db/db controls
(Fig. 3B). Surprisingly, however, serum ALT values were
even higher in MCD diet–fed mice treated with DGAT2
ASO. To determine if liver injury was, in fact, worsened
by DGAT2 ASO treatment, liver sections were evaluated
for lobular inflammation and hepatocyte death. Both the
lobular inflammatory grade18 and the percentage of
TUNEL-positive hepatocytes were higher in MCD diet–
fed db/db mice than in db/db controls. The highest levels
of lobular inflammation and hepatocyte death occurred in
the MCD diet–fed group that received DGAT2 ASO
(Fig. 3C-D). These results demonstrate that treatment
with DGAT2 ASO enhanced liver injury despite reduc-
ing hepatic steatosis and TNF� expression.

Blocking Triglyceride Synthesis with DGAT2 ASO
Increased Hepatic FFA Content, Induced Cyp2E1 Ex-
pression, and Increased Markers of Lipid Peroxida-
tion/Oxidative Stress. To determine why blocking
triglyceride synthesis exacerbated liver damage, we com-

Fig. 2. Liver histology and triglyceride content of db/db mice. (A) Hematoxylin and eosin or Oil Red O staining of liver sections from representative
mice from each treatment group. (B) Liver triglycerides were measured with commercial kits. Results are expressed per gram of tissue. Mean � SE
values of data from controls (n � 3/time point) and each MCD diet–fed group (n � 7-8/group per time point) at 4 and 8 weeks are graphed (**P �
0.01).
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pared liver FFA content, expression of nonmitochondrial
fatty acid–oxidizing enzymes, and markers of lipotoxicity
among the 3 groups of mice at the end of 4 and 8 weeks of
treatment. Hepatic FFA content was similar in both
groups of MCD diet–fed mice after 4 weeks, but it re-
mained stable from 4 to 8 weeks in the MCD diet � saline
group while doubling in the MCD diet–fed group treated
with DGAT2 ASO. Thus, after 8 weeks, MCD diet–fed
mice treated with DGAT2 ASO had significantly higher
liver FFA content than did mice in the other groups (*P �
0.05; Fig. 4A). The higher hepatic FFA content in
DGAT2 ASO–treated mice occurred despite these mice
having the lowest serum FFA levels (*P � 0.05; Fig. 6B).
Interfering with normal mechanisms for FA detoxifica-
tion might induce other hepatic enzyme systems that ox-
idize FFA. Because MCD diets are known to inhibit
mitochondrial oxidation of FFA,19 we evaluated expres-
sion of microsomal and peroxisomal FFA-oxidizing en-
zymes. Although catalase levels did not differ appreciably
among the various groups, expression of Cyp2E1 was in-
creased in both MCD diet–fed groups. Cyp2E1 levels
were consistently greater in MCD diet–fed mice treated
with DGAT2 ASO than in those that received saline (Fig.
4B). The db/db mice treated with DGAT2 ASO also
demonstrated earlier increases in TBAR levels and had
significantly more hepatic accumulation of 4-HNE at 8

weeks (Fig. 4C-D). Thus, inhibiting triglyceride synthesis
with DGAT2 ASO increased hepatic FFA content, in-
duced the microsomal FFA-oxidizing enzyme Cyp2E1,
and exacerbated oxidative damage in MCD diet–fed
db/db mice. Together, these findings suggest that triglyc-
eride synthesis helps to protect the liver from lipotoxicity
by buffering FFA accumulation.

Blocking Triglyceride Synthesis with DGAT2 ASO
Did Not Prevent MCD Diet–Induced Fibrosis. He-
patic steatosis is an independent risk factor for fibrosis in
humans with chronic hepatitis C. Thus, although
DGAT2 ASO–treated mice exhibited hepatic necroin-
flammation, it was conceivable that the DGAT2 ASO–
mediated reduction in hepatic triglyceride content might
have protected them from liver fibrosis. To address this
issue, mRNA levels of various fibrosis markers were com-
pared in the 3 groups of mice. Feeding db/db mice MCD
diets significantly increased hepatic expression of trans-
forming growth factor beta-1 (TGF�-1), �-SMA, colla-
gen, and tissue inhibitor of metalloproteinase 1 (TIMP-
1). Treatment with DGAT2 ASO blunted the MCD
diet–related induction of TGF�-1, but failed to inhibit
diet-related increases in collagen or TIMP-1 expression,
and actually exacerbated the induction of �-SMA (Fig.
5A). To further assess the effects of MCD diets and
DGAT2 ASO on liver fibrosis, hepatic hydroxyproline

Fig. 3. Injury-related parameters of db/db mice. (A) TNF� expression was evaluated by quantitative real-time PCR analysis of total RNA from
controls (n � 3/time point) and both groups of MCD diet–fed mice (n � 7-8/group per time point) at 4 and 8 weeks. Results were normalized to
glucuronidase expression. Mean � SE of data from each sample are displayed as the magnitude of change relative to control db/db mice (**P �
0.01). (B) Serum ALT was measured after 4 and 8 weeks of treatment. Mean � SE of results from control (N � 3/time point) and each MCD diet–fed
group (n � 7-8/group per time point); **P � 0.01. (C) A lobular inflammatory grade was determined for each mouse at the time of sacrifice following
4-8 weeks of treatment. The number of inflammatory foci per 20� field was counted on sections from every animal. Mean � SE of data from controls
(n � 3 per time point) and each MCD diet–fed group (n � 7-8/group per time point); *P � 0.05, **P � 0.01). (D) Hepatocytes apoptosis was
evaluated by TUNEL staining of liver sections after 8 weeks of treatment. Mean � SE of data from controls (n � 3) and each MCD diet–fed group
(n � 7-8/group); **P � 0.01.
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content was determined. As predicted from the fibrosis
markers, MCD diets significantly increased hepatic hy-
droxyproline content in db/db mice. Interestingly, the
highest liver hydroxyproline content occurred in the sub-
group of MCD diet–fed mice that received DGAT2 ASO
(Fig. 5B). The latter group also had the greatest area of
Sirius red-stained fibrils demonstrated by liver morphom-
etry (Fig. 5C). Thus, inhibiting hepatic triglyceride accu-
mulation not only exacerbated liver necroinflammation
and oxidative damage in MCD diet–fed db/db mice but
also exacerbated liver fibrosis.

Liver Injury and Fibrosis Were Increased by MCD
Diets Despite Reduced Obesity, Serum FFA, Glucose,
and Insulin and Increased Adiponectin. Previous stud-
ies have reported that steatohepatitis is associated with insu-
lin resistance.4 Therefore, we investigated the impact of
MCD diets and treatment with DGAT2 ASO on markers of
systemic insulin sensitivity. db/db mice are genetically obese
and severely insulin resistant.12 Feeding db/db mice MCD
diets for 8 weeks significantly attenuated aging-related gains
in body weight, but these mice remained obese. Adding
DGAT2 ASO treatment to MCD diets further decreased
body weight (Fig. 6A). Thus, both MCD diet–fed groups
were less obese than the db/db controls. They also exhibited
significant improvements in serum FFA, glucose, and insulin
levels (Fig. 6B). Interestingly, serum adiponectin levels in-

creased significantly in DGAT2 ASO–treated mice (Fig.
6B). Hence, MCD diets lessened obesity and systemic insu-
lin resistance, despite exacerbating obesity-related hepatic
necroinflammation and fibrosis. Moreover, although adi-
ponectin is known to inhibit activation of hepatic stellate
cells,20 DGAT2 ASO–related increases in serum adiponec-
tin did not protect MCD db/db mice from activation of
stellate cells or development of liver fibrosis.

Discussion
Histology and various imaging techniques used clini-

cally to diagnose and grade hepatic steatosis quantify he-
patic triglyceride accumulation.18,21 In humans, the
severity (grade) of hepatic steatosis appears to correlate
with stage of liver fibrosis.22 However, it remains unclear
if (and how) hepatocyte triglyceride accumulation per se
might incite necroinflammatory and fibrotic responses in
the liver. Our results show that triglycerides themselves
are not hepatotoxic, at least in mice with MCD diet–
induced steatohepatitis. Rather, we demonstrate that in
such mice, triglyceride synthesis actually helps to protect
hepatocytes from lipotoxicity by buffering the accumula-
tion of FFA.

FFA might evoke hepatocyte damage by several mech-
anisms. They are substrate for ROS-generating microso-

Fig. 4. Parameters of lipotoxicity and oxidant stress of db/db livers. (A) Liver FFA content was assessed in all mice at the end of the 8 weeks
of treatment. Mean � SE of results from controls (n � 3) and each MCD diet–fed group (n � 7-8/group); *P � 0.05. (B) Expression of Cyp2E1
and catalase was evaluated by immunoblot analysis of livers from 3 mice/group after 4 (data not shown) and 8 weeks. To control for loading, the
blot was stripped and reprobed for �-actin, a housekeeping gene. Cyp2E1 in each MCD diet–fed group is also expressed as the magnitude of the
change relative to the controls after 4 and 8 weeks. (C) TBAR level was evaluated at 4 and 8 weeks. Results were normalized per 100 mg of tissue.
Mean � SE of the data from controls (n � 3 per time point) and each MCD diet–fed group (n � 7-8/group at each time point); **P � 0.01. (D)
4- HNE was evaluated by immunohistochemistry in liver samples from all mice at the end of the 8-week treatment period. Photomicrographs of
representative mice are shown. Morphometric analysis of 4-HNE-stained sections from controls (n � 3) and each MCD diet–fed group (n � 7/group)
at 8 weeks. Results are expressed as percentage of section staining (�) for 4-HNE (**P � 0.01).
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mal enzymes, such as Cyp2E1, and thus microsomal FA
metabolism increases hepatocyte ROS production.23,24

Oxidized FA, themselves, can also catalyze lipid peroxida-
tion reactions that are directly cytotoxic.25,26 Finally, be-
cause certain FA function as endogenous ligands for
nuclear hormone receptors, such as the peroxisomal pro-
liferator–activated receptors and hepatocyte nuclear fac-
tor 4-alpha, their accumulation might affect global
changes in liver gene expression.27 We found that inhib-

iting triglyceride synthesis with DGAT2 ASO increased
hepatic FFA content, up-regulated Cyp2E1, exacerbated
hepatic oxidative damage, and increased hepatocyte
death, liver inflammation and fibrosis in MCD diet–fed
mice. Hence, liver damage accrued from the “invisible”
lipids rather than from the “visible” fat (i.e., triglycerides)
that was the basis for a diagnosis of NAFLD.

At first glance, our results differ from those of Yu et al.,
who reported that inhibiting triglyceride synthesis with

Fig. 5. Fibrosis markers in db/db mice. (A) Expression of TGF�-1, �-SMA, collagen, and TIMP-1 mRNA was determined by quantitative real-time
PCR analysis of total liver RNA obtained after 8 weeks of treatment. Results were normalized to glucuronidase expression in each sample and
expressed as magnitude of change relative to gene expression in control db/db mice. Mean � SE of data from controls (n � 3) and each MCD
diet–fed group (n � 7-8/group); *P � 0.05, **P � 0.01. (B) Liver hydroxyproline content was assessed in all mice at 8 weeks. Results are expressed
per gram of tissue. Mean � SE of data from controls (n � 3) and each MCD diet–fed group (n � 7-8/group); *P � 0.05, **P � 0.01. (C) Liver
sections from all mice were stained with Sirius Red and �-SMA antibody after 8 weeks of treatment. Photomicrographs of representative mice are
shown. (D) Morphometric analysis of Sirius Red–stained sections from controls (n � 3) and each MCD diet–fed group (n � 7/group) at 8 weeks.
Results are expressed as the percentage of section staining (�) for Sirius Red (**P � 0.01).

Fig. 6. Body weight, serum FFA, and serum
markers of insulin sensitivity of db/db mice. (A)
Body weight was assessed every week and is
expressed as magnitude of change relative to
baseline body weight (**P � 0.01). (B) Serum
FFA, glucose, insulin, and adiponectin levels
were determined in controls (n � 3) and each
MCD diet–fed group (n � 7-8/group) at the
end of the 8-week treatment period. Data are
presented as mean � SE (*P � 0.05, **P �
0.01).
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DGAT2 ASO improved fatty liver disease in ob/ob mice
and mice with high-fat diet-induced obesity.10 As do
many obese, type 2 humans with diabetes, ob/ob mice,
db/db mice, and mice with diet-induced obesity readily
develop hepatic steatosis, but seldom experience progres-
sive liver damage or fibrosis. The latter lesions are thought
to require the imposition of secondary “hits” that induce
sufficient oxidative and/or endoplasmic reticulum stress
to incite hepatic inflammatory cell infiltration and stellate
cell activation.8,28 In obesity and insulin resistance, the
major mechanisms driving hepatic triglyceride accumula-
tion are increased delivery of FFA from peripheral adipose
depots to liver and enhanced de novo synthesis of FA and
triglyceride in the liver itself. Hepatic lipid disposal via
mitochondrial beta oxidation and lipoprotein export is
relatively intact.29,30 Thus, the liver retains mechanisms to
rid itself of potentially toxic FFA, even when triglyceride
biosynthesis is inhibited by blocking DGAT2. Hence,
reducing hepatic steatosis by inhibiting hepatic triglycer-
ide synthesis is tolerated without appreciable acute hepa-
totoxicity.

MCD diets induce hepatic triglyceride accumulation
by inhibiting mitochondrial beta-oxidation of fatty acids
and blocking hepatic export of very-low-density lipopro-
tein.19 These inhibitory effects on lipid disposal are suffi-
cient to cause hepatic triglyceride accumulation in lean
mice. Interestingly, unlike high-fat diets, which produce
relatively little hepatic necroinflammation or fibrosis,
MCD diets are widely used to induce NASH with fibro-
sis. Although MCD diets inhibit mitochondrial oxidation
of FA, thereby limiting that process as a source of ROS,
these diets induce microsomal FA oxidizing enzymes,
such as Cyp2E1. The latter may produce sufficient ROS
to trigger the secondary “hits” that are required for pro-
gression from NAFLD to more advanced stages of fatty
liver disease.28 Thus, MCD diets promote NASH with
fibrosis, even in normal mice.

In db/db mice, in which genetic insulin resistance
and obesity drive increased delivery of FFA to liver, as
well as de novo hepatic FA synthesis,31 a study demon-
strated that MCD diets dramatically exacerbate steato-
sis.11 In that study, MCD diets also promoted rapid
progression from steatosis to NASH and liver fibrosis.
Moreover, liver damage related to methionine-choline
deficiency was worse in db/db mice than in wild-type
controls. Thus, damage that resulted from inhibiting
mitochondrial oxidation of FA and reducing hepatic
lipoprotein release was worse in the db/db livers coping
with increased FFA exposure. When we blocked the
terminal enzyme in triglyceride synthesis by treatment
with DGAT2 ASO, another major mechanism for FA
disposal (i.e., triglyceride synthesis) was removed, and

this exacerbated MCD diet–induced liver damage, de-
spite reducing hepatic triglyceride content.

These results suggest that confusion about the natural
history of fatty liver results, at least in part from the cur-
rent diagnostic criteria for hepatic steatosis. The latter rely
on static quantification of hepatic triglyceride content by
histology or liver imaging. However, this approach ig-
nores the importance of FA flux through various hepato-
cellular compartments, some of which are harmless (e.g.,
incorporation into trigylcerides), whereas others are po-
tentially toxic (e.g., microsomal oxidation). Hence, the
implications of hepatic steatosis (i.e., triglyceride accumu-
lation) vary widely depending on the metabolic context in
which this occurs. A low triglyceride content might reflect
low hepatic FFA exposure and thus a low demand for
triglyceride synthesis (good) or an inability to up-regulate
triglyceride synthesis sufficiently to detoxify accumulat-
ing FFA (bad). Extension of this logic also helps to explain
why peripheral insulin resistance has been linked to pro-
gressive fatty liver disease. Unlike db/db mice, some insu-
lin-resistant individuals are apparently unable to
compensate for impaired hepatic triglyceride synthesis by
enhancing insulin signaling in peripheral adipose depots
so that fatty acids are retained in fat. Thus, heir livers
continue to be flooded with fat-derived FFAs, further
stressing already-compromised hepatic mechanisms for
FFA disposal and thereby exacerbating lipotoxicity.

Indeed, our findings in db/db mice suggest that block-
ing hepatic FA detoxification provides a strong stimulus
for enhancing insulin sensitivity in peripheral tissues. The
db/db mice are genetically resistant to insulin because
they inherit leptin receptor mutations that cause resis-
tance to leptin, a potent insulin-sensitizing hormone.32

Nevertheless, such mice become extremely sensitive to
insulin when acquired insults (e.g., methionine-choline
deficiency) limit efficient hepatic disposal of FA. Knock-
ing down one of their remaining mechanisms for hepatic
FA detoxification by blocking hepatocyte triglyceride syn-
thesis with DGAT2 ASO intensifies the stimulus for pe-
ripheral insulin sensitivity. Thus, db/db mice treated with
DGAT2 ASO while being fed MCD diets exhibited the
least insulin resistance in our study. Further research is
needed to identify the signals that mediate peripheral tis-
sue sensitization to insulin in this setting. Adiponectin
might be involved in this process because we found in-
creased serum adiponectin levels in the group of db/db
mice that received an MCD diet � DGAT2 ASO treat-
ment. On the other hand, leptin appears to be relatively
unimportant, because profound improvements in sys-
temic insulin resistance were observed in the latter group
despite genetic leptin resistance. Whether leptin plays a
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more significant role in humans who develop acquired
hyperleptinemia because of obesity requires further study.

In summary, by progressively inhibiting different FA
disposal mechanisms in a homogenous group of inbred
obese mice with type 2 diabetes, we quickly and repro-
ducibly converted simple steatosis to NASH and NASH
to NASH with fibrosis. Progression of liver damage oc-
curred despite striking improvements in systemic insulin
resistance, demonstrating that hepatic lipotoxicity was the
predominant factor driving liver damage in this model.
Moreover, as the severity of hepatic lipotoxicity increased,
systemic insulin resistance actually improved, suggesting
that failure of hepatic FA detoxification stimulated com-
pensatory sensitization to insulin in peripheral tissues.
These findings suggest that variations in the hepatic ca-
pacity to detoxify FA, coupled with differences in the
ability to respond to hepatic FFA retention by increasing
insulin sensitivity in peripheral tissues, significantly influ-
ence the progression of liver damage in obesity-related
NAFLD.
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Angiotensin II Type 1 Receptor Blocker Inhibits
Fibrosis in Rat Nonalcoholic Steatohepatitis

Akira Hirose,1 Masafumi Ono,1 Toshiji Saibara,1 Yasuko Nozaki,1 Kosei Masuda,1 Akemi Yoshioka,1 Masaya Takahashi,1

Naoaki Akisawa,1 Shinji Iwasaki,1 Jude A. Oben,2 and Saburo Onishi1

Nonalcoholic steatohepatitis (NASH) is now the most frequent cause of chronic liver im-
pairment in developed countries and is a suggested causative factor in the development of
cryptogenic cirrhosis and hepatocellular carcinoma. At present there is no effective and
accepted therapy for NASH. The renin-angiotensin system is involved in hepatic fibrosis
through activation of hepatic stellate cells, major fibrogenic cells in the liver. Hepatic stellate
cells are activated by liver injury to express excessive matrix proteins and profibrogenic
cytokines such as transforming growth factor–beta 1. Medicines that inhibit this pathway
may be of therapeutic potential in NASH. Using a methionine-choline–deficient rat model
of NASH, we studied the potential utility of an angiotensin II type 1 receptor blocker (ARB),
olmesartan, on biochemical, histologic, and antioxidant measures of disease activity. ARB
significantly attenuated increases in aspartate aminotransferase, activation of hepatic stellate
cells, oxidative stress, expression of transforming growth factor–beta 1, expression of colla-
gen genes, and liver fibrosis. Conclusion: Our observations strongly suggest a potential
preventive role for ARB in the progression of nonalcoholic steatohepatitis. (HEPATOLOGY

2007;45:1375-1381.)

Nonalcoholic steatohepatitis (NASH) is now the
most frequent cause of chronic liver disease in
developed countries and can lead to cirrhosis

and increased risk of hepatocellular carcinoma. The his-
tological findings of NASH are characterized by steatosis,
hepatic inflammation, and injury to liver cells.1 However,
the optimal treatment for NASH has not been estab-
lished.

Angiotensin II (Ang II), the main peptide of the
renin-angiotensin system (RAS), regulates cell growth,

inflammation, and fibrosis and contributes to the pro-
gression of injury of various organs through angioten-
sin II type 1 (AT1) receptors.2 The profibrogenic effect
of Ang II is associated with an increased concentration
of transforming growth factor– beta 1 (TGF-�1).3 In-
duction of TGF-�1 by Ang II stimulates synthesis of
matrix proteins, inhibits matrix degradation, and en-
hances expression of integrins that facilitate assembly
of the matrix.

In the liver, the RAS is also involved in chronic
inflammation and fibrosis. TGF-�1 produced from
Kupffer cells and infiltrating inflammatory cells acti-
vates hepatic stellate cells (HSCs).4 AT1 receptors are
expressed on activated HSCs, and Ang II enhances he-
patic fibrosis through production of TGF-�1.5 Previ-
ous studies demonstrated that blockade of Ang II
synthesis or of AT1 receptor attenuated hepatic fibrosis
in bile-duct-ligated or CCl4-treated rats.6,7 Moreover, a
recent study showed therapeutic efficacy of an angio-
tensin II type 1 receptor blocker (ARB) in a patient
with NASH.8 However, the precise mechanism of ac-
tion of ARB in the context of NASH is not well under-
stood. This study evaluated the preventive potential of
an ARB, olmesartan, in the development and progres-
sion of liver fibrosis in a rat model of steatohepatitis
induced by a methionine-choline-deficient diet and to
elucidate the mediators involved.

Abbreviations: Ang II, angiotensin II; ARB, angiotensin II type 1 receptor block-
er; AT1 receptor, angiotensin II type 1 receptor; CTGF, connective tissue growth
factor; HSC, hepatic stellate cell; MCD, methionine-choline-deficient diet; NASH,
nonalcoholic steatohepatitis; 8-OHdG, 8-hydroxy-2�-deoxyguanosine; RAS, renin-
angiotensin system; �-SMA, �-smooth muscle actin; TGF-�1, transforming growth
factor beta 1; TIMP-1, tissue inhibitor of metalloproteinase–1; TNF-�, tumor
necrosis factor alpha.
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Materials and Methods

Animal Preparation. All surgical and experimental
procedures were performed according to the guidelines
for the care and use of animals established by Kochi Med-
ical School. Six-week-old male Wistar rats were purchased
from CLEA Japan Inc. Animals were housed for 15 weeks
on 12 hours light/12 hours dark cycling, and food and
water were freely accessible. Rats were fed either a methi-
onine-choline-deficient (MCD) diet (Oriental Yeast, To-
kyo, Japan) or a normal diet. Three experimental groups
were studied. The control group (n � 4) was fed a stan-
dard diet and received untreated drinking water ad libi-
tum. The second group (n � 7) was fed an MCD diet and
untreated water. The third group (n � 7) was fed with an
MCD diet and treated with ARB at a clinically compara-
ble dose (olmesartan, 0.0005% in drinking water, ap-
proximately 0.75 mg/kg/day; Sankyo Co. Ltd., Tokyo,
Japan). All rats were fed for 15 weeks under these condi-
tions. At the end of the treatment period, the rats were
fasted overnight, and then blood and liver samples were
harvested. Livers were fixed in 10% formalin or snap-
frozen in liquid nitrogen for histological analysis. Samples
were stored at �80°C until further analysis.

Chemical Parameters. Aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were mea-
sured by an autoanalyzer (BM0610; JEOL Ltd., Tokyo,
Japan).

Histopathological and Immunohistochemical Ex-
amination. In all experimental groups, 5-�m-thick sec-
tions of formalin-fixed and paraffin-embedded liver were
processed routinely for hematoxylin and eosin staining
(H&E) and for Azan staining. Oil red–O staining was also
performed with all of the livers to estimate the degree of
hepatic steatosis. For immunohistochemical analysis, a
Kyowa staining kit (Kyowa Medics, Tokyo, Japan) in
combination with anti-�-smooth muscle actin (1:50 di-
lution; Dako Corporation, Carpinteria, CA), anti-
TGF-�1 (1:200 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-8-hydoxy-2�-deoxyguanosine (8-
OHdG) at a concentration of 5 �g/ml (Nikken Foods
Co., Fukuroi, Japan), or anti-4-hydroxy-2-nonenal pro-
tein (4-HNE, 1:500 dilution; Nikken Foods Co., Fuku-
roi, Japan) was used. To estimate the development of liver
fibrosis and �-smooth muscle actin–positive cells, areas of
the digital photomicrographs were quantified with a com-
puterized image analysis system (Macintosh MacSCOPE
version 2.591). For quantification of 8-OHdG, micro-
scopic areas of the livers of all experimental animals were
selected randomly at an original magnification of �200.
Because staining for 8-OHdG predominantly occurs in
the cell nuclei, all brown-stained (DAB, positive signal)

and blue-stained (hematoxylin, negative signal) nuclei
were counted and expressed as percentage of more than
1000 cells as described.9

Real-Time RT-PCR for Quantitative Assessment of
mRNA Expression. Total RNA was extracted using
trizol reagent according to the manufacturer’s recom-
mended protocol (Life Technologies, Grand Island, NY).
RNA extracts were reverse-transcribed with random hex-
amers and avian myeloblastosis virus reverse transcriptase
using a commercial kit (Takara, Kyoto, Japan). Real-time
RT-PCR was performed for quantitative assessment of
mRNA expression on an ABI Prism 7000 Sequence De-
tection system (Applied Biosystems, Tokyo, Japan) ac-
cording to the manufacturer’s protocol. Probes and
primers for TGF-�1 (ID: Rn00572010_A1), tumor ne-
crosis factor alpha (TNF-�; ID: Rn00562055_m1),
type I collagen �1 (ID: Rn00801649_g1), connective
tissue growth factor (CTGF; ID: Rn00573960_g1),
and tissue inhibitor of metalloproteinase–1 (TIMP-1; ID:
Rn00587558_m1) were purchased from Applied Bio-
systems. Relative expression of target gene mRNA
was normalized to the amount of GAPDH (ID:
Rn99999916_s1) mRNA in an identical cDNA sample
using the standard curve method recommended by the
manufacturer.

Statistics. All data are shown as means � SDs. Statis-
tical significance, defined as P � 0.05, was determined by
the unpaired t test.

Results

ARB Attenuated Development of MCD-Induced
Hepatic Steatosis. Rats fed the MCD diet had an in-
creased liver weight/body weight ratio (liver/body ratio)
and higher levels of plasma ALT and AST compared to
those of rats fed the standard diet (Table 1). Treatment of
the MCD-fed rats with olmesartan, an ARB, attenuated
the increase in liver/body ratio relative to that in MCD-
fed rats that did not receive ARB treatment (P � 0.01,
Table 1). Oil red–O staining showed that treatment with
ARB attenuated the development of MCD-induced ste-
atosis by 35% (45.16% � 3.30% versus 29.47% �
9.09%, P � 0.01; Fig. 1A,B).

Liver Fibrosis Was Dramatically Suppressed by
ARB. Histological analysis of the livers of the MCD-fed
rats revealed severe fibrosis of a perivenular, periportal,
and portocentral bridging fibrotic pattern, with severe
steatosis (Fig. 2A). In contrast, ARB significantly lessened
the development of liver fibrosis (Fig. 2A). Image analysis
showed that the extent of liver fibrosis in MCD-fed rats
treated with ARB was reduced by about 70%, compared
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with that in MCD-fed rats not treated with ARB (5.81 �
1.26% vs. 1.33% � 0.43%, P � 0.001; Fig. 2B).

Figure 3A shows by real-time RT-PCR that the MCD-
induced increased expression of type I collagen �1 mRNA
was also decreased by treatment with ARB (1.34 � 0.51
vs. 0.36 � 0.21, P � 0.001). We next carried out immu-
nohistochemical analysis of �-smooth muscle actin (�-
SMA)–positive cells to examine the effect of ARB on
activation of hepatic stellate cells (HSCs) during the de-

velopment of liver fibrosis. Immunostaining for �-SMA,
a marker of HSC activation, was significantly increased by
the MCD diet (0.046% � 0.005% vs. 0.296% �
0.128%, P � 0.01; Fig. 3B,C) and reduced by approxi-
mately 84% on treatment with ARB (0.296% � 0.128%
versus 0.046% � 0.019%, P � 0.001; Fig. 3B,C).

Liver fibrosis results from accumulation of type 1 col-
lagen and from inhibition of collagen degradation by in-
terstitial collagenase. TIMP-1 plays a key role in
regulating the accumulation of extracellular matrix
through inhibition of many matrix metalloproteinases.10

TIMP-1 expression was greater in the livers of MCD-fed
rats than in the livers of normal rats (4.78 � 1.40 vs.
1.00 � 0.25, P � 0.001; Fig. 4). Furthermore, ARB
treatment significantly attenuated the MCD-induced up-
regulation of TIMP-1 (4.78 � 1.40 versus 2.04 � 0.21,
P � 0.001).

TGF-�1 But Not CTGF Was Involved in Liver
Fibrosis in NASH. Angiotensin II is profibrogenic, an
effect mediated by its induction of TGF-�1.11,12 We
therefore examined the expression of TGF-�1 in the livers
of MCD-fed rats. Real-time RT-PCR showed that the
expression of TGF-�1 mRNA was up-regulated in the
livers of MCD-fed rats compared with that in normal rats
(2.91 � 0.85 versus 1.00 � 0.23, P � 0.001; Fig. 5A) and
that 51% reduction in this up-regulation was achieved by
ARB treatment (2.91 � 0.85 vs. 1.45 � 0.16, P �
0.001). This observation was confirmed by immunostain-
ing for TGF-�1 (Fig. 5B), proving that MCD up-regu-

Table 1. Effect of ARB on Body/Liver Weight Ratio of MCD-
Fed Rats

Normal
(n � 4)

MCD
(n � 7)

MCD�ARB
(n � 7)

Liver/body ratio (%) 3.12 � 0.12 4.06 � 0.42* 3.00 � 0.13*†
ALT (U/l) 53 � 8 276 � 37* 256 � 94*
AST (U/l) 73 � 7 287 � 51* 171 � 66*†

*P � 0.01 compared with the normal group; †P � 0.01 compared with the
MCD-fed rats.

Rats fed an MCD diet had a greater liver weight/body ratio (liver/body ratio)
and higher levels of plasma ALT and AST. ARB prevented the increase in the
liver/body ratio. There was a significant decrease in the body/liver weight ratio of
rats administered ARB. Data represent means � SDs.

Normal, normal diet and untreated drinking water (n � 4); MCD, methionine-
choline–deficient diet and untreated water (n � 7); MCD�ARB, MCD diet and
water treated with AT1 receptor antagonist ARB (olmesartan, 0.0005% in drinking
water, approximately 0.75 mg/kg/day) for 15 weeks (n � 7); AST, aspartate
aminotransferase; ALT, alanine aminotransferase.

Fig. 1. ARB attenuated the development of MCD-induced hepatic
steatosis. (A) Oil red–O staining of liver sections showed that adminis-
tration of ARB attenuated the development of MCD-induced hepatic
steatosis. (B) Image analysis of the Oil red–O–stained liver sections was
performed by an image analysis system. ARB significantly attenuated
hepatic steatosis. Data are shown as means � SDs (*P � 0.001 versus
MCD-fed rats, n � 7).

Fig. 2. ARB dramatically prevented liver fibrosis. (A) Paraffin-embed-
ded sections derived from control-diet-fed rats, MCD-fed rats, and
MCD-fed rats treated with ARB were processed for Azan staining (original
magnification �200). (B) Degree of development of liver fibrosis was
quantified using a computerized image analysis system. Liver fibrosis
area is shown as a percentage of the microscopic field. Liver histology of
MCD-fed rats exhibited severe fibrosis. Administration of ARB significantly
attenuated development of fibrosis in MCD-fed rats. Data are shown as
means � SDs (*P � 0.001 versus MCD-fed rats, n � 7).
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lates TGF-�1 expression, which is attenuated by
treatment with ARB.

CTGF is now thought to be a potent profibrotic factor
and has been implicated in fibrotic processes. It has been
described as a mediator of TGF-�1–induced and angio-
tensin II–induced fibrosis.13,14 In the present study, the
expression of CTGF mRNA in MCD-fed rats tended to
increase but not significantly compared with that in nor-
mal rats. ARB, however, did not influence the expression
of CTGF mRNA (Fig. 6). Therefore, CTGF may not be
involved in the development of hepatic fibrosis, at least
not in our NASH model.

ARB-Induced Suppression of TNF-� Expression
and Reduction of Oxidative Stress May Be Involved in
Its Attenuation of Liver Fibrosis. TNF-� has been
widely implicated in the pathogenesis of NASH. Relative
expression of TNF-� mRNA was higher in the livers of
MCD-fed rats than in those of the control group (4.78 �
2.16 versus 1.00 � 0.44, P � 0.03; Fig. 7). However, this
enhanced expression of TNF-� was suppressed by treat-
ment with ARB (4.78 � 2.16 versus 1.99 � 0.47, P �
0.01).

Deposition of 8-OHdG, a marker of oxidative stress,
in the liver sections was investigated immunohistochemi-
cally. 8-OHdG staining of nuclei was more frequent in
the liver sections of MCD-fed rats (69.16% � 5.73%
versus 80.80% � 5.83%, P � 0.03; Fig. 8). However, the
number of 8-OHdG-positive nuclei was markedly re-
duced by ARB (80.80% � 5.83% versus 62.64% �
10.12%, P � 0.001). Expression of 4-HNE, another
marker of oxidative stress, in the liver sections was also
estimated immunohistochemically. The number of hepa-
tocytes staining positive for 4-HNE was increased by the
MCD diet and reduced by ARB treatment (data not
shown).

Discussion
Nonalcoholic fatty liver disease (NAFLD) is now the

most common cause of chronic liver disease in developed

Fig. 3. Expression of type 1 collagen �1 and �-SMA in livers of MCD-fed rats. (A) Quantitative RT-PCR showed that treatment with MCD diet
increased expression of collagen1-�1 mRNA. This was significantly reduced by ARB. Data are shown as means � SDs (*P � 0.001 versus MCD-fed
rats, n � 7). (B) Immunohistochemical staining for �-smooth muscle actin (�-SMA). Representative liver samples derived from control-diet-fed rats,
MCD-fed rats, and MCD-fed rats treated with ARB (original magnification �100). (C) Estimated area of the immunohistochemical staining for �-SMA.
Estimation of the �-SMA-positive area was quantified using a computerized image analysis system (Macintosh MacSCOPE version 2.591). The area
of �SMA staining is shown as a percentage of liver area (ARB administration significantly reduced MCD-induced expression of �-SMA). Data are
shown as means � SDs. *P � 0.001 versus MCD-fed rats, n � 7.

Fig. 4. ARB-attenuated expression of TIMP-1 in the livers of MCD-fed
rats. Quantitation of mRNA by real-time RT-PCR showed that the signif-
icant increase in TIMP-1 after treatment with the MCD diet was reduced
by treatment with ARB. Data are shown as means � SDs. *P � 0.001.
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countries. Its histological spectrum ranges from steatosis
to steatosis with inflammation through fibrosis to cirrho-
sis and hepatocellular carcinoma.1 Nonalcoholic steato-
hepatitis (NASH) is considered the progressive form of
NAFLD. The public health importance of NAFLD and
the unavailability of proven and effective therapies drive
the search for greater understanding of the pathophysiol-
ogy and novel therapeutic pathways of this disease.

The RAS in the liver is a potentially novel pathway that
may offer an effective therapy. Angiotensin II (Ang II),
the effector peptide of the RAS, appears to play a major
role in liver fibrogenesis.15 Ang II, through activation of
AT1 receptors, regulates cell growth, inflammation, and
fibrosis and contributes to the progression of injury in
organs apart from the liver. This receptor is locally ex-

pressed by activated HSCs, and activated HSCs generate
angiotensin II de novo.16,17 In recent studies, pharmaco-
logical and/or genetic ablation of the renin-angiotensin
system markedly attenuated experimental liver fibrosis.5-

7,18 But the pathogenesis of liver fibrosis due to NASH,
including its relationship to the RAS, is not well under-
stood.

This study was undertaken to determine whether the
ARB, olmesartan, affects the progression of hepatic fibro-
sis in a rat model of NASH using an MCD diet. Rats were
fed this injurious diet for 15 weeks, after which they were
assessed for degree of steatosis, HSC activation plus in-
duction of collagen gene expression, and expression of
mediators that contribute to injury and fibrosis in human
NASH, namely, TNF-�, TGF-�1, and CTGF along

Fig. 6. ARB did not affect expression of CTGF mRNA in rats fed with
MCD. Expression of CTGF mRNA in MCD-fed rats tended to increase
compared to that in normal rats. ARB, however, did not affect expression
of CTGF mRNA. Data are shown as means � SD.

Fig. 5. ARB attenuated expression of TGF-�1 in the livers of MCD-fed rats. (A) Quantitation of mRNA by real-time RT-PCR showed that MCD-induced
expression of TGF-�1 mRNA was significantly reduced by ARB. Data are shown as means � SDs. (B) Immunohistochemical staining for TGF-�1.
Representative liver samples derived from control rats, MCD-fed rats and MCD-fed rats treated with ARB (original magnification �100). Overexpressed
TGF-�1 around central vein in MCD-fed rats was suppressed with ARB treatment.

Fig. 7. ARB attenuated expression of TNF-� mRNA in MCD-induced
steatohepatitis. Quantitation of mRNA by real-time RT-PCR showed that
ARB significantly reduced the induction of TNF-� mRNA seen after
treatment with the MCD diet. Data are shown as means � SDs.
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with markers of oxidative stress. Although the MCD
model does not wholly recapitulate the human form of
this disease, it is nevertheless a well-recognized and ac-
cepted model of NASH19 and as such allowed us to study
NASH-induced liver injury and mediators of it. Our re-
sults showed that treatment with ARB markedly reduced
the degree of steatosis, the extent of fibrosis, and activa-
tion of HSCs (Figs. 1-4). Induction of TGF-�1 was also
suppressed as were 8-OHdG and 4-HNE, markers of ox-
idant stress (Fig. 8). However, expression of CTGF was
unaffected by ARB (Fig. 6). These results indicate that the
AT1 receptor blockade suppresses HSC activation and
collagen synthesis by HSCs in response to MCD feeding.
Moreover, the AT1 blockade also suppresses TNF-� ex-
pression and reduces oxidant stress (Figs. 7 and 8).

The profibrogenic effect of Ang II is associated with an
increased concentration of TGF-�1.3 A previous study
demonstrated that angiotensin induced expression of
TGF-�1.18,20 The overproduction of TGF-�1 induced
by Ang II stimulated synthesis of matrix proteins, inhib-
ited degradation of the matrix, and enhanced expression
of integrin, which facilitates matrix assembly. As a result,
TGF-�1 was shown to have powerful fibrogenic action.
In our study, reduced expression of TGF-�1 mRNA was
observed in the livers of MCD-fed rats treated with ARB,
supporting that Ang II has such an action on TGF-�1
expression in hepatic stellate cells.

Connective tissue growth factor (CTGF) has recently
received much attention as a possible key determinant of
progressive fibrosis and excessive scarring. Expression of
CTGF is also up-regulated in numerous fibrotic diseases
including atherosclerosis and lung, skin, pancreas, kid-
ney, and liver fibrosis.21,22 Several intracellular signals
elicited by Ang II are involved in the synthesis of CTGF,23

and CTGF is described as a mediator of TGF-�1.13 To

investigate the potential link between CTGF and Ang II
in our rat MCD model of NASH, we examined expres-
sion of CTGF mRNA in the liver by real-time RT-PCR.
Our results showed that CTGF mRNA expression tended
to be higher in MCD-fed rats, although not significantly
so, than in normal rats, but treatment with ARB did not
influence this expression. Therefore, CTGF may not be
an important factor for the development of liver fibrosis,
at least in the MCD NASH model. Alternatively, the
antifibrotic action of ARB in this model was independent
of its reduction of CTGF expression.

During liver injury, it is the overexuberant deposition
of matrix proteins that causes fibrosis and eventually cir-
rhosis. The deposited extracellular matrix protein is de-
graded by matrix metalloproteinase (MMP).24 TIMP-1
plays an important role in the progression of liver fibrosis
by inhibiting the activity of MMPs.25 In our study, ex-
pression of TIMP-1 mRNA increased in the livers of
MCD-fed rats relative to that in the normal rats. In addi-
tion, up-regulated TIMP-1 mRNA expression was signif-
icantly reduced with ARB treatment.

Regarding the involvement of TNF-�, a recent study
demonstrated that TIMP-1 expression was regulated by
TNF-� in activated HSCs.26 In the present study, pro-
duction of TNF-� was reduced in the livers of MCD-fed
rats treated with ARB. The observed reduction in
TIMP-1 expression might therefore be a consequence of
the reduced expression of TNF-�. These results suggest
that not only may ARB attenuate the progression of he-
patic fibrosis in NASH but it may also enhance the deg-
radation of expressed matrix proteins as well as abrogate
the mechanisms involved in the inflammatory cascade in
steatohepatitis. The potential utility of ARB in NASH is
indicated by a recent study that showed the therapeutic
efficacy of the Ang II receptor blocker, losartan, in pa-
tients with NASH.8

In addition to steatosis (the first hit), the development
of steatohepatitis requires an additional factor (the second
hit).27 One second hit is oxidative stress, and induced
chronic exposure to reactive oxygen species (ROS) is
deemed important in the progression of fibrosis in steato-
hepatitis.28-30 A previous study showed that generation of
ROS in hepatocytes increased collagen production in
HSCs,31 and antioxidants attenuated the development of
fibrosis.32 These results suggest that oxidative stress is pro-
fibrogenic. Our present results with ARB showed that
AT1 receptor blockade could significantly reduce the ox-
idative stress associated with steatohepatitis.

TNF-� is also a key cytokine in the progression from
steatosis to steatohepatitis.33 TNF-activated stress-related
kinases directly affect mitochondria and lead to the pro-
duction of ROS.34 Important sources of TNF-� are not

Fig. 8. ARB-attenuated oxidative stress in MCD diets induced steato-
hepatitis. Immunostaining for 8-OHdG. The frequency of 8-OHdG-positive
nuclei in MCD-fed rats increased significantly (P � 0.05). ARB signifi-
cantly reduced the frequency of 8-OHdG-positive nuclei (P � 0.01). Data
are shown as means � SDs (*P � 0.05, *P � 0.01).
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only Kupffer cells but also adipocytes,35 and the present
study showed that ARB significantly attenuated not only
steatosis but also TNF-� expression in the livers of MCD-
fed rats. The reduction in the liver/body ratio may be a
result of the improvement of the hepatic steatosis in the
livers of rats treated with ARB.

Recently, an ARB was shown to be taken up into cells
without binding to the AT1 receptor.36 Therefore, mech-
anisms other than AT-1 blockage may have been involved
in the effects of ARB observed in the present study.

In conclusion, we have shown that treatment with an-
giotensin II type I receptor blocker attenuated the pro-
gression of hepatic steatosis, activation of hepatic stellate
cells, expression of transforming growth factor beta 1, and
liver fibrosis in the rat methione-choline-deficient diet
model of nonalcoholic steatohepatitis. Induction of tu-
mor necrosis factor alpha was also reduced as was the
degree of oxidative stress. Therefore, angiotensin II type I
receptor blocker appears to be a promising as a potential
preventive therapy for nonalcoholic steatohepatitis.
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Hepatitis B Viral Load Predicts Survival of HCC
Patients Undergoing Systemic Chemotherapy

Winnie Yeo,1 Frankie K. F. Mo,1 Stephen L. Chan,1 Nancy W. Y. Leung,2 Pun Hui,1 Wai-Yip Lam,3 Tony S. K. Mok,1

Kowk C. Lam,1 Wing M. Ho,1 Jane Koh,1 Julian W. Tang,3 Anthony T. Chan,1 and Paul K. S. Chan3,4

HCC is a common cause of morbidity and mortality. For patients who are not candidates for
curative surgery, systemic chemotherapy is one of the standard treatments. In parts of China
and the Far East, over 80% of HCC patients have chronic HBV infection. In this study, we
aimed to assess the relationship between pre-chemotherapy HBV viral load and the survival
of HCC patients. HBV infection status was determined prior to chemotherapy in 188
patients, 170 of whom had evidence of HBV chronic infection/exposure (160 hepatitis B
surface antigen [HBsAg]-positive, 10 HBsAg-negative/hepatitis B core antibody–positive).
Of these, 125 had pretreatment HBV DNA levels determined via real-time PCR. Virological
data were analyzed using conventional clinical variables to identify factors that influenced
survival. Multivariate analysis revealed that high total bilirubin (P � 0.0016; hazard ratio �
1.040 per 1 �M increase; 95% CI 1.015-1.065), HCV infection (P � 0.0095; hazard ratio �
6.955; 95% CI 1.606-30.129), and high HBV DNA level (P � 0.0217; hazard ratio � 1.650;
95% CI 1.076-2.531) affected survival significantly. Exploratory analysis revealed that high
levels of pretreatment HBV DNA had a significantly higher incidence of severe hepatitis
during chemotherapy. Conclusion: For HCC patients with HBV chronic infection/exposure,
a high viral load prior to treatment is an adverse factor for survival and may be associated
with a higher incidence of severe hepatitis during chemotherapy. Future strategies to im-
prove the prognosis of HCC patients undergoing chemotherapy should consider supportive
therapy that incorporates antiviral therapies to reduce HBV viral load. (HEPATOLOGY 2007;45:
1382-1389.)

Hepatocellular carcinoma accounts for 5% of
cancer incidence worldwide. It is one of the
most common causes of cancer morbidity and

mortality in Southeast Asia and China,1,2 and in the
United States its incidence has increased by more than
90% in the past 3 decades.3 It is a highly aggressive cancer
with a rapid progression, and only 10%-20% of patients
are candidates for curative surgery.4,5 For the remaining

80% who have unresectable tumors, the prognosis is
poor. Apart from large primary lesions, multifocal disease,
invasion and thrombosis of major blood vessels, and ex-
trahepatic metastases, one of the major reasons that wors-
ens the prognosis of these patients is the coexistence of
advanced cirrhosis with poor hepatic reserve; in Southeast
Asia and China, this is associated with chronic HBV in-
fection in 85% of patients,6,7 resulting in a median sur-
vival of only 4 months.8,9

Patients with unresectable disease could be consid-
ered for some form of locoregional therapy such as
transarterial chemoembolization,10,11 percutaneous
ethanol injection,12,13 thermal ablation,14,15 or internal
radiotherapy.16 However, it must be emphasized that
these locoregional therapies are only effective in pa-
tients with small tumors, which represents a minor
proportion of patients with unresectable disease.17 For
the majority of patients with unresectable HCC,
systemic chemotherapy and supportive therapy— espe-
cially for patients with poor liver function (i.e., Child-
Turcotte-Pugh grade C cirrhosis)—remain the only
option of palliative management.

Abbreviations: anti-HBc, hepatitis B core antibody; HBsAg, hepatitis B surface
antigen.
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Several studies have investigated prognostic factors in
patients with hepatocellular carcinoma and prognostic
systems, including the CLIP, BCLC, French, Central Eu-
ropean and Chinese systems, have been reported to enable
differentiation of patients with favorable and adverse
prognosis.18-24 While most studies have been based on
patient population associated with hepatitis C infection
and alcoholic liver disease,19-22 there are limited data
based on those associated with chronic hepatitis B infec-
tion.23 Further, to date, there are no studies that assessed
whether pre-chemotherapy hepatitis B viral load provides
prognostic information in addition to conventional clin-
ical factors for patients with unresectable disease.

The goal of the present study was to assess the signifi-
cance of pre-chemotherapy hepatitis B viral load (HBV
DNA levels) in the survival of HCC patients who partic-
ipated in our recently reported phase 3 prospective ran-
domized chemotherapy study.25

Patients and Methods
The study population consisted of 188 patients partic-

ipating a phase 3 randomized controlled trial comparing
the efficacy and tolerability of 2 different thrice-weekly
palliative chemotherapeutic regimens: (1) doxorubicin
(60 mg/m2 on day 1 every 3 weeks) and (2) combination
chemotherapy (cisplatin 20 mg/m2 day 1-4, IFN-�2b 5
MU/m2 day 1-4, doxorubicin 40 mg/m2 day 1, 5-flu-
orouracil 400 mg/m2 day 1-4) from 1999 to 2003.25 Pa-
tients were eligible for the study if they had histologically
confirmed unresectable or metastatic HCC and fulfilled
other entry criteria, including: age 15-75 years; Eastern
Co-Operative Group performance score between 0-2; ad-
equate hematological function (white cell count �3 �
109/l, platelet count �100 � 109/l); adequate hepatic
function (total bilirubin �30 �M); and adequate renal
function (creatinine clearance �50 ml/min). None of the
studied patients received interferon or antiviral therapy
before starting chemotherapy. Surgical resectability was
assessed jointly with hepatobiliary surgeons in the Joint
Hepatoma Clinic; patients who had small surgically re-
sectable tumors (�3 cm) but who were medically unfit
were offered intralesional ethanol injection and were not
considered for systemic chemotherapy. For other pa-
tients, systemic chemotherapy was considered as the first-
line treatment modality until 2002. Since 2002, HCC
patients who were not amenable to surgery or ethanol
injection—in the absence of extrahepatic disease and ma-
jor vessel involvement and with adequate liver func-
tions—were considered for locoregional therapy using
transarterial chemoembolization as a first-line treatment
based on its proven benefit in this subgroup of pa-
tients.10,11

Investigations. Prior to chemotherapy, serum was
collected from each patient for virological assessment.
The presence of hepatitis B surface antigen (HBsAg) was
screened with AXSYM HBsAg V2 and confirmed with
the AXSYM HBsAg Confirmatory V2 (Abbott Laborato-
ries, Abbott Park, IL). Total hepatitis B core antibody
(anti-HBc) was detected with AXSYM CORE (Abbott
Laboratories). All patients were tested for HCV antibody
using the AXSYM HCV V3 (Abbott Laboratories) and
for HCV RNA using reverse-transcription PCR with the
primers 209, 211, 939, and 940, as described.26 Patients
who tested positive for HBsAg or anti-HBc were further
tested for serum HBV DNA level using real-time PCR as
described previously.27 The real-time PCR assay has been
shown to accurately detect samples ranging from 10 to
109 copies of HBV DNA per milliliter.

During the course of chemotherapy, on day 1 and day
10 of each thrice-weekly cycle, complete blood picture,
renal, and liver function tests were monitored with clini-
cal signs and symptoms in all patients. Monitoring of
these parameters was continued for 8 weeks after comple-
tion of chemotherapy. All toxicities were graded accord-
ing to U.S. National Cancer Institute Common Toxicity
Criteria recommendations on acute and subacute toxicity
of cancer treatment using NCI CTC version 2.0 (Na-
tional Cancer Institute, Bethesda, MD). The chemother-
apy was planned for up to six cycles. Treatment was
stopped in the event of progressive disease or intolerable
side effects.

Prognostic Clinical Variables. The following con-
ventional clinical prognostic variables were included as
potential clinical covariates: age, sex, Eastern Co-Opera-
tive Group performance score, total bilirubin, ALT and
albumin levels, prothrombin time, hemoglobin level, al-
pha-fetoprotein, presence of cirrhosis (based on radiolog-
ical or histological assessment via Child-Turcotte-Pugh
classification), presence of ascites, vascular involvement
(i.e., presence of vascular invasion of the portal veins,
hepatic veins, or inferior vena cava on imaging), Okuda
staging of HCC,18 and tumor–node–metastasis staging of
HCC.28

Statistical Analysis. Survival time was measured
from the date of randomization to the date of death or last
contact. Survival differences were calculated using the
Kaplan-Meier method. Virological data were analyzed
with conventional clinical variables at the time of entry
into the study to identify factors that influenced survival
via the Cox proportional hazards model. Multivariate
analysis was performed using a stepwise model-building
procedure based on a significance value of P � 0.05 for
both inclusion and exclusion of prognostic factors. The
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statistical analysis was performed using SAS version 8
software.

Results
Of the 188 patients in the study, 3 did not have serum

available for analyses (although 2 were noted to have
chronic HBV infection in their case notes) (Fig. 1). Of
these 188 patients, 170 (91.9%) were found to have evi-
dence of HBV infection; 160 (86.5%) were HBsAg-pos-
itive, and 10 (5.4%) were HBsAg-negative but anti-HBc–
positive. Seven patients (3.8%) had evidence of hepatitis
C infection (positive for both HCV antibody and serum
HCV RNA); including 4 (2.2%) who had HBV chronic
infection/exposure. Twelve patients (6.5%) were negative
for all viral analyses. None showed discrepant results be-
tween anti-HCV antibody and HCV RNA. Of the 170
patients with evidence of HBV chronic infection/expo-
sure, 125 had sera available for determination of HBV
DNA levels and were included in the study.

The characteristics of the 125 patients with HBV
chronic infection/exposure are illustrated in Table 1. The
median age of the patients was 49 years (range, 19-72);
115 were males (92%). Ninety percent of the patients had
an Eastern Co-Operative Group performance score of 0.
One hundred nineteen were HBsAg-positive, and 6 were
HBsAg-negative/anti-HBc–positive (including 2 with
HBV DNA levels of 107.09 and 107.25 copies/ml, respec-
tively). Eighty patients (63.4%) had an HBV DNA level
higher than 105.65 copies/ml. Of the 45 patients who had
viral load below this level, 41 were HBsAg-positive, while
4 were HBsAg-negative/anti-HBc–positive. Thirty-one
patients (24.8%) were hepatitis B e antigen–positive.
Two patients (1.6%) had HCV infection.

The median ALT activity was 67 IU/l (range, 13-346).
The median values for other laboratory tests were as fol-

Table 1. Patient Characteristics

Characteristics No. (%) Values

No. of patients 125 (100)
Median age, years (range) 49 (19–72)
Male 115 (92)
ECOG performance score

0 112 (90.3)
1 12 (10.0)
2 1 (0.7)

HBsAg-positive:HBsAg-negative/
anti-HBc–positive 119:6 (95.2:4.8)

HBV DNA level (�105.65

copies/ml) 80 (63.4)
HBeAg-positive 31 (24.8)
HCV infection 2 (1.6)
Median baseline biochemistry

and hematology (range)
Total bilirubilin, �M 12 (4–46)
Albumin, g/l 34 (22–46)
ALT, IU/l 67 (13–346)
Prothrombin time, s 11.4 (9.3–14.7)
Alpha-fetoprotein, ng/ml 3,375 (2–1,892,600)
Hemoglobin, g/dl 13.6 (8.9–18.2)

Presence of cirrhosis 58 (46.4)
Child-Turcotte-Pugh grade

A 42 (33.6)
B 16 (12.8)

Presence of ascites 10 (8)
Presence of vascular invasion 66 (52.8)
Okuda stage

I 6 (4.8)
II 112 (89.6)
III 7 (5.6)

TNM stage
I 16 (12.8)
II 23 (18.4)
III 66 (52.8)
IV 20 (16.0)

Combination versus single-
agent chemotherapy 63:62 (50.4:49.6)

Median survival, months (95%
CI) 6.83 (5.50–8.53)

Abbreviations: ECOG, Eastern Co-Operative Group; TNM, tumor–node–metasta-
sis.

Fig. 1. Virological assessment of HCC patients undergoing chemotherapy.
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lows: albumin level, 34 g/l (range, 22-46); prothrombin
time, 11.4 s (range, 9.3-14.7); hemoglobin level, 13.6
g/dl (range, 8.9-18.2); and alpha-fetoprotein level, 3,375
ng/ml (range, 2-1,892,600). The median total bilirubin
level was 12 �M (range, 4-46). There were 4 patients in
the combination chemotherapy group and 3 in the doxo-
rubicin group who had an initial bilirubin level at study
entry above the exclusion level that did not normalize
before the start of treatment but were included in the
analysis of the randomized chemotherapy study.25 Evi-
dence of cirrhosis was found in 58 (46.4%) patients; 57
were HBsAg-positive, and 1 was HBsAg-negative/anti-
HBc–positive with HCV infection. Of these, 42 (33.6%)
had Child-Turcotte-Pugh grade A cirrhosis; the other 16
(12.8%) had Child-Turcotte-Pugh grade B cirrhosis. Ten
patients (8%) had ascites.

Sixty-six of the 125 patients (52.8%) had vascular in-
vasion. Most patients had extensive tumor involvement
(95.2% Okuda stage II and above; 87.2% tumor–node–
metastasis stage II and above). The number of patients

who received combination versus single-agent chemo-
therapy was 63 and 62, respectively. The median survival
of the patients was 6.83 months (95% CI 5.50-8.53).

Prognostic Effect of Virological and Clinical Vari-
ables on Survival. Univariate and multivariate analyses
were performed to investigate the prognostic effect of vi-
rological and clinical variables simultaneously. The results
are listed in Table 2.

Univariate analysis revealed that the following pre-
treatment factors had a significant effect on survival: high
HBV DNA level (defined as �105.65 copies/ml), hepatitis
B e antigen positivity, HCV infection, high serum total
bilirubin, high serum ALT, prolonged prothrombin time,
high serum alpha-fetoprotein, presence of ascites, and ad-
vanced Okuda staging of HCC.

Multivariate analysis revealed that high serum total bil-
irubin (P � 0.0016; hazard ratio � 1.040 per 1 �M
increase; 95% CI 1.015-1.065), HCV infection (P �
0.0095; hazard ratio � 6.955; 95% CI 1.606-30.129),
and high HBV DNA level (P � 0.0217; hazard ratio �
1.650; 95% CI 1.076-2.531) had a significant effect on
survival. Figure 2 illustrates the survival of patients with
high and low pre-chemotherapy viral load.

Exploratory Analysis of Pretreatment HBV Viral
Load and Occurrence of Hepatitis During Chemo-
therapy. Severe hepatitis during chemotherapy was de-
fined by an elevated ALT level of grade 3 or more
according to NCI CTC version 2.0 software,26 which
refers to an ALT level of more than 5 times the institu-
tional upper limit of normal of 58 IU/l (i.e., 290 IU/l)
during treatment irrespective of baseline level. Three pa-
tients had baseline ALT levels that exceeded 290 IU/l,
though none developed severe hepatitis during chemo-
therapy. Twenty-one of the 119 HBsAg-positive patients
but none of the HBsAg-negative/anti-HBc–positive pa-
tients developed severe hepatitis. The mean serum level of
pretreatment HBV DNA for patients who developed se-

Fig. 2. Survival of patients with high and low HBV DNA load.

Table 2. Factors Identified on Univariate and Multivariate
Analyses that Influenced Survival in HCC Patients

Undergoing Chemotherapy

Factors
P Value (Cox
Regression)

Hazard
Ratio 95% CI

Univariate analysis
Age, years 0.7673 1.003 0.986–1.020
Sex (F:M) 0.2973 0.663 0.307–1.435
ECOG performance

score 0.7560 0.892 0.432–1.838
HBsAg-positive 0.1470 2.342 0.741–7.396
HBeAg-positive 0.7751 0.937 0.601–1.461
HBV DNA level (cut at

105.65 copies/ml) 0.0095 1.714 1.141–2.576
HCV infection 0.0159 5.878 1.393–24.805
Total bilirubilin 0.0007 1.042 1.018–1.067
ALT 0.0036 1.005 1.002–1.009
Albumin 0.0736 0.964 0.926–1.004
Prothrombin time 0.0296 1.203 1.019–1.422
Hemoglobin 0.7938 1.012 0.925–1.108
Alpha-fetoprotein 0.0406 1.054 1.002–1.109
Cirrhosis (Child-

Turcotte-Pugh
grade A vs. grade
B vs. no cirrhosis) 0.0934 1.267 0.961–1.669

Presence of ascites 0.0343 2.052 1.055–3.995
Vascular invasion 0.1168 1.360 0.926–1.997
Okuda stage 0.0041 3.124 1.435–6.802
TNM stage (I � II vs.

III � IV) 0.1293 1.179 0.953–1.458
Multivariate analysis

Total bilirubin 0.0016 1.040 1.015–1.065
HCV infection 0.0095 6.955 1.606–30.129
HBV DNA level (cut at

105.65 copies/ml) 0.0217 1.650 1.076–2.531

Abbreviations: ECOG, Eastern Co-Operative Group; TNM, tumor–node–metasta-
sis.
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vere hepatitis during chemotherapy was 107.46�1.88, and
the corresponding level for those who had grade 0-2 tox-
icity was 106.46�1.74 (P � 0.0194). Although not statisti-
cally significant, there was a trend of poorer survival for
patients who had developed severe hepatitis during che-
motherapy (P � 0.55) (Fig. 3).

Discussion
Our study confirmed chronic HBV infection as one of

the main etiological factors (85.6%) of HCC in our geo-
graphical area, with another 5.4% having evidence of
HBV exposure. Hepatitis C infection accounted for 3.8%
of the study population, with 2.2% of patients being af-
fected by HBV chronic infection/exposure. Chronic
HBV infection is associated with a more than 200-fold
increase in risk of HCC development compared with
healthy individuals.29 Serum HBV DNA levels in patients
with chronic HBV infection have been shown to be sig-
nificantly associated with disease activity and disease pro-
gression.30-32 HBV is also recognized to have both direct
and indirect roles in hepato-carcinogenesis.33-37 More re-
cent studies have demonstrated HBV viral load to be
more sensitive in reflecting viral replication and predict-
ing risk of HCC.38-41 Using sensitive real-time PCR, a
level of HBV DNA greater than 105 copies/ml has been
associated with a 7-fold to 9-fold increase in risk of
HCC.40 On the other hand, the administration of antivi-
ral agents suppresses HBV replication and has been
shown to delay clinical progression of chronic HBV in-
fection with advanced fibrosis or cirrhosis, with signifi-
cant reduction in the incidence of hepatic
decompensation and risk of HCC.42 Although the role of
HBV DNA in risk stratification and chemoprevention in
HCC among patients with chronic HBV infection is in-
creasingly recognized, its role in prognostication for pa-

tients with established HCC has not been defined. The
present study, which was conducted before prophylactic
antiviral therapy was widely practiced for patents who
were planned for chemotherapy,43,44 has allowed this is-
sue to be addressed.

Our previous study identified low bilirubin level, high
albumin level, and low ALT level as favorable prognostic
factors among HBV-related HCC patients receiving sys-
temic chemotherapy.25 By quantifying pre-chemotherapy
HBV DNA level in the same patient population, the
present study has shown that a pre-chemotherapy viral
load higher than 105.65 copies/ml is associated with poorer
survival in HCC patients with chronic HBV infection,
and this association is independent of an individual’s he-
patic reserve, tumor, and clinical factors. To the best of
our knowledge, this is the first study addressing the prog-
nostic value of HBV DNA in the survival of patients with
inoperable HCC undergoing systemic chemotherapy.

Patients with chronic hepatitis B infection undergoing
immunosuppressive chemotherapy have been well recog-
nized to be affected by HBV reactivation during treat-
ment.45 HCC patients who are treated with
chemotherapy in our geographical area present a unique
clinical entity. Apart from having the highest rate of
chronic HBV infection and chronic liver disease, HCC is
a male-predominant disease with a male/female ratio of
3.4:1,1 and one of the most common components of the
standard systemic chemotherapy for the disease has been
doxorubicin.46,47 Male sex and doxorubicin therapy have
been reported to be associated with increased risk of de-
veloping HBV reactivation.45,48 As a result, a subprotocol
was developed in the randomized chemotherapy study, in
which 88 HBsAg-seropositive patients were closely mon-
itored for hepatitis and HBV reactivation during chemo-
therapy.49 Patients entered into the subprotocol were
followed up on day 1 and day 10 of each cycle of chemo-
therapy; after the last cycle of chemotherapy, they were
followed-up 4-weekly for 8 weeks. Serum biochemistry,
which included albumin, ALT, total bilirubin, and pro-
thrombin time were checked, and serum for HBV DNA
was collected at each visit. The results of this subprotocol
revealed that 58% of these patients developed hepatitis,
and that 60% of these cases were attributable to HBV
reactivation.49

The present study provides additional information on
HBsAg-negative/anti-HBc–positive patients undergoing
systemic chemotherapy who, in the absence of antiviral
prophylaxis, have a very low risk of developing severe
hepatitis during chemotherapy. Other studies on patients
with hepatitis B–related HCC receiving anticancer ther-
apy have suggested that the incidence of viral reactivation
correlates with the level of immunosuppression of the

Fig. 3. Survival of HCC patients who did and did not develop severe
hepatitis during chemotherapy.

1386 YEO ET AL. HEPATOLOGY, June 2007



administered therapy; viral reactivation was reported in
40%, 25%, and 2% of patients who underwent systemic
chemotherapy, transarterial chemotherapy, and percuta-
neous ethanol injection or surgical resection, respectively,
in descending order of immunosuppressive effects.49-51

The association between viral load and risk of viral
reactivation has been assessed. In our previous report on
HCC patients receiving systemic chemotherapy, HBV
DNA was not found to be a risk factor for HBV reactiva-
tion.49 This was mostly likely due to the low sensitivity of
the assay used. Different studies have applied different
assays in measuring viral load, and the lack of standard-
ization with variable range of detection may have limited
the understanding of the disease. Using more sensitive
assays, recent studies in patients undergoing systemic che-
motherapy have shown that high pre-chemotherapy HBV
DNA load, defined above as 3 � 105 copies/ml, is associ-
ated with increased likelihood of developing reactiva-
tion.48,52 The exploratory analysis in the present study
supports the latter findings in that patients with high
pre-chemotherapy viral load were found to have a signif-
icantly increased incidence of severe hepatitis when com-
pared with those who had lower levels of HBV DNA;
furthermore, patients who developed severe hepatitis ap-
peared to have worse survival rates. Although this differ-
ence in clinical outcome was not found to be statistically
significant, presumably due to the relatively small number
studied, the results nonetheless support a causal relation-
ship between HBV DNA load and viral reactivation,
which as a consequence adversely affects outcome in
HCC patients undergoing chemotherapy. Furthermore,
the subgroup of patients with high HBV DNA levels (i.e.,
63% of the study cohort who had HBV DNA levels
higher than 105.65 copies/ml) might represent an unfavor-
able subset with increased viral activity and hepatic necro-
inflammation, with HCC as the terminal event. This is
supported by studies demonstrating the direct oncogenic
role of HBV DNA in hepatocytes.53

Other factors that were identified in this study to be of
prognostic significance include high total bilirubin and
HCV infection. In a study investigating factors predicting
chemotherapeutic responses and survival in HCC pa-
tients treated with systemic chemotherapy, absence of cir-
rhosis and low bilirubin level were consistently associated
with a better treatment outcome.54 Another report
showed that age under 60 years, low bilirubin level, high
albumin level, and absence of ascites were related to
longer survival after chemotherapy.55 Adequate liver
function, as reflected by high albumin coupled with low/
normal bilirubin and lower hepatic aminotransferase,
may allow optimal cytotoxic delivery.56 In a case–control
study of patients with advanced HCC, patients with

HBV-related disease were reported to have significantly
poorer prognosis than those with HCV-related HCC.57

The molecular mechanisms of hepato-carcinogenesis ac-
cording to viral etiology remain unclear. HBV-related
HCCs have been reported to express variant �-estrogen
receptors more frequently than HCV-related tumors, and
this has been suggested to account for a rapid growth
rate.58,59 In addition, HBV-related tumors have a distinct
pattern of genetic mutation with greater chromosome in-
stability than HCC with other etiologies, and a higher
prevalence of loss of heterozygosity that has been corre-
lated with tumor aggressiveness.60,61 HBV genome inte-
grates to the liver cells and may activate cellular genes
directly to allow selective growth advantage, while pro-
duction of HBV X protein can act as a transactivator on
various cellular genes for tumor development.62 HBV and
HCV infections affect cell signaling pathways differently;
however, the clinical relevance of HCV and occult HBV
infections remains controversial.63,64 The present data
suggest that concurrent HBV and HCV infection have a
deleterious effect on the prognosis of HCC patients. Al-
though the expected incidence of HCV infection in our
geographical area is low, determination of HCV status in
HBV carriers provides additional information, especially
when evaluating the effectiveness of potential biological
agents in the treatment of virus-related HCCs.

Interferon has immunodulatory, antiproliferative, and
antiangiogenic effects on tumor cells. When used as a part
of the combination chemotherapy regimen, conventional
interferon did not seem to affect the HBV reactivation
rate.49 At a therapeutic dose of 5 MU/day or 10 MU 3
times a week for 4-6 months, conventional interferon has
been shown to be effective in chronic HBV infection in
Western countries, with a response rate of 30%.65 The
mean level of HBV DNA fell by 70% within the first 4
weeks, and clearance of HBV DNA occurred at 16 weeks
of treatment in the responders.66 However, the same dos-
age of interferon had been shown to be less effective in
Asian chronic HBV infection, with a response rate of
approximately 10%.67 Furthermore, the dosage of inter-
feron in the combination chemotherapy regimen was
much lower (only 5 MU/m2/day for 4 d) than that used
for the treatment of chronic HBV infection and is thus
unlikely to have a therapeutic effect on the chronic HBV
infection in our HCC population.

Identification of a prognostic role of serum HBV DNA
in HCC patients may have implications in both staging
and therapeutics. Different clinical and laboratory param-
eters had been used for staging. In HBV-associated HCC,
the significance of serum HBV DNA level as a factor
incorporated into staging systems and prognostication
needs to be confirmed in future clinical studies. The in-
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corporation of antiviral therapies alongside anticancer
treatment modalities needs to be considered as a thera-
peutic strategy to improve outcomes of HCC patients.
This notion is supported by prospective studies showing
that pre-emptive use of lamivudine can decrease morbid-
ity due to HBV reactivation in patients receiving transar-
terial chemoembolization or systemic chemotherapy.43,68

In conclusion, the present study demonstrated that a
high HBV load prior to treatment has an adverse effect on
survival for HCC patients with chronic HBV infection
undergoing chemotherapy. With the advances in therapy
for chronic HBV infection, oral antiviral agents with in-
creasing potent efficacy in viral suppression should have a
significant impact on improving the survival of these pa-
tients. Other poor prognostic factors include high total
bilirubin level and hepatitis C infection. A potential lim-
itation of the present study is that the data were based on
a cohort of HCC patients receiving chemotherapy as their
primary treatment, which could only represent a sub-
group of patients with unresectable, usually more ad-
vanced disease; thus, further study with a larger sample
size that includes patients of all stages of HCC is required.
Nonetheless, the present findings indicate that the incor-
poration of antiviral therapies to reduce HBV viral load
should be considered in the management of HCC pa-
tients undergoing chemotherapy.
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Hepatitis B x Antigen Up-regulates Vascular
Endothelial Growth Factor Receptor 3 in

Hepatocarcinogenesis
Zhaorui Lian,1* Jie Liu,2* Mengchao Wu,3 Hong-Yang Wang,3 Patrick Arbuthnot,4 Michael Kew,4 and Mark A. Feitelson1,5

Hepatitis B x antigen (HBxAg) is a trans-activating protein that contributes to liver cancer, in
part, by altering the expression of cellular genes. However, few natural effectors of HBxAg have
been identified. Hence, HBxAg positive and negative HepG2 cells were prepared and analyzed by
PCR select cDNA subtraction. The results identified elevated vascular endothelial growth factor
receptor-3 short form splice variant (VEGFR-3S) expression in HBxAg positive compared to
negative cells. Normally, VEGFR-3 activates Akt signaling in lymphatic endothelial cells, result-
ing in lymphangiogenesis. In contrast, the results here show that the expression of VEGFR-3S is
up-regulated in >75% of HBxAg positive hepatocellular carcinoma (HCC) nodules. VEGFR-3S

up-regulation correlates with the expression of HBxAg, is associated with decreased survival in
tumor bearing patients, and when over-expressed in HepG2 cells, strongly stimulated cell growth
in culture, in soft agar, and accelerated tumor formation in a ligand independent manner.
VEGFR-3S siRNA partially blocked the ability of HBxAg to promote hepatocellular growth. In
conclusion, HBxAg may short circuit VEGFR-3S signaling in liver cancer. Blocking VEGFR-3S

signaling may be effective in preventing tumor development and/or prolonging survival in tumor
bearing patients. (HEPATOLOGY 2007;45:1390-1399.)

Chronic hepatitis B virus infection is associated
with the development of hepatitis, cirrhosis and
HCC and constitutes a major public health prob-

lem worldwide.1,2 HBxAg participates in the pathogenesis
of HCC.3,4 For example, high levels of intrahepatic

HBxAg directly correlate with the intensity of liver dis-
ease.5,6 HBxAg also transforms cells in vitro,7 while sus-
tained high levels of HBxAg in transgenic mice lead to
HCC.8 HBxAg is a trans-activating protein that alters
gene expression by binding to nuclear transcription fac-
tors, and by stimulating cytoplasmic signaling pathways
that promote cell growth and survival.3,4,9,10 HBxAg also
binds to and inactivates or down-regulates tumor sup-
pressors and senescence-related factors.11 Despite this
work, few natural effectors of HBxAg that promote the
development of HCC have been identified.

VEGFR-3 is a receptor tyrosine kinase that is ex-
pressed in lymphatic endothelial cells.12 Binding of
VEGFR-3 to VEGF-C or VEGF-D stimulate lym-
phangiogenesis,13 while in carcinogenesis, the produc-
tion of VEGFs by tumors promote metastases and
result in decreased survival.14 Elevated VEGF has been
found in patients with HCC.15,16 VEGFR-3 is also
expressed in tumor cells from several tumor types,14,17

including HCC,15 implying the existence of an auto-
crine/paracrine loop that promotes tumor develop-
ment independent of lymphangiogenesis.14 In HCC,
elevated VEGFR-3 is associated with portal vein inva-
sion of tumors, increased hepatic tumor recurrence,
and shorter survival,15 suggesting that VEGFR-3 is im-
portant in the pathogenesis of HCC.

Abbreviations: HBxAg, hepatitis B x antigen; VEGFR-3S, vascular endothelial
growth factor receptor 3 short form; HCC, hepatocellular carcinoma; VEGFR-3,
vascular endothelial growth factor receptor 3; VEGFR-3L, vascular endothelial
growth factor receptor 3 long form; CAT, chloramphenicol acetyltransferase; ISH: in
situ hybridization; G3PDH, glyceraldehyde 3-phosphate dehydrogenase; RACE,
rapid amplification of cDNA ends; PCNA, proliferating cell nuclear antigen;
MTT, modified tetrazolium salt assay; NT, nontumor; T, tumor.

Received September 15, 2006; accepted January 22, 2007.
From the 1Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson

University, Philadelphia, PA; 2Department of Digestive Diseases, Xijing Hospital,
Fourth Military Medical University, Xi’an, Shaanxi 710032 China; 3Shanghai
Eastern Hospital & Institute of Hepatobiliary Surgery, Second Military Medical
University, Shanghai 200438 China; 4Molecular Hepatology Research Unit, De-
partment of Medicine, University of the Witwatersrand, Johannesburg; 5Depart-
ment of Microbiology and Immunology, Kimmel Cancer Center, Thomas Jefferson
University, Philadelphia, PA.

Supported by NIH grants CA48656, CA66971, and CA104025 to MAF.
*These authors contributed equally to this work.
Address reprint requests to: Mark A. Feitelson, Ph.D., Room 222 Alumni Hall,

Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson University,
1020 Locust Street, Philadelphia, PA 19107. E-mail: Mark.Feitelson@jefferson.edu;
fax: 215-503-9982.

Copyright © 2007 by the American Association for the Study of Liver Diseases.
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/hep.21610
Potential conflict of interest: Nothing to report.

1390



VEGFR-3 signaling promotes cell survival under oxi-
dative stress.18 Under these conditions, VEGFR-3 be-
comes tyrosine phosphorylated by activated src kinases.
Src kinases are activated by HBxAg19 resulting in cell cycle
progression in early HCC.20,21 VEGFR-3 and HBxAg
also activate phosphoinositol 3-kinase (PI3K),13,22 which
promotes HCC development and metastasis.23 Impor-
tantly, VEGFR-3 consists of VEGFR-3L (long) and
VEGFR-3

S
(short) isoforms, the latter being a splice vari-

ant that lacks 65 carboxy-terminal amino acids.24 Both
isoforms become phosphorylated within their carboxy-
terminal regions. VEGFR-3L then mediates growth in
soft agar and tumorigenicity in nude mice.25 VEGFR-3S

is over-expressed in several tumor types,26 although its
function(s) and signaling pathways are not well described.
Phosphorylation of VEGRF-3L at Y1337 induces trans-
formation,25 while phosphorylation of Y1230 and Y1231
in both forms contribute to VEGFR-3 dependent prolif-
eration, migration and survival by activation of Akt.27 In
this report, HBxAg selectively up-regulates VEGFR-3S,
which promotes hepatocellular growth and tumorigenesis
associated with Akt activation.

Materials and Methods

PCR Select cDNA Subtraction of RNAs from
HepG2X and HepG2CAT Cells. HepG2X and
HepG2CAT cultures were established and subjected to
PCR select cDNA subtraction as described.28 The result-
ing PCR fragments were cloned, sequenced, and com-
pared to existing sequences within GenBank. One of
these fragments, encoding VEGFR-3, was chosen for fur-
ther characterization.

Patient Samples. Forty paired tumor/nontumor
samples came from Chinese patients who underwent sur-
gery at the Eastern Hepatobiliary Hospital in Shanghai.
Fourteen additional paired tumor/nontumor samples
were obtained from South African (Black) patients who
underwent surgery at the University of Witwatersrand in
Johannesburg. Additional characteristics of these popula-
tions have been published.28 Formalin fixed, paraffin em-
bedded tissues, fresh frozen blocks, and �80°C snap-
frozen paired liver and tumor samples were collected, used
for diagnostic purposes, and then used here. Uninfected
human liver from 2 individuals, and paired tumor/non-
tumor samples from 6 patients with hepatitis C virus re-
lated HCC, were available as controls. This work was
approved by the Institutional Review Boards at each site
and provided with informed consent.

In situ Hybridization (ISH). The VEGFR-3 cDNA
fragment obtained from subtractive hybridization was

used as a probe for ISH on cells and fresh frozen tissue
samples, as described.28

Detection of VEGFR-3 mRNA. Northern blotting
with RNA isolated from tissue culture cells was conducted
as reported.28 Hybridization was conducted under strin-
gent conditions with the VEGFR-3 cDNA fragment ob-
tained above radiolabeled with �-32P-dCTP (NEN,
Boston, MA) by random priming (Prime-A-Gene label-
ing kit, Promega, Madison, WI). Glyceraldehyde 3-
phosphate dehydrogenase (G3PDH) was used for nor-
malization.

Cloning and Sequencing of Full-length VEGFR-3L

and VEGFR-3S cDNAs. To obtain full-length clones of
the VEGFR-3 isoforms, rapid amplification of cDNA
ends (RACE) was used. The primer for 5� RACE PCR
was 5�-ACTGTCTGTCTGGTTGTCCACAGAGCC-3�
while the primer for 3� RACE PCR was 5�-GAGAC-
CCCAAGGCGAGACCTGCATTCT-3� (for VEGFR-
3S) and 5�-GACCTGGCCAGAATGTGGCTGTGA-3�
(for VEGFR-3L). These primers were used with the Mara-
thon cDNA Amplification Kit (Clontech, Palo Alto, CA).
Human placental cDNA was used as the template. PCR
products were cloned into pT7blue vector (Novagen,
Madison, WI) and sequenced. Appropriate 3� and 5� gene
specific fragments were subcloned into pSLXCMV, and
the integrity of the full-length clone verified by DNA
sequencing at the Nucleic Acid Facility of Thomas Jeffer-
son University.

Detection of VEGFR-3 and HBxAg. The amino acid
sequence of VEGFR-3L was analyzed in the PEPTIDE-
STRUCTURE and PLOTSTRUCTURE programs to
identify hydrophilic regions, which were then made by
solid phase peptide synthesis at the Kimmel Cancer
Center of Thomas Jefferson University. Peptides 1, 2, and
3 were from residues 265-284 (NH2-DWDYPGKQ-
AERGKWVPERRSC-COOH), 472-490 (NH2-RSLR-
RRQQQDLMPQCRDWR-COOH) and 713-728
(NH2-KDERLLEEKSGVDLADSC-COOH) that in-
cluded sequences shared by VEGFR-3L and VEGFR-3S.
Peptide 4 was from VEGFR-3L specific residues 1333-
1349 (NH2-CHDEESPESLEGYESNY-COOH). Cor-
responding peptide antibodies were raised in New
Zealand white rabbits.29 A mixture of these antibodies
(each at a dilution of 1:1,000) was used for staining using
the DAKO EnVision Plus System (DAKO, Carpenteria,
CA).30 Controls included staining with preimmune se-
rum and preincubation of primary antibodies with an
excess (25 �g) of the corresponding synthetic peptide(s)
prior to staining.

Proliferation was evaluated by staining with mouse
anti-human proliferating cell nuclear antigen (PCNA)
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(PC-10, Santa Cruz Biotech, Santa Cruz, CA; 1:800 di-
lution). The PCNA staining score (Table 1) was based
upon counting 1000 nuclei.

For western blotting, 100 �g of protein from each
sample was analyzed by SDS/PAGE on 8% running gels
and transferred to Immobilon-P membrane (Millipore,
Bedford, MA).28 The primary antibody was a mixture of
anti-VEGFR-3 peptides 1-3, each used at 1:400 dilution
or anti-HBx.30 Anti-Akt, anti-phospho-Akt (ser473), an-
ti-phospho-PTEN (ser380), and anti-phospho-raf
(ser259) were obtained from the phosphor-Akt Pathway
Sampler Kit (Cell Signaling Technology, Beverly, MA)
and all used at 1:1000 dilution. The secondary antibody
was horseradish peroxidase–conjugated goat anti-rabbit
Ig (Santa Cruz Biotechnology). Preimmune serum was
used as a negative control. As a positive control, the pep-

tides used for immunization were spotted near the edge of
the membranes following the transfer step. The results
were visualized using the enhanced chemiluminescence
detection system (Amersham, Uppsala, Sweden). �-actin
was used as an internal control.

Construction of VEGFR-3 Over-expressing HepG2
and Control Cells. The transduction and maintenance
of HepG2 cells was carried out as described.28 Cell viabil-
ity was estimated by trypan blue staining, and by the
modified tetrazolium salt (MTT) assay (Cell Titer 96
Non-radioactive Cell Proliferation Assay, Promega).

Flow Cytometry. Flow cytometry was carried out as
described.28

Growth of Cells in Soft Agar and Tumorigenicity in
Nude Mice. To test for growth in soft agar, 1 � 104

cells/well were seeded in triplicate into 6-well plates,

Table 1. Summary of HBxAg, PCNA and VEGFR-3 Expression in Tumor and Nontumor Liver

Chinese patients:

Case no: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Tumor:
VEGFR-3 ISH* 1 3 3 1 0 4 1 3 1 3 3 0 0 3 1 3 3 0 0 2
VEGFR-3 IHC* 2 4 2 2 0 2 2 2 3 2 2 2 0 3 2 2 2 2 0 0
HBxAg IHC* 1 3 3 2 0 3 0 2 2 3 2 1 0 0 3 2 3 1 0 1
PCNA* 3 3 2 3 2 3 3 1 2 2 1 3 1 2 3 2 3 2 1 1

Nontumor:
VEGFR-3 ISH 1 1 1 0 0 1 0 0 1 1 1 1 0 1 1 0 1 1 0 1
VEGFR-3 IHC 1 1 1 0 0 2 0 1 1 1 0 1 0 1 1 1 1 1 0 0
HBxAg IHC 0 0 1 0 0 0 0 1 3 3 2 3 2 1 2 1 2 1 2 3
PCNA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Case no: 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Tumor:
VEGFR-3 ISH 2 2 0 3 2 1 1 1 2 0 2 1 2 1 2 1 2 1 1 0
VEGFR-3 IHC 0 3 0 2 3 2 2 2 3 0 2 2 3 2 3 2 3 3 2 0
HBxAg IHC 1 3 0 2 2 2 1 1 3 0 2 2 3 0 3 1 3 1 0 0
PCNA 1 3 1 3 3 3 3 1 3 1 2 3 2 2 3 2 3 2 2 1

Nontumor:
VEGFR-3 ISH 1 0 1 0 1 0 1 1 1 0 1 1 1 0 1 0 1 1 0 0
VEGFR-3 IHC 1 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 0 1 0 0
HBxAg IHC 2 0 1 0 0 0 0 1 3 3 2 2 1 1 1 1 2 1 0 1
PCNA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

South African patients:

Case no: 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Tumor:
VEGFR-3 ISH 1 1 1 2 2 1 2 0 3 0 2 0 0 1
VEGFR-3 IHC 2 1 2 1 1 0 3 0 2 0 3 0 0 1
HBxAg IHC 0 1 0 2 2 0 1 0 1 0 1 0 0 0
PCNA 2 2 3 2 2 1 2 1 3 1 1 2 2 1

Nontumor:
VEGFR-3 ISH 1 0 1 0 1 1 1 0 0 1 1 0 0 1
VEGFR-3 IHC 1 0 1 0 1 1 1 1 1 1 1 0 1 1
HBxAg IHC 1 2 1 3 3 0 1 1 1 2 2 0 0 1
PCNA 1 1 1 1 1 1 1 1 1 1 1 1 1 1

*ISH and immunohistochemical (IHC) staining is estimated as follows: 0: no signal; 1: signal in �10% of cells; 2: signal in 10%-25% of cells; 3: signal in 25%-50%
of cells; 4: signal in �50% of cells. For HBxAg and VEGFR-3, staining is scored in hepatocytes. For PCNA staining: 1: signal in �1% of cells; 2: signal in 2%-25%
of cells; 3: signal in �25% of cells.
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grown for 21 days, and counted under code using an
inverted microscope.

For tumorigenicity assays, 3 groups of 10 nude mice
each were injected subcutaneously at a single site with 5 �
106 cells. Tumor onset was scored visually and by palpi-
tation at the sight of injection independently by 2 trained
lab personnel. Tumor sizes were determined by wet
weight at the time of death (6 weeks) except for mice that
became moribund earlier. Tumors were verified as being
HCC by hematoxylin and eosin staining. These experi-
ments were approved by the Institutional Animal Care
and Use Committee at Thomas Jefferson University.

VEGF-C and anti-VEGF-C. Human VEGF-C (hav-
ing the cys156ser mutation) and anti-human VEGF-C
(clone 193208) were purchased from R&D Systems
(Minneapolis, MN). The VEGF-C mutant eliminated
binding to VEGFR-2 but retained binding and agonist
activity to VEGFR-3.

Inhibitors. Akt inhbitor IV, which targets the ATP
binding site of a kinase upstream of Akt, but downstream
of PI3K, was purchased from Calbiochem (San Diego,
CA).

Statistics. The relationship between HBxAg and
VEGFR-3 obtained by ISH and immunohistochemistry
was determined using 2 � 2 comparisons in the Chi
square (�2) test. Statistical significance was observed when
P � 0.05. The relationship between VEGFR-3 expres-
sion and survival was determined using the SPSS 10.0 for
windows program package (SPSS Inc., Chicago, IL). Sur-
vival curves were plotted using the Kaplan-Meier method,
and statistical differences between life tables were deter-
mined by a log-rank test. P � 0.05 denoted a statistically
significant difference. The mean difference between colonies
(in soft agar), or cell cycle phase for HepG2X, HepG2-
VEGFR-3S, HepG2-VEGFR-3L, and HepG2CAT cells
was determined by the Student t test. A significant relation-
ship was indicated when P � 0.05.

Results

Identification and Cloning of VEGFR-3. Whole
cell RNA was extracted from HepG2X and HepG2CAT
cultures and subjected to PCR select cDNA subtrac-
tion.28 A cDNA fragment (�1.5 kb) from an up-regu-
lated mRNA in HepG2X cells was sequenced. Compared
to entries in GenBank, it had extensive homology with
VEGFR-3. When ISH was performed to verify differen-
tial expression, there was hybridization in the cytoplasm
of HepG2X cells (Fig. 1A), but little signal in
HepG2CAT cells (Fig. 1B) or in HepG2X cells hybrid-
ized with an irrelevant probe (Fig. 1C). Northern blotting
showed bands at 4.6 kb and 5.5 kb in HepG2X (Fig. 1D,

lane 1) and HepG2CAT cells (Fig. 1D, lane 2). The ratio
of 4.6kb:5.5kb bands was 7.7 � 1.4 in HepG2X cells and
0.39 � 0.11 in HepG2CAT cells. The levels of 5.5 kb
RNA in HepG2X cells was roughly half that in
HepG2CAT, while the levels of the 4.6 kb RNA was
greater than 19-fold higher in HepG2X compared to con-
trol cells. Previous work showed that these RNAs were
splice variants encoding the long or short isoforms of
VEGFR-3.31 To verify this, western blotting was per-
formed. When anti-VEGFR-3L was used, similar levels of
long form were in HepG2X and HepG2CAT cells (Fig.
1E, upper portion of blot), but when anti-VEGFR-3L�S

was used, HepG2X cells showed 9.2 � 1.0 fold greater
signal (Fig. 1E, lane 1) compared to HepG2CAT cells
(Fig. 1E, lane 2), suggesting up-regulation of VEGFR-3S

in HepG2X cells.
Full-length VEGFR-3 cDNA was then obtained using

RACE PCR. VEGFR-3 cDNA was 4,765 bp long, which
encoded VEGFR-3S. The nucleic acid sequence was
99.6% homologous and amino acid sequence 99.8% ho-
mologous to GenBank entry AR201982, with 7 codons
in Genbank different from that of VEGFR-3 cDNA
sequenced here (gly24asp, arg745pro, asn752arg,

Fig. 1. Expression of VEGFR-3 in cell culture. (A) HepG2X cells and (B)
HepG2CAT cells were analyzed by ISH using the VEGFR-3 probe. (C) ISH
was performed on HepG2X cells with simian virus 40 DNA. A positive ISH
signal is indicated by orange/brown, cytoplasmic color. The bar in the
lower right of (C) represents 100 �m in (A-C). (D) Northern blot
hybridization was conducted with RNA isolated from HepG2X cells (lane
1) or HepG2CAT cells (lane 2) using a VEGFR-3 probe. The 5.5 kb RNA
encodes VEGFR-3L while the 4.6 kb RNA encodes VEGFR-3S. G3PDH
mRNA in the same lanes was used for normalization. (E) Western blot
analysis of VEGFR-3 in HepG2X (lane 1) and HepG2CAT cells (lane 2)
probed with antibodies against VEGFR-3L (anti-L) or with antibodies that
bind both VEGFR-3L and VEGFR-3S (anti-[L�S]). Beta-actin in each lane
was used for normalization.
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ala753pro, his890gln, leu1128val, and arg1146his). The
basis for these differences is unknown, although the se-
quence herein may be a liver specific isoform of
VEGFR-3. VEGFR-3S (GenBank no. AY233382) was
1,298 amino acids with a deduced molecular weight of
145,613 daltons. VEGFR-3L had this same sequence with
an additional 65 amino acids on the carboxy-terminus.
VEGFR-3L was 1,364 amino acids long with a deduced
molecular weight of 152,396 daltons (GenBank no.
AY233383).

Expression of VEGFR-3 in HCC and Nontumor
Liver. To determine whether VEGFR-3 was up-regu-
lated in vivo, ISH was performed on fresh-frozen tissue
sections. In HCC, ISH signals were observed in 10 of 14
(71%) South African and in 32 of 40 (80%) Chinese
patients (Table 1). When adjacent nontumor liver was
analyzed, 8 of 14 (57%) South African and 25 of 40
(63%) Chinese patients had detectable but weaker signals
(Table 1). Uninfected liver showed faint ISH signals in
less than 10% of the cells, while an irrelevant probe on
HCC tissues resulted in no signal (data not shown).
Hence, the number of ISH positive patients and propor-
tion of positive cells was greater in HCC compared to
nontumor liver.

ISH results were then verified by imunohistochemis-
try. Anti-VEGFR-3L�S staining significantly correlated
with ISH in HCC tissue from South African (�2 � 10.1;
P � 0.005) and Chinese (�2 � 14.4; P � 0.001) patients
(Table 1). Significant relationships were also observed in
nontumor liver from South African (�2 � 5.09; P �
0.025) and Chinese (�2 � 11.2; P � 0.001) patients,
although the expression was faint and in relatively few
cells compared to tumor. These observations provide
cross-validation of ISH and staining, and suggest that
VEGFR-3 is up-regulated at both the RNA and protein
levels in HCC.

Relationship Between VEGFR-3 and HBxAg Ex-
pression In Vivo. To determine whether VEGFR-3 is
up-regulated in vivo, consecutive tissue sections were
stained for VEGFR-3 and for HBxAg. Co-staining was
observed in HCC from 6 of 14 (43%) South African
patients (�2 � 5.83; P � 0.02), and in 28 of 40 (70%)
Chinese patients (�2 � 13.3; P � 0.001). In nontumor
liver, co-staining was seen in 9 of 14 (64%) South African
patients (�2 � 0.32; P � 0.5), and in 15 of 40 (38%)
Chinese patients (�2 � 2.2; P � 0.1) (Table 1).
VEGFR-3 and HBxAg staining was cytoplasmic in HCC
cells (Fig. 2A and 2B, respectively). Staining with preim-
mune rabbit serum was negative (Fig. 2C). No signal was
observed without secondary antibody, or when staining
was conducted after preincubation of the primary anti-

bodies with the synthetic peptides used for immunization
(data not shown). Weak VEGFR-3 staining, in less than
10% of cells, was found in the cytoplasm of hepatocytes
from uninfected liver (Fig. 2D) and in both tumor and
nontumor liver from 6 of 6 patients with hepatitis C virus
associated HCC (data not shown, but similar to Fig. 2D).
No membranous staining for VEGFR-3 was observed in
any liver or tumor sections. Hence, HBxAg is associated
with up-regulated VEGFR-3 expression in HCC but not
in nontumor liver.

Relationship Between VEGFR-3 and PCNA In
Vivo. Among Chinese patients, there was a correlation
between VEGFR-3 and PCNA in tumor (�2 � 20.83;
P � 0.001) but not in nontumor liver (�2 � 0.005; P �
0.9). Among South African patients, the two markers also
correlated in tumors (�2 � 5.83; P � 0.02) but not in
nontumor liver (�2 � 0.31; P � 0.5) (Table 1). Hence,
elevated VEGFR-3 is associated with increased tumor
growth.

VEGFR-3S is Up-regulated in HCC. Table 1 and
Fig. 2 show that up-regulated VEGFR-3L�S is mostly in
HCC cells. When staining was repeated with anti-
VEGFR-3L, weak signals were observed in most HCC
(Fig. 2F) and in nontumor liver (Fig. 2G). In contrast,
northern blotting showed that VEGFR-3S mRNA pre-
dominated in tumor, while VEGFR-3L mRNA was more
abundant in nontumor liver (Fig. 2H). When western
blotting was conducted with anti-VEGFR-3L, the levels
were low and similar in paired tumor and nontumor liver
(Fig. 2I). However, when anti-VEGFR-3L�S was used,
strong signals were observed in tumors, and weaker or no
signals in liver (Fig. 2I), suggesting that VEGFR-3S is
selectively up-regulated in HCC. These results were sim-
ilar to those in cell culture (Fig. 1).

Importantly, up-regulated VEGFR-3S in HCC was in-
versely related to patient survival (Fig. 3). Among Chinese
patients, the mean survival time for those with VEGFR-3
positive tumors was 22 months, while for those with
VEGFR-3 negative tumors, it was greater than 60 months
(P � 0.001). The combined up-regulation of VEGFR-3
and PCNA suggest that reduced patient survival is asso-
ciated with a more rapid tumor growth.

VEGFR-3 Stimulates Cell Growth in Tissue Cul-
ture. HepG2-VEGFR-3L and HepG2-VEGFR-3S cells
were prepared, the levels of VEGFR-3 verified by western
blotting, and growth was then assayed relative to
HepG2CAT and HepG2X cells. Compared to
HepG2CAT cells (Fig. 4A, lane 1), the levels of
VEGFR-3 were 4.6 	 0.8 fold higher in HepG2-
VEGFR-3L cells (Fig. 4A, lane 2) and 5.3 	 1.4 fold
higher in HepG2-VEGFR-3S cells (Fig. 4A, lane 3).
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VEGFR-3S stimulated the growth of HepG2 cells in me-
dium containing 10% serum (Fig. 4B) but not in serum
free medium (Fig. 4C), while VEGFR-3L did not (Fig.
4B,C). This was verified by flow cytometry. At 24 hours
after the release of synchronized cultures, 38.3% of
HepG2X cells were in S phase compared to 21.5% of
HepG2CAT cells (P � 0.01) (Fig. 4D,E), 31.4% of
HepG2-VEGFR-3S (Fig. 4F) and 19.1% of HepG2-
VEGFR-3L cells (Fig. 4G). No evidence of DNA degra-
dation was observed (Fig. 4D-G), suggesting that
VEGFR-3S and HBxAg stimulated cell cycle progression.

VEGFR-3S Promotes Growth in Soft Agar and Tu-
mor Formation in Nude Mice. Both HBxAg and
VEGFR-3S stimulated growth in soft agar more than
8-fold above background (P � 0.001), while VEGFR-3L

over-expressing cells did not (Table 2). HBxAg and
VEGFR-3S also accelerated the appearance and size of

Fig. 2. Expression of VEGFR-3 and HBxAg in
vivo. (A) VEGFR-3L�S staining in HCC. (B)
HBxAg staining in a consecutive HCC section.
(C) Another consecutive section was stained
with preimmune rabbit serum. D: VEGFR-3L�S
staining in uninfected liver. (E) VEGFR-3L�S
staining of a small nodule of HCC and adjacent
nontumor liver. (F) VEGFR-3L staining in HCC.
(G) VEGFR-3L staining of nontumor liver. The
bar in the lower left of each panel represents
100 �m. (H) Northern blot analysis was per-
formed on RNA extracted from the nontumor
liver tissue of 4 patients (N1-N4) and tumor
from these same patients (T1-T4). Endogenous
G3PDH was used for normalization. (I) Western
blotting for VEGFR-3 was performed on protein
from tumor and nontumor samples from the
same patients in (H). In the upper panel, anti-
VEGFR-3L was used, while in the lower panel,
anti-VEGFR-3L�S used. Beta-actin was used for
normalization.

Fig. 3. Kaplan-Meier survival curves for patients with tumors that were
VEGFR-3 positive (VEGFR-3 [�]) or negative (VEGFR-3 [-]).
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tumors recovered from nude mice (Table 3). VEGFR-3L

also accelerated tumor onset, but the effect was weak (Ta-
ble 3). Hence, VEGFR-3S and HBxAg stimulated an-
chorage-independent growth and tumor formation.

Effect of VEGFR-3 siRNA on the Growth of
HepG2X Cells. Given that HBxAg promotes growth by
many pathways,3,4 it is not clear that elevated VEGFR-3S is
rate limiting. To test this, HepG2X cells were transiently
transfected with VEGFR-3 specific or irrelevant siRNAs.
Two VEGFR-3 specific siRNAs reduced VEGR-3S protein
levels by 4-6 fold (Fig. 4H, lanes 4 and 5), while controls
were not inhibitory (Fig. 4H, lanes 1-3). When growth was
assayed, only cells transfected with VEGFR-3 specific siR-
NAs were inhibited (Fig. 4I, curves 4 and 5). Hence, up-
regulated expression of VEGFR-3S contributes importantly
to how HBxAg stimulates cell growth.

Pathways Associated with VEGFR-3 Signaling.
Given that VEGFR-3 and HBxAg may signal through

Table 2. Growth of HepG2 Cells Over-expressing VEGFR-3L or
VEGFR-3S in Soft Agar

Cell line Average no. of colonies* Student t test

HepG2CAT 8 	 3
HepG2X 69 	 12 P � 0.001
HepG2-VEGFR-3s 70 	 15 P � 0.001
HepG2-VEGFR-3L 10 	 5 P � 0.8

NOTE. All P values are comparisons of HepG2X or HepG2-VEGFR-3 cell cultures
to the HepG2CAT control. *The average number of colonies is from 3 independent
experiments performed in triplicate.

Fig. 4. Influence of VEGFR-3 and
corresponding siRNA on HepG2 cell
growth. (A) Western blot using anti-
VEGFR-3L�S in HepG2CAT (lane 1),
HepG2-VEGFR-3L (lane 2), and
HepG2-VEGFR-3s (lane 3) cells. The
numbers below the lanes are the
relative amounts of VEGFR-3 in the
western blot based on gel scanning
and normalization to �-actin. (B,C)
Growth curves for HepG2CAT (�),
HepG2X (■), HepG2-VEGFR-3L (Œ),
and HepG2-VEGFR-3S cells (‚) in
(B) medium containing 10% serum
or in (C) serum-free medium. Viable
cells were evaluated by trypan blue
staining. Experiments were done in
triplicate, and the curves represent
the average values from these ex-
periments. (D-G) Flow cytometric
analysis of (D) HepG2X, (E)
HepG2CAT, (F) HepG2-VEGFR-3S,
and (G) HepG2-VEGFR-3L cells. The
results shown here illustrate 1 of 3
experiments. (H) Western blot anal-
ysis of VEGFR-3S in HepG2X cells 3
days after transfection with PBS
(lane 1), transfection reagent (lane
2), irrelevant siRNA (lane 3),
VEGFR-3 specific siRNA #1 (lane 4),
or VEGFR-3 specific siRNA #2 (lane
5). I: MTT assay of HepG2X cells
transiently transfected as in (H)
[numbered on the right as are the
lanes in (H)], and assayed on the
indicated days.
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Akt,22,32 experiments were designed to ask whether
HBxAg activation of Akt was mediated through up-regu-
lation of VEGFR-3S. Western blotting showed no differ-
ence in the total levels of Akt in the cultures tested (Fig.
5A). However, activated (phosphorylated) Akt was ob-
served in HepG2X and HepG2-VEGFR-3S cells (Fig.
5B). Given that PTEN blocks Akt by inhibiting PI3K,
levels of phosphorylated (inactive) PTEN were assayed.
Inactivation of PTEN was observed in HepG2X and
HepG2-VEGFR-3S cells (Fig. 5C). Since ras also stimu-
lates Akt through phosphorylated raf, the latter was as-
sayed. The results showed that HBxAg and VEGFR-3S

stimulated raf phosphorylation by 3-5 fold (Fig. 5D).
Hence, VEGFR-3S stimulates Akt signaling by inhibition
of PTEN and activation of ras. None of these changes
were observed in HepG2CAT or HepG2-VEGFR-3L

cells (Fig. 5B-D). Importantly, Akt inhibitor IV blocked
the ability of HBxAg and VEGFR-3S to stimulate growth
(Fig. 5F), thereby showing the relevance of Akt activation
to the growth and survival of HepG2X cells through up-
regulation of VEGFR-3S.

Treatment of HepG2X Cells with VEGF-C or Anti-
VEGFR-3. The cytoplasmic staining of VEGFR-3 in
HCC cells (Fig. 2) suggests that signaling may be ligand
independent. To test this, HepG2X cells were treated
with exogenous VEGF-C. The results showed modest
stimulation of growth by exogenous VEGF-C in serum
free medium on days 2 and 3 (Fig. 6A,B) and mild sup-
pression of growth on day 1 after addition of anti-
VEGF-C (Fig. 6C,D), suggesting ligand dependent
signaling. However, western blotting of cell lysates dem-
onstrated VEGF-C (and VEGF-D) (data not shown),
suggesting that signaling may also be activated by auto-
crine stimulation. This combined data is compatible with
activated VEGFR-3 signaling through both ligand depen-
dent and independent mechanisms.

Discussion
In this report, HBxAg correlated with the selected up-

regulation of VEGFR-3S in HepG2 cells (Fig. 1) and in
HCC (Fig. 2, Table 1), suggesting that VEGFR-3S is a
natural effector of HBxAg. Although VEGFR-3 is ele-

vated in other tumor types,14,31,33 this is the first report
where VEGFR-3 up-regulation is associated with the “on-
cogene” of a human cancer virus.

The findings that HBxAg and VEGFR-3S promote
HepG2 growth and cell cycle progression (Fig. 4), growth

Table 3. Tumor Growth in HepG2 Cells Over-expressing VEGFR-3L or VEGFR-3S

Cell line
Onset of tumor

(day)
Student t test
(tumor onset)*

Average size of tumor
(cm3)

Student t test
(tumor size)†

HepG2CAT 43 	 3 0.8 	 0.4
HepG2X 30 	 4 P � 0.01 1.6 	 0.3 P � 0.01
HepG2-VEGFR-3S 13 	 1 P � 0.001 2.8 	 0.5 P � 0.005
HepG2-VEGFR-3L 35 	 4 P � 0.05 1.2 	 0.3 P � 0.5

*The column to the right of “onset of tumor” lists the P values calculated from comparisons of HepG2X or HepG2-VEGFR-3 cell cultures to the HepG2CAT control.
†The column to the right of “average size of tumor” compares the tumor sizes for each culture with that of the HepG2CAT cells.

Fig. 5. Activation of selected signaling pathways by VEGFR-3 S and L
forms. Western blot analysis was performed on lysates from HepG2CAT
(CAT, lane 1), HepG2X (X, lane 2), HepG2-VEGFR3S (R3S, lane 3) and
HepG2-VEGFR3L (R3L, lane 4). (A) Total Akt, (B) phosphorylated Akt, (C)
phosphorylated PTEN, (D) phosphorylated raf, (E) ratios beneath each
set of bands were normalized to �-actin. (F) The contribution of Akt
signaling to the growth of HepG2CAT cells (black bars), HepG2X cells
(gray bars) and HepG2-VEGFR-3S cells (white bars) was assessed 3 days
after plating by treating each culture with Akt inhibitor IV (0 or 2 �M).
MTT was then assayed at 24 and 48 hours. The result shown is the
average of 3 experiments, with duplicate wells of cells in each experi-
ment.
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in soft agar (Table 2), and tumorigenesis (Table 3), sug-
gest that VEGFR-3S may carry out some of the functions
of HBxAg. This is supported by the fact that VEGFR-3
siRNAs partially inhibited the ability of HBxAg to pro-
mote hepatocellular growth (Fig. 4H-I). The finding that
VEGFR-3S activates Akt (Fig. 5), through the stimulation
of ras and by PTEN inactivation, suggests how
VEGFR-3S may promote tumorigenesis. The fact that
HBxAg also stimulates ras10 and Akt,22 while blocking
PTEN,34 implies that these events may be carried out by
VEGFR-3S. This is further supported by the finding that
inhibition of Akt partially blocks the ability of HBxAg
and VEGFR-3S to stimulate growth (Fig. 5F). Hence,
up-regulation of VEGFR-3S in HCC highlights the cen-
trality of constitutive PI3K/Akt signaling in anchorage
independent growth (Table 2) and spread of HCC.23

This is underscored by the strong inverse correlation be-
tween VEGFR-3 over-expression in HCC and the dura-
tion of survival post-tumor diagnosis (Fig. 3).

Many tumors up-regulate VEGFR-3, VEGF-C and/or
VEGF-D, suggesting that they set up autocrine loops that

promote growth.14 In HCC, the lack of membranous
VEGFR-3 (Fig. 2), and that exogenous VEGF-C or anti-
VEGF-C had a small impact on HepG2X growth (Fig. 6),
suggest that stimulated cell growth may be largely ligand
independent. In chronic liver disease, oxidative stress trig-
gered by cytotoxic T cells and cytokines promote HBxAg
and VEGFR-3 activities.18,35 Activated HBxAg stimulates
src kinase signaling. The latter promotes tyrosine phos-
phorylation (activation) of VEGFR-3, which then stimu-
lates PI3K.22 Since activated PI3K is important for HCC
development and metastases,23 HBxAg may short circuit
normal VEGFR-3 signaling by up-regulating VEGFR-3S

and constitutively activating the latter through tyrosine
phosphorylation. Ligand independent proliferation, asso-
ciated with cytoplasmic VEGFR-3 localization, would be
advantageous for tumor cells arising from hypoxic cir-
rhotic nodules in the chronically infected liver. Hence, it
is likely that both ligand dependent and independent sig-
naling mechanisms may be operative.

The stimulation of ras and inhibition of PTEN by
VEGFR-3S and by HBxAg22 results in the activation of
Akt (Fig. 5), which promotes cell survival by inhibiting
apoptosis. Activated Akt blocks glycogen synthase kinase
3� activity, resulting in the stabilization of �-catenin and
cell cycle progression. The latter is up-regulated by
HBxAg.36 Activated Akt also blocks BAD, resulting in the
release of the anti-apoptotic Bcl-xL. The latter could also
be stimulated by ras, through ERK1/2, both of which are
also turned on by HBxAg.37 Activated Akt promotes p53
degradation by phosphorylating (activating) mdm-2.
HBxAg also activates mdm-2.38 Hence, HBxAg up-regu-
lated VEGFR-3S may constitutively activate PI3K/Akt
signaling that promotes tumorigenesis in chronically in-
fected livers.

Finally, the results of this study suggest that
VEGFR-3S may be an important therapeutic target in
tumor bearing patients. For example, a protein tyrosine
kinase inhibitor of all VEGFRs is in Phase III clinical
trials for metastatic colorectal cancer,39 while thienopyri-
midine ureas have shown potent activities against VEG-
FRs.40 Gefitinib and erlotinib also show promising results
in clinical trials,41 and other classes of small molecule
VEGFR antagonists are under development,42 suggesting
that they may be useful for many patients with HCC.
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Impairment of Liver Regeneration Correlates with
Activated Hepatic NKT Cells in HBV Transgenic Mice

Zhongjun Dong, Jianhong Zhang, Rui Sun, Haiming Wei, and Zhigang Tian

A fraction of HBV carriers have a risk to develop liver cancer. Because liver possesses a strong
regeneration capability, surgical resection of cancerous liver or transplantation with healthy
liver is an alternate choice for HBV-caused hepatocarcinoma therapy. How HBV infection
affects the regeneration of hepatectomized or transplanted liver remains elusive. We report
that partial hepatectomy (PHx)-induced liver regeneration was reduced in HBV transgenic
(HBV-tg) mice, a model of human HBV infection. PHx markedly triggered natural killer T
(NKT) cell accumulation in the hepatectomized livers of HBV-tg mice, simultaneously with
enhanced interferon gamma (IFN-�) production and CD69 expression on hepatic NKT cells
at the early stage of liver regeneration. The impairment of liver regeneration in HBV-tg mice
was largely ameliorated by NKT cell depletion, but not by natural killer (NK) cell depletion.
Blockage of CD1d-NKT cell interaction considerably alleviated NKT cell activation and
their inhibitory effect on regenerating hepatocytes. Neutralization of IFN-� enhanced bro-
modeoxyuridine incorporation in HBV-tg mice after PHx, and IFN-� mainly induced he-
patocyte cell cycle arrest. Adoptive transfer of NKT cells from regenerating HBV-tg liver, but
not from normal mice, could inhibit liver regeneration in recipient mice. Conclusion: Acti-
vated NKT cells negatively regulate liver regeneration of HBV-tg mice in the PHx model.
(HEPATOLOGY 2007;45:1400-1412.)

More than 350 million people are persistently
infected with HBV and are at a risk of devel-
oping liver diseases, cirrhosis, and hepatocel-

lular carcinoma. Because liver has a strong ability to
regenerate to its original size and function, surgical re-
moval of cancerous liver or transplantation with healthy
liver have become two important alternate choices for

hepatocarcinoma therapy, and the prognosis is to some
extent dependent on the regeneration capability of hepa-
tectomized or transplanted liver. Our previous studies
have shown that murine cytomegalovirus (MCMV) in-
fection or stimulation with the double-strand RNA virus
mimic polyinosinic-polycytidylic acid could negatively
regulate liver regeneration in normal mice in a natural
killer (NK) cell- and IFN-�-dependent manner.1 How-
ever, whether or how HBV infection impairs hepatecto-
my-induced liver regeneration is unknown.

Meanwhile, liver regeneration is a multistep process of
tissue repairs following chemical-induced liver injury2 or
partial hepatectomy (PHx). A large number of soluble
cytokine and growth factors such as IL-6,3 hepatocyte
growth factor,4 as well as epidermal growth factor,5 are
involved in this complicated process. Because we have
known that liver is abundant with a population of innate
immune cells, and some investigations have demonstrated
the critical involvement of these cells such as Kupffer
cells,6 natural killer T (NKT) cells,7 and NK cells1 in the
regulation of liver regeneration in normal mice. However,
how liver innate immune cells influence the liver regener-
ation of HBV-infected carriers is never reported.

NKT cells are heterogeneous population of innate
lymphocytes, present in virtually all lymphoid compart-
ments.8 In contrast to their relatively low presence in pe-

Abbreviations: BrdU, bromodeoxyuridine; ConA, concanavalin A; HBsAg, hep-
atitis B surface antigen; HE, hematoxylin-eosin; MAb, monoclonal antibody;
MCMV, murine cytomegalovirus; MNC, mononuclear cell; NK, natural killer;
NKT, natural killer T; PE, phycoerythrin; PHx, partial hepatectomy; TCR, T cell
receptor; TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end label-
ing; WT, wild-type.
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ripheral lymphatic system, NKT cells are quite abundant
in the liver, implying an important role of this cell type in
liver biology. Like other innate immune cells, NKT cells
can rapidly release remarkable quantities of immuno-
modulatory cytokines, such as IL-4 and IFN-�, within
minutes of stimulation after their T cell receptor (TCR)
engagement with CD1d,9 one mechanism by which they
are thought to participate in the liver injury triggered by
concanavalin A (ConA).10,11 NKT cell roles in liver injury
have been extensively reported, but their roles in liver
regeneration have only been revealed by a few studies.
Earlier investigations found that repeated administration
of IL-12 led to NKT cell accumulation in the liver and
then inhibited liver regeneration in normal mice, which
was further confirmed in NKT cell-deficient Ja281�/�

mice.12 Paradoxically, in our study, results from another
NKT cell-deficient CD1d�/� mouse showed that NKT
cell did not take part in the regulation of liver regenera-
tion,1 and even liver regeneration was up-regulated in
CD1d�/� mouse.13 Additionally, when NKT cells were
activated by specific agonist aGalcer or T cell stimulator
ConA.13,14 their effects on subsequent PHx-induced liver
regeneration were diverse. ConA treatment could im-
prove liver regeneration, mainly inducing NKT cell acti-
vation-induced death, implying the negative role of NKT
in liver regeneration. However, aGalcer treatment accel-
erated liver regeneration, supporting that NKT cells im-
prove liver regeneration.12 Taken together, those data
involving NKT cell role in liver regeneration only come
from artificial treatments or gene ablations in HBV-un-
infected mice. To explore NKT cell role in disease condi-
tions such as HBV infection, in this study we used an
HBV transgenic (HBV-tg) mouse as a model for human
HBV infection. We demonstrated that the impaired liver
regeneration of HBV-tg mice was related with activated
NKT cells and their IFN-� production. Blockade of
CD1d-NKT interaction restored the impaired liver re-
generation in HBV-tg mice.

Materials and Methods

Mice. Male partial HBV-tg mice C57BL/6J-TgN (Al-
blHBV) 44Bri (H-2b, containing partial HBV genome
including S, pre-S, and X gene) were purchased from
VITALRIVER experiment animal company (Beijing),
who purchased the mice from Jackson Lab (Bar Harbor,
Maine) and bred them for us. Another male full-HBV-tg
mouse was purchased from Infectious Disease Center of
No. 458 Hospital (Guangzhou, China). The full-HBV-tg
mouse lineage was initially produced on a BALB/c back-
ground. The transgene in these mice consists of 1.3 copies
of the HBV adr complete genome. The full-HBV-tg mice

express high level of HBsAg in their serum and have de-
tectable HBV DNA in their serum.15 B6 mice or BALB/c
mice were purchased from Shanghai Experimental Ani-
mal Center, Chinese Academy of Science (Shanghai,
China) as respective control mice. All mice were fed and
housed in a temperature-controlled animal facility with
12-hour day-night cycles. The full-HBV-tg mice were
handled in the laboratory in accordance with Biological
Safe Level 2. Animals were treated humanely, and all pro-
cedures were in compliance with the regulations of animal
care of University of Science and Technology of China.

Partial Hepatectomy. Two-thirds (approximately
70%) PHx was performed according to the method of
Higgins and Andersen between 8:00 and 11:00 AM.16

There was no operative mortality. Two hours before they
were killed, mice were intraperitoneally injected with bro-
modeoxyuridine (BrdU, 100 mg/kg body weight) to as-
sess hepatocyte DNA synthesis. Groups of animals (n �
3-5 each group) were killed at 0, 12, 24, 48, and 72 hours
after surgery. At the time of killing, livers were weighed
and rapidly split into several pieces, some for formalin-
fixation for immunofluorescence and immunohisto-
chemistry as described below, the others for preparation
of liver mononuclear cells (MNCs).

Cell Preparation, Transfer, and Depletion. Murine
livers were removed and passed through a 200-gauge
stainless steel mesh and then suspended in RPMI 1640
medium containing 2% fetal bovine serum. After one
washing, the cells were resuspended in 40% Percoll solu-
tion containing 100 U/ml heparin and were centrifuged
at 500g for 10 minutes at room temperature. The pellet
was re-suspended in a red blood cell lysis solution (155
mM NH4Cl, 10 mM KHCO3, 1 mM EDTA, and 170
mM Tris, pH 7.3). After incubation on the ice for 7
minutes, the cells were harvested by centrifugation and
washed twice in Hank’s balanced salt solution containing
5% fetal bovine serum before use. Hepatocyte isolation
was followed as previously described.17

To deplete NK cells, CD4� cells, or CD8� cells in
vivo, 100 �l of phosphate-buffered saline (PBS) contain-
ing anti-asialo GM-1 (AsGM-1; 50 �g, WAKO, Rich-
mond, VA), anti-CD4 Ab (100 �g, ATCC, TIB 207), or
anti-CD8 Ab (100 �g, ATCC TIB 105), respectively,
was intravenously injected to mice 1 day before operation.
For NK1.1� cell (including NK and NKT cell) depletion,
mice received two anti-NK1.1 injections (100 �g,
ATCC, PK136) at days 3 and 1 before liver operation.
The respective isotype antibodies were used as controls.
The absences of respective cells were confirmed by flow
cytometry.

For NKT cell purification, mice were injected with 50
�g AsGM-1 to deplete NK cells. After 1 day, liver lym-
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phocytes were isolated from these NK-depleted mice,
stained with FITC-conjugated anti-NK1.1 monoclonal
antibody (MAb) (BD PharMingen), and incubated with
anti-FITC Microbeads (Miltenyi Biotec, Auburn, CA)
for 15 minutes at 4°C. NK1.1� cells were enriched by
positive MACS according to the manufacturer’s protocol.
Approximately 85% of the magnetic-activated cell sorting
(MACS)–purified cells were NK1.1 and CD3 positive.
Through trypan blue staining, viability of purified NKT
cell for transfer assay is above 90%.

For adoptive transfer of liver MNCs or purified NKT
cells, recipient mice received two anti-NK1.1 injections at
days 3 and 1 before liver operation. Recipient mice un-
derwent a conventional PHx operation; 50 �l hepatic
MNCs (5 � 106) or purified NKT cell (1 � 106) in PBS
were injected into the spleen at a rate of 10 �l/s using a
29-gauge needle attached to a 1-ml syringe. Liver regen-
eration was assessed 48 hours after PHx.

Analyses of the Surface Phenotype and Intracellular
Cytokine Expression by Flow Cytometry. The MAbs
used in this study included Cy5-anti-CD3e, phyco-
erythrin (PE)-anti-CD69, FITC-anti-CD4, Cy5-anti-
CD8, and FITC- or PE-anti-NK1.1 MAb and PE-anti-
CD1d (eBioscience, San Diego, CA). For intracellular
cytokine staining, liver MNCs were incubated for 3 hours
in the presence of Ionomycin (1 �g/ml, BD PharMin-
gen), PMA (30 ng/ml, BD PharMingen), Monensin (1.7
�g/ml, BD PharMingen), and then stained with FITC-
anti-NK1.1 MAb and Cy-5-anti-CD3e MAb. After fixa-
tion with fixation solution and permeabilization with
permeabilization solution (eBioscience), intracellular cy-
tokine staining was performed using PE-anti-IFN-�
MAb. Fc receptor (FcR) blocking antibody 2.4G2 was
used to prevent nonspecific surface binding, whereas iso-
type antibody was used as control in the intracellular
staining. Stained cells were acquired by FACScalibur and
analyzed with WinMDI 2.9 software.

Histopathological Analysis and In Situ Cell Death
Detection. Hematoxylin-eosin (HE) staining was used
to evaluate liver injury from formalin-fixed and paraffin-
embedded liver tissue. Using terminal transferase de-
oxyuridine nick-end labeling (TUNEL), apoptotic cells
on liver section were analyzed by an in situ cell death
detection kit (TUNEL, Roche Diagnostics Ltd., Basel,
Switzerland). The procedure was performed following the
manufacturer’s instructions.

Cell Cycle and Apoptosis Analysis. Apoptotic
HepG2 and HepG2.2.15 were determined by double
staining with propidium iodide (PI) and Annexin V. Cell
cycle analysis was performed with PI staining as previous
described.18

Immunohistochemical Staining. Sections from for-
malin-fixed and paraffin-embedded liver tissue were
stained with mouse monoclonal anti-BrdU antibody
(Sigma, St. Louis, MO, 1:100 dilution), or mouse
monoclonal antibody against proliferating cell nuclear
antigen (PCNA) (Sigma, St. Louis, MO, 1:100 dilu-
tion), overnight at 4°C. Secondary antibody, peroxi-
dase-labeled rabbit anti-mouse antibody (Dako
Envision System Carpinteria, CA), was incubated at
room temperature for 30 minutes and then stained
with peroxidase substrate 3,3�-diamino-benzidine
chromagen (Dako) and finally counterstained with he-
matoxylin or eosin. Two observers blinded to the ani-
mal’s identity and treatment evaluated BrdU- or
PCNA-positive hepatocytes. BrdU incorporation was
determined by counting positively stained hepatocyte
nuclei in three to six low-power (10�) microscope
fields, and the mean was calculated. PCNA labeling
was evaluated in a similar manner.

Immunofluorescent Staining. Sections from forma-
lin-fixed and paraffin-embedded liver tissues were
thawed onto glass slides, air dried, and fixed in acetone/
methanol (1:1) at 4°C for 10 minutes. After being
washed with PBS, the sections were blocked with 3%
bovine serum albumin/PBS at room temperature for
30 minutes. Incubation was continued with rat anti-
mouse PE-CD1d MAb (clone 1B1, Caltag, 1:100 di-
lution) and rat FITC-F4/80 MAb directed against
murine macrophages (clone BM8, Dianova, Hamburg,
Germany, 1:100 dilution) dissolved in 3% bovine se-
rum albumin/PBS overnight at 4°C. After rinsing with
PBS, the sections were coverslipped with 10% glycerol/
PBS, pH 8.6, and examined by confocal laser-scanning
microscopy (Axiovert 100 M, Carl Zeiss, Oberkochen,
Germany).

Blocking CD1d-NKT Cell Interaction In Vivo.
Two hours before PHx, HBV-tg mice were intravenously
injected with purified functional anti-CD1 MAb (100 �g
in 100 �l PBS, 1B1, eBioscience) to block the interaction
of NKT cells with CD1d as described previously,19 and
IgG isotype MAb as controls.

Determination of IFN-� Concentration and IL-12
in Liver and Serum. Serum IFN-� concentration and
IL-12 concentrations in whole-liver homogenates were
determined by enzyme-linked immunosorbent assay us-
ing mouse IFN-� or IL-12 enzyme-linked immunosor-
bent assay kit (Bender Med Systems, Vienna, Austria)
following the manufacturer’s instructions.

Statistical Analysis. Differences between the groups
were analyzed by Student t test, and P � 0.05 was con-
sidered statistically significant.
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Results

Liver Regeneration Is Delayed in HBV-tg Mice
After PHx. Our previous study has shown that MCMV
infection or poly (I:C) injection could give rise to the
delayed liver regeneration in wild-type (WT) mice via
activating NK cells.1 Because MCMV infection or poly
(I:C) injections are not real conditions in humans, to
evaluate the effect of HBV infection on liver regeneration,
we used HBV-tg mice, mimicking HBV carrier or
chronic HBV hepatitis. HBV-tg mice were created with
70% PHx in comparison with WT mice. First, remnant
livers showed a marked reduction in liver mass of partial
HBV-tg mice through macroscopic evaluation if com-
pared with littermate WT mice (Fig. 1A). Consistently,

the percentages of remnant liver weight to body weight
were substantially reduced both in 60-day-old and 120-
day-old partial HBV-tg mice at the time points of 24, 48,
and 72 hours after PHx (Fig. 1B). No significant differ-
ence was seen between these two strains of mice in the
percentage of liver weight to body weight before PHx.
Next, we analyzed hepatic PCNA labeling and BrdU in-
corporation of hepatocytes after PHx in WT mice and
HBV-tg mice and found the positive staining of BrdU or
PCNA peaked at 24 to 48 hours. However, the number of
BrdU- and PCNA-positive hepatocytes per field in
HBV-tg mice was much lower than that in WT mice at
48 and 72 hours (Fig. 1C, D), demonstrating liver
regeneration of HBV-tg mice is inhibited in the PHx
model. In long-term observations after 1 week, we

Fig. 1. Liver regeneration is inhibited in HBV-tg mice after PHx. HBV-tg mice and C57BL/6 WT mice were subject to 70% PHx. (A) A representative
photograph for macroscopic evaluation of remnant livers 48 hours after PHx. (B) The percentage of remnant liver weight to body weight at indicated
time points pre-PHx and post-PHx were used to evaluate liver growth of 60-day-old or 120-day-old mice. (C) Hepatocyte DNA synthesis was monitored
by PCNA staining and BrdU incorporation. Representative photographs for anti-PCNA and anti-BrdU immunohistochemical staining of paraffin-
embedded sections from WT mice and HBV-tg mice 0 and 48 hours after PHx are shown (original magnification �100). The arrows indicate PCNA-
or BrdU-positive cells. (D) PCNA- or BrdU-positive cells per low field are counted at indicated hours after PHx. Data in B and D are expressed as
mean � SEM from three to five mice at each time point. *P � 0.05 versus WT mice.
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found the percentages of liver weight to body weight in
hepatectomized HBV mice were nearly similar to that
in WT mice (data not shown), indicating that the liver
regeneration in HBV-tg mice is just delayed.

However, when full-HBV-tg mice with BALB/c back-
ground were applied, we did not find that the percentage of
liver weight to body weight 48 hours after PHx in these
HBV-tg mice was lower than that in WT (See Supple-
mentary Fig. 1: Supplementary material can be found on
the HEPATOLOGY website (http://interscience.wiley.com/
jpages/0270-9139/suppmat/index.html). In the following
investigations, we chose C57BL/6J-TgN (AlblHBV) 44Bri
mice as HBV infection model to explore the mechanism
involving the impaired liver regeneration in the PHx model.

NKT Cells Negatively Regulate the Liver
Regeneration of HBV-tg Mice

NKT Cells Number and Activation are Upregu-
lated at the Early Liver Regeneration of HBV-tg Mice.
Flow cytometric analysis revealed that before PHx there

were approximately 11% to 15% NKT cells
(NK1.1�CD3�) in the liver of HBV-tg mice and 12% to
20% NKT cells in the liver of WT mice. PHx consider-
ably elevated hepatic NKT cells to 20% to 50% of liver
MNCs in HBV-tg mice, with the peak effect occurring at
12 hours, whereas NKT cell numbers were slightly ele-
vated at 24 hours in WT mice (Fig. 2A). The absolute
number of NKT cells per gram liver in HBV-tg mice was
2 to 3 times more than that in WT mice (Fig. 2B). To
identify the subsets of elevated NKT cells induced by PHx
in HBV-tg mice, liver lymphocytes were analyzed using
three-color flow cytometry. The absolute numbers of he-
patic CD4� NKT cells and double negative (DN,
CD4�CD8�) NKT cells in HBV-tg mice were obviously
higher than that in WT mice after PHx, whereas CD8�

NKT cells showed no difference between two strains of
mice (Fig. 2B). Next, we analyzed the expression of
CD69, an early activation marker, on the NKT cells.
Approximately 75% of hepatic NKT cells in HBV-tg
mice were CD69 positive 24 hours after PHx, which was

Fig. 2. Hepatic NKT cell number
and activation are upregulated in
HBV-tg mice after PHx. HBV-tg mice
and C57BL/6 WT mice were sub-
jected to 70% PHx. Liver MNCs were
isolated at indicated time points af-
ter PHx. (A) Representatives of flow
cytometric analysis of CD3�

NK1.1�, CD4� NK1.1�, and CD8�

NK1.1� cells are shown. (B) Abso-
lute numbers of hepatic total MNCs,
CD3� NK1.1�, CD4� NK1.1�, and
CD8� NK1.1� cells were calculated
by multiplying their respective per-
centages with the total liver MNC
amount after PHx. Absolute number
of DN NKT was calculated by sub-
tracting CD4� NK1.1� and CD8�

NK1.1
�

numbers from the CD3�

NK1.1
�

number. Results are ex-
pressed as mean � SEM from four
mice at each time point. *P � 0.05
versus WT mice. (C) Liver MNCs were
isolated at indicated time points.
CD69 expressions on T cells (CD3�

NK1.1�), NK cells (CD3� NK1.1�)
and NKT cells (CD3� NK1.1�) were
analyzed with three-color flow cy-
tometry.
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higher than that in WT mice (Fig. 2C). Absolute numbers
of CD69-positive NKT cells in the regenerating liver of
HBV-tg mice were also higher compared with WT (data
not shown). These results collectively suggest that PHx
dramatically upregulated hepatic NKT cell accumulation
and activation in HBV-tg mice at the early stage of liver
regeneration.

Depletion of NKT Cells, But Not NK Cells, Im-
proves Liver Regeneration in HBV-tg Mice. To exam-
ine whether NKT cells caused the decreased liver
regeneration in HBV-tg mice, we generated NK1.1� cell-
depleted HBV-tg mice by treatment with anti-NK1.1 an-
tibody. Anti-NK1.1 antibody could deplete nearly all NK
cells and NKT cells, whereas anti-AsGM1 antibody only
depleted NK cells. Two other cell-depleted mice were
generated by CD4 and CD8 antibody treatment (Fig.
3A). The respective remaining cells are below 1%. Forty-
eight hours after PHx, we found that depletion of

NK1.1� cells or CD4� cells in WT mice could slightly
improve liver regeneration. Compared with isotype con-
trol, HBV-tg mice depleted of NKT and NK cells were
found to have dramatically elevated BrdU incorporation
and PCNA labeling (Fig. 3B, C), whereas HBV-tg mice
depleted of NK cells alone had nearly similar values as
control isotype antibody. Depletion of CD4� T cells, but
not CD8� T cells, also ameliorated the impaired liver
regeneration in HBV-tg mice.

Adoptively Transferred NKT Cells from Regenerat-
ing HBV-tg Liver Inhibit Liver Regeneration of Re-
cipient Mice. To know the roles of NKT cells in HBV-tg
mice in the decreased liver regeneration, several indicated
hepatic lymphocytes were isolated and transferred to dif-
ferent recipient mice. Transfer with liver MNCs of hepa-
tectomized HBV-tg mice but not WT mice could inhibit
the liver regeneration of both recipient HBV-tg mice and
WT B6 mice; however, if the MNCs were depleted of

Fig. 3. Depletion of NKT cells, but not NK
cells, improves the impaired liver regeneration
of HBV-tg mice after PHx. (A) Depletion of
NK1.1� cells, NK cells, CD4� T cells, and
CD8� T cells were confirmed by flow cytometry.
(B) BrdU- or PCNA-positive cells per low field
were calculated from respective antibody-de-
pleted mouse liver section 48 hours after PHx.
*P � 0.05 versus isotype. (C) Forty-eight
hours after PHx, representative immunohisto-
chemistry photographs for anti-PCNA staining
from indicated antibody-depleted mouse were
shown (original magnification �200). (D) In-
dicated recipient mice were subject to PHx, and
then were respectively received with 5 � 106

liver MNCs from isotype antibody-treated hep-
atectomized HBV-tg mice or WT C57BL/6 mice,
anti-NK1.1-treated, or anti-AsGM-1-treated
hepatectomized HBV-tg mice, or 1 � 106 pu-
rified liver NKT cells from hepatectomized
HBV-tg mice or C57BL/6 WT mice. Forty-eight
hours after PHx, the percentages of liver weight
to body weight was calculated. Results are
expressed as mean � SEM from three mice.
*P � 0.05 versus WT liver MNC treated with
isotype or HBV-tg liver MNC depleted with anti-
NK1.1. &P � 0.05 versus purified WT liver NKT
cells.
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both NK and NKT cells with anti-NK1.1 MAb, the
MNCs lost the inhibitory effects. Because of the lack of a
specific MAb against NKT cells, we depleted NK cells
from MNCs with anti-ASGM-1 to compare with NK1.1
depletion. The results demonstrated that NK cells-de-
pleted MNCs revealed the same effect as whole MNCs,
suggesting that the inhibitory effects of liver MNCs on
hepatectomized HBV-tg mice possibly came from NKT
cells, but not from NK cells, which was further confirmed
by adoptive transfer with the purified NKT cells from
hepatectomized liver of HBV-tg mice, but not from that
of WT mice (Fig. 3D). In addition, when equal amounts of
liver MNCs of hepatectomized HBV-tg mice were adop-
tively transferred to recipient HBV-tg mice, the inhibitory
effect on liver regeneration was notably greater than that of
recipient WT mice, and consistently, depletion of NK1.1�

cells in the transferred cells largely counteracted their inhib-
itory effects, indicating that HBV-tg mice are sensitive to
adoptively transferred NKT cells from regenerating HBV-tg
mice liver (Fig. 3D).

Elevated CD1d on Hepatocytes Contributes to NKT
Cell Activation and Subsequent Impairment of
Liver Regeneration in HBV-tg Mice

These data showed that PHx caused selective CD4�

and DN NKT cell accumulation and strong activation of
NKT cells in livers of HBV-tg mice. Generally, CD4�

and DN NKT cells are CD1d-restricted.20,21 We there-
fore examined the roles of CD1d in the involvement of
NKT cells in impaired liver regeneration in HBV-tg mice.
Immunofluorescence microscopy showed that hepatic
CD1d expression (red) was at a low level in liver section of
WT mice 24 hours after PHx, but greatly elevated in
HBV-tg mice (Fig. 4A). CD1d-expressing F4/80� macro-
phages/Kupffer cells (yellow) did not obviously increase in
the sections of both WT mice and HBV-tg mice (Fig. 4A).
To identify these CD1d-staining positive cells, primary
hepatocytes were isolated for determination of CD1d expres-
sion using flow cytometry. Mean intensity of CD1d expres-
sion on hepatocytes in both WT and HBV-tg mice was
relatively low before PHx; however, it dramatically increased

Fig. 4. Elevated CD1d expression on hepa-
tocytes leads to impaired liver regeneration in
HBV-tg mice. (A) CD1d expressions on liver
sections at indicated time points (0 or 24 hours
post operation) were examined with immuno-
fluorescence, in which used antibodies were
PE-labeled CD1d and FITC-labeled F4/80.
CD1d� cells were shown as red; F4/80� cells,
green. CD1d� F4/80� cells were merged as
yellow (original magnification �100). (B)
Twenty-four hours after PHx, primary hepato-
cytes were isolated for determination of CD1d
by flow cytometry. (C) Two hours after HBV-tg
mice were intravenously injected with 100 �g
anti-CD1d antibody to block the CD1d-NKT cell
interaction, HBV-tg mice were subjected to PHx.
BrdU incorporation and PCNA labeling were
analyzed with immunohistochemistry. PCNA- or
BrdU-positive cells per low field were counted,
*P � 0.05 versus isotype, and (D) represen-
tative photographs for anti-BrdU staining from
are shown (original magnification �200).
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12 to 24 hours after PHx in HBV-tg mice, but not in WT
mice (Fig. 4B). These data suggest that the CD1d increase
during liver regeneration of HBV-tg mice was mostly due to
hepatocytes, but not Kupffer cells and macrophages.

We then injected HBV-tg mice with anti-CD1d anti-
body to see whether blockage of CD1d recognition inter-
feres with liver regeneration. Two hours after anti-CD1d
antibody injection, immunofluorescence analyses showed
that the treatment did not alter the absolute numbers of
NKT cells, NK cells, or T cells in the livers (Supplemen-
tary Fig. 2), suggesting anti-CD1d antibody did not de-
plete any hepatic immune cells. Anti-CD1d antibody
administration before PHx effectively improved the liver
regeneration of HBV-tg mice, with elevated ratio of liver
weight to body weight, PCNA labeling, and BrdU incor-
poration (Fig.4C,D), indicating that hepatic up-regula-
tion of CD1d contributes to the impaired liver
regeneration of HBV-tg mice.

NKT-Derived IFN-� Plays a Critical Role in
Inhibiting Liver Regeneration of HBV-tg Mice

IFN-� Production by NKT Cell Is Enhanced in
Hepatectomized HBV-tg Mice. Previous data have

shown that IFN-� production by NK cells impaired liver
regeneration in WT mice.1 To address the issue, we de-
tected serum IFN-� concentration after PHx and found
that serum IFN-� in HBV-tg mice was slightly higher
than that in WT mice (Fig. 5A), whereas the concentra-
tion decreased with NK1.1� cell depletion rather than
NK cell depletion. It was noted that 82.04% of hepatic
NKT cells in HBV-tg mice expressed IFN-� 24 hours
after PHx, whereas this occurred in only 12.74% of NKT
cells in WT mice (Fig. 5B). Systematical administration
of anti-CD1d anybody to block CD1d-NKT interaction
greatly inhibited serum IFN-� levels in HBV-tg mice
(Fig. 5C) and IFN-� production by NKT cells (Fig. 5D).
Therefore, CD1d-mediated NKT cell activation leads to
more IFN-� production in HBV-tg mice. We also de-
tected IL-12 level in the liver lysate; no obvious difference
was seen between WT and HBV-tg mice (data not
shown), but neutralization of IL-12 could partially abro-
gate serum IFN-� and IFN-� secretion by NKT cells
during liver regeneration in HBV-tg mice, indicating the
physiological level of IL-12 is also necessary for NKT cell
IFN-� production and impaired liver regeneration in
HBV-tg mice (Fig. 5C, D).

Fig. 5. Increased production of IFN-� by
NKT cells contributes to the impaired liver re-
generation of HBV-tg mice. (A) Twenty-four
hours after HBV-tg mice and C57BL/6 WT
mice, some of which were treated with anti-
AsGM1 or anti-NK1.1 antibody as indicated
before PHx, were subjected to 70% PHx, serum
IFN-� was evaluated by enzyme-linked immu-
nosorbent assay. *P � 0.05 versus C57BL/
6/PHx. (B) Liver MNCs were isolated, and
IFN-� production by NKT cells was examined by
intracellular staining with flow cytometry. A rep-
resentative example of three independent ex-
periments is shown. (C and D) Twenty-four
hours after CD1d-blocked or IL-12 neutralized
HBV-tg mice were subjected to PHx, serum was
collected for IFN-� determination, and the per-
centage of IFN-�� NKT cells to total NKT cells
was calculated. *P � 0.05 versus isotype. (E
and F) Twelve hours after HBV-tg mice intrave-
nously received 100 �g specific antibody
against IFN-� to neutralize endogenous IFN-�,
PHx was performed. Liver regeneration was
evaluated with the percentage of liver weight to
body weight, BrdU incorporation, and PCNA
labeling. *P � 0.05 versus isotype. (G) Rep-
resentative photographs for anti-BrdU immuno-
histochemical staining from isotype control and
anti-IFN-� group mice are shown (original mag-
nification �200).
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IFN-� neutralization Improves Liver Regeneration
of HBV-tg Mice. To make clear the role of IFN-� in
impaired liver regeneration, HBV-tg mice were pre-
treated with IFN-�-specific antibody 2 hours before PHx.
IFN-� neutralization could markedly improve the subse-
quent liver regeneration induced by PHx in HBV-tg
mice, manifested by elevated ratios of remnant liver to
body weight, BrdU incorporation, and PCNA labeling
(Fig. 5E, F, and G).

Exogenous Administration with Recombinant
IFN-� Considerably Aggravates the Impairment of
Liver Regeneration in HBV-tg Mice. As indicated,
HBV-tg mice are more sensitive to the adoptively trans-
ferred NKT cells from regenerating HBV-tg liver. We
then wanted to determine whether HBV-tg mice were
hypersensitive to IFN-� secreted by NKT cells. Before
PHx, both HBV-tg mice and WT received different doses
of IFN-� (0.5, 2, and 5 �g per mouse). As shown in Fig.
6, though liver regeneration in HBV-tg and WT mice was
significantly inhibited at a 5-�g dose, consistent with pre-
vious data,1 live regeneration was not affected by administra-
tion of 0.5 or 2 �g in WT mice, but was obviously inhibited
in HBV-tg mice (Fig. 6A). Therefore, HBV-tg mice are hy-
persensitive to IFN-� at least in the PHx model.

IFN-� Inhibits Liver Regeneration of HBV-tg Mice
Through Negatively Controlling Cell Cycle Arrest, But
Not Inducing Apoptosis of Hepatocyte. We then ex-
plored whether IFN-� induced the attenuated liver regen-
eration by inducing hepatocyte apoptosis, or by
negatively controlling the cell cycle. Administration of
IFN-� even at a dose of 0.5 �g notably decreased PCNA
labeling 48 hours after PHx in HBV-tg mice, but not in
WT mice (Fig. 6B), indicating that cell proliferation is
inhibited. Using in situ cell death analysis and pathologi-
cal staining, no visible necrosis and apoptotic hepatocytes
in the liver section were seen in either HBV-tg mice or
WT mice (Fig. 6B), suggesting that apoptosis did not
happen. As an injury model, mice were injected with 15
�g /g concanavalin A. Massive necrosis and brown apo-
ptotic lesions were found in both HBV-tg and WT mice;
however, manifestations on the liver sections of HBV-tg
mice were more severe than those of WT mice (Fig. 6B).
Furthermore, when the HBV gene-transfected human
cell line HepG2.2.15 was stimulated with a series of hu-
man IFN-� in vitro, the percentages of counted sub-G1
events did not exceed 2% of total counts (data not
shown), the percentages of G0/G1 in all stages substan-
tially went up in a dose-dependent manner, even at the
low dose of IFN-� (10 U/ ml), but increased in control
HepG2 cells only at the high dose of IFN-� (1,000 U/ml)
(Fig. 6C), indicating that HBV gene-transfected cells are
also sensitive to IFN-� inhibition in vitro. Annexin V

staining showed that no obvious change of apoptosis was
found in both cell lines (Fig. 6C).

Discussion
Cytotoxic T lymphocytes have been considered as one

of the critical effector cells in the pathogenesis of HBV
infection.22,23 In HBV-tg mice, hepatitis B surface anti-
gen (HBsAg)-specific cytotoxic T lymphocyte plays a ma-
jor role in the spread of liver necrosis mechanisms.24 In
addition, HBx protein could inhibit liver cell prolifera-
tion in a paracrine manner in HBx transgenic mice.25

Apart from these reports, few studies have focused on the
effect of HBV infection on liver cell proliferation in hu-
mans and mice. With many innate immune cells abun-
dant in liver, especially NKT cells, the roles of NKT cells
thus came to light in the defense of virus infection26,27 and
in the pathogenesis of liver diseases.28 Although NKT or
NK cells have widely reported to attack hepatocytes in
ConA-induced liver injury28 or poly (I:C)-induced liver
injury,29 respectively, how these cells play their roles in
liver regeneration, as a repairing process following liver
injury, is still unclear. Our data provide evidence support-
ing the negative regulation of innate immunity, but not
direct cytotoxicity, on liver regeneration in HBV carriers.
This finding has an important clinical relevance in HBV-
related immunopathogenesis. When surgical resection of
cancerous liver or transplantation with new healthy liver
was performed in HBV patients with hepatocarcinoma,
the negative effect of HBV infection on liver regeneration
will be taken into account. Preventive interference with
activated NKT cells in the early stage of hepatectomy may
be a possible approach for immune-mediated impaired
liver regeneration in HBV patients.

In our study, we observed inconsistent results in two
kinds of HBV-tg mice. We did not find the impairment
of liver regeneration in full-HBV-tg mice with BALB/c
background containing the complete virus particle. Pre-
sumably, NKT cell functions in different genetic back-
grounds show some divergences,30 and possibly are
similar to NK cell functions in BALB/c strain; NKT cell
function in full HBV-tg mice may be weaker than that in
the B6 strain. Therefore, backcross of the full-HBV mice
to B6 background is a critical answer to the enigmatic
question. Conversely, two mice have some distinguished
differences in the introduced HBV gene, which deter-
mine their distinct pathological changes. Our used partial
HBV-tg mice have obvious HBsAg intracellular retention
in endoplasmic reticulum, a very similar outcome to hu-
man HBV chronic infection. Generally, HBsAg retention
in hepatocytes is closely associated with glass-like denat-
uralization, even liver fibrosis, in humans. However, our
full-HBV-tg do not have any HBV protein deposit in
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Fig. 6. IFN-� inhibits liver regeneration of HBV-tg mice through cell cycle arrest, but not apoptosis of hepatocyte. (A) After HBV-tg mice and WT
mice received 0.5, 2, and 5 �g recombinant IFN-� per mouse, and 200 �l PBS as control, PHx was performed, and the percentage of liver weight
to body weight was used to assess liver regeneration. *P � 0.05 versus 0 �g group in corresponding mice. (B) HBV-tg and WT mice were injected
with indicated doses of IFN-� and then subjected to PHx. Forty-eight hours later, regenerating livers were collected for HE, TUNEL, and PCNA analysis.
Liver sections of mice received 15 mg/kg ConA as positive control of HE staining and TUNEL. (C) Synchronized HepG2.2.15 cells were stimulated
with 0, 10, and 1,000 U/ml human recombinant IFN-� for 24 hours, and HepG2 cells as control cells were treated equally. Cells were collected for
apoptosis analysis (PI/Annexin V double staining) or fixed for cell cycle analysis (PI staining).



hepatocyte, and conversely, existence of contagious HBV
Dane particles is detected in the liver of full-HBV-tg
mice. Our data hint that not all HBV infection would
lead to impaired liver regeneration, which probably relies
on HBV existence. When more HBV protein is deposited
in hepatocytes, it will limit liver regeneration, mainly by
inducing NKT cell activation, whereas complete HBV
particles do not contribute to NKT cell activation in the
PHx model. Therefore, demonstrating the divergent phe-
nomena in two HBV-tg mice will hold benefits for the
explaining the question of which kind of HBV patients
easily develop impairment of liver regeneration.

Previously, we revealed that NK cells negatively regu-
lated liver regeneration in normal mice after hepatectomy
or acute MCMV infection1; however, we still do not
know whether the liver regeneration is impaired in the
condition of HBV infection, and which cells will control
this process. Interestingly, in this study, we found that
NKT cells, but not NK cells, negatively controlled the
liver regeneration after hepatectomy in HBV-tg mice.
Acute MCMV infection is different from HBV infection,
as has been extensively verified. We used partial HBV
transgenic mice to explore liver regeneration. In contrast
to NK cells in WT mice, we found that NKT cells are
major players in negatively regulating liver regeneration in
HBV-tg mice. Why were NK cells not responsible for the
impairment of liver regeneration in HBV-tg mice? The
difference may be attributable to the distinct feature of
two pathogens on hepatic NK cell function. As reported,
MCMV infection often causes NK cell accumulation and
activation.31 Conversely, NK cell functions such as cyto-
kine production and cytotoxicity were obviously attenu-
ated in chronic HBV infection.32 Thus, NK cells’ ability
to negatively regulate liver regeneration would not be
found in HBV-tg mice.

Liver NKT cells are a highly heterogeneous popula-
tion. Originally, NKT cells were classically considered to
be either CD4� or DN, and CD1d-restricted (e.g., their
development was dependent on CD1d).33 In this study,
we found that the number and activation of CD4� NKT
cells were increased after PHx in HBV-tg mice, and
blockage of interaction between CD1d and NKT cells
could counteract NKT cell activation by reduction of
IFN-� production and improved impaired liver regener-
ation in HBV-tg mice. Thus, these populations can be
considered as CD1d-reactive NKT cells. Because
CD1d�/� HBV-tg mice will be greatly helpful in further
evaluation of the exact roles of NKT cells in the develop-
ment of impaired liver regeneration in HBV-tg mice, we
are raising the hybrid mice in our setting for further study.

NKT cells are usually activated by antigen-loading
CD1d on APCs and soluble cytokines such as IL-12.34,35

We also observed that elevation of CD1d expression and
an increase in the physiological level of IL-12 played nec-
essary roles in NKT cell activation in HBV-tg mice.
CD1d-expressing cells in the liver mainly refer to macro-
phages/Kupffer cells and hepatocytes.6,36,37 In our study,
we observed that HBV-infected hepatocytes plus surgery-
initiated liver regeneration, as a kind of “stress” triggering,
induced overexpression of CD1d in HBV-infected hepa-
tocytes, but not in macrophages/Kupffer cells, which con-
tributes to NKT cell activation followed by releasing
inflammatory cytokines (Fig. 5). The roles of macro-
phages/Kupffer cells in NKT cell activation are possibly
to produce IL-12, as previously reported by us.29 This
finding indicates that the virus-infected hepatocytes may
exist as a “stress-inducible” target cell recognized by NKT
cells through CD1d molecules. The phenomenon also
has implications of wide general biomedical importance
in virus-infected tissue repair (such as gut, respiratory
tract, pancreas etc.).

The importance of CD1d molecule in NKT activation
has been extensively reported, but no study has focused on
HBV-infected hepatocytes. CD1d could selectively acti-
vate hepatic NK cells to eliminate experimentally dissem-
inated hepatoma cells in murine liver38; overexpression of
CD1d by keratinocytes in psoriasis could lead to NKT
cell activation and releasing of IFN-�39; transgenic CD1d
mice had stronger NKT cell function in nonobese dia-
betic mice, alleviating insulin-dependent diabetes melli-
tus pathogenesis40; high levels of pro-inflammatory
hepatic CD1d-reactive NKT cells are seen in HCV infec-
tion, and up-regulated CD1d was also found on infected
hepatic cells in HCV-infected donors.41 In the current
study, we found that blocking interaction of NKT cells
with CD1d significantly inhibited IFN-� production by
NKT cells (Fig. 5). Therefore, CD1d upregulation in the
liver is an initial step for activation of hepatic CD1d-
reactive NKT in HBV-tg mice. In contrast to major his-
tocompatibility complex I upregulation on virus-infected
cells, which is associated with conventional T cell activa-
tion,42 CD1d upregulation will help NKT cell activa-
tion.34,40 Different from major histocompatibility
complex I-loaded peptide, antigens presented by CD1d
are considered to be lipid. Lipid on hepatocytes may be
altered to be suitable for CD1d presentation; or certain
molecules for CD1d-dependent presentation, such as
TAP1, are abnormally activated because of HBV protein
retention in hepatocytes, which will be helpful in explain-
ing hepatic NKT cell activation in HBV-tg mice. Re-
cently, however, HSV-mediated downregulation of
CD1d recycling has been reported, implying that virus
can escape from NKT cell immunosurveillance via inter-
fering with the CD1d-presenting pathway.43 How HBV
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virus infection increased CD1d levels during PHx re-
mains to be determined. Further investigations should
expand to analysis of CD1d gene expression, CD1d pro-
tein synthesis, and CD1d recycling in the subcellular or-
ganelle.

NKT cells exert their regulatory roles mainly by two
pathways: direct cytotoxicity and releasing cytokines such
as IFN-� and IL-4. Previous studies showed that the
IFN-� produced by NKT cells or NK cells exerts its sup-
pressive response in liver regeneration.1 However, how
NKT negatively modulates liver growth through IFN-� is
not known. NKT cells can induce hepatocyte apoptosis
by the surface FasL and TRAIL expression.28,44,45 IFN-�
also is a critical cytokine for massive necrosis and apopto-
sis of hepatocyte in ConA-induced liver injury.46 In this
study, we found that although NKT cells produced more
IFN-� in HBV-tg at the early stage of PHx, serum levels
of IFN-� elevated only slightly. We did not find any ne-
crotic lesions or apoptotic cells in HBV-tg mice liver sec-
tions after PHx. HBV-tg mice were hypersensitive to low
doses of exogenous supplemental IFN-� via arrest of the
cell cycle of the HBV gene-transfected hepatocytes, rather
than directly induced apoptosis. In conclusion, in addi-
tion to overproduction of IFN-� by more sensitively ac-
tivated hepatic NKT cells, the impaired liver regeneration
in HBV-tg mice also may be closely relevant to hepatocyte
itself, which is more sensitive to exogenous stimulus, such
as IFN-�47,48 this mechanisms will be helpful for the elu-
cidation of HBV-associated fulminant hepatitis in human
beings.
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Identification of Host Genes Involved in Hepatitis C
Virus Replication by Small Interfering RNA Technology

Teresa I. Ng, Hongmei Mo, Tami Pilot-Matias, Yupeng He, Gennadiy Koev, Preethi Krishnan, Rubina Mondal,
Ron Pithawalla, Wenping He, Tanya Dekhtyar, Jeremy Packer, Mark Schurdak, and Akhteruzzaman Molla

Hepatitis C virus (HCV) replication is highly dependent on host cell factors. Identification
of these host factors not only facilitates understanding of the biology of HCV infection but
also enables the discovery of novel targets for anti-HCV therapy. To identify host genes
important for HCV RNA replication, we screened a library of small interfering RNA (siRNA)
that targets approximately 4,000 human genes in Huh7-derived EN5-3 cells harboring an
HCV subgenomic replicon with the nonstructural region NS3-NS5B from the 1b-N strain.
Nine cellular genes that potentially regulate HCV replication were identified in this screen.
Silencing of these genes resulted in inhibition of HCV replication by more than 60% and
exhibited minimal toxicity. Knockdown of host gene expression by these siRNAs was con-
firmed at the RNA level and, in some instances, at the protein level. The level of siRNA
silencing of these host genes correlated well with inhibition of HCV. These genes included
those that encoded a G-protein coupled receptor (TBXA2R), a membrane protein (LT�), an
adapter protein (TRAF2), 2 transcription factors (RelA and NF�B2), 2 protein kinases
(MKK7 and SNARK), and 2 closely related transporter proteins (SLC12A4 and SLC12A5).
Of interest, some of these genes are members of the tumor necrosis factor/lymphotoxin
signaling pathway. Conclusion: Findings of this study may provide important information
for understanding HCV replication. In addition, these cellular genes may constitute a novel
set of targets for HCV antiviral therapy. (HEPATOLOGY 2007;45:1413-1421.)

Hepatitis C virus (HCV), a member of the Fla-
viridae family, infects an estimated 170 million
patients worldwide.1 It is a leading cause of cir-

rhosis and hepatocellular carcinoma.2 HCV is an envel-
oped virus containing a positive-strand RNA genome that
encodes structural and nonstructural proteins. Its replica-
tion, which occurs in the cytoplasm, is highly dependent
on the function of its nonstructural proteins together with
host cellular factors. However, the precise roles that cel-
lular factors play in HCV replication have not been well
characterized. In addition, structural and nonstructural
HCV proteins have been implicated as being involved in

various functions within host cells including cell signal-
ing, transcriptional modulation, transformation, and ap-
optosis.3-8

Current standard therapy for chronic HCV infection
involves extended dosing with pegylated interferon
(PEG-IFN) and ribavirin (RBV). This regimen provides a
sustained virological response in about 50% of patients
infected by genotype 1 HCV, which is the prevalent HCV
genotype in the United States, Europe, and Japan.9,10

Unlike how patients infected with genotype 1 HCV re-
spond to the treatment, patients infected with HCV ge-
notypes 2 or 3 have an 80% sustained virological
response. PEG-IFN plus RBV therapy is commonly asso-
ciated with severe side effects. The severe consequences of
chronic HCV infection as well as the limitations of the
current therapy have created a great demand for new
treatments to be developed.

Currently, the major targets for HCV drug discovery are
2 viral enzymes, NS3 protease and NS5B RNA-dependent
RNA polymerase. Several protease and polymerase inhibi-
tors have demonstrated inhibitory effects on the HCV rep-
licon system and antiviral activity in humans as well.11-16

Because of the high rate of HCV replication and the error-
prone nature of HCV polymerase, it is very likely that drug-

Abbreviations: LT, lymphotoxin; NIK, NF�B-inducing kinase; NTR, nontrans-
lated region; SEAP, secreted alkaline phosphatase; ROS, reactive oxygen species;
siRNA, small interfering RNA; PKR, interferon-inducible protein kinase;
TBXA2R, thromboxane A2 receptor; TNF, tumor necrosis factor.
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resistant HCV variants will emerge in patients treated with
HCV polymerase or protease inhibitors. In fact, several stud-
ies have reported the selection of HCV mutant replicons
resistant to polymerase or protease inhibitors.15,17-23 Charac-
terization of these mutant replicons showed that single
amino acid mutations in the NS3 or NS5B gene could confer
significant resistance to these inhibitors. Most inhibitors spe-
cific for HCV targets described to date are significantly less
effective for treating patients infected with HCV genotypes
other than genotype 1. This is because of the high sequence
variation among HCV genotypes. In contrast, inhibitors tar-
geting cellular genes may overcome this genotype-specific
limitation. Therefore, targeting host proteins as antiviral tar-
gets has several advantages. First, an inhibitor that targets a
host protein may be active across a broader spectrum of
HCV genotypes so as to overcome their great genetic heter-
ogeneity. Second, during the course of treatment, it can po-
tentially minimize the selection of drug-resistant mutants
because of the rate of mutation of host genes is lower than
that of HCV genes.

In this study, we screened a small interfering RNA
(siRNA) library targeting about 4,000 human genes in
Huh7 cells containing an actively replicating HCV sub-
genomic replicon in order to identify host genes important
for HCV replication. This library is composed of siRNAs
targeting a broad variety of gene families that are potential
targets for drug discovery. We have identified several host
genes that regulate HCV RNA replication. These genes may
provide important information for HCV replication and
may serve as potential targets for HCV drug discovery.

Materials and Methods

HCV Replicons. HCV genotype 1b N strain sub-
genomic replicon cells expressing HCV NS3-NS5B and
the secreted alkaline phosphatase (SEAP) reporter protein
in EN5-3 cells were licensed from the University of Texas
Medical Branch (Fig. 1).24 EN5-3 cells were derived from
Huh7 cells by stable transfection with a SEAP reporter

plasmid and selection with blasticidin.24 This vector ex-
presses SEAP under the control of a transcriptional regu-
lator, human immunodeficiency virus (HIV) LTR. The
HCV genotype 1a subgenomic replicon was constructed
in-house (Fig. 1). In this replicon, the N-terminal 73
amino acids of NS3 were derived from the genotype 1b
strain con1 sequence, and the remaining NS3-NS5B se-
quence, as well as the 5�- and 3� nontranslated regions
(NTRs), were derived from genotype 1a strain H77.
Amino acid changes at E1202G, S1222T, P1496L, and
S2204I (numbered relative to the amino acid position in
the viral open-reading frame) were introduced to enhance
replication.25,26 The hepatitis delta virus ribozyme was
inserted after the 3� NTR to generate the exact 3� end of
the HCV sequence after ribozyme cleavage.27 To obtain
1a replicon cells expressing SEAP reporter, EN5-3 cells
were transfected with the 1a replicon construct and se-
lected with media containing 200 �g/mL G418 (Invitro-
gen) and 2 �g/mL blasticidin (Invitrogen).

siRNA. A library of siRNAs that target approximately
4,000 human genes was acquired from the SMARTpool
siRNA library designed by Dharmacon. This library consists
of siRNAs targeting genes from different families of drug-
gable targets such as protein kinases, G-protein-coupled re-
ceptors, and ion channels. Each SMARTpool siRNA
consists of 4 siRNA duplexes designed to target different
regions of the same target mRNA sequence. It is guaranteed
by Dharmacon to silence at least 75% of the expression of a
target gene at the mRNA level when a SMARTpool siRNA
is transfected at a concentration of 100 nM. HCV NS5B
siRNA (5�-aaggucaccuuugacagacug)28 and 5� NTR siRNA
(5�-aaguacugccugauagggugc)29 were used as positive con-
trols. Universal negative control siRNA and individual siR-
NAs that constituted the SMARTpool siRNAs were
purchased from Dharmacon.

Inhibition of HCV Replication. Two methods were
used to measure the inhibition of HCV replication after
transfection of replicon cells with siRNA. First was the SEAP

Fig. 1. Organization of subgenomic HCV replicons.
Open-reading frames are shown as boxes and nontrans-
lated regions as bars. Replicons contain HCV nonstruc-
tural proteins from either genotype 1b (strain N) or
genotype 1a (strain H77), as well as HIV tat-FMDV 2a-
neomycin cassette (tat-2A-neo), which drives SEAP ex-
pression in replicon cells. Positions of amino acid
changes introduced to enhance HCV replication are
marked (FMDV, foot-and-mouth disease virus; HDV, hep-
atitis delta virus; EMCV IRES, encephalomyocarditis virus
internal ribosome entry site).
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reporter assay, in which HCV subgenomic replicon cells
(5,000 cells per well) were seeded onto 96-well plates in
DMEM containing 10% fetal bovine serum (FBS). The
next day, siRNA was transfected into replicon cells at 100
nM by oligofectamine (Invitrogen) in a volume of 100 �L of
Opti-MEM (Invitrogen) according to the manufacturer’s
protocol. After 4 hours of incubation at 37°C, 100 �L of
DMEM containing 20% FBS was added without removing
the transfection mixture. Four days after transfection, the
SEAP activity in the supernatant of the transfected replicon
cells was determined using Phospha-Light SEAP reporter
gene assay reagents (Applied Biosystems). Toxicity in the
remaining cells was determined by the 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (5 mg/
mL) colorimetric assay.30 The second method was the RNA
quantification assay, in which total RNA was extracted from
replicon cells 4 days after siRNA transfection using an
RNeasy 96 kit (Qiagen). After extraction, RNA was eluted in
300 �L of nuclease-free water, and 5 �L was analyzed by
real-time reverse-transcriptase polymerase chain reaction
(RT-PCR; Applied Biosystems) using primers specific to
HCV 5� NTR,15 �-actin (TaqMan �-actin control reagents,
Applied Biosystems) or host genes (Assays-on-Demand
Gene Expression products, Applied Biosystems) in order to
quantitate the amount of viral or host-specific RNA in the
siRNA-transfected cells.

Western Blot. Cells were lysed in lysis buffer (50 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% SDS, 100
�g/mL PMSF, 1% NP-40, and 0.5% sodium deoxy-
cholate) in the presence of a protease inhibitor cocktail
(Roche). Cell lysates were sonicated for 30 seconds on ice
and then centrifuged at 11,000g at 4°C for 10 minutes.
Supernatants were collected, and equal amounts of pro-
tein were subjected to electrophoresis in 4%–20% gradi-
ent gels (Bio-Rad). After electrophoresis, protein was
transferred onto polyvinylidene difluoride membranes
(Bio-Rad), blocked, and incubated with the indicated an-
tibodies at 4°C overnight. Antibodies for thromboxane
A2 receptor (TBXA2R; Cayman), RelA (Invitrogen), or
�-actin (Sigma) were used at the dilution recommended
by the manufacturers. After incubation with the appro-
priate secondary antibody, the Western blot signal was
detected using the 4CN Peroxidase Substrate System
(KPL) or Western Lightning Chemiluminescence Re-
agent Plus (PerkinElmer Life Sciences).

Results

Development of a High-Throughput Assay to Screen
siRNA in HCV Replicon Cells. To identify host genes
important for HCV replication, a high-throughput assay
was set up to screen a library of siRNAs in cells containing

an HCV (genotype 1b) subgenomic replicon that ex-
presses the SEAP reporter (Fig. 1).24 Activity of the SEAP
reporter of this replicon has been shown to be propor-
tional to the replication of HCV RNA31 and was therefore
used to measure the replication of the HCV replicon in
this assay. Three transfection reagents (TransIT-TKO,
lipofectamine 2000, and oligofectamine) were compared,
and oligofectamine was found to be the most effective and
least toxic in introducing siRNA into HCV replicon cells
(data not shown). The assay was established using 2
siRNAs that had been shown to be very effective in inhib-
iting HCV replication. One siRNA targets HCV NS5B
polymerase, whereas the other targets the 5� NTR re-
gion.28,29 To adapt the siRNA transfection assay to 96-
well format for high-throughput screening, the number of
replicon cells transfected and the culture time after trans-
fection were optimized. The best detection window was
achieved when 5,000 replicon cells were plated per well
for transfection and harvested 4 days after transfection
(data not shown). Under these optimized conditions,
both control siRNAs inhibited about 85% of SEAP re-
porter activity and about 95% of HCV RNA replication
(Table 1). The lowered inhibition in the SEAP reporter
assay was probably a result of the background SEAP signal
caused by the long half-life of this enzyme. In addition,
very little toxicity was detected by either the MTT or
�-actin RNA assay. No apparent reduction in the signal
was observed when cells were transfected with a universal
negative control siRNA that has no homology to any
known gene (Table 1).

siRNA Screening Strategy. Using the high-through-
put screening assay, we screened a library of siRNAs that
target approximately 4,000 human genes from different
families of druggable targets such as protein kinases, G-
protein-coupled receptors, and ion channels to identify
host factors important for HCV replication. In the pri-
mary assay, SMARTpool siRNA consisting of 4 individ-
ual siRNAs was transfected into HCV replicon cells at a
final concentration of 100 nM (Fig. 2). Inhibition of
HCV replication in the siRNA-transfected cells was de-
tected by reduction of the SEAP reporter activity. The

Table 1. Activity of HCV siRNA in HCV Genotype 1b Replicon
Cells in High-Throughput Screening Assay

siRNA†

Inhibition (%)*

SEAP HCV RNA MTT �-Actin RNA

HCV NS5B 87 � 8 98 � 11 8 � 2 10 � 5
HCV 5�NTR 85 � 6 93 � 13 7 � 3 6 � 6
Universal negative 8 � 2 9 � 4 5 � 2 9 � 5

*Inhibition relative to mock-transfected cells.
†100 nM siRNA tested.
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cytotoxicity of the transfected siRNA was monitored by
the MTT assay. On the basis of the degree of inhibition of
SEAP reporter activity (at least 30% higher than the me-
dian SEAP reading on the same plate) and the degree of
toxicity (at most 25% higher than the median MTT read-
ing on the same plate), more than 200 siRNAs were se-
lected for retest in secondary assays. In the secondary
assays, siRNA was transfected at 50 nM into replicon
cells. RNA copy numbers of both HCV and �-actin, a
housekeeping gene, in the siRNA-transfected cells were
determined by quantitative real-time RT-PCR to confirm
the inhibition of HCV RNA replication and to monitor
cellular cytotoxicity, respectively. After evaluation by the

secondary assays, hits were chosen on the basis of the
degree of inhibition of HCV replication (�60%) and
toxicity (�30%) compared with the effect of a universal
negative control siRNA transfected into replicon cells.
The siRNA hits selected in the secondary assays were fur-
ther evaluated by individual siRNAs that made up the
SMARTpool as described in the Evaluation of Host
siRNA Hits section.

Identification of Host siRNA Hits. Table 2 lists 9
host genes identified from the more than 200 initial hits
by siRNA screening as being involved in HCV replica-
tion. Among the host genes identified were those that
encoded a G-protein coupled receptor (TBXA2R), tran-
scription factors (RelA and NF�B2), protein kinases
(MKK7 and SNARK), and transporter proteins
(SLC12A4 and SLC12A5). Some of these hits, for exam-
ple, TBXA2R, SLC12A4, and SLC12A5, inhibited more
than 90% of HCV replication (Table 2). The silencing of
host gene expression was examined for only 7 of the 9
siRNA hits because of the limited availability of detection
reagents. All demonstrated more than 60% knockdown
of the host RNA. In addition, all induced little cellular
toxicity, with most inhibiting less than 25% of the �-actin
RNA. To determine whether these hits could inhibit rep-
lication of HCV genotypes other than genotype 1b, the
siRNA hits were tested in cells harboring an HCV geno-
type 1a subgenomic replicon (Fig. 1). All the tested
siRNAs had an inhibitory effect on 1a HCV RNA repli-
cation, indicating that these siRNAs were effective against
replication of both 1a and 1b HCV (Table 2). In addition
to the subgenomic HCV region, all replicons described so
far are bicistronic replicons that include the coding

Fig. 2. The siRNA high-throughput screen in HCV 1b replicon cells. In
the primary screen, inhibition of HCV replication and cytotoxicity medi-
ated by the SMARTpool host siRNA were measured by the SEAP reporter
assay and the MTT assay, respectively. In the secondary assays, inhibi-
tion of HCV replication and cytotoxicity were confirmed by real-time
RT-PCR measuring HCV RNA and �-actin RNA, respectively. Further
evaluation of the siRNA hits was carried out using the individual siRNAs
that made up the SMARTpool.

Table 2. Activity of SMARTpool Host siRNA in HCV Replicon Cells*

Host siRNA† Gene function

1b HCV RNA
inhibition

(%)

1a HCV RNA
inhibition

(%)
Mono‡ HCV RNA

inhibition (%)
Host gene RNA
silencing (%)

�-actin RNA
inhibition

(%)
IFN gene
induction

TBXA2R G-protein coupled receptor through which TBXA2 mediates
intracellular calcium mobilization

91 � 18 83 � 13 85 � 9 89 � 7 25 � 7 Negative

RelA Dimerizes with NF�B1/NF�B2 to form NF�B complex, a
transcription factor in TNF signaling pathway

80 � 11 80 � 11 77 � 6 88 � 10 11 � 8 Negative

NF�B2 Dimerizes with RelA/RelB to form NF�B complex, a
transcription factor in TNF signaling pathway

82 � 15 86 � 7 76 � 4 86 � 6 25 � 5 Negative

LT� Membrane protein that complexes and anchors
lymphotoxin-alpha to cell surface

81 � 16 83 � 12 75 � 2 98 � 11 18 � 10 Negative

MKK7 Protein kinase in MAP signaling pathway 80 � 9 85 � 7 82 � 5 93 � 8 22 � 8 Negative
TRAF2 Adaptor protein in TNF signaling pathway 65 � 10 ND 70 � 7 70 � 10 23 � 12 ND
SNARK Protein kinase activated by AMP-dependent kinase 61 � 12 ND ND 85 � 10 1 � 2 ND
SLC12A4 Cation-coupled chloride transporter 98 � 13 91 � 10 ND ND 25 � 5 ND
SLC12A5 Cation-coupled chloride transporter 94 � 14 90 � 12 ND ND 29 � 9 ND
5�NTR Positive control 91 � 11 86 � 9 85 � 8 NA 12 � 5 ND

Abbreviation: ND, not determined; NA, not applicable.
*Determined by quantitative real-time RT-PCR. Activity is calculated relative to the effect of the negative control siRNA.
†50 nM siRNA tested.
‡Monocistronic 1b subgenomic replicon.
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regions of HIV tat, foot-and-mouth disease virus 2A pro-
teinase, neomycin resistance marker, and encephalomyo-
carditis virus internal ribosome entry site (IRES; Fig. 1).
To exclude the possibility that the inhibition by the
siRNA hits was actually a result of their effect on these
non-HCV regions, the inhibitory effect of the siRNA hits
was confirmed in cells harboring an HCV monocistronic
subgenomic replicon by real-time RT-PCR (Table 2).
This replicon contained an HCV IRES driving the ex-
pression of a hygromycin resistance marker coupled to the
HCV (1b-N strain) NS3-NS5B region but none of the
non-HCV regions mentioned above (unpublished data).
The degree that HCV RNA replication was inhibited by
the siRNA hits using this monocistronic replicon was very
similar to that seen with the bicistronic replicons, indicat-
ing the siRNAs did not affect these non-HCV regions
(Table 2).

Evaluation of Host siRNA Hits. Host siRNA hits
were evaluated in additional assays to determine the spec-
ificity of their inhibition of HCV replication. In figure 3,
thromboxane A2 receptor (TBXA2R) is used as an exam-
ple to illustrate this evaluation. All the siRNA SMART-
pools tested in the primary and secondary assays were
composed of 4 individual siRNAs targeting different re-
gions of the same gene. These siRNAs might vary in the
efficiency with which they could silence target gene ex-
pression and induce cellular toxicity from possible non-
specific targeting. To identify which of the 4 TBXA2R
siRNAs was most active in gene silencing and least cyto-
toxic, individual siRNA duplexes that constituted the
SMARTpool siRNA were tested in 1b HCV replicon
cells. Of the 4 siRNA duplexes tested, numbers 1 and 2
inhibited approximately 90% of HCV replication,

whereas the other 2 siRNA duplexes inhibited 60%–70%
of replication (Fig. 3A). The HCV inhibition mediated
by the 4 siRNAs correlated well with the TBXA2R silenc-
ing ability of the 4 siRNAs (Fig. 3B). All the individual
siRNAs had minimal toxicity (�15%), except for siRNA
number 2, which inhibited approximately 40% of �-actin
RNA (data not shown). Next, the most potent TBXA2R
siRNA without significant toxicity (number 1) was tested
in a dose–response assay to determine its specificity in
inhibiting HCV replication. This siRNA displayed excel-
lent dose–response inhibition of HCV, and it maintained
half its inhibitory effect at concentrations as low as 1 nM
(Fig. 3C). More important, there was good correlation of
the dose response between the silencing of TBXA2R and
HCV RNA replication. Similar experiments were carried
out on most other siRNA hits, all of which showed good
dose responses (Fig. 4). Next, we tested whether the si-
lencing of TBXA2R RNA correlated with the knockdown
of its protein expression. As shown in Fig. 3D, TBXA2R
siRNA number 1 was able to substantially reduce expres-
sion of TBXA2R protein, as detected by Western blot,
whereas neither the NS5B positive control siRNA nor the
universal negative control siRNA had any effect on
TBXA2R protein expression. The knockdown of expres-
sion of RelA protein was also confirmed by Western blot
(data not shown). Because specific antibodies to other
host proteins were not available, it was not possible to
detect their expression knockdown.

Effects of siRNA Hits on Interferon-Inducible
Genes. Some siRNAs, despite their short length, can ac-
tivate IFN-inducible protein kinase (PKR) and global up-
regulation of IFN-stimulated genes.32 Although part of
the IFN signaling pathway is inhibited by HCV NS3/4A

Fig. 3. Activity of the individual TBXA2R
siRNAs that constituted the SMARTpool
TBXA2R siRNA in HCV 1b replicon cells. (A)
Results of real-time RT-PCR assay showing
inhibition of HCV RNA replication by 50 nM
of 4 individual TBXA2R siRNAs (HCV NS5B
siRNA was used as a control). (B) Results
of real-time RT-PCR assay showing silenc-
ing of expression of TBXA2R RNA by 50 nM
of 4 individual TBXA2R siRNAs (HCV NS5B
siRNA was used as a control). (C) Results
of real-time RT-PCR assay showing dose
response of individual TBXA2R siRNA
(number 1) in inhibiting HCV RNA replica-
tion, silencing of TBXA2R RNA expression,
and inhibiting �-actin RNA expression. (D)
Inhibition of TBXA2R protein expression by
50 nM of individual TBXA2R siRNA (num-
ber 1) as detected by Western blot.
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in HCV replicon cells,33-35 it was crucial to confirm that
the siRNA hits did not exert their inhibitory effect on
HCV through nonspecific activation of PKR and other
IFN-inducible genes. To address this, siRNA was trans-
fected into replicon cells, and its effects on PKR and 2
other well-known IFN-inducible genes (oligoadenylate
synthetase [OAS] and myxovirus-resistance protein [Mx])
were compared with those of IFN-� incubated with rep-
licon cells. Both TBXA2R siRNA (number 1) and IFN-�
inhibited approximately 90% of HCV replication (Fig.
5A). In addition, IFN-� substantially activated expres-
sion of PKR, OAS, and Mx genes (Fig. 5B-D). In contrast,
the TBXA2R siRNA did not induce the expression of any
of these genes, confirming that it did not mediate its in-
hibition of HCV replication by nonspecific activation of
PKR and, more important, by the IFN signaling pathway.
The same evaluations were done for 4 other siRNA hits,
none of which were found to activate expression of IFN-
inducible genes (Table 2).

Involvement of Tumor Necrosis Factor/Lympho-
toxin Signaling Pathway in HCV Replication. Of the
9 siRNA hits identified in this study, 4 are members of the

tumor necrosis factor/lymphotoxin (TNF/LT) signaling
pathway: LT�, TRAF2 (TNF receptor-associated factor
2), RelA, and NF�B2 (nuclear factor �B2)/p52 (Fig. 6).
TNF and LT are members of the TNF superfamily, a
diversified family of ligands and receptors that control
signaling pathways leading to cell death, survival, and
cellular differentiation. In this pathway, many factors can
induce activation of the downstream NF�B complex
through different intermediates (Fig. 6).36 For example,
the LT�1�2 ligand, formed by the complex of LT� with
LT�, signals through the lymphotoxin beta receptor
(LT�R). This signaling results in activation of the inhib-
itor of NF�B kinase (IKK), which phosphorylates the
inhibitor of NF�B (I�B) and leads to its degradation. As
a result, the NF�B complex translocates into the nucleus
to regulate the expression of its effector genes. The NF�B
complex is formed by NF�B1 (p50) or NF�B2 (p52)
binding to Rel, RelA, or RelB. The transcription of
NF�B2 (p52) is dependent on RelA/NF�B1 linking these
pathways together (Fig. 6).

To determine if the proteins encoded by these 4 siRNA
hits crosstalk with each other to regulate the replication of
HCV, siRNAs targeting 2 of the genes (inhibitor of
NF�B kinase beta [IKK�] and NF�B-inducing kinase
[NIK]) that propagate the signaling of the siRNA hits in
the TNF/LT cascade were tested in HCV replicon cells.
IKK� was chosen because it is a major component of the
IKK complex, which regulates activation of the NF�B
[RelA/p50(NF�B1)] complex. NIK was tested because it

Fig. 5. Lack of activation of IFN-inducible genes by TBXA2R siRNA.
HCV 1b replicon cells were treated with 10 IU/ml of interferon-� (IFN),
transfected with 50 nM universal negative control siRNA (Neg), or
transfected with individual TBXA2R siRNA (number 1). Three days after
transfection, HCV, PKR, OAS, and Mx RNA was detected by real-time
RT-PCR. (A) Inhibition of HCV RNA replication, (B) activation of PKR RNA
expression, (C) activation of OAS RNA expression, and (D) activation of
Mx RNA expression were calculated relative to the effect of the universal
negative control siRNA.

Fig. 4. Dose–response of individual siRNA hits in HCV 1b replicon
cells. The most potent siRNA duplexes from the respective siRNA SMART-
pools were transfected into replicon cells at a range of concentrations.
Silencing of host RNA expression, inhibiting of HCV RNA replication, and
inhibiting of �-actin RNA expression were detected by real-time RT-PCR.
(A) LT� siRNA, (B) RelA siRNA, (C) NF�B2 siRNA, (D) MKK7 siRNA, and
(E) TRAF2 siRNA.
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is required for LT�-mediated activation of a different
form of the NF�B complex [RelB/p52(NF�B2)]. As
shown in Table 3, the siRNA that silenced IKK� gene
expression also inhibited HCV RNA replication. The
NIK siRNA also had some inhibitory effect on RNA rep-
lication of HCV. However, the role of NIK in HCV
replication requires further investigation because the ex-
pression of NIK RNA in replicon cells was quite low (data
not shown).

Discussion
In the present study, we identified several host genes,

the silencing of which by siRNA resulted in inhibition of
HCV replication in replicon cells. Inhibition of HCV
RNA replication was initially detected by a SEAP reporter
assay and later confirmed by an RNA quantitation assay.
These siRNA hits inhibited RNA replication of both
HCV 1a and 1b replicons. The ability of the siRNA hits
to inhibit HCV replication correlated well with their abil-
ity to silence host gene expression. Furthermore, we con-
firmed that inhibition of HCV replication mediated by
these siRNA hits was not a result of nonspecific activation
of IFN-inducible genes. Taken together, these results

strongly support the involvement of these host factors in
HCV replication.

It is notable that among the inhibitory siRNA hits were
a group of genes belonging to the TNF/LT signaling
pathway. Results from recent studies may shed some light
on how the TNF/LT cascade regulates HCV replication.
By performing microarray studies with a cell line express-
ing HCV NS5A, it was shown that many of the genes
up-regulated by NS5A contained one or more NF�B
binding sites within their promoter regions.37 In addition,
NF�B was activated in NS5A-expressing cells.37,38 These
findings suggest that activation of NF�B may be involved
in HCV replication, in agreement with our siRNA silenc-
ing data, which showed that several factors that constitute
the pathway leading to the activation of the NF�B com-
plex could regulate HCV replication. Interestingly, one of
the siRNA hits, TRAF2, has been shown to complex with
NS5A.39 This interaction may modulate activation of the
NF�B complex. HCV may interact with the LT pathway
by more than one mechanism because HCV core protein
has been shown to interact with the LT pathway as
well.40,41

One of the major proposed roles of NF�B in cells
harboring HCV is to regulate the expression of genes
essential for protecting cells from apoptosis induced by
HCV.42 The principal site of HCV replication is on the
membranes of the endoplasmic reticulum (ER). NS5A is
associated with the ER membrane and is capable of in-
ducing ER stress.43,44 As a consequence of ER stress, cal-
cium is released from the ER and taken up by
mitochondria, generating reactive oxygen species (ROS).
ROS by itself promotes apoptosis and also inhibits HCV
replication.45 It is believed that ROS activates dampening

Fig. 6. TNF/LT signaling pathway. Various
ligands (TNF, LT�3, TNFSF14, and LT�1�2)
could bind to their cognate receptors (TNFR1,
LT�R, TNFR2, and HVEM) to induce the down-
stream signaling pathway. This signaling could
result in (1) induction of apoptosis through
TRADD; (2) activation of the classical NF�B
pathway, leading to the activation of the NF�B
(RelA/p50[NF�B1]) complex; or (3) activa-
tion of the nonclassical NF�B pathway
through LT�R, resulting in activation of the
NF�B (RelB/p52[NF�B2]) complex (*siRNA
hits identified by high-throughput screening;
#siRNA hits identified by further experiments;
TNFSF14, tumor necrosis factor ligand super-
family, member 14 [also known as LIGHT];
TNFR, tumor necrosis factor receptor; HVEM,
herpes simplex virus entry mediator; TRADD,
TNFR1-associated death domain; FADD, Fas-
associated death domain). This figure is
adapted from Schneider et al.36

Table 3. Activity of siRNA Targeting Members of TNF/LT
Signaling Pathway in HCV Genotype 1b Replicon Cells*

siRNA†

1b HCV RNA
inhibition (%)

Host gene RNA
silencing (%)

�-Actin RNA
inhibition (%)

IKK� 72 � 9 92 � 6 22 � 5
NIK 69 � 11 64 � 15 6 � 10

*Determined by quantitative real-time RT-PCR. Activity was calculated relative to
the effect of the negative control siRNA.

†50 nM siRNA tested.

HEPATOLOGY, Vol. 45, No. 6, 2007 NG ET AL. 1419



pathways such as NF�B,46 which induces expression of
antiapoptotic genes to counteract the apoptotic processes,
an essential event for the survival of cells harboring
HCV.47 In addition, dampening of ROS production by
NF�B would allow replication of HCV. Thus, NF�B
may support HCV replication through these 2 mecha-
nisms. However, NF�B could also induce an antiviral
state in the cells through activation of IFN-dependent
genes.48,49 Therefore, survival of HCV in host cells may
depend on a critical balance between ROS dampening
and antiviral activity of NF�B.

Another siRNA hit was TBXA2R, the receptor of a
potent stimulator of platelet aggregation and constrictor
of smooth muscles. TBXA2R, which is predominantly
expressed in platelets, is also expressed in replicon cells
(Fig. 3), and its RNA could be detected in human liver
cells, the primary cells that support HCV replication (data
not shown). TBXA2R was up-regulated in NS5A-ex-
pressing cells when examined by microarray studies,37 but
the significance of this up-regulation in the replication of
HCV remains to be established. TBXA2R may be in-
volved in the action of NS5A in altering calcium ho-
meostasis in the ER because signal transduction through
TBXA2R results in intracellular calcium mobilization.
Alternatively, TBXA2R may be involved in activation of
calpain protease, which is initiated by elevation of calcium
levels.50 NS5A has been shown to be both an inducer and
a substrate of calcium-dependent calpain protease.50

Cleavage of NS5A by calpain may play a role in the mod-
ulation of the function of NS5A. For the rest of the
siRNA hits (MKK7, SNARK, SLC12A4, and SLC12A5),
very little data has been published that links their func-
tions to HCV replication.

In this study, we used siRNA to identify host genes
important for HCV replication. Future experiments that
could confirm the roles of these host proteins include
overexpression of the host genes in HCV replicon cells,
which may result in enhancement of HCV RNA replica-
tion. Additionally, overexpression of dominant-negative
mutants of these host genes could lead to competition of
the mutants with wild-type host genes, causing inhibition
of HCV replication. Another approach would be to test if
known inhibitors of the host proteins could inhibit HCV
replication. siRNAs identified in this study inhibit repli-
cation of both the 1a and 1b HCV replicons. It would be
interesting to test these siRNA hits in replicon cells gen-
erated from other HCV genotypes or cellular back-
grounds. More important, the effects of these hits should
be confirmed in a full-length HCV replicon and in infec-
tious HCV tissue culture systems. Data presented in this
report focus on siRNAs that inhibit HCV replication.
Preliminary data from our screen also indicated that we

had identified some host genes that might suppress HCV
replication because siRNA silencing of these genes led to
enhancement of HCV RNA replication (data not shown).

A better understanding of the biology of the interac-
tion of HCV and host may enable identification of novel
cellular targets for drug discovery. Inhibitors targeting
virus–host interaction do not necessarily have a higher
level of undesirable side effects than do direct antiviral
therapies. Drugs other than anti-infectives are directed
against host targets, yet they do not always cause more
adverse effects than do standard antivirals. Given the pos-
sible advantages of lower incidence of resistance and the
broader spectrum of activity for various HCV genotypes,
it is not surprising that the search for compounds target-
ing host genes has become one of the possible approaches
to developing treatments for HCV infection.
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Engulfment of Apoptotic Cells Expressing HCV
Proteins Leads to Differential Chemokine Expression

and STAT Signaling in Human Dendritic Cells
Anne M. Wertheimer,1-3 Stephen J. Polyak,4,9,10 Rachel Leistikow,5 and Hugo R. Rosen6-8

In the majority of cases, infection with hepatitis C virus (HCV) becomes chronic and is often associ-
ated with impaired innate and adaptive immune responses. The mechanisms underlying viral persis-
tence and lack of protective immunity are poorly understood. Considering that dendritic cells (DCs)
play critical roles in initiating and modulating immune responses, we explored the effect of HCV
proteins on DC gene and protein expression, phenotype, and function. Human DCs were generated
following plastic adherence of monocytes and culture with granulocyte-macrophage colony-stimulat-
ing factor and interleukin-4 (IL-4) from normal subjects. Autologous nonadherent peripheral blood
mononuclear cells were infected with vaccinia constructs expressing various HCV proteins (core-E1,
NS5A, NS5B) or an irrelevant protein �-galactosidase (�-gal) as the control, induced to undergo
apoptosis, then co-cultured with DCs. Between 2% and 10% of the genes probed in a cDNA nylon
array were differentially regulated within DCs that had engulfed HCV proteins. In particular, the
presenceof intracellularNS5Aled to increased transcriptional andproteinexpressionof IL-8 (CXCL-
8), a chemokine with proinflammatory and anti-interferon properties, and impaired interferon in-
duction of signal transducers and activators of transcription 1 (STAT1) serine and tyrosine and
STAT2 tyrosine phosphorylation. Conclusion: These data provide novel mechanisms by which HCV
subverts antiviral host immunity. (HEPATOLOGY 2007;45:1422-1432.)

Hepatitis C virus (HCV) is a positive-stranded
RNA virus within the genus Hepacivirus of the
Flaviviridae family,1 and is the leading causative

agent of chronic hepatitis.2 Nearly 4 million Americans
(2% of the population) have antibodies to HCV.3,4 The
National Health and Nutrition Examination Survey in-
dicates that the vast majority (85%) of individuals
acutely infected with HCV develop persistent infection
and only 15% spontaneously recover.5 Thus, recovery
is a relatively rare event. The high proportion of
chronic HCV infections may be attributed to active
escape mechanisms counteracting the protective im-
mune response or to HCV not inducing an efficient
immune response.6,7

The dendritic cell (DC) is the central player in both in-
nate and adaptive immunity8; circulating DC precursors
play roles in the immediate reaction to pathogens and in the
shaping of immune response, including interactions with T
cells, natural killer (NK) T cells (NKT cells), and NK cells.
Following tissue damage, immature DCs capture antigen or
dying cells that contain antigen and migrate to the lymphoid
organs, where they select rare antigen-specific T cells, thereby
initiating immune responses.8 DCs present antigen to
CD4� T-helper cells, which in turn regulate the immune
effectors, including antigen-specific CD8� cytotoxic T cells
and B cells, as well as non–antigen-specific macrophages,
eosinophils, and NK cells.8

Abbreviations: �-gal; �-galactosidase; CMV, cytomegalovirus; DC, dendritic
cell; DiD, 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbocyanine, 4-chloro-
benzenesulfonate salt; HLA, human leukocyte antigen; IFN, interferon; IL, inter-
leukin; MHC, major histocompatibility complex; NK, natural killer; OHSU,
Oregon Health & Science University; RT-PCR, real-time PCR; STAT, signal
transducers and activators of transcription.
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Through co–evolution with their human host, many vi-
ruses have developed mechanisms that subvert their hosts’
immune system, i.e., make infected cells less “visible” to im-
mune recognition.9 Some viruses directly alter the function
of antigen presenting cells, specifically impairing antigen
processing and presentation at several steps.10-15

Early studies from Kanto et al.16 showed that DCs
cultured from patients with HCV had impaired allo-
stimulatory capacity, i.e., were less able to recognize for-
eign T cells, and showed reduced production of cytokines
important for establishment of T cell responses and NK
cell–mediated cytotoxicity (specifically, interleukin [IL]-
12). These findings have been extended and confirmed by
the demonstration that transduction of HCV core and E1
proteins into DCs results in reduced allostimulatory ca-
pacity.17,18 Moreover, recent studies19-24 focusing on di-
rect ex vivo analysis of circulating DCs demonstrate that
hepatitis C and chronic liver disease23 per se leads to de-
pletion of circulating myeloid DCs and plasmacytoid
DCs. In contrast, subjects with resolved HCV infection
have myeloid DC and plasmacytoid DC frequencies com-
parable to normal subjects.23 These findings imply that
antigen presentation function may be altered. Further,
the finding of negative-strand HCV RNA within DCs21

suggests that impairment of DC activity may in part be
related to direct HCV infection.

In this study, we characterized the effect of engulfment
by DCs of apoptotic cells containing HCV proteins, since
this is likely relevant in vivo. We propose that our in vitro
model system recapitulates critical events in the initial
host immune response to this virus. We defined the effect
of HCV proteins on phenotype, cellular gene and protein
expression, function, and response to interferon (IFN)
stimulation of human monocyte-derived DCs. Of partic-
ular interest, we find that intracellular (but not exoge-
nous) uptake of HCV NS5A protein by DCs leads to
increased transcriptional expression and secretion of
CXCL-8 and impaired IFN induction of signal transduc-
ers and activators of transcription 1 (Stat1) serine and
tyrosine and Stat2 tyrosine phosphorylation.

Patients and Methods

Human Subjects. A total of 8 normal donors were
used for these experiments. The subjects were recruited
from the Red Cross (without identifiable markers), Ore-
gon Health Sciences University (OHSU), and the Port-
land Veterans Administration medical center (PVAMC).
We obtained informed consent using Institutional Re-
view Board protocols at both OHSU and PVAMC. The
health status of the donors was confirmed by screening for
universal viral markers.

Generation of Monocyte-Derived DCs and Charac-
terization of Nonadherent Cells. The initial pheno-
typic characterization is illustrated in Supplemental Fig. 2
where 2 patients were cultured in duplicate under identi-
cal conditions. Nonadherent cells were removed after the
plastic adherence step at day 0 of culture and stained for
CD3, CD4, CD8, CD56, Lineage (Lin) cocktail (CD3,
CD4, CD14, CD19, CD56), HLA-DR, CD11c. The
population was 90% lymphocyte based on size and gran-
ularity. Of these cells 96% were Lin�. DC purity was
confirmed by flow cytometry on 5 day cultured DCs
based on size and granularity. Of these cells 100% were
HLA-DR�, CD11c�, CD3�, and 97% were Lin(�).
Of interest, up to 26% of these monocyte derived cul-
tured dendritic cells were Lin, HLA-DR�, CD123�23

(Supplemental Fig. 2).
Co-culture. Human monocyte–derived DCs were cul-

tured for 5 days25 (see Supplementary Data for details on
phenotypic characterization Supplemental Fig. 2). On the
4th day of culture, autologous nonadherent peripheral blood
mononuclear cells were infected with vaccinia virus for 12 to
18 hours. Four recombinant vaccinia constructs were used
throughout most of these studies: HCV core, HCV NS5A,
and HCV NS5B (gifts from Chiron, see Fig. 1); the control
for all experiments was a vaccinia construct expressing �-ga-

Fig. 1. Vaccinia constructs expressing HCV antigens. For our studies,
we used construct rVV1 expressing HCV core-E1, rVV6 expressing NS5A,
and rVV7 expressing NS5B. These vaccinia constructs were kindly pro-
vided by Chiron (Emeryville, CA); the names were simplified in this
manuscript. The original names Chiron uses for these constructs are as
follows: Sc59 6C/Ss (HCV core-E1), Sc11 NS5A, and Sc11 NS5B. Image
modified from review.51
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lactosidase (�-gal). Specifically, using a 24-well plate, 1 �
106 autologous nonadherent cells were plated in 1 ml of
RPMI-1640 media supplemented with 10% human serum,
then infected with 1 of the 4 recombinant vaccinia con-
structs per well for 16 to 18 hours. The infected autologous
cells, each containing 1 of the 4 recombinant vaccinia con-
structs (including the �-gal control), were simultaneously
irradiated with ultraviolet light to inactivate viral replication
and induce apoptosis. All experiments were repeated at least
in duplicate per human subject tested, according to these
parameters, and at least 2 subjects were evaluated. Cells were
then washed with sterile phosphate buffered saline (PBS) and
added at a 1:1 ratio to DCs at day 5. Co-culture continued at
37°C, 6% CO2 for 8 hours for RNA harvest or a specified
time course for fluorescence-activated cell sorting analysis of
phenotype and functional assays. For some studies, a cyto-
kine cocktail for in vitro maturation stimulus was added after
8 hours of co-culture and cultured an additional 48 hours.
The maturation cocktail as originally described by Frank et
al.26 was modified as follows: 10 ng/ml [IL-6, IL-1B, tumor
necrosis factor � (R&D Systems)], 10�6 M PGE2 (Sigma),
and 1 �g/ml CD40L (R&D Systems). Gamma radiation–
inactivated cytomegalovirus (CMV) antigen (containing all
parts of the CMV viral life cycle) that had been cultured in
MRC-5 monolayers was purchased from Microbix Biosys-
tems (Encinitas, CA; 1:32 titer).

cDNA Arrays for Screening. Total RNA was ob-
tained following co-culture, using the Qiagen RNAeasy
total RNA kit. P32 labeling of total RNA was used to
generate the probes. Commercially available ATLAS
membrane arrays (Atlas Human Hematology/Immunol-
ogy Array, Cat#7337-1; Clontech) were probed (www.
BD.com). Each array contains approximately 400
hematology/immunology–based cDNA targets. Hybrid-
ization was done at 64°C overnight, membranes and films
were further processed per the manufacturers’ recommen-
dations and analyzed using Clontech array software.

Taqman Real-time PCR. The total RNA obtained
from the Qiagen RNAeasy total RNA kit was used with
Perkin Elmer’s Taqman IL-8 (CXCL-8) and SCYC1 kits
per the manufacturer’s recommendations. Reactions were
run in triplicate using glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as the internal RNA control, for 45
cycles on an ABI RT-Thermocycler.

Macropinocytosis Assay. Following co-culture of 8,
30, 48, and 48 hours with maturation, the co-cultures
were harvested, washed, and placed into fluorescence-ac-
tivated cell sorting tubes containing either 15 �g/ml dex-
tran-fluorescein isothiocyanate (40,000 MW) (Molecular
Probes) or albumin-fluorescein isothiocyanate (Sigma)
for 1 hour at 37°C to measure phagocytosis and macropi-
nocytosis, respectively. Cells were washed twice in block-

ing reagent then analyzed using a BD FACSCalibur
instrument.

Luminex Assay. After co-culture of 8 to 16 hours, the
co-culture was harvested, and the supernatant was col-
lected and frozen at �80°C until analysis. A 22-plex mul-
ticytokine kit (Upstate; Cat#48-011), or single cytokine
(IL-8) kit (Upstate; Cat# 46-108) was used per manufac-
turer’s instructionswith theLuminex100IS system(www.
luminexcorp.com).

Western Blot. Monocyte-derived DC were cultured
for 5 days, and treated with 1,000 U/ml IFN alpha 2b
(Roferon, Roche) for 30 minutes at 37°C. Cells were
washed twice in PBS and scraped. Whole cell extracts
were prepared in radioimmunoprecipitation assay buff-
er.27 Protein lysates were quantitated by BCA Protein
Assay (Pierce, Rockford, IL) and 30 �g total protein was
separated on 4% to 20% SDS-PAGE gels. For detection
of phosphorylated Stat proteins, Stat1 phosphotyrosine-
specific (Y701), Stat1 phosphoserine-specific (S727), and
Stat2 phosphotyrosine-specific (Y689) antibodies were
used (Zymed-Invitrogen). Total Stat1 was detected using
a polyclonal antibody (Zymed). Blots were also probed
with actin and extracellular signal regulated kinase–1 spe-
cific or extracellular signal regulated kinase 2–specific an-
tiserum as additional controls for total protein loading.
Western blotting was performed as described.28

Results

Expression of HCV Proteins from Vaccinia Vectors.
As described in the Patients and Methods section, we used
vaccinia constructs (Fig. 1) to express HCV proteins in
target cells, and throughout these studies we used a vac-
cinia construct expressing the irrelevant protein �-gal as
control. It is critical to compare our finding with this type
of viral vector control, as it takes into account both the
viral background (vaccinia) and the possible attenuation
effect of the molecular construct (expression of either the
protein of interest or an irrelevant protein). We confirmed
that within 18 hours after infection, proteins of the
appropriate size and specificity were expressed by cells
infected with the various vaccinia constructs (Supplemen-
tary Fig. 1). Viral titer was measured and multiplicity of
infection (MOI) was optimized for each virus (MOI 5), so
that similar levels of HCV protein were expressed from
the infected cells.

Apoptotic Cells Are Successfully Engulfed by DCs.
To demonstrate that autologous nonadherent apoptotic
cells are engulfed by monocyte-derived DCs, we con-
ducted feeding experiments using fluorescently-stained
1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt (DiD) nonadherent cells.
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DCs were cultured for 5 days, then an equal number of
fluorescently-labeled, autologous nonadherent apoptotic
cells were added to the cultures and co-cultured for 1, 3, 5,
or 18 hours, or harvested immediately (null). Cultures
were harvested and analyzed using flow cytometry, as
shown in Fig. 2. Gating the DCs based on their size and
granularity (R1) revealed that by 5 hours, 43% of the DCs
had encountered the fluorescently-labeled cells and that
additional time in culture did not significantly increase
that percentage. Thus, we chose to conduct co-culture
experiments for a minimum of 5 hours.

No Significant Alterations in DC Phenotype After
Engulfment of Cells Expressing Virally-Produced
Core-E1, NS5A, or NS5B. There is a precedent for viral
proteins down-regulating cell-surface molecules essential
in antigen presentation. As an example, it has recently
been demonstrated that the Nef protein of HIV-1 effi-
ciently removes major histocompatibility complex
(MHC) class I and II and proteins of the B7 family
(CD80 and CD86) from the cell surface of antigen pre-
senting cells, likely contributing to immune evasion.29 To
analyze the effect of HCV proteins on cell-surface expres-
sion, we stained monocyte-derived DCs after engulfment
of apoptotic cells (see Supplementary Data, Methods sec-
tion, for details). There were no significant alterations in
the expression of various cell-surface molecules involved
in antigen presentation (CD80, CD86, CD40, human
leukocyte antigen (HLA)-ABC, and HLA-DR) in DC
exposed to HCV-containing vaccinia constructs as com-
pared to control (�-gal) (Table 1). Slight decreases in both

HLA-ABC and HLA-DR expression as measured by me-
dian fluorescent intensity (MFI) were detected after 8 and
30 hours of co-culture with NS5A compared with the
�-gal control, but these values were not statistically sig-
nificant. As expected, expression of costimulatory mole-
cules (CD40, CD80, and CD86) increased after
maturation stimulus; the presence of HCV proteins did
not affect their expression. Of interest, HLA-ABC and
HLA-DR were elevated (as compared to basal “unfed”
levels, data not shown) at 8 hours postculture in all con-
ditions and remained at similar levels after maturation
stimulus was administered, suggesting that the engulf-
ment of the apoptotic cells alone increases surface expres-
sion of these molecules. At least 3 subjects were examined
for these phenotypic assays.

Microarray Screening Analysis of Co-cultured DCs
Reveals Differential Regulation. To screen the effect
of engulfment of apoptotic cells expressing HCV proteins
(NS5A and core-E1) upon monocyte-derived DCs, we
harvested total RNA following co-culture. The focus of
these assays was on the structural protein core and non-
structural 5a, although we subsequently performed arrays
with NS5B (data not shown). The total RNA was labeled
and hybridized to nylon arrays as detailed in Patients and
Methods. Each array was performed in duplicate. In ad-
dition, we repeated the experiment with a separate normal
donor. Combining the data from both subjects, we found
up-regulation of 79 genes in response to HCV NS5A and
85 genes up-regulated in response to HCV core-E1. Over
100 genes were down-regulated in response to HCV

Fig. 2. Time course of feeding iden-
tifies optimal time for engulfment. Day 5
autologous myeloid DCs were co-cul-
tured with fluorescent (DiD) apoptotic
cells at 37°C over a specified time
course. The panel at top left illustrates
the forward scatter versus side scatter
profile of the co-cultured population af-
ter 1 hour incubation. Gate R1 is drawn
around the DCs (large granular cells).
The remaining 5 panels illustrate the
amount of fluorescence (FL2) found
within the DCs after various incubation
periods (labeled above each panel).
Null indicates cells (DC and fluorescent
apoptotic cells) that were simply centri-
fuged together and not co-cultured.
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NS5A and 69 genes were down-regulated in response to
HCV core-E1 as compared to �-gal. However, in re-
sponse to NS5A fewer than 10 genes of the 79 genes were
up-regulated and only 2 of the 100 genes were down-
regulated in both subjects. Similarly, with regard to core-

E1, only 2 of the 85 genes were up-regulated in both
patients, whereas none of the 103 genes down-regulated
occurred in both individuals (Table 2). Interestingly,
within each subject there was considerable overlap of
genes that were differentially regulated, specifically in re-

Table 1. Microarray Results of DC Engulfment Experiments: Phenotypic Analysis of DCs Co-cultured in the Presence of
Control Construct (�-gal) or HCV Proteins (Core, NS5A, and NS5B) for 8, 30, and 48 hours with and without Maturation

Stimulus (N � 2)

Construct

CD40 CD80

8 hours 30 hours 48 hours
48 hours
matured 8 hours 30 hours 48 hours

48 hours
matured

�-gal 35 50 32 55 17 28 31 183
Core-E1 37 62 34 64 16 26 26 233
NS5A 23 38 39 63 19 21 28 198
NS5B 38 41 33 62 17 22 25 204

CD83 CD86

�-gal 6 10 9 102 343 509 578 1778
Core-E1 6 10 10 103 340 509 632 1827
NS5A 6 10 10 125 375 578 624 1946
NS5B 7 9 10 121 385 578 533 1747

HLA-ABC (MHC-Class I) HLA-DR (MHC-Class II)

�-gal 267 239 229 244 109 138 186 135
Core-E1 241 229 196 211 98 125 181 144
NS5A 160 184 239 257 64 84 136 126
NS5B 248 161 178 362 157 146 160 146

CD11c (DC Specific Marker) CD14 (Negative Control-Monocyte Marker)

�-gal 2996 3308 2458 1794 4 8 9 9
Core-E1 2916 3191 2890 1778 4 8 9 6
NS5A 2207 2996 3278 1747 3 8 9 9
NS5B 3191 2916 3106 1778 4 8 9 9

Table illustrates median fluorescent intensity (MFI) of various cell surface stains.

Table 2. DC RNA Was Extracted After Co-culture (for 8 Hours) with Autologous Apoptotic Cells Infected with Recombinant
Vaccinia Virus Containing HCV Core-E1 or NS5A; Apoptotic Cells Infected with Vaccinia Virus Containing �-gal

Served as the Control

GenBank
Average (Range)

Fold Increase Gene

Expression increased in presence of HCV core-E1 in common between 2 normal subjects
L13773 2 (2,2) AF-4 Protein; fel protein
D43967 2.5 (2,3) Acute myeloid leukemia 1 protein; oncogene aml-1

Expression increased in presence of HCV NS5A-selected genes
L04285 2.5 (2,3) ENL protein
X64228 3 (2,4) Nuclear pore complex protein 214 (NUP214); nucleoporin NUP214;

214-kDa nucleoporin CAN protein
Y00787 2.4 (3,2) IL-8 (CXCL-8)
M73980 2 (2,2) Neurogenic locus notch protein homolog 1 precursor (NOTCH1);

translocation-associated notch protein (TAN1)
U23772 2 (2,2) Lymphotactin precursor (LTN); cytokine scm-1 alpha; lymphotaxin;

small inducible cytokine C1 (SCYC1)
U20158 2 (2,2) SLP-76; 76-kDa tyrosine phosphoprotein
Expression decreased in presence of HCV NS5A

X14046 2.5 (2,3) Leukocyte CD37 antigen
M87503 2.5 (2,3) Transcriptional regulator interferon-stimulated gene factor 3 gamma

subunit (ISGF3G); IFN-�–responsive transcription factor subunit
(IRF-9)
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sponse to both vaccinia-delivered HCV-NS5A and
core-E1 as compared to the vaccinia-delivered �-gal con-
trol, which was also delivered to the DCs via engulfment
of apoptotic cells, suggesting a stereotypic response to
HCV proteins for a given individual. Based on the kinet-
ics of hybridization to these 200-bp to 600-bp cDNA
arrays, the typical range is 2-fold to 10-fold based on the
manufacturer’s experience. A 2-fold to 5-fold difference
will result in a significant difference upon further testing,
i.e., real-time PCR (RT-PCR), with 75% probability; a
5-fold to 10-fold difference increases that probability to
95% per the manufacturer’s specifications.30

In addition to this differential regulation, we detected
expression of genes encoding typical DC proteins (CD
86, CD83, and HLA-DR). Although we did not enrich
for DCs after the co-culture, we did not detect typical T
cell genes coding for CD2 or CD3 (part of the T cell
receptor complex), indicating a relatively low level of T
cell transcripts present in the cultures.

RT-PCR Confirms Microarray Screen. In order to
confirm the array data, we performed Taqman RT-PCR
on the same total RNA samples used in the array, in
addition to new cultures, all harvested after 8 hours co-
culture. Because of the previously reported observation
that NS5A induced expression of CXCL-8 in nonprimary
tissue culture,31-33 and elevated levels of this chemokine in
circulating HCV-infected patient serum,34 we focused on
the increased expression of CXCL-8 and SCYC1 expres-
sion in response to NS5A in DCs (Fig. 3A and B, respec-
tively) from the same 2 subjects and averaged their
responses. Total RNA was probed per manufacturer’s rec-
ommendations using an internal housekeeping control
and run on an ABI automated thermocycler. As illustrated
in Fig. 3, in response to NS5A (Fig. 3A), expression of
CXCL-8 was increased nearly 4-fold, while SCYC1 (Fig.
3B) expression was increased more than 5-fold (1 subject
had a �10-fold increase) over �-gal control.

Direct Infection of DCs and Other Antigen Present-
ing Cells. We went on to investigate whether the in-
crease in CXCL-8 expression would also follow direct
infection of human DCs (Fig. 3C) or lymphoid cell lines
(data not shown) with the vaccinia vector expressing
HCV NS5A. Using the same 2 subjects as we had for the
feeding experiments, we directly infected the DCs at day
5 for 18 hours, then total RNA was harvested and pro-
cessed for RT-PCR analysis. RT-PCR revealed increased
expression, specifically upon infection with vaccinia con-
taining HCV NS5A. Interestingly, the level of increase in
CXCL-8 expression after direct infection of DCs was
about 50% less than that observed after DC engulfment
of apoptotic cells containing HCV NS5A.

CXCL-8 Protein Secretion After DC Engulfment of
Cells Expressing NS5A. We evaluated whether the al-
teration in gene expression levels resulted in increased
cytokine production. Using the Luminex assay, we simul-
taneously measured IL-1�, IL-�, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, CXCL-8, IL-10, IL-12(p40), IL-12(p70), IL-
13, IL-15, IP-10, Eotaxin, IFN-�, granulocyte-macroph-
age colony-stimulating factor, MCP (macrophage
chemoattractant protein)-1, macrophage inflammatory

Fig. 3. RT-PCR confirms microarray screen (n � 2) revealing in-
creased CXCL-8 and SCYC1 gene expression after DC Engulfment of cells
expressing NS5A. Total RNA isolated after 8 hours co-culture was used
in TaqMan RT-PCR. Appropriate housekeeping controls were run and
each assay point was run in triplicate. Fold expression was normalized to
the �-gal control culture. Error bars represent 3 SD. (A) CXCL-8 expres-
sion from DC cultures fed core-E1, NS5A, and NS5B expressing cells
(P � 0.0002). (B) SCYC1 expression from DC cultures fed core-E1,
NS5A, and NS5B expressing cells (P � 0.04). (C) CXCL-8 expression
from DC cultures directly infected (18 hours) with vaccinia-expressing
control, core-E1, NS5A, and NS5B (P � 0.004 for the entire group, P �
0.002 for NS5A versus control, and P � 0.002 for NS5B versus control).

HEPATOLOGY, Vol. 45, No. 6, 2007 WERTHEIMER ET AL. 1427



protein 1�, RANTES (regulated on activation, normal
T-cell expressed and secreted), and tumor necrosis factor
� in the co-culture supernatants of the same 2 subjects we
had phenotyped and analyzed via the microarray and RT-
PCR. Only CXCL-8 expression was significantly in-
creased (P � 0.0004, analysis of variance) after DCs had
engulfed apoptotic cells expressing NS5A, as compared to
those expressing core-E1, NS5B, or the �-gal control
(Fig. 4A). Following this initial multicytokine survey, a

total of 8 subjects were used for measurement of CXCL-8;
DCs from all subjects demonstrated elevated CXCL-8
following uptake of apoptotic cells containing NS5A.

DCs Fed Exogenous Recombinant Protein Do Not
Produce CXCL-8 Expression. To determine whether
intracellular expression of NS5A protein was necessary or
whether addition of exogenous NS5A could stimulate
CXCL-8 production from DCs, we introduced exogenous
recombinant NS5A protein or the buffer control (SDS) to
day 5 DCs and incubated them for 8 and 24 hours (Fig. 4B).
There was no CXCL-8 secretion upon feeding exogenous
NS5A after 8 or 24 hours. Thus, recombinant NS5A did not
stimulate CXCL-8 secretion above basal levels. Of interest,
we found that ingestion of apoptotic nonadherent cells alone
(DC � APO in Fig. 4C) did stimulate CXCL-8 production,
and that exogenous recombinant NS5A protein had no ad-
ditive effect (Fig. 4C). Taken together, these data indicate
that NS5A must be within an apoptotic cell to optimally
stimulate CXCL-8 from DCs.

Antigen Presentation Function Retained for Recall
Antigen Response. We used several approaches to deter-
mine whether DC function was affected by engulfment of
the apoptotic cells expressing various HCV proteins.
Having selected 2 normal donors who possess a measur-
able CMV T cell response, we used an enzyme-linked
immunosorbent spot assay to determine if the production
of IFN gamma would be decreased if the DCs had previ-
ously encountered HCV antigen within an autologous
apoptotic cell. There was no statistically significant differ-
ence in CMV response in cultures with DCs containing
HCV proteins as compared to those containing control
�-gal (Fig. 5). These data are in accord with the relatively

Fig. 4. Monocyte-derived DCs express significantly increased levels of
CXCL-8 (pg/ml) after ingestion of autologous cells expressing HCV NS5A.
Supernatant was collected and analyzed for CXCL-8 using a Luminex
multiplex instrument. (A) Human monocyte-derived DC were cultured for
5 days then co-cultured for 8 to 12 hours with autologous cells express-
ing �-gal (an irrelevant protein control) or HCV proteins [Core-E1 (2
normal donors), NS5A (8 normal donors), or NS5B (2 normals donors)
(P � 0.0004, analysis of variance, ANOVA)]. Increased production of
CXCL-8 production was not detectable when DCs had been fed exoge-
nous recombinant NS5A either alone (B) or in the presence of nonin-
fected apoptotic cells (C), n � 2. These data indicate that endogenously
processed NS5A is required to induce CXCL-8 secretion from human DCs.

Fig. 5. Antigen presentation function retained for CMV recall re-
sponse. Day 5 monocyte-derived DCs (5000) expressing various HCV
antigens were cultured with 50,000 CD4� purified autologous T cells
and stimulated with specified doses of CMV antigen (Microbix Biosys-
tems, Encinitas, CA) in an IFN gamma enzyme-linked immunosorbent
spot (ELISPOT) plate for 24 hours. All antigens were assayed in triplicate
at each of the doses. This assay represents data from 1 CMV� donor
and was repeated. Total number of spots were read (y-axis) and plotted
versus CMV antigen concentration (x-axis).
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modest effect on HLA expression noted in Table 1. More-
over, the ability of DCs to induce mixed lymphocyte re-
action and to phagocytose remain unaltered after culture
with autologous cells expressing HCV antigens (Supple-
mentary Materials).

Basal and IFN-�-induced STAT Phosphorylation
Impaired by NS5A. The down-regulation of IFGF-3
gamma (IRF-9) observed in the microarray analyses (Table
2; last row) suggested that NS5A might impair signaling in
response to IFN �. To address this question, we cultured
monocyte DCs, then introduced either apoptotic cells ex-
pressing NS5A or �-gal at day 5. After 8 hours of co-culture,
the cultures were stimulated for 30 minutes with IFN �.
Western blot analysis revealed that the presence of NS5A
within DCs decreased the basal level of phosphorylation of
Stat1 serine and tyrosine phosphorylation and Stat2 tyrosine
phosphorylation as compared to the �-gal control. IFN-in-
duced phosphorylation of STAT1 and STAT2 was also im-
paired in DCs exposed to NS5A-containing apoptotic cells,
albeit to a lesser extent than in untreated cells (Fig. 6A, B).
The total levels of STAT1 and STAT2 proteins were not
differentially regulated in response to NS5A expression (data
not shown). Subsequent experiments using HeLa cells with
regulated expression of NS5A indicated that in this context,
NS5A did not impair IFN-� induction of STAT phosphor-
ylation (Fig. 7), consistent with previous results.31 The data
suggest that NS5A impairment of IFN signaling in DCs is
dependent on phagocytic engulfment of apoptotic, NS5A-
expressing cells.

Discussion
DCs are ubiquitous professional antigen presenting

cells that provide a critical link between innate and adap-
tive immunity.8 DCs may directly encounter pathogens
or pathogen byproducts via pattern-recognition receptors
(toll-like receptors or TLRs), they may detect the presence
of inflammatory cytokines, or alternatively, they may en-
gulf apoptotic infected cells.35-38 Once in possession of
antigen, the DCs migrate into secondary lymphoid or-
gans where they engage naive T cells, stimulating them to
begin antigen-specific proliferation.39

Consequences of HCV:DC interactions remain some-
what controversial, with some groups showing impair-
ment of DC maturation and function, in particular
diminished allostimulatory capacity of DC derived from
HCV-infected patients16,17 or following transduction
with an adenovirus coding for HCV core and E1 pro-
teins,18 whereas other groups have failed to identify phe-
notypic or functional defects.23,40,41 In addition,
Dolganiuc et al.42 found that recombinant HCV protein
Core-E1 and NS 3 activate monocytes and inhibit DC
differentiation in the absence of the intact virus. We and

others have found that HCV infection leads to a periph-
eral depletion in circulating DC numbers,20-23 although
this may be related to liver disease per se. Combined, these
studies provide evidence that HCV affects DCs, although
the effects may be pleiotropic and subtle.

This report examines for the first time DCs immedi-
ately after their encounter with HCV proteins in the con-
text of an autologous cell because it is presumed this is a
physiologically relevant process. Although autologous
hepatocytes are the ideal cell to study, we had to select
autologous cells that we could obtain in sufficient num-
bers from peripheral blood of normal subjects for these
studies. Using our novel feeding system, we found no
measurable alterations in phenotypic markers for DCs or
surface expression of various molecules involved in anti-
gen presentation, nor any functional impact on antigen
presentation itself (see also Supplementary Data Fig. 2).

Fig. 6. Monocyte-derived DCs co-cultured with apoptotic cells ex-
pressing NS5A have reduced STAT1 signaling. Human monocyte-derived
DC were cultured for 5 days then co-cultured for 8 hours with apoptotic
cells expressing �-gal or NS5A, followed by treatment with or without
1000 units/ml IFN-� for 30 minutes. (A) Whole-cell extracts were
separated on SDS-PAGE gels and probed for phosphorylated forms of
Stat1 (S727 and Y701) and Stat2 (Y689). The positions of the phos-
phorylated Stat proteins are depicted with an arrow. The bottom panel
shows a Coomassie-stained image of the membrane, and demonstrates
equal loading of protein in all lanes. Blots were also probed for actin and
demonstrated equal protein loading (data not shown). (B) Quantitation
of pixel intensity from (A). Blots were scanned and pixel intensity over the
entire area of the band was calculated using Image J software.
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Interestingly, we did find a significant alteration in a va-
riety of DC transcripts and induction in CXCL-8 produc-
tion from DCs, specifically upon encounter of NS5A
within autologous apoptotic cells. Particularly interest-
ing, DCs encountering exogenous NS5A did not produce
increased levels of CXCL-8, suggesting that the context in
which the DC encounters the HCV proteins is signifi-
cant. Additionally, we found that DCs encountering au-
tologous apoptotic cells per se produced increased levels of
CXCL-8 and had elevation in surface expression of both
MHC-I and MHC-II molecules, suggesting that encoun-
ter with autologous apoptotic cells causes specific alter-
ations within the DC itself.

Hence, even with this limitation of ideal cell type (the
autologous nonadherent peripheral blood cells), we have
shown that DCs do differentially regulate a significant
portion of their transcripts in response to various HCV
proteins within autologous cells. In addition, in our mi-
croarray screen, we found up-regulation of several tran-
scripts previously reported to be up-regulated by directly
infecting DCs with various pathogens (E. coli, C. albicans,
influenza A).43 Additionally, the up-regulation of some
DC maturation markers (e.g., CD83) and various cy-
toskeletal genes suggest DC maturation occurs in the
presence of virally-derived HCV proteins even without
any external maturation signals. In addition to the altered
expression of chemotactic cytokines (CXCL-8), we de-
tected differential expression of transcription activators of
cytokines (IL-4 STAT), chemokine receptors (CCR1-R),
and proteins integral to the DC-T cell synapse (ICAM1,
CD43), as well as decreased expression of ISGF-3 gamma,
a critical player in the IFN-alpha response.

Pathogenic associations of CXCL-8 with HCV infec-
tion have been reported using patient serum26,34 and tis-
sue,44 and in vitro using various cell lines.28,31,45

Moreover, we have found the basal CXCL-8 production
from monocyte-derived DCs decreases in acute HCV in-
fection that is spontaneously resolving (our unpublished
observations). The current report is the first to show in-
duction of CXCL-8 in response to HCV proteins in nor-

mal human primary cells, and importantly from
professional antigen presenting cells, DCs. CXCL-8, a
chemotactic cytokine expressed from numerous cell
types,46 is known for its inflammatory ability to recruit
lymphocytes, specifically neutrophils. However CXCL-8
serves additional proviral roles during infection by im-
pairing the interferon alpha response during certain RNA
viral infections,47 and recently CXCL-8 was shown to
induce cytoskeleton reorganization conducive to perme-
ability during dengue virus infection.48 Taken together,
these proviral activities suggest that induction of CXCL-8
from DCs after engulfment of HCV-infected apoptotic
cells, although not resulting in any appreciable alteration
in antigen presenting function in our system, may create a
general inflammatory microenvironment. Deregulation
of the inflammatory response in the earliest stages of naive
encounter may contribute to immune impairment, favor-
ing virus persistence. Our finding that DCs co-cultured
with HCV NS5A-containing apoptotic cells were stunted
in their response to interferon alpha stimulation, specifi-
cally the impaired Stat1 serine and tyrosine and Stat2
tyrosine phosphorylation, supports our hypothesis that
engulfment of apoptotic cells containing HCV proteins
impairs DC viral responsiveness. These novel results ex-
tend the growing literature implicating different HCV
proteins in suppressing type I IFN signal transduction
pathways and contributing to viral persistence,49,50 but
are the first to specifically show this effect in DCs. Addi-
tional studies are required to determine if the NS5A-in-
duced impairment of IFN-� signaling is mediated by the
induced CXCL-8. Moreover, it is known that CXCL-8
does inhibit the antiviral actions of IFN47 and NS5A ex-
pression inhibits IFN signaling in some,50 but not all
studies.28 We recognize that neutralization of CXCL-8
would enhance our results, but commercially available
antibodies have not provided consistently reproducible
results (data not shown).

In summary, we have developed a model system to
study human DCs that have encountered apoptotic au-
tologous cells expressing various HCV proteins. We

Fig. 7. Expression of NS5A in HeLa cells does not
inhibit IFN signaling. HeLa 1b2 cells were cultured in
the absence (�Tc) or presence (�Tc) of 2 �g/ml
tetracycline for 48 hours. Cells were treated with or
without IFN-� (100 or 500 U/ml) for 30 minutes
before whole-cell protein extracts were separated by
SDS-PAGE and blotted for phosphorylated forms of
Stat2 tyrosine, Stat1 tyrosine and serine, total Stat1,
NS5A, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as a control for equal loading of protein.
These data suggest that NS5A expression in this cel-
lular context does not significantly inhibit IFN signaling.
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found that following engulfment of apoptotic cells con-
taining HCV NS5A, differential gene expression occurs
within human DCs, including increased CXCL-8 secre-
tion by DCs and impaired basal and IFN-induced Stat1
serine and tyrosine and Stat2 tyrosine phosphorylation
within the DCs. This novel mechanism for subverting the
antiviral response at a critical early stage of infection likely
contributes to viral persistence.

Acknowledgment: We thank Sue Smyk-Pearson,
Jared Klarquist, and Jessica Wagoner for technical assis-
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Ethanol and Fish Oil Induce NF�B Transactivation of the
Collagen �2(I) Promoter Through Lipid Peroxidation–

Driven Activation of the PKC-PI3K-Akt Pathway
Natalia Nieto

To analyze whether fish oil, as a source of polyunsaturated fatty acids from the n-3 series, could
synergize with ethanol to promote collagen I upregulation in vivo, collagen �2(I) promoter-�Gal
(COL1A2-�Gal) transgenicmicewere fedadietenrichedinfishoil inthepresenceofethanol (ethanol
group) or dextrose (control group). Ethanol-fed mice showed mild steatosis, increased alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), nonsterified fatty acids, and plasma alcohol
levels along with elevated cytochrome P450 2E1 activity, lipid peroxidation end products, and low
glutathione (GSH) levels, which suggested enhanced oxidant stress and liver injury. Increased trans-
activation of the COL1A2 promoter assessed by �Gal activity was shown in vivo and by transfection
with deletion constructs for the collagen �1(I) promoter (COL1A1) and COL1A2 promoters in vitro.
TranscriptionalregulationofbothCOL1A1andCOL1A2promoterswasvalidatedbynuclear invitro
transcription run-on, northern blot analysis, and quantitative polymerase chain reaction, which was
followed by the subsequent upregulation of collagen I protein with no changes in matrix metallopro-
teinase 13 (MMP 13). To further analyze the potential mechanism for collagen I upregulation, an in
vitro coculture model was designed with primary stellate cells seeded on the bottom plate of a Boyden
chamber and the rest of the liver cells plated on a cell culture insert, and fish oil or fish oil plus ethanol
were added. The combination of fish oil plus ethanol increased nuclear factor �B binding to the
COL1A2 promoter both in vivo and in the cocultures and also resulted in increased phosphor-
ylation of protein kinase C, activation of PI3 kinase, and phosphorylation of Akt. The in vitro
addition of vitamin E prevented such activation and collagen I increase. Furthermore, inhibitors
of all 3 kinases blocked the increase in collagen I and NF�B binding to the COL1A2 promoter;
the latter was also prevented by vitamin E. Conclusion: These results suggest that fish oil (mainly
n-3 polyunsaturated fatty acids [PUFAs]) can synergize with ethanol to induce collagen I, trans-
activating the COL1A2 promoter through a lipid peroxidation-PKC-PI3K-Akt-NF�B-driven
mechanism in the absence of overt steatosis and inflammation. (HEPATOLOGY 2007;45:1433-1445.)

There is considerable evidence that the amounts
and types of fats in the diet are key determinants
of lesions in alcoholic liver disease.1,2 Saturated

fatty acids may be protective against alcoholic liver dis-

ease, whereas PUFAs promote alcoholic liver disease.3,4

Long-chain PUFAs from the n-3 series, present in fish oil
(FO), interact with nuclear receptor proteins, thereby in-
fluencing the transcription of regulatory genes. They are
natural ligands of the nuclear peroxisome proliferator-
activated receptor � (PPAR�), which modulates lipid me-
tabolism.5 Low levels of circulating n-3 PUFAs, with a
consequent increase in the n-6/n-3 ratio, modify PPAR�
activity in the liver. Previous studies have shown that diets
enriched with n-3 PUFAs increase insulin sensitivity in
rats, reduce the level of intrahepatic triglycerides, and
ameliorate steatohepatitis in both mice and rats.6

The oxidation of n-3 PUFAs in the endoplasmic retic-
ulum involves the initial formation of �-hydroxy or (�-
1)-hydroxy fatty acids catalyzed by microsomal
cytochrome P450 (CYP4A1 and CYP2E1). Dicarboxylic
fatty acids, derived from �-hydroxy and (�-1)-hydroxy
fatty acids, are increased in states of impaired mitochon-
drial fatty acid �-oxidation. Microsomal �-hydroxylation
by means of CYP2E1 and CYP4A1 is increased in alco-
hol-fed rats.7,8 Evidence in the literature suggests that

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
COL1A1, collagen �1(I) promoter; COL1A2, collagen �2(I) promoter; EtOH, etha-
nol; FO, fish oil; GSH, glutathione; 4-HHE, 4-hydroxyhexenal; 4-HNE, 4-hy-
droxynonenal; HSC, hepatic stellate cell; LPO, lipid peroxidation; MMP, matrix
metalloproteinase; PPAR�, peroxisome proliferator-activated receptor �; PUFA, poly-
unsaturated fatty acid; ROS, reactive oxygen species; TIMP, tissue inhibitor of metallo-
proteinases; TNF�, tumor necrosis factor �; VLDL, very low density lipoproteins.
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fatty acids and their �-oxidation products activate
PPARs.9,10 PPARs are actively involved in regulating
genes involved in fatty acid metabolism, such as enzymes
of the extramitochondrial fatty acid oxidation pathways
(e.g., peroxysomal fatty acyl CoA oxidase, CYP4A1, and
liver fatty acid binding protein).11-13 The induction of
hepatic extramitochondrial pathways of fatty acid oxida-
tion by means of PPAR� serves to provide the liver cell
with alternative means for the catabolism of fatty acids
under conditions of markedly increased fatty acid flux and
fatty acid overload.14 PPAR� appears to act as a cellular
transducer that senses the presence of fatty acid overload
states and directs the appropriate adaptive hepatocellular
gene response.14

A key feature of liver fibrosis is the increase in collagen
I protein.15 Collagen is a heterotrimeric protein com-
posed of 2 �1 chains and 1 �2 chain encoded by the
COL1A1 and COL1A2 genes. Both COL1A1 and
COL1A2 genes are highly sensitive to reactive oxygen spe-
cies (ROS) and acetaldehyde, a product from alcohol me-
tabolism.16-25 It has been reported that the COL1A2
promoter contains at least 2 putative NF�B binding
sites.26 Oxidant stress is a major factor inducing the phos-
phorylation of I�B, which releases NF�B, translocating it
then to the nucleus to activate the transcription of target
genes.27 In view of the potential link between oxidative
stress and the activation of the COL1A1 and COL1A2
genes in hepatic stellate cells (HSCs), it was speculated
that feeding FO plus alcohol for a short time could lead to
the activation of collagen I even in the absence of overt
steatosis and inflammation.

Material and Methods

Transgenic Mice. Transgenic mice harboring the
�17 kb to �54 bp of the proximal promoter of the
mouse COL1A2 gene cloned upstream of the E. coli �-gal
reporter gene (LacZ) were used. These transgenic mice
were obtained from Dr. Benoit de Crombrugghe (De-
partment of Molecular Genetics, University of Texas,
M.D. Anderson Cancer Center, Houston, TX).28-33 Mice
were bred in our institution and received humane care in
compliance with the guidelines of the National Institutes
of Health and the Animal Care Committee of Mount
Sinai School of Medicine.

Diets and Experimental Design. The composition
of the diets is described in Table 1. The FO (Sigma
F8020) used for preparing the diets is derived from men-
haden fish and contains the following fatty acids: 14:0
myristic acid, 6%-9%; 16:0 palmitic acid, 15%-20%;
16:1 palmitoleic acid, 9%-14%; 18:0 stearic acid, 3%-
4%; 18:1 oleic acid, 5%-12%; 18:2 linoleic acid, �3%;

18:3 linolenic acid, �3%; 18:4 octadecatetraenoic acid,
2%-4%; 20:4 arachidonic acid, �3%; 20:5 eicosapenta-
enoic acid, 10%-15%; and 22:6 docosahexaenoic acid,
8%-15%. This sum is approximately 80% of the fatty
acids, whereas the remaining 20% represents unidentified
fatty acids. Diets were made fresh daily. The FO was
stored in air-tight containers, filled with nitrogen, in a
cold room at 4°C. Lipid peroxidation (LPO) was mea-
sured to exclude the possibility of autoxidation. To adapt
the mice, the FO diet alone was administered for 3 days to
all mice because switching from chow diet pellets to any
liquid diet requires �2 days of adjustment. Ethanol was
progressively incorporated into the diet so that mice did
not repel the diet because of an aversion to the smell of
alcohol. Ethanol was incorporated into the FO diet as
follows: 4 days with 10% of calories given as ethanol, 7
days with 20% of calories given as ethanol, and 14 days
with 35% of calories given as ethanol. A control group
drinking only ethanol was not possible because mice
would not drink pure alcohol, even if diluted in water.
The control group for the experiment was the FO group.

The animals were sacrificed, and both the liver and
body weight values were recorded. Blood was collected
from the abdominal aorta and centrifuged at 3000 rpm
for 3 min, and the serum was assayed for the activity of
ALT and AST with kits from Thermo Electron Corp.
(Waltham, MA) and for the ethanol concentration with
an alcohol dehydrogenase kit from Sigma (St. Louis,
MO). Each liver was excised into different fragments for
biochemical assays, paraffin embedding and staining, and
frozen sections.

Histochemistry. Liver samples were fixed overnight in
10% buffered formalin and embedded in paraffin. Five-
micrometer sections were stained with hematoxylin and
eosin (H&E) to be evaluated by a liver pathologist, who
was blinded from the experimental information. The
Sirius red/Fast green staining, used to assess collagenous
proteins, was carried out as described.34

Hepatic Antioxidant Defense. Liver homogenates
were prepared in 10 volumes of ice-cold pH 7.4, 50 mM/l
Tris-HCl/sodium phosphate buffer and 1.15% KCl with

Table 1. Composition of the Diets

Ingredients (per 100ml of diet) FO FO�EtOH

AIN-93G (g) (salt mix, Bio-Serv F8538) 0.93 0.93
AIN-93VX (g) (vitamins, Bio-Serv F8001) 0.26 0.26
Choline bitatrate (g) (Sigma C1629) 0.05 0.05
D,L-Methionine (g) (Sigma M9500) 0.11 0.11
Lactoalbumin (g) (Bio-Serv 1275) 5.75 5.75
Dextrose (g) (Sigma D9434) 11.75 1.75
Fish Oil (Sigma F8020) 3.66 3.66
Susp. agent K (g) (Bio-Serv 7945) 0.45 0.45
Ethanol (ml) 0.00 7.24
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1 mM/l ethylenediaminetetraacetic acid. For total gluta-
thione, 50 �g of liver were homogenized in 5% trichlo-
roacetic acid at a ratio of 1:10 (wt/vol) and centrifuged for
5 minutes at 8000 rpm and 4°C. GSH levels were deter-
mined in the protein free extract by the recycling method
of Tietze.35 The total glutathione peroxidase, catalase,
and total superoxide dismutase activities were measured
according to the methods of Flohé and Günzler,36 Clai-
borne,37 and Paoletti and Mocali,38 respectively. Protein
concentrations were determined with the method of
Lowry et al.,39 and the enzyme activities are expressed as
units per milligram of protein.

General Procedures. Serum tumor necrosis factor �
(TNF�) was determined by an enzyme-linked immu-
nosorbent assay (Biosource, Camarillo, CA). Nonesteri-
fied fatty acids were analyzed with a kit from Wako
Chemicals (Richmond, VA). Liver triglycerides were
measured with a kit from Roche. Rat liver microsomes
were prepared by differential centrifugation, and the cat-
alytic activity of CYP2E1 as determined in earlier publi-
cations.20 Nuclear in vitro run-on transcription assays
were carried out with nuclei isolated from total livers as
described.20,21 A Northern blot was carried out as de-
scribed.20,21 Liver RNA was extracted with the RNeasy
mini kit (Qiagen, Chatsworth, CA) and treated with
DNase. RNA (1 �g) was reverse-transcribed with first-
strand cDNA synthesis with random primers (Promega,
Madison, WI). Quantitative real-time PCR was per-
formed in a Roche Lightcycler 480 using the following
PCR primers: COL1A1 forward 5�-CCT CAA GGT
TTC CAA GGA CC-3� and COL1A1 reverse 5�-CAA
TCC ATC CAG ACC GTT GTG-3� and COL1A2 for-
ward 5�-CCT CAA GGT TTC CAA GGA CC-3� and
COL1A2 reverse 5�-CAA TCC ATC CAG ACC GTT
GTG-3�. All values were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

Western Blot Analysis. A Western blot analysis was
carried out with liver homogenates, cell lysates, and a
cell culture medium. Antibodies to 4-hydroxyhexenal (4-
HHE), malon dialdehyde, and 4-hydroxynonenal
(4-HNE) were provided by Dr. Uchida (Nagoya Univer-
sity, Japan). Antibodies raised against CYP2E1, GCLC
(glutamate cysteine ligase catalytic subunit) and GGLM
(glutamate cysteine ligase modulatory subunit), and col-
lagen I were gifts from Dr. Lasker (Hackensack Biomed-
ical Research Institute, Hackensack, NJ), Dr. Kavanaugh
(University of Washington, Seattle), and Dr. Schuppan
(Harvard Medical School, Boston, MA), respectively. An-
ti–�-Sma and anti–�-tubulin were from Sigma. Antibod-
ies for p50 and p65 and for kinases (p38, extracellular
signal-regulated kinase 1⁄2 (ERK1⁄2), PKC, and Akt 1/2/3)
and their phosphorylated forms were from Santa Cruz

Biotechnologies (Santa Cruz, CA). The PKC antibody
recognizes all PKC isoforms. Anti-Timp1 and anti-
MMP13 were from Chemicon International (Temecula,
CA). All primary antibodies were used at a dilution of
1/2000 to 1/5000. Goat anti–rabbit IgG and goat anti–
mouse IgG (Chemicon; both at 1/5000) were used as
secondary antibodies.

�-Gal Staining and Quantification. �-Gal staining
was performed with frozen sections from livers collected
in optimal cutting temperature compound and immedi-
ately frozen with 2-methylbutane on dry ice. Proteins
were also extracted from individual livers, and the �-gal
activity was measured with a chemiluminescent reporter
assay (Galactolight Plus, Tropix).

NF�B Binding Activity. Electrophoretic mobility
shift assays to determine the binding activity of NF�B
were performed as described in previous studies.40 Equal
amounts of nuclear proteins were incubated with a 5�
32P-labeled oligonucleotide containing the NF�B con-
sensus site. The incubation mixtures were separated in a
7% nondenaturing polyacrylamide gel, and bands were
detected by autoradiography. The specificity of binding
was determined by the prior addition of a 100-fold excess
of an unlabeled competitor consensus oligonucleotide
and supershift analysis (not shown).

Coculture Model. The coculture model, shown in
Fig. 6A, includes a Boyden chamber and a cell culture
insert with a membrane of 8 �m of pore size that allows
for the diffusion of soluble mediators from the upper
compartment to the lower compartment. Details of the
coculture setting and cell isolation protocols are described
in earlier publications for hepatocytes and HSCs18,19,40,41

and for Kupffer cells and HSCs.41 The only difference
from these previous studies was the incorporation of sinu-
soidal endothelial cells into the insert. They were isolated
from the nonparenchymal cell fraction by elutriation at
18 mL/minute. The cell ratios were similar to those found
in the liver. After 1 day of incubation, the medium was
removed, and the cell-culture inserts containing the hepa-
tocytes, sinusoidal endothelial cells, and Kupffer cells
were transferred onto the HSCs. Fresh Dulbecco’s mod-
ified Eagle’s medium (DMEM)-F12 with 50�M/well of
FO or FO plus 50 mM ethanol was added. In Fig. 6D,
each fatty acid was added at a concentration of 30 �M for
24 hours.

Transfection Experiments and Reporter Assays. Re-
porter DNA constructs containing upstream sequences of
the human COL1A2 promoter linked to the Luc gene
were provided by Dr. Francesco Ramirez (Hospital for
Special Surgery, New York, NY).42 The human COL1A2
promoter sequences span from �3500 to �58 bp with 5�
endpoints of �3500, �772, �378, �183, and �108
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bp.42 Details on the transfection protocol can be found in
earlier publications.41 HSCs were incubated in the pres-
ence of the transfection mix for 48 hours, after which the
medium was replaced and the inserts containing the other
cells or empty inserts were transferred onto the HSC
plates. The cocultures were treated with FO or FO plus
ethanol. Samples for the Luc activity were collected, and
the reaction was run using a kit from Promega as de-
scribed.43

Statistical Analysis. Data were analyzed in Figs. 1-5
by a Student t test and in the rest of the figures by a
2-factor analysis of variance, as suggested by the Depart-
ment of Statistics at Mount Sinai School of Medicine.
The values are expressed as means plus or minus the SEM
(n � 3-5).

Results

Liver Histopathology. To determine the potential ac-
tivation of the COL1A2 promoter in vivo, COL1A2-�Gal
transgenic mice were fed a diet enriched in FO with either

dextrose (control group) or ethanol (ethanol group). At
the endpoint of the experiment, there was a 30% increase
in the body weight and a 20% increase in the liver weight
in the ethanol group in comparison with the control
group (Fig. 1A). None of the animals in the control group
showed major evidence of pathological damage (Fig. 1B,
left panel). Mice fed the FO diet plus ethanol showed
some degree of liver injury as assessed by H&E staining
(mild steatosis with minimal inflammatory infiltrates;
Fig. 1B, right panel), ALT (135 � 12.9 versus 55 � 8.3
U/L, P � 0.001), and AST (180 � 9.1 versus 97.8 � 6.6
U/L, P � 0.001). Plasma alcohol levels in the ethanol-fed
group were �26.1 �0.6 mmol/L (Fig. 1C). The levels of
plasma nonesterified fatty acids were 8.5 � 0.2 versus
3.5 � 0.7 mEq/mg protein (P � 0.001; Fig. 1C), and the
levels of hepatic triglycerides were 11.2 � 0.1 versus
14.4 � 0.1 (P � 0.01; not shown). It is possible that the
NEFA (non-esterified fatty acids) could be derived from
adipose triglyceride stores with increased mobilization in
the mice fed ethanol plus FO. It is also likely that under

Fig. 1. (A) Time-dependent evolution of the body
weight in COL1A2-�-Gal mice fed the FO and the FO
plus EtOH diets. All mice were fed the FO diet for 3
days, and then EtOH was incorporated into the FO plus
EtOH group progressively from 10%-35% of the total
calories. The body weight was monitored weekly. The
results are expressed as average values. ***P �
0.001 for FO plus EtOH versus FO. The average liver
weight and the liver-to-body weight ratio are shown on
the right. (B) H&E staining. Mice fed the FO plus
ethanol diet showed centrilobular steatosis (arrows;
original magnification � 200�). (C) The activity of ALT
and AST, NEFA, and plasma ethanol levels are pre-
sented as units per liter, milliequivalents per milligram
of protein, and millimoles per liter, respectively, and
are the means plus or minus the SEM (n � 6).
***P � 0.001 for FO plus EtOH versus FO.
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these conditions there is not much increase in triglyceride
synthesis in the liver and that ethanol can decrease �-ox-
idation of fatty acids, so there may be an accumulation of
NEFA, which, if not stored as triglycerides, may spill over
to the blood.

Antioxidant/Prooxidant Status. To assess the anti-
oxidant defense of the liver, the activity of total superox-
ide dismutase, catalase, and total glutathione peroxidase
was analyzed. All 3 enzymes remained similar in both
groups (Table 2). The GSH values in mice fed the FO
plus ethanol diet were approximately 40% lower than
those in mice fed the FO diet (P � 0.01, Table 2). De novo
GSH synthesis is mediated by glutamate-cysteine ligase,

which has 2 subunits, glutamate cysteine ligase catalytic
subunit (GCLM) and glutamate cysteine ligase modula-
tory subunit (GCLC).43 A western blot analysis showed a
decrease in GCLM and GCLC proteins in mice fed the
FO plus ethanol diet in comparison with mice fed the FO
diet (Fig. 2B). The data suggest that the FO plus ethanol
diet may lower the GSH content and likely its synthesis in
the liver.

The CYP2E1 activity, determined as the rate of oxida-
tion of p-nitrophenol to p-nitrocatechol, was higher in
mice fed the FO plus ethanol diet than in mice fed the FO
diet (1930 � 45 versus 380 � 49 pmol/minute/mg of
protein, P � 0.001; Fig. 2A). Likewise, a Western blot
analysis showed higher CYP2E1 expression in mice fed
the FO plus ethanol diet than in mice fed the FO diet
(P � 0.001; Fig. 2A, bottom).

FO is high in n-3 PUFAs and low in n-6 PUFAs. n-3
PUFAs produce large amounts of 4-HHE during peroxi-
dation,44 and n-6 PUFAs mostly generate MDA and
4-HNE.45 There were 8-fold, 3-fold, and 3.5-fold in-
creases in LPO end products (4-HHE, MDA, and
4-HNE, respectively) in mice fed the FO plus ethanol diet
in comparison with mice fed the FO diet (P � 0.001; Fig.
2C-E).

FO Plus Ethanol Activate the COL1A2 Promoter
In Vivo. Transgenic mice harboring the �17 kb to �54
bp of the proximal promoter of the mouse COL1A2 gene
cloned upstream of the E. coli �-gal LacZ reporter gene
have been shown to be valuable in studies of the activation
of the COL1A2 gene in vivo.28-33 The administration of
FO plus ethanol in the diet activated the COL1A2 pro-
moter, as shown by the �-gal positive staining (Fig. 3B,
right panel). Quantification of the �-gal activity by
chemiluminescence showed an approximately 37-fold in-
crease in the �-gal activity by the FO plus ethanol diet
(P � 0.001; Fig. 3C). The enhanced COL1A1 and
COL1A2 expression induced by FO plus ethanol oc-
curred most likely through a transcriptional mechanism
(Fig. 3D). Newly transcribed COL1A1 and COL1A2
mRNA increased 3.8-fold and 2.5-fold, respectively, in
mice fed the FO plus ethanol diet in comparison with
mice fed the FO diet (P � 0.001; Fig. 3D).

Collagen I Expression. Northern blot analysis and
real-time PCR for COL1A1 and COL1A2 mRNA showed
about 4-fold and 3-fold increases, respectively, in mice fed
the FO plus ethanol diet in comparison with mice fed the
FO diet (P � 0.001; Fig. 4A, B). Liver sections from
COL1A2-�Gal transgenic mice fed the FO plus ethanol
diet showed moderate pericentral and pericellular fibrosis
(Fig. 4C, right panel), which was later quantified by spec-
trophotometry after color elution (P � 0.001; Fig. 4D). A
Western blot analysis revealed a 3.6-fold increase in col-

Fig. 2. (A) The catalytic activity of CYP2E1 was assessed measuring
the rate of oxidation of p-nitrophenol to p-nitrocatechol. The results are
expressed as picomoles per minute per milligram of microsomal protein
and are average values � SEM (n � 6). A Western blot analysis for
CYP2E1 is shown below the graph. (B) Western blot analysis showing the
expression of GCLC and GCLM in total liver of COL1A2-�-Gal mice. For
the Western blot analysis in parts A and B, the results are corrected by
the �-tubulin signal and are expressed as arbitrary units of densitometry
under the blots, being average values of n � 3 per group. The expression
of each protein in mice fed the FO diet was assigned a value of 1. LPO
byproducts in livers were estimated with blotting for (C) 4-HHE, (D) MDA,
and (E) 4-HNE residues by use of specific antibodies and by quantifi-
cation by scanning. The results are expressed as arbitrary units of
densitometry and are the means plus or minus the SEM (n � 6). In all
panels, ***P � 0.001 for FO plus EtOH versus FO.
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lagen type I protein with no changes in MMP13, the
metalloproteinase that specifically degrades collagen I, in
mice fed the FO plus ethanol diet in comparison with
mice fed the FO diet. HSC activation was apparent from
the increase in �-Sma in mice fed FO plus ethanol (P �
0.001; Fig. 4E).

The PKC-PI3K-Akt Pathway Is Activated by FO
plus Ethanol. Because most kinases are sensitive to
ROS46-48 and collagen type I expression can be modulated by
the activation of stress kinases,28,49,50 we analyzed the expres-
sion of some key kinases in the livers of mice fed the FO diet
or the FO plus ethanol diet. There was at least a 2-fold
up-regulation of phosphorylated PKC, PI3K, and its down-
stream effector phosphorylated Akt1/2/3, whereas phos-
phorylated ERK1/2 was lower in mice fed the FO plus
ethanol diet than in mice fed the FO diet (P � 0.001; Fig.
5A). PPAR� expression remained similar in both groups.

Activation of NF-�B and Degradation of I�B�.
The COL1A2 promoter contains 2 putative NF�B bind-
ing sites.26 To evaluate whether FO plus ethanol could
increase collagen levels by transactivating the COL1A2
promoter, we analyzed the NF�B binding activity in elec-
trophoretic mobility shift assays using nuclear extracts
from whole livers. To determine whether the activation of
NF�B might be the result of degradation of I�B�, the
protein expression of I�B� in whole liver homogenates
was measured by a western blot analysis (Fig. 5B). In livers
from the mice fed FO plus ethanol, a marked decrease in

the I�Ba protein was observed (Fig. 5B). Results similar to
those seen with I�Ba were also seen with p50 and p65
(Fig. 5B). Nuclear localization of NF�B was increased in
the FO plus ethanol group in comparison with the FO
group (Fig. 5C). NF�B binding to the COL1A2 pro-
moter was significantly higher in mice fed FO plus EtOH
in comparison with mice fed the control diet (Fig. 5D).
Thus, the loss of the I�B� protein coincided with NF�B
activation in the mice fed FO plus EtOH. The protein/
DNA complex was further characterized with competi-
tion and supershift assays. A 100-fold excess of
nonradioactive NF�B, AP1, or Sp1 oligonucleotides was
added to the binding reaction containing the nuclear ex-
tracts from the mice fed FO plus ethanol. The addition of
the NF�B oligonucleotide completely abrogated complex
formation, whereas the addition of an AP1 or Sp1 oligo-
nucleotide had no effect (not shown). Antibodies against
p50 and p65 were used for supershift assays to show the
specificity of the NF�B complex (not shown).

A Coculture Model Replicates the In Vivo Activa-
tion of Collagen. To gain further insight into the
mechanism by which FO plus ethanol activate collagen
I, a coculture model was designed in which primary
mouse HSCs were cocultured in the presence of a pool
of primary Kupffer cells, endothelial cells, and hepato-
cytes isolated from either COL1A2-�Gal transgenic
mice or wild-type mice, depending on the experiment
(Fig. 6A). Primary HSCs isolated from the COL1A2-

Fig. 3. (A) Mouse COL1A2 promoter scheme show-
ing the enhancer region and the proximal promoter in
which the transforming growth factor � (TGF�)-,
TNF�-, and ROS-responsive elements are located. (B)
The �-Gal staining shows activation of the mouse
COL1A2 promoter in mice fed the FO plus EtOH diet
(arrows), whereas no activation is found in mice fed
the FO diet (magnification � 200�). (C) The activity
of �-Gal, an indicator of induction of the mouse
COL1A2 promoter, was quantified by chemilumines-
cence, and the results are expressed as arbitrary units
of chemiluminescence per milligram of protein.
***P � 0.001 for FO plus EtOH versus FO. (D)
Transcription of COL1A1 and COL1A2 in HSCs in a
coculture: nuclear in vitro transcription run-on assays
were performed with nuclei isolated from total liver of
COL1A2-�-Gal mice. A representative blot (n � 2
experiments in duplicate each) of labeled nuclear
RNAs hybridized to COL1A1, COL1A2, and GAPDH
cDNA is shown. ***P � 0.001 for FO plus EtOH
versus FO.
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�-Gal mice were cocultured with pooled liver cells and
showed a 24-fold increase in the �-Gal activity when
incubated in the presence of FO plus ethanol versus FO
alone (P � 0.001; Fig. 6B). Similarly, the coculture
setting showed an increase in LPO (4-HHE) in the
presence of FO plus ethanol (P � 0.001; Fig. 6C),
suggesting a likely LPO-mediated mechanism for col-
lagen I induction, as occurred in vivo. To validate the
synergistic role of ethanol on the effects mediated by
the FO diet, HSCs were incubated alone or in a cocul-
ture in the presence of FO, ethanol, or a combination
of both. A Western blot analysis suggested a synergistic
effect (Fig. 6D, lane 8 versus lanes 6 and 7). Further-
more, to determine the specific contribution of each
series of fatty acids to the effects observed, the cocul-
tures were incubated with palmitic acid (16:0), oleic
acid (18:1n-9), arachidonic acid (20:4n-6), eicosapen-
taenoic acid (20:5n-3), and docosahexaenoic acid (22:
6n-3) with 0-50 mM ethanol. The induction of
collagen I protein expression was greater when n-3 se-
ries PUFAs were added to the cocultures and was even
greater when ethanol was present.

To analyze whether the increase in COL1A2 transactiva-
tion observed in vivo could be due to the elevated binding
activity of any particular transactivator (i.e., NF�B, AP1,
and Sp1), a series of COL1A2-Luc deletion constructs were
transfected onto HSCs cultured alone or with pooled liver
cells and treated with either FO alone or FO in combination
with ethanol. The luciferase activity indicated increased
transactivation of the �378 and �772COL1A2-Luc con-
structs in the presence of FO plus ethanol in comparison
with the FO-treated cells (P � 0.001; Fig. 6F).

Table 2. Antioxidant Defense in Liver

Antioxidant FO FO�EtOH

GSH 3.2 � 0.4 1.9 � 0.1**
SOD 22.1 � 2.4 23.6 � 1.9
CAT 4.3 � 0.1 4.2 � 0.2
GPX 30.1 � 1.9 28.8 � 1.1

NOTE. Mice were fed either a diet enriched in fish oil (FO) or diet enriched in
FO plus ethanol (FO�EtOH). Levels of GSH were measured and expressed as
pmol/mg of protein. The activities of superoxide dismutase (SOD), catalase (CAT),
and total glutathione peroxidase (GPX) were measured and expressed as U/mg of
protein. Results are means � S.E.M (n�6).

**P�0.01 for FO�EtOH versus FO.

Fig. 4. (A) COL1A1 and COL1A2 mRNA were
analyzed by Northern blot using total RNA iso-
lated from livers of COL1A2-�-Gal mice. The
quantification of the intensity of the signal
shown under the blots was made with Image-
Quant software. The results were corrected by
the intensity of the GAPDH signal and are ex-
pressed as average values, with the signal for
the FO mice assigned a value of 1 for each
mRNA. (B) Quantitative real-time PCR for both
COL1A1 and COL1A2 mRNA. The results, given
as average values, are corrected for the inten-
sity of the GAPDH signal and are expressed as
a fold increase over the signal for the FO group,
which was assigned a value of 1. (C) The total
collagen content was visualized by Sirius red/
Fast green staining. More collagen deposition
(red color, arrows) was observed in mice fed
the FO plus EtOH diet than in mice fed the FO
diet and was distributed in the periportal and
pericellular areas (magnification � 200�). (D)
The total collagenous proteins were eluted from
the slides and quantified by spectrophotome-
try. The results are given as average values and
are expressed as micrograms of collagenous
proteins per milligram of total protein. (E) West-
ern blot analysis for intracellular collagen I,
�-Sma, and MMP13 expression. The numbers
under the blot indicate arbitrary units of den-
sitometry and are corrected by �-tubulin ex-
pression. The expression of each protein in
mice fed the FO diet was assigned a value of 1.
In all panels, ***P � 0.001 for FO plus EtOH
versus FO (n � 3-6).
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FO plus Ethanol Increase Collagen I in Stellate
Cells in a Coculture by a LPO-PKC-PI3K-Akt Mech-
anism. A Western blot analysis of HSCs cultured alone or
with pooled liver cells showed an increase in the expression of
phosphorylated PKC (3.8 � 0.2 versus 1 � 0.1, P � 0.001),
PI3K (2.1 � 0.2 versus 1 � 0, P � 0.01), phosphorylated
Akt (2.3 � 0.5 versus 1 � 0.1, P � 0.001), and intracellular
collagen I (3.1 � 0.4 versus 1 � 0.3, P � 0.001) in the
cocultures treated with FO plus ethanol versus FO alone
(Fig. 7A). These effects were almost completely prevented by
the addition of vitamin E, an antioxidant that prevents LPO-
derived reactions, validating the role of LPO (Fig. 7B,C).
The addition of inhibitors of PKC phosphorylation (Ro 31-
8425), PI3K (LY294002), and Akt phosphorylation (tricir-
ibine) prevented intracellular and extracellular collagen I up-
regulation in the cocultures incubated with FO plus ethanol,
lowering collagen I to levels found in the cocultures incu-

bated with FO (Fig. 7D). Finally, to define whether the
aforementioned kinases could have an effect on collagen I
expression modulating NF�B binding to its consensus site
on the COL1A2 promoter, electrophoretic mobility shift as-
says were carried out with an oligonucleotide containing the
binding site for NF�B in the COL1A2 promoter in the pres-
ence or absence of vitamin E and the specific inhibitors of
each of the kinases. The binding of NF�B to its consensus
sequence decreased in the presence of all inhibitors as well as
vitamin E (Fig. 7E). In summary, a potential link was estab-
lished between LPO-derived reactions and the phosphoryla-
tion of PKC, PI3K activation, phosphorylation of Akt,
increased NF�B binding, and collagen I expression in the
presence of FO plus ethanol.

Discussion
Dietary fat affects the severity of liver disease. Previous

studies have shown that diets containing saturated fat pro-
tect against alcohol-induced liver injury, whereas n-6 PU-
FAs enhance the toxic potential of alcohol.3,4 Alcohol is
one of many known causes of impaired mitochondrial
long-chain fatty acid oxidation,51 resulting in fatty acid
overload, by which fatty acids that accumulate in the cell
are diverted into esterification (triglyceride synthesis) and
extramitochondrial fatty acid oxidation.52-54 The latter
involves �-oxidation and �-1-oxidation by CYP2E1 and
CYP3A4 in the endoplasmic reticulum and �-oxidation
in the peroxisomes.52,54,55 The fatty acid overload hypoth-
esis indicates a role for PUFAs in the hepatotoxic sequelae
associated with alcohol, that is, impaired fatty oxidation.

Whereas many studies have been carried out with n-6
series PUFAs, less is known about the role of n-3 series
PUFAs in the development of alcoholic liver disease. Pre-
vious work by others suggests the following:

1. n-3 PUFAs elicit hypotriglyceridemic effects by co-
ordinately suppressing hepatic lipogenesis, reducing levels
of SREBP-1c, upregulating fatty oxidation in the liver
and skeletal muscle through PPAR� activation, and
enhancing the flux of glucose to glycogen through down-
regulation of HNF-4�56; the net result is the repartition-
ing of metabolic fuel from triglyceride storage toward
oxidation, thereby reducing the substrate available for
very low density lipoprotein (VLDL) synthesis.

2. By downregulating genes encoding proteins that
stimulate lipid synthesis and upregulating genes encoding
proteins that stimulate fatty acid oxidation, n-3 PUFAs
are more potent hypotriglyceridemic agents than n-6 PU-
FAs on a carbon-for-carbon basis.57

3. The peroxidation of n-3 PUFAs reduces VLDL se-
cretion by stimulating apolipoprotein B degradation.58

Fig. 5. (A) Western blot analysis of phosphorylated PKC, phosphory-
lated ERK1/2, PI3K, phosphorylated Akt1/2/3, and PPAR�. The num-
bers under the blots indicate arbitrary units of densitometry and are
corrected by the corresponding total protein or by �-tubulin expression.
The expression of each protein in mice fed the FO diet was assigned a
value of 1. In all panels, ***P � 0.001 for FO plus EtOH versus FO (n �
4). (B) Degradation of I�B� and (C) translocation of p50 and p65 from
the cytosol into the nucleus. (D) Electrophoretic mobility shift assay with
nuclear extracts from total liver of COL1A2-�-Gal mice fed either the FO
diet or the FO plus EtOH diet using a radiolabeled oligonucleotide
containing the NF�B binding site in the COL1A2 promoter.
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4. n-3 PUFAs may act by enhancing postprandial
chylomicron clearance through reduced VLDL secre-
tion and by directly stimulating lipoprotein lipase ac-
tivity.57,58

5. n-3 PUFAs compete with n-6 PUFAs, lowering the
induction of proinflammatory eicosanoids such as leuko-
triene B4, favoring leukotriene B5 synthesis, and lowering
inflammation.59,60

Fig. 6. (A) Scheme of the coculture model: after liver perfusion and elutriation, HSCs are seeded onto polystyrene plates at a density of 150,000 cells,
and the remainder of the liver cell populations (Kupffer cells, endothelial cells, and hepatocytes, the latter isolated from separate mice) at a cell-to-cell ratio
proportional to that found in the liver are plated onto the cell culture inserts. Dulbecco’s modified Eagle’s medium (DMEM)-F12 medium (4 mL) is then added
to each system. One day later, the medium is discarded, and the inserts containing the other cell populations or empty inserts (to be considered the coculture
controls) are transferred onto the HSCs. Fresh medium (4 mL) is added with FO or FO plus EtOH, and samples of HSC lysates are collected at selected time
points according to the experiment. (B) To validate the coculture model as a tool for understanding the mechanism of COL1A2 induction, the activity of �-Gal
was quantified in the cocultures with cells isolated from the COL1A2-�-Gal mice. The results are expressed as arbitrary units of chemiluminescence/milligram
of protein. ***P � 0.001 for FO plus EtOH versus FO. (C) LPO end products in the coculture were assessed by the use of an anti–4-HHE antibody. The
results are expressed as arbitrary units of densitometry and are means � SEM (n � 6). ***P � 0.001 for FO plus EtOH versus FO. (D) The cocultures
showed increased collagen I protein expression in HSCs mainly when incubated in the presence of FO plus EtOH. The cocultures were incubated with selected
fatty acids from each series (18:1n-9, 20:4n-6, 20:5n-3, and 22:5n-3) or with a saturated fatty acid (16:0), all of which are present in FO. The results are
expressed as arbitrary units of densitometry under the blots. (F) HSCs were transfected with a series of deletion constructs of the COL1A2 promoter linked
to the Luc reporter gene, as shown on the left side of each panel. Twenty four hours later, the cell culture inserts were transferred, and media containing
FO or FO plus EtOH were added. Firefly Luc activity for the COL1A2 promoter transgenes in HSCs alone or in the coculture is shown after 24 hours. The results
are corrected by transfection efficiency with the Luc activity from a cotransfected Renilla Luc reporter vector (pRL-null) and by the protein content and are
normalized to the corrected firefly Luc activity detected in cells transfected with the Luc reporter vectors pGL3-Luc or PXP1-basic, in which the recombinant
expression vectors were created. The results are expressed as average values of n � 3 determinations � SEM. *P � 0.01 and ***P � 0.001 for the
coculture versus HSCs and • • • P � 0.001 for FO plus EtOH versus FO or versus untreated (control non FO-treated cells).
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These effects support the use of n-3 PUFAs as a valuable
tool for the treatment of liver disease. Indeed, the supple-
mentation of n-3 PUFAs to high-fat-diet–treated rats re-
stored hepatic adiponectin and PPAR� expression, reduced
hepatic TNF� levels, and ameliorated the fatty liver and the
degree of liver injury.61 However, the administration of n-3
PUFAs may have the potential downside of inducing LPO
reactions and the subsequent collagen I upregulation. Mul-
tiple studies have suggested an important role for LPO in the

pathogenesis of alcoholic liver disease.62-65 4-HHE, MDA,
and 4-HNE are the major aldehydes generated by microso-
mal peroxidation of n-3 and n-6 PUFAs, respectively, both
present in FO.66 They are highly toxic and have been shown
by in vivo and in vitro experiments to inhibit biological func-
tions of rat liver microsomes and mitochondria and to alter
rat liver membrane structure.67,68

Excessive collagen I accumulation is the histopatholog-
ical hallmark of liver fibrosis. Central to the development

Fig. 7. (A) Western blot analysis of phosphorylated PKC, PI3K, phosphorylated Akt1/2/3, and intracellular collagen I in cell lysates from HSCs
in a coculture incubated with a medium containing FO or FO plus EtOH. The numbers under the blots indicate arbitrary units of densitometry and
are corrected by the corresponding total protein or by �-tubulin expression. The expression of each protein in the coculture with FO was assigned
a value of 1. In all panels, **P � 0.01 and ***P � 0.001 for FO plus EtOH versus FO (n � 4). (B) Western blot analysis of phosphorylated PKC,
PI3K, phosphorylated Akt1/2/3, and intracellular collagen I in cell lysates from HSCs in a coculture incubated with a medium containing FO or FO
plus EtOH in the presence or absence of 50 �M vitamin E. The numbers under the blot indicate arbitrary units of densitometry and are corrected
by the corresponding total protein or by �-tubulin expression. The expression of each protein in the coculture with FO was assigned a value of 1.
(C) LPO was assessed as blotting for 4-HNE residues by the use of specific antibodies and quantified by scanning. The results are expressed as
arbitrary units of densitometry and are means plus or minus the SEM (n � 6). ***P � 0.001 for FO plus EtOH versus FO and • • • P � 0.01
and • • • P � 0.001 for vitamin E–treated versus non-vitamin E–treated. (D) Western blot analysis of intracellular and extracellular collagen I
expression in the presence of inhibitors of the phosphorylation of PKC, PI3K, and Akt from HSCs cocultured in the presence of FO plus EtOH. The
numbers under the blot indicate arbitrary units of densitometry and are corrected by the corresponding total protein or by �-tubulin expression. The
expression of each protein in the coculture with FO was assigned a value of 1. (E) Gel mobility shift assay with nuclear extracts from cocultured HSCs
incubated with FO or FO plus EtOH in the absence or presence of inhibitors of phosphorylation of PKC, PI3K, and Akt as well as vitamin E. A
radiolabeled probe was made with the region of the COL1A2 promoter containing both NF�B binding sites.
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and progression of fibrosis are LPO end products derived
from PUFAs.21,69 The current study focused on analyzing
potential mechanisms by which the coadministration of a
diet enriched in FO (mostly n-3 series PUFAs) plus eth-
anol, which generated abundant LPO products (i.e.,
4-HHE, MDA, and 4-HNE), could increase collagen I
deposition. This model may be useful in studying the
occurrence of fibrogenesis in the absence of overt steatosis
and inflammation.

As a first approach, transgenic mice harboring the mouse
COL1A2 promoter linked to the �-gal reporter gene were
fed a diet containing FO with or without ethanol, and
COL1A2 promoter activation and collagen I deposition were
detected. Moderate injury was observed by increased levels of
transaminases, H&E staining, NEFA, triglycerides, elevated
LPO and CYP2E1 levels along with depleted GSH, the ac-
tivation of HSCs, increased endogenous total collagen dep-
osition, and the induction of COL1A1 and COL1A2
transcription. Increased CYP2E1 activity and low GSH lev-
els are factors that significantly exacerbate the cascade of
LPO reactions.70 Others have shown that the increase in
CYP2E1 activity secondary to ethanol administration is de-
pendent on the type of dietary fat, with the highest levels
occurring in rats fed FO and ethanol.71,72 Our group has
shown that hepatocytes overexpressing CYP2E1 increased
collagen I expression in HSCs.18,19 Therefore, alcohol-in-
duced perturbations in the cytochrome P450-dependent
metabolism of fatty acids are of considerable interest because
metabolites of fatty acids generated through P450-depen-
dent oxidative pathways, such as dicarboxylic acids and other
long-chain fatty acid metabolites, are potential regulators of
gene expression.73 One possible reason for the lower GSH
levels found could involve effects of de novo GSH synthesis
as both GCLC and GCLM were down-regulated by FO plus
ethanol.

Among the potential mechanisms likely to contribute
to the effects on COL1A2 transactivation and collagen I
protein deposition in mice fed FO plus ethanol are the
involvement of LPO-derived products in the activation of
protein kinases and NF�B binding, both of which are
sensitive to ROS. An analysis of stress-activated kinases
and NF�B binding in total mouse liver from mice fed FO
plus ethanol revealed a clear induction of phosphorylation
of PKC, PI3K, and Akt1/2/3 as well as the activation of
NF�B binding to its consensus sequence in the COL1A2
promoter in comparison with mice fed FO only.

To further analyze the cascade of events leading to the
upregulation of collagen I in mice fed FO plus ethanol, a
second approach was taken. HSCs were cocultured in the
presence of the rest of the liver cells, and FO or FO plus
ethanol were added to the culture medium. This model al-
lowed the validation of the synergistic role of ethanol with

FO and the identification of the n-3 series of PUFAs (20:
5n-3 and 22:6n-3) as the major contributors to the collagen
I up-regulation, likely mediated by LPO. It is important to
note that the protective effect of 18:1n-9 in olive oil, as con-
sumed in the typical Mediterranean diet, may have antifibro-
genic properties, especially in the presence of ethanol,
because of its antioxidant properties. The coculture setting
replicated results of the activation of the COL1A2 promoter
as assessed by �-gal activity, validating the model as a tool for
carrying out mechanistic studies. HSCs were transfected
with a series of deletion constructs for the COL1A2 pro-
moter, which contains 2 NF�B binding sites located down-
stream from the �378 and �772 bp from the transcription
start site. The �378 region of the COL1A2 promoter has
been previously described by others to be sensitive to acetal-
dehyde and ROS,21,22 which play a pivotal role in the devel-
opment of alcoholic liver disease.16,17,74 There was
transactivation of the COL1A2 promoter under both culture
conditions with 2.5-fold and 4-fold inductions for the com-
bined treatment over the FO treatment when the �378 and
�772 COL1A2 deletion constructs were used, respectively.
This result suggests a potential role for NF�B in the transac-
tivation of the COL1A2 promoter under FO plus ethanol.

To assess whether the up-regulation of collagen I by
FO plus ethanol could be elicited, at least in part, by
LPO-mediated activation of kinases, we first analyzed the
expression of the activated kinases in vivo using primary
HSCs in a coculture and found a pattern of expression
similar to that found in vivo, which indicated that all 3
kinases could play a role in the mechanism by which FO
plus ethanol activate the COL1A2 promoter and increase
collagen I protein. Because LPO could prompt kinase
activation, the cocultures were pretreated with vitamin E.
The administration of vitamin E protected them from
LPO-derived reactions and prevented the increased phos-
phorylation of PKC, PI3K, and Akt, lowering collagen I
and establishing a link between LPO and the stress-acti-
vated kinases (PKC, PI3K, and Akt) in modulating colla-
gen I protein under the FO plus ethanol treatment.
Similarly, the addition of specific inhibitors of all 3 ki-
nases reduced collagen I expression in HSCs in a cocul-
ture treated with FO plus ethanol, validating the role for
the PKC-PI3K-Akt cascade in modulating this effect.
Moreover, the addition of vitamin E and of the kinases
inhibitors prevented NF�B binding to the COL1A2 pro-
moter, suggesting an essential role for NF�B binding to
the COL1A2 promoter in the fibrogenic response medi-
ated by FO plus ethanol. In summary, these results sug-
gest that an important mechanism by which n-3 PUFAs
may synergize with ethanol to increase the profibrogenic
response may be mediated by elevated LPO, the activa-
tion of the PKC-PI3K-Akt pathway, and increased bind-
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ing of NF�B to the COL1A2 promoter, resulting in
matrix deposition. In consideration of the link between
lipid peroxidation and the activation of collagen gene ex-
pression in hepatic stellate cells, it is tempting to speculate
that a longer period of feeding fish oil and ethanol could
lead to fibrogenesis, despite the lack of overt steatosis and
inflammation.
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Hepatic Stellate Cell Protrusions Couple Platelet-
Derived Growth Factor-BB to Chemotaxis

Andrew C. Melton and Hal F. Yee, Jr.

Hepatic stellate cells play an essential role in the liver’s injury response. Although stellate
cells are defined by the presence of cytoplasmic protrusions, the function of these character-
istic structures has been obscure. We hypothesized that stellate cell protrusions act by
coupling injury-associated stimuli to chemotaxis. To test this hypothesis, we developed an
assay for directly visualizing the response of living stellate cells in early primary culture to
local stimulation of the tips of protrusions with platelet-derived growth factor-BB (PDGF).
Stellate cells exhibited elongate protrusions containing actin, myosin, and tubulin. PDGF,
but not cytochrome C, localized at a protrusion tip induced a coordinated series of morpho-
logical events—cell spreading at the tip, movement of the cell body toward the PDGF, and
retraction of trailing protrusions— that resulted in chemotaxis. Soluble PDGF and AG
1296, a receptor tyrosine kinase inhibitor, both reduced stellate cell chemotaxis. PDGF-
induced chemotaxis was associated with an early and transient increase in myosin phosphor-
ylation within the spreading lamella. We observed that blebbistatin, a myosin II inhibitor,
completely and reversibly blocked protrusion-mediated lamella formation and chemotaxis.
Moreover, blockade of MRLC phosphorylation with the myosin light chain kinase inhibitor,
ML-7, or the rho kinase inhibitor, Y-27632, blocked lamella formation, myosin phosphor-
ylation within the protrusion, and chemotaxis. Conclusion: These results support a model in
which protrusions permit stellate cells to promptly detect PDGF distant from their cell
bodies and transduce this signal into mechanical forces that propel the cell toward the site of
injury. (HEPATOLOGY 2007;45:1446-1453.)

Hepatic stellate cells mediate the liver’s response
to injury and the development of cirrhosis.1,2

Growing evidence supports a model in which
injury-associated stimuli induce a series of stellate cell
responses.3-5 An early event in this model is the chemo-
taxis of stellate cells to damaged areas of the liver, where
they proliferate, synthesize extracellular matrix, and par-
ticipate in tissue repair. If injury resolves, then stellate cells

undergo apoptosis once repair has been completed. In
contrast, if injury persists, stellate cells drive the develop-
ment of fibrosis and subsequent cirrhosis. Although the
regulation of stellate cell responses has been intensively
studied, the cellular mechanisms through which injury-
associated stimuli are coupled to these responses are in-
completely understood.

A distinguishing characteristic of stellate cells is that
they possess multiple elongate protrusions, which encircle
the sinusoids.6 Indeed, stellate cells derive their name
from the star-shaped arrangement of these protrusions
that radiate outward from the cell body. The function of
these distinctive structures has been a mystery. The lead-
ing supposition has been that stellate cell protrusions act
by contracting around the sinusoid, thereby modulating
sinusoidal blood flow. This idea, however, is based en-
tirely on circumstantial evidence.7-9 We are unaware of
any studies that have directly investigated the role of stel-
late cell protrusions.

The aim of this study was to test the hypothesis that
stellate cell protrusions act by coupling injury-associated
stimuli to chemotaxis. We addressed this aim by (1) char-
acterizing stellate cell protrusions; (2) demonstrating that

Abbreviations: MRLC, myosin regulatory light chain; PDGF, platelet-derived
growth factor-BB.
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protrusions can detect localized concentrations of plate-
let-derived growth factor (PDGF); and (3) establishing
that protrusions are capable of transducing this chemical
signal into mechanical forces that drive chemotaxis.

Materials and Methods

Protein-Coated Bead Synthesis. Polystyrene-latex
carboxylate beads (20 �m diameter, Bangs Laboratories)
were coated with PDGF-BB (Biosource International) or
cytochrome C type IV (Sigma) using a kit (Carbodiimide
Kit for Carboxylate Beads, Polysciences Inc.).10 Quan-
tikine PDGF-BB ELISA (R&D Systems) and a protein
microassay (Bio-Rad) were used to measure PDGF and
cytochrome C, respectively.

Chemotaxis Assay. Stellate cells, isolated from the liv-
ers of Sprague-Dawley rats11,12 were grown on coverslips
at 37°C. Animals were treated per the NIH Guide for the
Care and Use of Laboratory Animals and as approved by the
UCSF Animal Research Committee. After 2 days in pri-
mary culture, coverslips with attached stellate cells were
transferred to a chamber (37°C) containing serum-free
HEPES-buffered physiological solution. PDGF or cyto-
chrome C coated beads were immediately placed onto
stellate cells. In some experiments, soluble PDGF (Cal-
biochem), AG 1296 (Calbiochem), Y-27632 (Calbio-
chem), ML-7 (Sigma), or blebbistatin (Toronto Research
Chemicals) was added to the solution at the beginning of
the experiment. Phase-contrast images were acquired us-
ing a 10� objective (Ach 0.25 NA, Olympus) on an
inverted microscope (IX70, Olympus) every 2 minutes
with a cooled-CCD camera (Sensys, Roper Scientific).

Quantification of Morphological Changes. Distinct
morphological alterations that occur during stellate cell
chemotaxis were quantified from the captured time-lapse
images (Metamorph v. 6.1, Universal Imaging). Protru-
sion spreading was measured by determining the surface
area of a line around the plasma membrane edge of a
protrusion in contact with a PDGF-coated bead (Meta-
morph and Graphire, Wacom Co.). The nucleus-bead
distance was determined by measuring the length of a
straight line between the center of the PDGF-coated bead
and the center of the cell nucleus. Trailing protrusion
retraction was determined by measuring the change in the
length of a straight line between the tips of trailing pro-
trusions and their initial location at the time the bead was
added. Trailing protrusions were defined as protrusions
with a length of at least 40 �m that radiated at a 120° to
210° angle away from the protrusion on which the bead
was placed.

Immunocytochemistry. Cells were fixed with 4%
paraformaldehyde in PBS for 15 minutes, permeabilized

in 0.1% Triton X-100 in PBS for 5 minutes, blocked for
16 hours in PBS containing 2% BSA, and then incubated
for 2 hours in PBS-BSA with one or two of the following
antibodies: anti-myosin regulatory light chain (MRLC;
clone MY-21, Sigma), anti-phosphorylated MRLC (see
below), or anti-�-tubulin (clone DM1A, Sigma). An an-
tibody directed against the phosphorylated serine-19 res-
idue of MRLC (NCBI accession #s: P19105, P18666,
A61034) was collected from a rabbit immunized with
a synthetic phospho-peptide, NH2-Arg-Pro-Gln-Arg-
Ala-Thr-SerPO4-Asn-Val-Phe-Ala-Cys-COOH (UCLA
CURE Antibody/Radioimmunoassay Core). Primary an-
tibody was fluorescently labeled with a secondary anti-
body (Molecular Probes). F-actin was stained with
rhodamine-phalloidin (Molecular Probes). Images were
acquired using a 40� objective (UApo/340 1.35 NA,
Olympus) and appropriate filters (Chroma).

Measurement of MRLC Phosphorylation. Total
and phosphorylated MRLC staining was performed on
cells grown on coverslips with grids (Electron Microscopy
Sciences). These grids allowed identification of cells pre-
viously assayed for chemotaxis, even after PDGF-coated
beads had washed off. Cells were co-labeled with the rab-
bit antibody directed against serine-19 phosphorylated
MRLC and the mouse antibody directed against total
MRLC as described. Cells were next incubated with spe-
cies-specific fluorescent secondary antibodies (rabbit-Al-
exa Fluor 488 and mouse-Alexa Fluor 546, Molecular
Probes) to distinguish phosphorylated from total MRLC.
Images were acquired using identical microscope, camera,
and filter settings for each antibody. Background signal
was subtracted from each image. Using a graphics tablet
and Metamorph, regions were created by drawing lines
around the protrusion touching the bead, the cell body,
and the trailing protrusions for each cell. In each region,
the fraction of phosphorylated MRLC to total MRLC
was determined by dividing the average fluorescence sig-
nal of phosphorylated MRLC labeling by that of total
MRLC.

Results

Hepatic Stellate Cells Display Characteristic Pro-
trusions. We employed hepatic stellate cells in early pri-
mary culture, an intensely studied model system, in which
stellate cells closely resemble stellate cells in hepaticus in
terms of morphology, protein expression, and behavior.3

Cells exhibited 4.2 � 1.4 (SEM) protrusions per cell (n �
18 cells) that radiated away from the cell body in a sym-
metrical manner (Fig. 1). The base to tip dimension (i.e.,
length) of the protrusions was 62.3 � 26.4 �m (n � 32
protrusions), whereas the midlength width of the protru-
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sions was 6.5 � 3.2 �m (n � 32 protrusions). Staining
with anti-MRLC, anti-�-tubulin, and phalloidin revealed
the presence of both actomyosin and microtubule fila-
ments in each protrusion (Fig. 1). Thus, stellate cell pro-
trusions represent distinct morphological structures that
display a characteristic size and shape, and contain both
actomyosin and microtubule cytoskeletons.

Local Stimulation of Protrusions with PDGF Trig-
gers Receptor-Mediated Chemotaxis. To investigate

whether stellate cells can detect chemoattractants local-
ized to the tips of their protrusions, PDGF and cyto-
chrome C-coated beads were synthesized. PDGF-coated
beads bound 20 � 2 pg PDGF per bead. Cytochrome
C-coated beads bound 48 � 14 pg cytochrome C per
bead. Control experiments showed that during 2 hours in
solution more than 99.6% of the total PDGF-BB re-
mained bound to the beads.

We tested whether local stimulation of protrusions
with PDGF could be detected by stellate cells using time-
lapse microscopy. Within minutes of coming into contact
with a protrusion, a bead coated with PDGF stimulated
cell movement toward the contact site (Fig. 2A and Sup-
plemental Video 1). A series of morphological events were
triggered by contact between a PDGF-coated bead and a
protrusion. First, we observed membrane ruffling at the
contact site and spreading of the plasma membrane and
cytoplasm of the protrusion adjacent to the bead (Fig. 2A
and Supplemental Video 1). As spreading advanced, the
protrusion formed lamella-like structures flanking the
bead (Fig. 2A and Supplemental Video 1). Next, the nu-
cleus and cytoplasm of the cell body were found to move
simultaneously toward the bead (Fig. 2A and Supplemen-
tal Video 1). Finally, protrusions at the trailing end of cells
retracted (Fig. 2A and Supplemental Video 1). These re-
sults suggest that stellate cells can detect PDGF localized
to the tip of a protrusion and initiate chemotaxis.

In every experiment (n � 27) in which a PDGF-coated
bead touched a protrusion, the stellate cell moved toward

Fig. 1. (A) Phase contrast and fluorescent images of a representative
stellate cell. This cell was dual labeled for f-actin (middle) and MRLC
(right). (B) Phase contrast and fluorescent images of a representative
stellate cell. This cell was dual labeled for f-actin (middle) and �-tubulin
(right). Scale bar � 20 �m.

Fig. 2. (A) A representative experiment in which a PDGF-coated bead (black arrowhead) was placed at the tip of a stellate cell protrusion. The
phase contrast images correspond to the time intervals after bead placement. (Magnified view) A contrast-enhanced region adjacent to the bead is
shown. White arrowheads denote areas of lamella formation. Scale bar � 40 �m. (B) A representative experiment in which a cytochrome C (Cyt
C) coated bead (black arrowhead) was placed at the tip of a protrusion. The phase contrast images correspond to the time intervals after bead
placement. Scale bar � 40 �m. (C) Effects of PDGF- or Cyt C-coated beads placed at the tips of protrusions on the movement of stellate cells in
the presence of varying concentrations of soluble PDGF (PDGFsol) or AG 1296. The bars above the zero line indicate the percentage of cells that moved
toward the bead, and the bars below indicate the percentage that moved away. The total number of cells examined under each condition is indicated
in parentheses.
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the bead (Fig. 2C). When a PDGF-coated bead was
within 10 �m of a protrusion, but not actually touching,
the cell never moved toward the bead (n � 20; data not
shown). When a cytochrome C-coated bead was placed in
contact with a protrusion (n � 21), membrane ruffling
never occurred at the contact site and the cell never moved
toward the bead (Fig. 2B and Supplemental Video 2). We
confirmed that protrusion-mediated chemotaxis occurred
in specific response to PDGF by showing a dose-depen-
dent and saturable inhibition by soluble PDGF (Fig. 2C).
Soluble PDGF enhanced undirected stellate cell move-
ment as illustrated by the dose-dependent increase in
movement of cells away from the PDGF-coated beads
(Fig. 2C). Similarly, soluble PDGF increased undirected
cell movement in experiments in which cytochrome C-
coated beads were used (Fig. 2C). We verified that che-
motaxis toward PDGF-coated beads is mediated through
PDGF’s cognate receptor tyrosine kinase using AG 1296,
a selective inhibitor of receptor tyrosine kinase autophos-
phorylation.13 AG 1296 inhibited chemotaxis in response
to PDGF-coated beads in a dose-dependent manner (Fig.
2C). Our observations that stellate cell chemotaxis did
not occur with cytochrome C-coated beads, and was in-
hibited by soluble PDGF and AG 1296, demonstrate that
protrusions detect localized PDGF at their tips though
specific ligand-receptor binding.

Distinct and Coordinated Alterations in Morphol-
ogy Drive Protrusion-Mediated Chemotaxis. To fur-
ther characterize the morphological events provoked by
PDGF binding to cognate receptors on the tips of protru-
sions, we quantified changes in protrusion surface area,
nucleus-bead distance, and trailing protrusion retraction.
Eight minutes after contact with a PDGF-coated bead,

protrusion surface area began to increase (Fig. 3). The
protrusion spread 45.5 �m2/min until 30 minutes after
bead contact, reaching a maximal size of approximately
1,250 �m2. Ten minutes after protrusion-bead contact,
the cell nucleus started moving 0.94 �m/min toward the
bead (Fig. 3). This continued for nearly 32 minutes until
the cell body touched the bead. Spreading of the protru-
sion and movement of the cell body toward a PDGF-
coated bead resulted in the disappearance of the original
elongate protrusion. Protrusions at the trailing edge of the
cell began to retract toward the cell body 12 minutes after
initial contact with the bead (Fig. 3). Trailing protrusions
retracted 0.26 �m/minute and ceased retracting at 50
minutes. Our observations indicate that detection of
PDGF by protrusions induces a coordinated sequence of
specific changes in morphology that permits chemotaxis.
These results also suggest the possibility that protrusions
act by transducing PDGF-binding at the protrusion into
mechanical forces that drive chemotaxis.

Protrusion-Mediated Chemotaxis Depends on My-
osin II Activation Within the Lamella. To test
whether protrusions act as transducers that convert chem-
ical signals into mechanical forces, we investigated the
potential role of myosin II in protrusion-mediated che-
motaxis. We employed the selective myosin II inhibitor,
blebbistatin,14 which when added at the time of PDGF-
bead placement completely abrogated the morphological
changes associated with protrusion-mediated chemotaxis
(Fig. 4 and Supplemental Video 3). On removal of bleb-
bistatin, cells proceeded to move toward the PDGF-
coated bead (Fig. 4 and Supplemental Video 3). This
result suggested that stellate cell chemotaxis in response to
PDGF detected by protrusions requires activation of my-
osin II.

The role and location of myosin II, which is activated
when its regulatory light chain is phosphorylated at serine
19,15 were further investigated by quantifying the fraction
of phosphorylated MRLC to total MRLC (MRLC-P:
MRLC) at different sites (i.e., lamella, cell body, and trail-
ing protrusions) within stellate cells undergoing
chemotaxis. MRLC-P:MRLC was determined at time
points corresponding to the beginning of lamella forma-
tion (7.5 minutes), the beginning of nuclear movement
and trailing protrusion retraction (15 minutes), the end of
new lamella formation (25 minutes), and the end of nu-
clear movement and trailing protrusion retraction (50
minutes). MRLC-P:MRLC in the protrusions and cell
body of nonpolarized stellate cells before placement of a
PDGF-coated bead was similar, at approximately 0.5
(Figs. 5 and 6). Within 7.5 minutes of PDGF-coated
bead placement at the tip of a protrusion, MRLC-P:
MRLC within the lamella (i.e., the protrusion contacting

Fig. 3. Time course for changes in protrusion surface area (black
square, primary Y-axis), nucleus-bead distance (black diamond, second-
ary Y-axis), and trailing protrusion retraction (black circle, secondary
Y-axis) following PDGF-bead contact with the tip of a protrusion. Each
region was measured every 2 minutes. Each data point represents the
mean � SEM (n � 12 cells). Error bars for trailing protrusion retraction
measurements are smaller than the size of the data point symbol.
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the bead) began to increase (Figs. 5 and 6). MRLC-P:
MRLC at the newly formed lamella doubled to 1.0 by 15
minutes before decreasing to near baseline levels at 25
minutes after initial contact with the bead (Figs. 5 and 6).
In contrast, MRLC-P:MRLC within the cell body re-

mained near 0.5 throughout the entire course of chemo-
taxis (Figs. 5 and 6). Conversely, within the trailing
protrusions MRLC-P:MRLC began to increase 7.5 min-
utes after placement of a PDGF-coated bead at the tip of
a protrusion (Figs. 5 and 6), and remained elevated
throughout the 50-minute course of chemotaxis (Figs. 5
and 6). These data suggest that discrete regulation of my-
osin activity, at different times and locations within the
cell, direct the morphological alterations that underlie
stellate cell chemotaxis.

To determine whether myosin II powers protrusion-
mediated chemotaxis, we modulated the activity of the

Fig. 4. A representative experiment in which a cell was treated with blebbistatin (50 �M) at the same time as PDGF-coated bead placement (time �
0 minutes). The phase contrast images correspond to the intervals after bead placement. Blebbistatin was removed 40 minutes after the bead was placed
(washout). White arrowhead indicates a PDGF-coated bead in contact with a protrusion. Scale bar � 40 �m.

Fig. 5. Representative fluorescent images of individual stellate cells
dual labeled for total MRLC (left) and serine-19 phosphorylated MRLC
(middle) 0, 7.5, 15, 25, and 50 minutes after placement of a PDGF-
coated bead at the tip of a protrusion. Pseudocolored overlays (right) of
the total MRLC (green) and phosphorylated MRLC (red) images. White
circles on images in the right column denote the position of the PDGF-
coated bead. Scale bar � 20 �m.

Fig. 6. The fraction of phosphorylated MRLC (MRLC-P) to total MRLC
within the lamella (black diamond), cell body (black square), and trailing
protrusions (black triangle) was calculated in cells fixed and stained at
0 (n � 8 cells), 7.5 (n � 10), 15 (n � 14), 25 (n � 8), and 50 (n �
16) minutes after placement of a PDGF-coated bead. Each data point
represents the mean fraction of MRLC-P to MRLC � SEM. (Inset) A
representative cell is shown to provide an example of how the three
regions (i.e., lamella, cell body, and trailing protrusions) of the stellate
cell were determined. The white circle denotes the position of the
PDGF-coated bead.
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two key regulators of myosin II activity: myosin light
chain kinase, which directly phosphorylates MRLC, and
rho-associated kinase, which inhibits myosin phospha-
tase.15 ML-7, which has previously been shown to inhibit
MRLC phosphorylation in rat stellate cells,16 abolished
PDGF-coated bead-induced MRLC phosphorylation in
all regions of the cell (Fig. 7A). ML-7 also blocked lamella
formation and prevented stellate cell movement toward
PDGF-coated beads as measured by the absence of an
increase in surface area spreading and the absence of cell
nucleus-bead distance shortening, respectively (Fig.
7B,C). The rate of retraction of trailing protrusions in-
creased with ML-7 treatment, but this inhibitor also in-
duced retraction of protrusions even amongst cells not

touching PDGF-coated beads (data not shown).
Y-27632, at a concentration that we have previously
shown inhibits MRLC phosphorylation in stellate
cells,17 abolished PDGF-coated bead-induced MRLC
phosphorylation in all regions of the cell (Fig. 8A).
Y-27632 also blocked lamella formation, prevented
cell nucleus movement toward beads, and decreased
retraction of trailing protrusions by 23% in response to
placement of a PDGF-coated bead on a protrusion
(Fig. 8B,C). These results demonstrate that protru-
sions are capable not only of detecting PDGF, but also
of transducing this chemical signal into myosin II-
powered mechanical forces that drive the morphologi-
cal events comprising stellate cell chemotaxis.

Fig. 8. (A) In this experiment, Y-27632 (10 �M) was added at the
same time as placement of a PDGF-coated bead. The fraction of MRLC-P
to total MRLC within the lamella (black diamond), cell body (black
square), and trailing protrusions (black triangle) was calculated 0 (n �
7 cells), 7.5 (n � 7), 15 (n � 9), 25 (n � 4), and 50 (n � 13) minutes
after the bead was placed and ML-7 was added. Each data point
represents the mean fraction of MRLC-P to total MRLC � SEM. (B)
Representative phase contrast images of a cell corresponding to the
experiment in Figure 8A. Scale bar � 40 �m. (C) Time course for
changes in protrusion surface area (black square, primary Y-axis), nu-
cleus-bead distance (black diamond, secondary Y-axis), and trailing
protrusion retraction (black circle, secondary Y-axis) after PDGF-bead
contact with the tip of a protrusion and addition of Y-27632 (10 �M).
Each region was measured every 2 minutes. Each data point represents
the mean � SEM (n � 6 cells).

Fig. 7. (A) In this experiment ML-7 (50 �M) was added at the same
time as placement of a PDGF-coated bead. The fraction of MRLC-P to
total MRLC within the lamella (black diamond), cell body (black square),
and trailing protrusions (black triangle) was calculated 0 (n � 7 cells),
7.5 (n � 8), 15 (n � 7), 25 (n � 9), and 50 (n � 5) minutes after the
bead was placed and ML-7 was added. Each data point represents the
mean fraction of MRLC-P to total MRLC � SEM. (B) Representative
phase contrast images of a cell corresponding to the experiment in Figure
7A. Scale bar � 40 �m. (C) Time course for changes in protrusion
surface area (black square, primary Y-axis), nucleus-bead distance
(black diamond, secondary Y-axis), and trailing protrusion retraction
(black circle, secondary Y-axis) after PDGF-bead contact with the tip of a
protrusion and addition of ML-7 (50 �M). Each region was measured
every 2 minutes. Each data point represents the mean � SEM (n � 6
cells).
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Discussion
These results support our hypothesis that stellate cell

protrusions act by coupling injury-associated stimuli to
chemotaxis. Moreover, our results provide the first direct
evidence to identify a specific functional role for the char-
acteristic protrusions exhibited by stellate cells. First, our
data show that stellate cells early in primary culture extend
distinct symmetrical protrusions, similar to those seen in
situ, that contain structural (e.g., f-actin and �-tubulin),
motor (e.g., myosin), and signaling (e.g., PDGF recep-
tors) elements requisite for cellular movement. Second,
we have demonstrated that PDGF localized at the tip of a
protrusion triggered a series of morphological events—(1)
cell spreading at the tip; (2) movement of the cell body
toward the PDGF; and (3) retraction of the trailing pro-
trusions—that resulted in directed migration of the cell.
Third, our observations suggest that early and transient
receptor-mediated activation of myosin within the lead-
ing protrusion drives PDGF-induced chemotaxis. These
observations indicate that stellate cell protrusions are ca-
pable of detecting chemoattractants and subsequently
transducing this chemical signal into mechanical forces
that power chemotaxis.

The function that stellate cell protrusions serve is un-
explained, despite the fact that these distinctive structures
define this cell type. Stellate cells mediate the liver’s re-
sponse to injury and consequently must be able to
promptly react to changes in the microenvironment. Stel-
late cells, however, occupy the perisinusoidal space, an
unstirred fluid layer where diffusion limits the rate of
molecular movement.6 Therefore, we propose that pro-
trusions may act, in part, as antennae permitting stellate
cells to rapidly detect specific chemoattractant signals re-
mote from the cell body. Several observations support this
concept. Placement of a PDGF-coated bead at the tip of a
protrusion stimulated a specific sequence of changes in
myosin activation and the actin cytoskeleton that resulted
in migration toward the bead. Placement of a cytochrome
C-coated bead, which has a mass and charge similar to
PDGF, at the tip of a protrusion did not induce move-
ment toward the bead. Protrusion-mediated chemotaxis
was abolished by exposure to a selective receptor tyrosine
kinase inhibitor and competitively inhibited by addition
of soluble PDGF. These results indicate that stellate cells
have the capacity to sense finely localized PDGF at the
tips of their protrusions and respond by migrating toward
that chemical signal.

Surprisingly, PDGF bead-induced chemotaxis was as-
sociated with an early and transient increase in MRLC
phosphorylation within the spreading lamella. This event
was temporally and spatially distinct from MRLC phos-

phorylation within the cell body and trailing protrusions.
Myosin II functions primarily at the sides and trailing end
of motile cells.18,19 By localizing to these sites during
movement, myosin is thought to create polarity by re-
stricting lamellipodia formation to the front of the cell
and permitting translocation by retracting the trailing
end.20 Our findings, however, suggested that myosin ac-
tivation within the leading protrusion plays an important
role in chemotaxis. We tested this possibility by demon-
strating that three mechanistically distinct inhibitors
(blebbistatin, ML-7, and Y-27632) of myosin activation
blocked protrusion-mediated lamella formation and che-
motaxis. Our results suggest that protrusions not only
detect PDGF but transduce this chemical signal into me-
chanical forces that power chemotaxis.

Few studies have examined chemotaxis using stellate
cells in early primary culture when they exhibit protru-
sions. Several studies that investigated stellate cells very
early in culture (i.e., within hours of their isolation) have
reported an absence or reduced capacity to migrate.21-23

After isolation, however, 1 to 2 days in culture are needed
for stellate cells to re-extend their protrusions. Further-
more, prior reports of stellate cell migration have used
methods that do not permit study of protrusions.21,24,25

Most commonly, the Boyden chamber method has been
used to determine the number of stellate cells that migrate
across an insert in response to a chemical gradient.21,26,27

This method permits study of the response of populations
of cells over the course of hours to days, but not surveil-
lance of rapid cellular and subcellular events as required to
examine the role of protrusions. To address our hypoth-
esis, we used stellate cells in early primary culture that
display characteristic protrusions similar to those ob-
served extending from stellate cells in situ. We also devel-
oped an assay in which a chemoattractant, PDGF, was
precisely targeted to the tip of a stellate cell protrusion and
the real-time and subcellular responses of a single stellate
cell were directly visualized.

Based on recent data indicating that stellate cells are
phagocytic,28,29 we considered the possibility that the
PDGF-coated bead-induced movement could represent a
phagocytotic response. We believe, however, that PDGF-
coated beads triggered chemotaxis rather than phagocyto-
sis because cytochrome C-coated beads did not cause
movement, the beads used were too large to induce stel-
late cell phagocytosis,29 and phagocytosis is not associated
with cell body translocation or trailing end retraction.
These results suggest that PDGF-coated beads triggered
chemotaxis, not phagocytosis.

The data presented in this study support a new patho-
physiological model in which the presence of protrusions
permits stellate cells to promptly detect injury-induced
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chemical signals remote from their cell bodies and trans-
duce this stimuli into mechanical forces that propel the
cell toward the site of injury. This is likely to be the initial
event in the stellate cells’ response to injury, suggesting
that protrusions may be a valuable target for the develop-
ment of clinical therapies for diseases of the liver. Finally,
these findings have general biological significance because
hepatic stellate cells belong to a ubiquitous class of star-
shaped cells, termed pericytes,30 which are essential for
wound healing and blood vessel formation in diverse tis-
sues.3,30
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The Mannose Receptor on Murine Liver Sinusoidal
Endothelial Cells Is the Main Denatured Collagen

Clearance Receptor
Ivana Malovic,1* Karen K. Sørensen,1* Kjetil H. Elvevold,1 Geir Ivar Nedredal,2 Steinar Paulsen,3 Alexander V. Erofeev,1

Bård H. Smedsrød,1 and Peter A. G. McCourt1

The purpose of this study was to identify the receptor responsible for endocytosis of dena-
tured collagen from blood. The major site of clearance of this material (at least 0.5 g/day in
humans) is a receptor on liver sinusoidal endothelial cells (LSECs). We have now identified
an 180-kDa endocytic receptor on LSECs, peptide mass fingerprinting of which revealed it
to be the mannose receptor. Challenge of mannose-receptor knockout mice and their cul-
tured LSECs revealed significantly reduced blood clearance and a complete absence of LSEC
endocytosis of denatured collagen. Organ analysis of wild-type versus knockout mice after
injection of denatured collagen revealed significantly reduced liver uptake in the knockout
mice. Clearance/endocytosis of ligands for other receptors in these animals was as that for
wild-type mice, and denatured collagen uptake in wild-type mice was not affected by other
ligands of the mannose receptor, namely mannose and mannan. Furthermore, unlike that of
mannose and mannan, endocytosis of denatured collagen by the mannose receptor is calcium
independent. This suggests that the binding site for denatured collagen is distinct from that
for mannose/mannan. Mannose receptors on LSECs appear to have less affinity for circulat-
ing triple helical type I collagen. Conclusion: The mannose receptor is the main candidate for
being the endocytic denatured collagen receptor on LSECs. (HEPATOLOGY 2007;45:1454-1461.)

Collagen is the most abundant protein in verte-
brates, making up about 25% of all protein in
mammals. Collagens have numerous structural

and cell-biological functions, and mutations/deletions of

collagen genes can result in serious diseases, e.g., osteo-
genesis imperfecta or embryonic lethality. Inappropriate
collagen deposition is a serious complication of liver fi-
brosis1 and other diseases.

Much is known about the degradation of collagens by
matrix metalloproteinases.2 However, in normal tissue no
extracellular matrix proteases are capable of breaking
down collagen into its constituent amino acids. A latent
vertebrate collagenase in tissue catalyses a clip in the col-
lagen triple helix, generating 2 fragments.3 The �-chain
fragments of the free collagen (which result from the
physiological denaturation of the collagenolytic split
products at 37°C) are too large to be excreted via the
kidneys. Knowledge about how these collagen �-chains
are cleared is insufficient. It has been suggested that local
intra- or extracellular degradation may be responsible for
some collagen removal. Some uptake and intralysosomal
degradation in local cells may be mediated by Endo180,
an endocytic receptor capable of binding native collagen
type I (NatColl) and denatured collagen type I (Den-
Coll).4 However, most collagen �-chains in rat interstitia
are transported out to circulation and removed rapidly by
receptor-mediated uptake into liver sinusoidal endothe-
lial cells (LSECs),5 which do not express Endo180.6 Fur-

Abbreviations: DenColl, denatured collagen type I; DTAF, 5-isomer of fluores-
cein dichlorotriazine (5-[4,6-dichlorotriazine-2-yl] amino fluorescein hydrochlo-
ride); FSA, formaldehyde-treated bovine serum albumin; LSECs, liver sinusoidal
endothelial cells; MR, mannose receptor; NatColl, native collagen type I; PBS,
phosphate-buffered saline; RT, room temperature.
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thermore, collagen fragments liberated during bone
turnover are drained directly into the bloodstream and
not via the lymphatic system. Therefore, it is of para-
mount importance that clearance of this material and its
subsequent lysosomal degradation 7,8 by LSECs occur
rapidly; otherwise, excessive circulating denatured colla-
gen could interfere with biophysical processes (e.g.,
plasma viscosity) or biochemical processes (e.g., inhibi-
tion of the matrix-degrading enzymes necessary to reverse
fibrosis).

We were able to identify this clearance receptor on
LSECs using gelatin-sepharose affinity chromatography
of rat and pig LSECs to purify a 180-kDa protein. Peptide
mass fingerprinting of this protein identified it as the
mannose receptor (MR). The MR is a type I transmem-
brane protein with an extracellular portion consisting of 8
membrane-proximal C-type carbohydrate-recognition
domains followed by a domain containing a fibronectin
type II (FNII) repeat and a membrane-distal cysteine-rich
domain.9 MRs are expressed on other cell types, including
macrophages,10 but only LSECs, each of which has
20,000-25,000 MRs on its cell surface,11 have the ability
to endocytose large amounts of DenColl.12,13 This capac-
ity is probably a result of the MR having a short surface
half-life (10 seconds) and being very rapidly recycled back
to the plasma membrane after endocytosis.11 We have
already shown that the LSEC MR is the main clearance
receptor for C-terminal procollagen propeptides,14 and
our finding that the LSEC MR is also the main clearance
receptor for denatured collagen reveals yet another clear-
ance function for this protein, making it an interesting
target for the study of hepatic fibrosis.

Materials and Methods

Chemicals and Reagents. Sephadex G-25 (PD-10
columns), gelatin-sepharose 4B, and Percoll came from
GE-Health (Uppsala, Sweden). Bovine serum albumin,
Triton X-100, mannose, EGTA, mannan, pepstatin-A,
N-ethylmaleimide, Hepes, phosphotungstic acid, and
DMSO came from Sigma Chemical Co. (St. Louis, MO).
Complete Protease Inhibitor Cocktail Tablets came from
Roche (Oslo, Norway). RPMI-1640 culture medium,
supplemented with 20 mM sodium bicarbonate, 0.006%
(wt/vol) penicillin, and 0.01% (wt/vol) streptomycin,
came from Gibco BRL (Roskilde, Denmark); human se-
rum albumin from Octapharma (Ziegelbrucke, Switzer-
land), and collagenase P from Worthington Biochemical
Corp. (Lakewood, NJ). The carrier-free Na[125I] was
from PerkinElmer Norge AS (Oslo, Norway), and the
1,3,4,6-tetrachloro-3�,6�-diphenylglycoluril (Iodogen)
from Pierce Biotechnology Inc. (Rockford, IL). The

5-(4,6-dichlorotriazine-2-yl) amino fluorescein hydro-
chloride (DTAF) came from AnaSpec Inc. (San Jose, CA)
and the bovine collagen type I (Vitrogen 100) from Co-
hesion Technologies (Palo Alto, CA). Formaldehyde-
treated bovine serum albumin (FSA) was prepared as
described.15 The ProtoBlue Safe colloidal Coomassie blue
G-250 protein stain came from National Diagnostics
(Hessle Hull, UK).

Animals. Castrated male piglets (Sus scrofa domesticus,
Norwegian Landrace, 7-8 kg) came from a local farm and
male Sprague-Dawley rats from Scanbur BK AB (Sollen-
tuna, Sweden). Wild-type C57BL/6 mice came from
Harlan (France), and the MR�/� knockout C57BL/6
mice were kindly provided by Professor M. Nussenzweig
(Rockefeller University, New York, NY). The MR knock-
out animals were backcrossed for 2-3 generations with
wild-type C57BL/6 mice at the Animal Department of
the University of Tromsø (Tromsø, Norway) before
breeding the homozygous MR knockout C57BL/6 mice
for the experiments. MR knockout status was tested by
PCR.16 The animals were housed in the Animal Depart-
ment under controlled conditions in rooms designed for
each species. The rodents were fed a standard chow (Scan-
bur BK, Nittedal, Norway) ad libitum. All experimental
protocols were approved by the Norwegian Animal Re-
search Authority in accordance with the Norwegian Ani-
mal Experimental and Scientific Purposes Act of 1986.

Statistical and Pharmacokinetic Analyses. Statisti-
cal calculations (independent-sample t tests) were per-
formed with the SPSS statistical package for Windows
version 13.0 (SPSS Inc., Chicago, IL). Clearance kinetics
were analyzed as described previously.7

Isolation of LSECs from Pig, Rat, and Mouse Liv-
ers. LSECs from pig17 and rat18 livers and mouse LSEC
cultures19 were prepared as previously described.

Ligand Labeling Procedures. Heat-denatured colla-
gen type I, DenColl (3.2 mg/ml: 60°C for 60 minutes),
was labeled with DTAF as follows. To 1 ml of DenColl
was added 100 �l of 1M Hepes (pH 8) and 10 mg/ml
DTAF in 45 �l of DMSO. This was incubated overnight
at 4°C and dialyzed extensively against phosphate-buff-
ered saline (PBS) to yield DTAF-DenColl with a maxi-
mum substitution of 1 DTAF per 40 amino acid residues
of DenColl (or a maximum of 23 DTAFs per collagen
alpha chain). This reagent has proven to be very stable and
amenable to 125I labeling without becoming a ligand for
scavenger receptors (data not shown). The DTAF-Den-
Coll was stored in aliquots at �20°C, and heated to 60°C
for 60 minutes before use. DTAF-DenColl, NatColl,
mannan, and FSA were dissolved in PBS and labeled with
125I using Iodogen.20 Free 125I was removed with PD-10
columns equilibrated with PBS. The resulting specific ra-
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dioactivities were: [125I]DTAF-DenColl, approximately
4 � 106 cpm/�g; [125I]NatColl, 1.2 � 106 cpm/�g;
[125I]mannan, 2.5 � 106 cpm/�g; and [125I]FSA, 2.5 �
106 cpm/�g.

Isolation and Purification of the Receptor for De-
natured Collagen. To label the surfaces of rat and pig
LSECs, suspensions of 100 million LSECs were labeled
with 125I using the lactoperoxidase method21 with modi-
fications.22 Briefly, suspended LSECs were washed 3
times with ice-cold PBS, then resuspended in 1 ml of PBS
containing 5 mM glucose, 0.5 mCi 125I, 30 �g/ml lac-
toperoxidase, and 1.2 �g/ml glucose oxidase. Cells were
incubated for 15 minutes at room temperature (RT) with
gentle mixing, after which they were washed 3 more times
with ice-cold PBS. They were then solubilized with PBS
containing 1% Triton X-100 with the protease inhibitors
NEM (2 mM), pepstatin (1 �g/ml), and Roche protease
inhibitor (PI) cocktail end over end overnight at 4°C.

For small-scale purification of the DenColl receptor,
the [125I]LSEC extracts were centrifuged at 10,000g for
10 minutes, after which the supernatant was diluted to 10
ml with PBS, divided into 2 aliquots, and applied to gel-
atin or control sepharose columns (6-ml bed volume, 1.5
cm in diameter) equilibrated with PBS/0.1% Triton
X-100/PI at 5 cm/hour at RT. Both columns were then
washed with 45 ml PBS/0.1% Triton X-100/PI at 5 cm/
hour at RT. Bound proteins were eluted with 0.5M NaCl,
0.1% Triton X-100, PI, 0.1 M NaCH3COOH, pH 3.5
(18 ml), at 10 cm/hour at RT, as 1-ml fractions into tubes
containing 100 �l of 2M Tris (pH 8.8). The most radio-
active fractions were analyzed by SDS-PAGE (6% run-
ning and 4% stacking gels) and phosphorimaging (Fuji
BAS5000).

For large-scale purification of the DenColl receptor, a
suspension of 600 million pig LSECs was prepared17 and
solubilized in 10 ml PBS/1% Triton X-100/PI end over
end at 4°C overnight. The cell extract was then centri-
fuged at 2,500 rpm for 10 minutes, after which the super-
natant was filtered through a 0.45-�m filter. The filtrate
was diluted with PBS to 100 ml, and radioactive tracer
containing the purified [125I]DenColl receptor was
added. This was applied to a gelatin-sepharose column
(30-ml bed volume, 1.8 cm in diameter) equilibrated with
PBS/0.1% Triton X-100/PI at 7.5 cm/hour at RT. The
column was washed with 120 ml PBS/8 mM CHAPS/PI
at 7.5 cm/hour at RT. Bound proteins were eluted with
90 ml 0.5 M NaCl, 8 mM CHAPS, PI, 0.5 mM EDTA,
0.1 M NaCH3COOH (pH 3.5) and collected as 2-ml
fractions in tubes containing 200 �l of 2M Tris (pH 8.8).
The most radioactive fractions were concentrated
(100,000 MWCO) to 250 �l and subjected to prepara-
tive SDS-PAGE, colloidal Coomassie blue G-250 protein

staining, and phosphorimaging (Fuji BAS5000). After ex-
cision of the Coomassie-stained band, the dried gel was
subjected to further phosphorimaging to confirm excision
of the correct (radioactive) band.

Protein Digestion and Peptide Purification. The
excised proteins bands were reduced and alkylated,23 and
prior to MS analysis the eluted trypsin-generated peptides
were concentrated and desalted on OMIX C18 pipette
tips (Varian Inc., Palo Alto, CA) according to the manu-
facturer’s instructions.

Mass Spectrometry for Protein Identification. Pep-
tide mass spectra were obtained on a MALDI micro MX
(Micromass, UK) spectrometer. The purified tryptic
digest (1 �l) was mixed with �-cyano-4-hydroxy-trans-
cinnamic acid (10 mg/ml in 1:1 [vol/vol] 0.1% trifluoro-
acetic acid:acetonitrile) directly on the target and dried at
RT. Mass spectra were collected as a summation of up to
100 laser shots on an instrument externally calibrated us-
ing sodium iodide and PEG 200, PEG 600, PEG 1000,
and PEG 2000 mixtures. Internal calibration using 200
Glu-fibrinopeptide B (Glu-Fib, MH� � 1,570.6773;
Sigma) was applied after acquisition. Peptide mass finger-
print spectra from tryptic fragments that had been used
for identification were searched against the NCBInr da-
tabases using an in-house license of the MASCOT search
engine (Matrix Science, London, UK). For peptide mass
fingerprinting it was assumed that the peptides were mo-
noisotopic, oxidized at methionine residues, and carbam-
idomethylated at cysteine residues. Up to 1 missed trypsin
cleavage was allowed. Mass tolerance of 100 ppm was the
window of error allowed for matching the peptide mass
values.

Blood Clearance and In Vivo Distribution of Ra-
diolabeled Ligands. The tail veins of anesthetized wild-
type and MR knockout mice were injected with
[125I]DTAF-DenColl (approximately 0.04 mg/kg in
PBS) or [125I]NatColl (approximately 0.20 mg/kg in
PBS). Immediately after the injections, 5 �l blood sam-
ples were collected over short intervals from the tail tip
and mixed with 0.3 ml 13 mM citric acid, after which 0.3
ml 2% bovine serum albumin in water and 0.6 mL of
20% (wt/vol) trichloroacetic acid/0.5% (wt/vol) phos-
photungstic acid were added to the samples to precipitate
nondegraded protein. Acid-soluble radioactivity repre-
sented degraded ligand. Thirty minutes after injection of
[125I]DTAF-DenColl or 60 minutes after injection of
[125I]NatColl, the animals were killed in a 100% CO2

atmosphere. The abdomens and thoraces were opened,
and the animals were perfused intracardially with cold
PBS to remove free tracer from the vasculature before the
organs were excised and analyzed for radioactivity. The
amount of tracer recovered was considered the sum of the
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radioactivity of individual organs, the carcass, and blood
at sacrifice. Blood volume was calculated as described.24

In Vitro Endocytosis of Radiolabeled Ligands. Pri-
mary cultures of mouse LSECs (3–5 � 105 cells per cul-
ture) were established in 1-cm2 wells (48-well culture
plates; Falcon, Becton Dickinson, Plymouth, UK) pre-
coated with 0.1% native collagen (Vitrogen 100) and
maintained in serum-free RPMI-1640 medium at 37°C
in a humidified atmosphere of 5% CO2. Endocytosis ex-
periments were conducted in fresh cultures within 4
hours of plating. After washing, each culture was supplied
with 100 �l of fresh RPMI-1640 medium containing 1%
human serum albumin, inhibitors, and trace amounts
(approximately 10 ng) of radiolabeled protein. The incu-
bations, which were carried out for 2 hours to measure
endocytosis, were terminated by transferring the media
along with 1 wash (500 �l) with PBS to tubes containing
800 �l of 20% trichloroacetic acid/0.5% phosphotung-
stic acid. Ligand degradation was determined by measur-
ing the amount of labeled acid soluble radioactivity after
centrifugation. Because mammalian cells lack lysosomal
enzymes that can degrade mannan, the polymannose con-
jugate will be trapped intralysosomally, and 125I attached
to the protein core will not leave the cells. Consequently,
endocytosis of [125I]mannan did not lead to release of 125I
to the medium, and TCA precipitation was omitted. Cell-
associated ligand was quantified by measuring the radio-
activity in the washed cells solubilized in 1% (wt/vol)
SDS, and total endocytosis was determined by adding
cell-associated and acid-soluble radioactivity.

Results and Discussion

Purification of the Denatured Collagen Receptor.
Using gelatin (DenColl)-sepharose affinity chromatogra-
phy of [125I]surface-labeled rat and pig LSECs, we iden-
tified a 180-kDa cell surface protein that binds DenColl
(Fig. 1). In preparing pig LSECs, a weak band at approx-
imately 400-kDa was also consistently noted. A 115-kDa
band was eluted from control (i.e., nonsubstituted) sepha-
rose when [125I]surface-labeled rat LSECs were used. This
band was absent in pig LSEC preparations and was not
eluted from the gelatin-sepharose columns, suggesting
these columns are very heavily substituted with gelatin.

MALDI mass data of the Coomassie-stained bands of
about 180 and 400 kDa from pig LSECs yielded 19 and
21 peptides, respectively, which matched pig MR type C,
with respective Mascot protein scores of 100 and 124 (a
score � 78 is statistically significant). Because the SDS-
PAGE was nonreducing, it is possible that the 400-kDa
species is a dimer of MRs. The MR has recently been
reported to confer collagen-binding properties to fibro-

blasts transfected with same,25 but its role in the endocy-
tosis of collagen fragments in vitro was unknown until
recently.10

MR Knockout Mice Have a Drastically Reduced
Ability to Clear DenColl In Vivo. Challenge of MR
knockout mice and their cultured LSECs revealed signif-
icantly reduced clearance from blood and the complete
absence of endocytosis of DenColl by LSECs. Linear de-
cay plots indicated that after intravenous injection
[125I]DTAF-DenColl was very efficiently cleared from
the blood of wild-type mice (Fig. 2A) and more slowly
cleared from the circulation of MR knockout mice (Fig.
2B). Semilogarithmic decay plots revealed a biphasic pat-
tern of elimination (not shown) in both mouse groups. In
wild-type mice, 90.25% � 2.23% of the radioactivity was
eliminated during an initial rapid �-phase, with a blood
t1/2 of 0.51 � 0.11 minutes, whereas the remainder was
eliminated with a t1/2 of 36.88 �17.43 minutes during a
terminal slow �-phase. In MR knockout mice, the t1/2 of
the � phase was significantly slower, 1.55 � 0.45 minutes
(P � 0.05), and only 33.28% � 2.13% of the radioactiv-
ity was eliminated during the initial � phase, whereas
66.72% � 2.13% was eliminated with a t1/2 of 38.44 �
10.73 minutes during the terminal �-phase. There was
minimal release of free 125I, probably because of the en-
trapment of DTAF-labeled radioisotope in the lysosome.
The clearance pattern of directly labeled [125I]NatColl
was similar and very slow in both wild-type (Fig. 2C) and
MR knockout (Fig. 2D) mice. This suggests that the
LSEC MR is not involved in NatColl clearance, in con-
trast to the role suggested in a study of MR-transfected
CHO cells by Martinez-Pomares et al.,10 who reported
endocytosis of native type IV collagen, an ability that was

Fig. 1. Purification of DenColl receptors from LSECs. The [125I]sur-
face-labeled rat and pig LSECs were solubilized in Triton X-100 and
applied to gelatin (denatured collagen) sepharose (G) or control sepha-
rose (C). Specifically bound material was eluted at pH 3.5 and subjected
to SDS-PAGE autoradiography.
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also absent in cultured macrophages from MR knockout
mice. However, Martinez-Pomares et al. used Oregon-
Green-labeled native type IV collagen at concentrations
50 times greater than those of radiolabeled NatColl and
DenColl in the present study, which would suggest a
weaker affinity of macrophage MRs for native/denatured
collagen. It has been previously reported that LSECs have
no affinity for native collagen,12,26 which is perhaps not
surprising, given that there are typically no native collag-
ens in the blood that would otherwise stimulate platelet
adhesion/aggregation.27

Whole-organ analysis of wild-type (n � 3) and MR
knockout (n � 3) mice 30 minutes after injection of
[125I]DTAF-DenColl revealed the following distribution
of radioactivity: wild type—56% liver, 4% kidneys, 24%
body, 8% blood; MR knockout—28% liver, 10% kid-
neys, 22% body, 32% blood. This indicates a significant
(P � 0.01) reduction in liver uptake, a corresponding
increase in blood level (P � 0.01), and increased kidney
clearance/uptake (P � 0.05) in the knockout mice (Fig.
3A). The organ distribution of injected [125I]NatColl was
identical in both wild-type and knockout mice (Fig. 3B),
with most remaining in the blood after 60 minutes. The
clearance/endocytosis of a ligand (FSA) for other LSECs
receptors (stabilin-1 and stabilin-2)22,28 by MR knockout

animals was similar to that for wild-type mice (not
shown).

The livers of MR knockouts retained some [125I]D-
TAF-DenColl because of some unknown mechanism.
Fluorescence microscopy of liver sections from DTAF-
DenColl-injected knockout mice (100 �g/mouse) did
not reveal any cell-specific uptake (not shown).

LSECs from MR Knockout Mice Lack Ability to
Endocytose DenColl In Vitro. LSECs from wild-type
and knockout mice were challenged with [125I]DTAF-
DenColl. The knockout LSECs were unable to endocy-
tose the [125I]DTAF-DenColl (Fig.4A), unlike the wild-
type LSECs (Fig. 4B). LSECs from both the MR
knockout and the wild-type mice endocytosed FSA
equally well (Fig. 4A, B). In the wild-type mice, uptake of
[125I]DenColl by LSECs was not affected by mannan,
EGTA, or mannose (Fig. 5A), nor was the endocytosis of
[125I]mannan inhibited by DenColl or NatColl (Fig. 5B).
This suggests that the binding site for denatured collagen
is distinct from that for mannose and mannan and is
probably the FNII domain, which can bind gelatin.25

NatColl inhibited LSEC uptake of DenColl (Fig. 5A),
but not by more than 60%, suggesting that the affinity for
the latter is greatest, which we have seen previously.12

However, trace amounts of radiolabeled NatColl (0.1 �g/

Fig. 2. Blood clearance of injected Den-
Coll and NatColl in wild-type and MR knockout
mice. Data from a single mouse are indicated
by rings, triangles, or squares. (A) Clearance
(30 minutes) of [125I]DTAF-DenColl (0.04 mg/
kg) in 3 wild-type mice (filled shapes). (B)
Clearance (30 minutes) of [125I]DTAF-DenColl
(0.04 mg/kg) in 3 MR knockout mice (open
shapes). (C) Clearance (60 minutes) of [125I]N-
atColl (0.20 mg/kg) in 3 wild-type mice (filled
shapes). (D) Clearance (60 minutes) of
[125I]NatColl (0.20 mg/kg) in 3 MR knockout
(open shapes) mice. Degradation (not shown)
was negligible. Radioactivity of a blood sample
radioactivity was plotted against time after in-
jection. Radioactivity of the 1-minute sample
was set as 100%.
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ml) were neither bound nor taken up by cultured LSECs
after a 2-hour incubation at 37°C (not shown), suggesting
that the LSEC MR has a much reduced affinity for this
type of collagen in its native form. This lack of NatColl
binding is at odds with findings of others, who demon-
strated that MR-derived recombinant constructs are able
to bind immobilized native collagen types I-V10 and when
expressed in fibroblasts, native collagen types I, III, and
IV, but not type V.25 However, that we did not observe
NatColl binding in LSECs could simply reflect the need
to have the entire MR for specificity and/or the specificity
of the LSEC MR, which will normally not be exposed to
circulating native collagen. Indeed, the MR FNII domain
has greater affinity for gelatin than does the entire MR
extracellular domain, suggesting that the other domains
modulate this affinity.25 That the MR has a reported af-
finity for native collagens (albeit in vitro, on cells other
than LSECs, and either to immobilized collagens25 or
collagen at concentrations 50-fold greater10 than those
used in the present study) could indicate that in certain

environments it has a broader binding spectrum and a
more general (perhaps affinity-dependent) role in the
scavenging of collagen and collagen fragments in other
cell types, including macrophages. It would therefore be
interesting to study if Kupffer cells can penetrate/extrav-
asate through the sinusoidal layer to phagocytose collagen
deposits via MRs, thereby preventing hepatic fibrosis.

There remains the issue of DenColl uptake in MR
knockout livers. To address this, we cultured parenchy-
mal and nonparenchymal liver cells and challenged them
with DTAF-DenColl. We saw no uptake of this ligand in
LSECs, Kupffer cells, or stellate cells from MR knockout
mice (not shown). However, with large doses of DTAF-
DenColl (10 �g/ml), we saw some vesicular uptake of this
ligand in hepatocytes from both MR knockout and wild-
type livers (not shown). When we challenged dense MR
knockout hepatocyte cultures with [125I]DTAF-DenColl
(0.1 �g/ml) for 2 hours, less than 2% of the label was
taken up (compared to the 23% taken up by confluent
wild-type LSECs), and this could not be inhibited by
excess DenColl. It is therefore possible that hepatocytes
possess a DenColl uptake mechanism unrelated to the
MR that may be responsible for the slow clearance of this
ligand in MR knockout mice.

That the LSEC MR is the main site of DenColl clear-
ance from the blood has several implications for the study
of hemostasis and fibrosis. DenColl is a major waste prod-
uct cleared from the blood by LSECs. For example, col-
lagen liberated during bone turnover is drained directly to
the blood. Given that 10% of human bone mass is turned

Fig. 3. Anatomical distribution of radiolabeled (A) DenColl and (B)
NatColl in wild-type and MR knockout mice. The animals used in the
serum half-life studies (Fig. 2) were analyzed for anatomical distribution
of [125I]DTAF-DenColl or [125I]NatColl 30 or 60 minutes, respectively,
after intravenous injection into 3 wild-type (filled bars) and 3 MR
knockout (open bars) mice. The sum of the radioactivity in the listed
tissues and carcass was considered 100%. Results are presented as
percentage of total recovered radioactivity � SD (n � 3); *P � 0.01,
**P � 0.05.

Fig. 4. LSECs mediated endocytosis of DenColl and FSA in (A) MR
knockout mice and (B) wild-type mice. Radiolabeled ligands (0.1 �g/ml)
were given to confluent 1-cm2 LSEC cultures for 2 hours at 37°C. To
check the specificity of [125I]DTAF-DenColl endocytosis, unlabeled Den-
Coll (100 �g/ml) was added (middle bar). Results represent the mean
endocytosis � SEM for 3 independent experiments representing 3
different MR knockout or wild-type animals. The results of each experi-
ment, presented as the percentage of added ligand, are means of
duplicate measurements.
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over yearly, this alone would result in the daily release of
approximately 0.5 g of collagen fragments to the
blood.29,30 Furthermore, most collagen �-chains in the rat
interstitium are transported out to circulation and re-
moved rapidly by uptake into LSECs,5 adding to that
released from bone. Given this daily load, it is likely that
proper function of the LSEC receptor for denatured col-
lagens is essential for maintaining normal plasma viscosity
and protein balance. However, the MR knockout mice (at
least up to young adulthood) appeared normal, so the fate
of the collagen fragments in these animals needs to be
addressed. Some of the injected DenColl was cleared via
the kidneys in the MR knockout mice, but a portion
remained in the liver, possibly taken up by other mecha-
nisms. We are currently monitoring these animals as they
age for any collagen that might be deposited (or other
effects) in the liver and other organs.

In normal animals, aging and its effects on LSECs need
also to be considered with respect to denatured collagen/
collagen fragment clearance. The phenomenon of
pseudocapillarization,31 that is, age-related changes in
liver sinusoids whereby fenestration is lost and a (nor-
mally absent) basement membrane is established (and
which shares many morphological characteristics with
liver fibrosis32,33), could result in the inhibition of LSEC-
mediated removal of collagen fragments from the space of
Disse because of the physical barrier of high-density col-
lagen. A potential reduction in the endocytic function of
LSECs during pseudocapillarization/fibrosis, resulting in
increased levels of denatured collagen and other connec-
tive tissue waste products,22 also needs to be considered.
Increased circulating levels of such material would com-
petitively inhibit matrix-degrading enzymes that would
otherwise degrade and thereby prevent the irreversible
deposition of collagen. It could thus be contemplated that

a vicious circle could develop, whereby reduced removal
of collagen by LSECs could lead to increased pseudocap-
illarization/fibrosis that in turn could lead to even greater
reductions of LSEC-mediated collagen removal.

The collagen-binding25 MR FNII domain is now an
interesting target for identifying individuals with dys-
functional MRs in order to determine if polymorphisms
in this region are a risk factor for liver fibrosis. Further-
more, liver fibrosis is generally reversible if the primary
injury is removed,32 so it may be interesting to study the
role of LSECs in this process, especially with respect to
developing treatment regimes that enhance LSEC-medi-
ated collagen removal during fibrosis or the recovery from
same.

Acknowledgment: We thank Cristina Øie for provid-
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Remarkable Heterogeneity Displayed by Oval Cells in
Rat and Mouse Models of Stem Cell–Mediated Liver

Regeneration
Peter Jelnes,1 Eric Santoni-Rugiu,2 Morten Rasmussen,1 Susanne Lunøe Friis,1 Jens Høiriis Nielsen,1 Niels Tygstrup,3

and Hanne Cathrine Bisgaard1

The experimental protocols used in the investigation of stem cell–mediated liver regeneration in
rodents are characterized by activation of the hepatic stem cell compartment in the canals of
Hering followed by transit amplification of oval cells and their subsequent differentiation along
hepatic lineages. Although the protocols are numerous and often used interchangeably across
species, a thorough comparative phenotypic analysis of oval cells in rats and mice using well-
established and generally acknowledged molecular markers has not been provided. In the present
study, we evaluated and compared the molecular phenotypes of oval cells in several of the most
commonly used protocols of stem cell–mediated liver regeneration—namely, treatment with
2-acetylaminofluorene and partial (70%) hepatectomy (AAF/PHx); a choline-deficient, ethi-
onine-supplemented (CDE) diet; a 3,5-diethoxycarbonyl-1,4-dihydro-collidin (DDC) diet; and
N-acetyl-paraaminophen (APAP). Reproducibly, oval cells showing reactivity for cytokeratins
(CKs), muscle pyruvate kinase (MPK), the adenosine triphosphate–binding cassette transporter
ABCG2/BCRP1 (ABCG2), alpha-fetoprotein (AFP), and delta-like protein 1/preadipocyte fac-
tor 1 (Dlk/Pref-1) were induced in rat liver treated according to the AAF/PHx and CDE but not
the DDC protocol. In mouse liver, the CDE, DDC, and APAP protocols all induced CKs and
ABCG2-positive oval cells. However, AFP and Dlk/Pref-1 expression was rarely detected in oval
cells. Conclusion: Our results delineate remarkable phenotypic discrepancies exhibited by oval
cells in stem cell–mediated liver regeneration between rats and mice and underline the impor-
tance of careful extrapolation between individual species. (HEPATOLOGY 2007;45:1462-1470.)

In the adult mammalian liver, homeostasis as well as
regeneration after surgical loss of tissue mass is medi-
ated by proliferation of otherwise quiescent hepato-

cytes and biliary epithelial cells.1 However, in rodents,

when proliferation of parenchymal cells becomes im-
paired in response to insults such as viral hepatitis, drugs,
alcohol, and other toxins, an endogenous liver progenitor
cell compartment is activated, resulting in transit ampli-
fication of small epithelial cells known as oval cells. The
oval cells may subsequently differentiate into functional
liver cells and insure regeneration.2-4 At present, the con-
sensus is that oval cells in rodents originate from a hepatic
stem cell compartment in the canals of Hering.5,6 Al-
though the experimental foundation regarding hepatic
stem cell activation, proliferation, and differentiation can
be ascribed primarily to studies of oval cells in rodents, it
is also generally accepted that a similar stem cell compart-
ment exists in the human adult liver and can be activated
in several human liver diseases (morphologically de-
scribed as ductular reactions).7,8 Therefore, a better un-
derstanding of the mechanisms involved in liver
regeneration by hepatic stem cells holds great promise for
potential development of novel therapeutic approaches to
life-threatening liver diseases.

In recent years, major achievements have been made
with regard to the elucidation of events leading to activa-
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tion of the hepatic stem cell compartment and the subse-
quent transit-amplifying phase. Not surprisingly,
cumulative data point to a fundamental role of what could
be termed the “established hepatic microenvironment”,
an intricate cocktail of resident liver cells as well as infil-
trating inflammatory cells that express and secrete a vari-
ety of receptors and factors.9 However, the knowledge is
still limited, and detailed information on the specific bi-
ological function of the individual factors and their com-
plex interactions will require further studies in well-
characterized rodent models of stem cell–mediated liver
regeneration.

Several rodent models have been established to inves-
tigate the response of the liver stem cell compartment in
adult mammalian liver.2,4,10-14 However, a comprehen-
sive, comparative study between rodent species with re-
spect to morphological as well as phenotypic differences
of oval cells has not been performed. Therefore, we stud-
ied the similarities and differences in the response of the
hepatic stem cell compartment in adult rats and mice
subjected to various experimental models of liver injury,
including treatment with: 2-acetylaminofluorene and
partial (70%) hepatectomy (AAF/PHx); a choline-defi-
cient, ethionine-supplemented (CDE) diet; a 3,5-di-
ethoxycarbonyl-1,4-dihydro-collidin (DDC) diet; and
N-acetyl-paraaminophen (APAP). The regenerative cel-
lular responses were evaluated using molecular markers
known to be characteristic of oval cells—namely, cytoker-
atins (CKs), muscle pyruvate kinase (MPK), the adeno-
sine triphosphate–binding cassette transporter ABCG2/
BCRP1 (ABCG2), alpha-fetoprotein (AFP), and delta-
like protein 1/preadipocyte factor 1 (Dlk/Pref-1).14-18

Materials and Methods

Animal Models. Male and female C57BL/6J mice,
4-5 weeks of age, and male Fisher 344 rats, 8 weeks of age,
were purchased from Taconic M&B (Ry, Denmark). An-
imals were kept under standard conditions with a 12-hour
day/night cycle and access to food and water ad libitum.

Animal protocols were approved by the Danish Coun-
cil for Supervision with Experimental Animals. In the
AAF/PHx protocol, male mice and rats received AAF
(Sigma-Aldrich, St. Louis, MO) via gavage for 9 consec-
utive days (mice received 4.5, 9, and 12 mg/kg/day and
rats 4.5, 9, 14, and 18 mg/kg/day) interrupted at day 5 by
a 70% hepatectomy with resection of the median and left
lateral liver lobes.15 Groups of 3 to 6 animals were killed 1,
5, and 9 days after PHx. Controls included untreated
animals and animals subjected to PHx or sham laparot-
omy only.

In the DDC protocol, male mice and rats were fed
standard rodent chow containing 0.1% DDC (Sigma-
Aldrich) for 4 or 6 weeks.12 Groups of 3 to 4 animals were
killed at each time point.

In the CDE and 1/2 CDE protocols, male mice were
fed a choline-deficient diet (ICN, Costa Mesa, CA) sup-
plemented with 0.165% DL-ethionine (Sigma-Aldrich) in
the drinking water or diet where powdered choline-defi-
cient chow was mixed with normal powdered chow
(ICN) at a 1:1 ratio (1/2 CDE).11 Rats were only sub-
jected to the full CDE diet. Groups of 3 to 6 animals were
killed after 1, 2, 3, and 4 weeks.

In the APAP protocol, female mice were fasted for 8
hours before intraperitoneal injection with APAP (Sigma-
Aldrich).16 APAP-treated mice included groups injected
with 250, 500, 750, and 1,000 mg/kg that were killed at
various time points (12, 24, and 48 hours) after injection.

After resection of the liver, samples were fixed in
Bouin’s solution or 4% phosphate-buffered formalin and
embedded in paraffin for histological examination, and
the rest was snap-frozen in liquid nitrogen for RNA ex-
traction.

Northern Blot Analysis. Northern blotting with
complementary DNA probes (Table 1) was performed as
described.15

Immunohistochemical Analysis. Immunohistochemi-
cal staining of CKs was performed on formalin-fixed tissue
sections (5 �m), while AFP and Dlk/Pref-1 staining were
performed on Bouin’s-fixed tissue sections (5 �m). Antigens
were unmasked 5 minutes in proteinase K (DakoCytoma-
tion, Glostrup, Denmark) (CKs) or Dako Target Retrieval
solution (pH �6.5) (DakoCytomation) (AFP and Dlk/
Pref-1) and incubated with primary antibodies (Table 2) at
4°C overnight. To visualize specific binding of primary an-
tibodies, Dako Envision� System-HRP (DakoCytoma-
tion) was used with either VIP (Vector Laboratories,
Burlingame, CA) (DDC-treated mice) or diaminobenzidine
(Sigma) as substrate chromogens and counterstained with
Mayer’s hematoxylin.

Immunofluorescence Analysis. Bouin’s fixed paraffin
sections (5 �m) were hydrated and antigens were re-
trieved in Dako Target Retrieval solution (pH �6.5) be-
fore being incubated overnight at 4°C with mixtures of
primary antibodies (Table 2). Sections were incubated for

Table 1. Primer Table

Gene

Accession No. Nucleotides

Rat Mouse Rat Mouse

AFP X02361 NM_007423 101–329 847–1191
Dlk/Pref-1 U25680 NM_010052 1–1152 421–916
MPK BC061541 NM_011099 1091–1549 1253–1650
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1 hour with biotin-conjugated donkey–anti-goat IgG at
room temperature and subsequently with a mixture of
Texas Red–conjugated streptavidin and FITC-conju-
gated donkey–anti-rabbit IgG for the simultaneous iden-
tification of (1) Pref-1 and either AFP or ABCG2 and (2)
MPK and either AFP or Dlk/Pref-1. Finally, sections were
mounted in DAPI containing VectorShield (Vector Lab-
oratories) mounting medium.

Cell Quantification and Statistical Analysis.
Quantification of oval cells positive for CK, AFP, or Dlk/
Pref-1 was performed on immunohistochemical sections.
Five portal tracts [portal vein area �8,000 �m2 in rat and
�20,000 �m2 in mouse; calculated by S (�m2) � �(a*b),
where a and b equal the longest and shortest diameter
(modified from Kofman et al.16)] for each animal were
counted using a �10 lens. Results were transformed into
Ln(x) and evaluated via one-way ANOVA and a Tukey
posttest to compare individual groups. A P value of less
than 0.05 was considered statistically significant.

Results

Evaluation of Oval Cell Reaction via CK Expres-
sion. First, we evaluated if the applied protocols induced
oval cells using immunohistochemical staining for CKs.
The specificity of the used pan–CK antibody was evident
in prominent immunoreactivity by bile duct epithelial
cells in normal adult rodent liver and after hepatectomy
(Fig. 1A-C). Recently, it was reported that APAP acti-
vated the murine stem cell compartment characterized by
spreading CK-positive oval cells.16 Our observations sup-
port that APAP treatment in mice activates the hepatic
stem cell compartment and quantification revealed a sig-
nificant but limited increase in CK-positive cells in all
groups (Fig. 1D; Table 3). An oval cell reaction was also
evident in mice fed the DDC diet. CK-positive cells
emerging from the portal areas infiltrated the liver paren-

Fig. 1. Immunolocalization of CKs in (A,C,E,G) rat and (B,D,F,H)
mouse. (A,B) Control. (C) Five days after PHx. (D) Forty-eight hours after
treatment with 750 mg/kg APAP. (E) Nine days after PHx in rats treated
with 9 mg/kg/day AAF. (F) Mice fed the 0.1% DDC diet for 4 weeks. (G,
H) Two weeks after commencing the CDE diet in (G) rats and (H) mice.
PV, portal vein. Black bar � 20 �m.

Table 2. Antibodies

Dilution Manufacturer

Primary antibodies
Polyclonal rabbit anti-Cow Pan cytokeratin 1:2,000 (mouse) DakoCytomation, Glostrup, Denmark

1:750 (rat)
Polyclonal rabbit anti-human AFP 1:800 DakoCytomation, Glostrup, Denmark
Polyclonal rabbit anti-rat FA1 (Dlk/Pref-1) 1:1,000 Provided by Charlotte Harken Jensen, University of Southern Denmark
Polyclonal goat anti-mouse Pref-1 (Dlk/Pref-1) 1:100 R&D Systems, Minneapolis, MN
Polyclonal goat anti-rabbit MPK 1:400 Rockland Inc., Gilbertsville, PA
Polyclonal rabbit anti-mouse ABCG2 1:50 Santa Cruz Biotechnology Inc., Santa Cruz, CA

Secondary antibodies
Dako Envision � System-HRP (rabbit) DakoCytomation, Glostrup, Denmark
Donkey anti-goat biotin 1:100 Jackson ImmunoResearch Lab. Inc., West Grove, PA
Streptavidin–Texas Red 1:100 Jackson ImmunoResearch Lab. Inc., West Grove, PA
Donkey anti-rabbit FITC 1:100 Jackson ImmunoResearch Lab. Inc., West Grove, PA
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chyma (Fig. 1F) increasing in number from 19 � 1 in the
control group to 307 � 21 (P � 0.001) 6 weeks after
initiation of the DDC diet (Fig. 2A; Table 3). However,
when an identical protocol was tested in rats, normal liver
histology was observed (data not shown).

The AAF/PHx protocol in the rat is a well-character-
ized model for activation, expansion, and differentiation
of the hepatic stem cell compartment. As expected,
numerous CK-positive cells were identified in liver sec-
tions from rats treated with 9 mg/kg/day AAF and killed
at day 9 after PHx (Fig. 1E). Quantitative analysis re-
vealed that CK-positive cells began to accumulate in the
portal area 1 day after PHx (40 � 4), increased to 96 �10
at day 5, and peaked at day 9 after PHx (340 � 14), with
significant changes between each time point and control
(P � 0.0001) (Fig. 2B; Table 4). Due to the significance
of the AAF/PHx model in rats, we also investigated if this
protocol could be used in mice. Various concentrations of
AAF (4.5, 9, and 12 mg/kg/day) at various time points
(day 1, 5, 7, 9, and 11) were tested, but an increase in the
number of CK-positive cells was not detected (data not
shown).

The CDE protocol in rats is known to induce a hepatic
progenitor cell response, and this protocol has also been
implemented in mice.11,14 Therefore, we subjected rats
and mice to the CDE protocol. In rats, the number of
CK-positive cells accumulated over the treatment period
of 4 weeks (Figs. 1G and 2B; Table 4). The CDE diet was
also effective in mice, in which the number of CK-positive
cells increased from 19 �1 in controls to 88 �7 after 1
week (Fig. 2A; Table 3). Mice on the CDE diet for 2

Table 3. Quantification of CK-, AFP-, and
Dlk/Pref-1–Positive Oval Cells in the Mouse

Mouse CK AFP Dlk/Pref-1

Counted
Portal
Areas

Control 19 � 1 0 0 (n � 15)
DDC (4 week) 171 � 7* 0 0 (n � 20)
DDC (6 week) 307 � 21* 0 0 (n � 15)
CDE 1 (week) 88 � 7* 0 0 (n � 20)
CDE 2 (week) 208 � 16* 0 6 (� 2) (n � 30)
CDE 3 (week) 133 � 10* 0 0 (n � 20)
CDE (4 week) 170 � 14* 0 0 (n � 20)
APAP 250 mg/kg (12 hour) 44 � 3* 0 0 (n � 15)
APAP 250 mg/kg (24 hour) 45 � 4* 0 0 (n � 15)
APAP 250 mg/kg (48 hour) 61 � 7* 0 0 (n � 10)
APAP 500 mg/kg (12 hour) 59 � 6* 0 0 (n � 15)
APAP 500 mg/kg (24 hour) 54 � 4* 0 0 (n � 15)
APAP 750 mg/kg (12 hour) 41 � 3* 0 0 (n � 15)
APAP 750 mg/kg (24 hour) 48 � 4* 0 0 (n � 15)
APAP 750 mg/kg (48 hour) 48 � 4* 0 0 (n � 10)
APAP 1,000 mg/kg (12 hour) 54 � 5* 0 0 (n � 15)
APAP 1,000 mg/kg (24 hour) 54 � 4* 0 0 (n � 15)

*P � 0.05 versus control.

Fig. 2. Quantification of CK-, AFP-, and Dlk/Pref-1–positive oval cells.
(A) Mice fed the 0.1% DDC diet for 4 and 6 weeks or the CDE diet for
1, 2, 3, and 4 weeks. Results from Tables 3 and 4 are presented as the
mean of positive cells per portal area. (B) Rats exposed to 9 mg/kg/day
AAF and killed 1, 5, and 9 days after PHx or rats fed the CDE diet for 1,
2, 3, and 4 weeks.

Table 4. Quantification of CK-, AFP-, and
Dlk/Pref-1–Positive Oval Cells in the Rat

Rat CK AFP Dlk/Pref-1

Counted
Portal
Areas

Control 17 � 1 0 0 (n � 25)
PHx (day 1) 22 � 2 0 0 (n � 15)
9 mg/kg AAF/PHx

(day 1) 40 � 4* 3 � 1 0 (n � 15)
9 mg/kg AAF/PHx

(day 5) 96 � 10* 76 � 15† 25 � 3 (n � 15)
9 mg/kg AAF/PHx

(day 9) 330 � 13* 275 � 24† 210 � 21‡ (n � 25)
CDE (1 week) 37 � 4* 2 0 (n � 15)
CDE (2 week) 184 � 10* 56 � 7† 37 � 6 (n � 20)
CDE (3 week) 298 � 22* 128 � 18† 158 � 24‡ (n � 20)
CDE (4 week) 342 � 24*§ 92 � 8†§ 182 � 11‡§ (n � 25)

*P � 0.05 versus control.
†P � 0.05 versus AAF/PHx (day 1) or CDE (1 wk).
‡P � 0.05 versus AAF/PHx (day 5) or CDE (2 wk).
§P � 0.05 versus CDE (3 wk).
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weeks showed a more substantial oval cell reaction (208 �
16) and the number of positive cells remained elevated
after 3 (133 � 10) and 4 weeks (170 � 14) (Figs. 1H, 2A;
Table 3). In addition to the full CDE protocol in mice, we
also tested a 1/2 CDE diet.11 However in our hands, this
protocol induced a limited oval cell reaction at all time
points tested after diet initiation (i.e., 1, 2, and 3 weeks)
(data not shown).

Phenotypic Heterogeneity Displayed by Oval Cells
in Rats and Mice. Activation and transit amplification
of the hepatic progenitor cell compartment in the rat is
accompanied by transcription of several specific genes,
including AFP, Dlk/Pref-1, and MPK. All these markers
have been described previously to be expressed by the oval
cell compartment and are additionally expressed in the
fetal liver.3,14,19 After birth, Dlk/Pref-1 and AFP expres-
sion is attenuated and is not normally seen in the adult
liver. Therefore, we investigated their expression via
Northern blot analysis in the tested rat and mouse proto-
cols. In accordance, we observed AFP and Dlk/Pref-1
expression in fetal liver but not in normal adult liver or
during regeneration after PHx in either rats or mice (Fig.
3). However, changes in the levels of AFP, Dlk/Pref-1,
and MPK transcripts were identified in AAF/PHx- and
CDE-treated rats (Fig. 3A-B).

As an accepted oval cell marker, the transcript of AFP
was expected in DDC- and CDE-fed mice. The intensity
was very weak in the DDC protocol and was more or less
restricted to mice fed the CDE diet for 2 weeks (Fig.
3C,D). We did not detect AFP in the 1/2 CDE, AAF/
PHx, and APAP protocols in mice (Fig. 3D-F). Addition-
ally, Dlk/Pref-1 was not observed in any of the
investigated mouse protocols, suggesting species-specific
phenotypes of oval cells in rats and mice. The transcrip-
tion of MPK correlated well with the presence and extent
of oval cells as determined via CK staining; the most
prominent expression was found in rats treated according
to the AAF/PHx protocol, and mice fed the DDC diet for
4 and 6 weeks or the CDE diet for 2 weeks.

To identify the cellular localization of AFP and Dlk/
Pref-1 and to quantify the number of oval cells displaying
markers, we used immunohistochemical staining and im-
munofluorescence. Quantification of AFP-positive oval
cells in the AAF/PHx protocol showed that positive cells
emerged at day 1 (3 � 1), accumulated at day 5 (76 �
15), and continued to increase at day 9 (275 � 24) (Fig.
2B; Table 4). Similar results were observed in CDE-
treated rats (Fig. 2B; Table 4). Double staining of AFP
and MPK showed that AFP was expressed by a subpopu-
lation of MPK-positive oval cells in both the AAF/PHx-
treated rats (Fig. 4A-C) and CDE-treated rats (Fig.
5A-C).

Dlk/Pref-1 is believed to define a subpopulation of oval
cells and has also been suggested to be expressed by cells
displaying morphological characteristics of small hepato-
cytes.15,20 Quantification of Dlk/Pref-1–positive cells in
rats treated with 9 mg/kg/day AAF and killed 1, 5, and 9
days after PHx supported our gene expression analysis
with Dlk/Pref-1–positive oval cells beginning to appear at
day 5 (25 � 3) and increasing significantly in numbers at
day 9 after PHx (210 � 21). Quantification also revealed
that the population of Dlk/Pref-1–positive oval cells was
less than the population of CK-positive cells (Fig. 2B;
Table 4). In support of these findings, we observed a
strong immunohistochemical staining with Dlk/Pref-1
specifically expressed by subpopulations of MPK-positive

Fig. 3. Northern blotting of AFP, Dlk/Pref-1, and MPK transcripts. (A)
Rats exposed to different doses of AAF and sacrificed 1, 5, and 9 days
after PHx. (B) Rats exposed to the DDC diet and sacrificed after 4 and
6 weeks or the CDE diet and sacrificed after 2 and 3 weeks. (C) Mice
exposed to the DDC diet and sacrificed after 4 and 6 weeks. (D) Mice
exposed to the 1/2 or full CDE diets and sacrificed after 1, 2, or 3 weeks.
(E) Mice exposed to different doses of AAF and sacrificed 1, 3, 5, 7, 9,
and 11 days after PHx. (F) Mice exposed to different doses of APAP and
sacrificed 12, 24, or 48 hours after intoxication. E17 and E21, fetal liver
day 17 and day 21, mouse and rat, respectively.
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oval cells and occasionally in small hepatocyte-like cells
that showed a preference for more distal parts of the portal
area (Fig. 4D-F). Similar observations were made in
CDE-treated rats in which Dlk/Pref-1–positive oval cells
appeared after 2 weeks (37 � 6), and increased signifi-
cantly in number after 3 (158 � 24) and 4 weeks (182 �
11) (Fig. 2B; Table 4). Double immunostaining against
MPK and Dlk/Pref-1 supported the previous observation
made in the AAF/PHx protocol by identifying MPK- and
Dlk/Pref-1–positive oval cells as a subpopulation (Fig.
5D-F). Colocalization of Dlk/Pref-1 and AFP suggested
that Dlk/Pref-1 marked a more restricted cell population
among AFP-positive oval cells in both models (Figs. 4G-I,
5G-I).

Even though AFP is an accepted oval cell marker in
rats, its presence after activation of the stem cell compart-
ment in murine liver has not been reported. In accordance
with the gene expression analysis, immunohistochemical
study revealed that AFP was expressed in the livers of
DDC-treated and CDE-treated mice but that the express-
ing cells showed histological characteristics of hepato-
cytes, not oval cells (Fig. 5J). In the CDE model AFP-
positive hepatocytes were found after 1 week and in
particular after 2 weeks. These cells often displayed irreg-

ular morphology and no apparent connection to the ex-
panding CK-positive oval cell reaction, indicating that
the AFP-postive hepatocytes are not of an intermediate
type. Similarly, Dlk/Pref-1 was absent in any group of
mice subjected to AAF/PHx, DDC, or APAP (data not
shown). However, in CDE-treated mice, small clusters
and rows of Dlk/Pref-1–positive cells were observed oc-
casionally (Fig. 5K), although the transcript was not de-
tected. This expression was confined to mice placed on
the CDE diet for 2 weeks only, and within this group only
to mice displaying an extensive oval cell response and AFP
expression. In conclusion, the CDE diet was the only
protocol capable of inducing an oval cell reaction in both
rat and mouse.

Expression of ABCG2 in Mouse and Rat Liver.
ABCG2, a member of the adenosine triphosphate–binding
cassette transporter G family, is expressed in a variety of tis-
sues.21,22 ABCG2 is probably the primary component that
defines the so-called “side population” (SP) phenotype of
stem cells, which is characterized by a high Hoechst 33342
efflux capacity.23 The SP phenotype was first described in the
hematopoietic system, but since then several stem cell com-
partments—including the hepatic stem cell compartment—
have been shown to display this immature phenotype.17,18

Fig. 4. Immunolocalization of (A) MPK/
(B) AFP, (D) MPK/(E) Dlk/Pref-1, (G) Dlk/
Pref-1/(H) AFP, and (J) Dlk/Pref-1/(K)
ABCG2 9 days after PHx in rats treated with
9 mg/kg/day AAF. Merged pictures are
shown in (C), (F), (I), and (L).
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To determine if the SP phenotype could be used as a molec-
ular marker for the oval cell compartment, we studied the
hepatic expression of ABCG2.

ABCG2 expression was not detected in normal adult
rat liver. However, when the stem cell compartment was
activated in rats via AAF/PHx or CDE treatment, the SP
phenotype was displayed by accumulating oval cells,
whereas all hepatocytes remained ABCG2-negative (Fig.
4K). Immunolocalization of Dlk/Pref-1 and ABCG2 de-
fined populations that were positive for both markers but
also positive for either Dlk/Pref-1 and ABCG2, further
illustrating the heterogeneity exhibited by the transit-am-
plifying ovel cells (Fig. 4J-L).

In contrast to the rat, murine hepatocytes and biliary
epithelial cells in normal adult liver displayed expression
of ABCG2 in membranes facing the canalicular and bile
duct lumen (data not shown). The SP phenotype was also
observed in mice subjected to the DDC or CDE proto-
cols, where the protein was localized not only on oval cells
but also on hepatocytes (Fig. 5L).

Discussion
The potentials that lie in hepatic stem/progenitor cell

therapy uphold great promise in future treatment of hu-

man liver diseases. However, to bridge the gaps in our
knowledge concerning the regulating processes and un-
derlying molecular mechanisms, we need to develop and
further study reliable and reproducible experimental ani-
mal models. In the past, the rat has been the species of
preference, but an increasing number of studies now use
the potentials that lie in mouse genetics (e.g., gene knock-
outs) to investigate mechanisms of specific components
involved in the regulation of the hepatic stem cell com-
partment.4,12,24,25 In this study, we attempted to charac-
terize and compare the oval cell reaction in several
commonly used protocols for stem cell–mediated liver
regeneration in two of the most widely used rodent
strains: the Fisher 344 rat and the C57BL/6J mouse. Our
study using the AAF/PHx, CDE, DDC, and APAP pro-
tocols of liver injury demonstrates that the reactions ob-
served in rat and mouse protocols differ in several aspects
and suggests that extrapolation of knowledge between
mammalian species must be reconsidered.

The AAF/PHx protocol in rats is a well-characterized
model to investigate stem cell–mediated liver regenera-
tion. The present study confirms that this protocol in rats
results in a reproducible activation of the hepatic stem cell
compartment with the accumulation of significant num-

Fig. 5. Immunolocalization of (A) MPK/
(B) AFP, (D) MPK/(E) Dlk/Pref-1, (G) Dlk/
Pref-1/(H) AFP in rat and (J) AFP, (K) Dlk/
Pref-1, and (L) ABCG2 in mouse 2 weeks
after initiation of the CDE diet. Merged pic-
tures are shown in (C), (F), and (I). PV,
portal vein. Black bar � 20 �m.
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bers of oval cells displayed in ductular structures. In ad-
dition, this study shows an impressive heterogeneity
exhibited by oval cells in rats and supports the suggested
existence of zonal hierarchy of the transit-amplifying oval
cell compartment.26 We found that Dlk/Pref-1 defines a
more restricted population of cells positive for MPK,
ABCG2, or AFP, supporting previous observations indi-
cating that Dlk/Pref-1 could be a marker of oval cells with
a preference for the hepatocytic lineage.15,20 It has been
reported that the AAF/PHx protocol in mice could acti-
vate the stem cell compartment with emerging MPK-
positive oval cells.27 In the present study, we investigated
various concentrations of AAF and time points after PHx
without consistent and convincing results, which to us
indicate that the AAF/PHx protocol is inadequate to in-
duce the desired activation of the hepatic stem cell com-
partment in mice. The observed differences between rats
and mice could be explained by variations in the metab-
olism of AAF. Indeed, studies have been conducted show-
ing differences in the effect of AAF in mice and rats in the
form of adduct formation and DNA synthesis.28,29

The DDC diet in mice (in contrast to rats) was found
to induce very consistent and massive oval cell accumula-
tion after 4 and 6 weeks as reported previously.4,12 The
displayed phenotype was CK-positive, MPK-positive,
and ABCG2-positive but AFP-negative and Dlk/Pref-1-
negative. However, AFP was expressed by a population of
mature hepatocytes in both the DDC and CDE protocol,
which is in accordance with recently published results.30

Although it has been claimed that murine oval cells iso-
lated from livers of DDC-treated mice express AFP, evi-
dence of AFP expression in the DDC protocol of mouse
liver injury has not been convincingly presented in the
literature.31 In our study, we did not observe AFP expres-
sion in oval cells, suggesting that isolated AFP-positive
cells from the DDC protocol may represent hepato-
cytes—or, alternatively, that the isolation procedure po-
tentially could influence the gene expression profile in
oval cells.

The only protocol that had the capacity to induce an
oval cell reaction in both species was the CDE diet. How-
ever, we were unable to reproduce the observation previ-
ously reported in the 1/2 CDE protocol in mice.11

Although the CDE protocol results in an oval cell reaction
in both species, these are presented with differences in
their phenotype. Thus, phenotypic variations seem to be
exhibited that cannot be explained by different protocols
and must be considered when choosing appropriate ex-
perimental protocols. However, the reasons for these dif-
ferences are unknown. It could reflect differences in the
microenvironment or, alternatively, inherent variations
in the endogenous hepatic stem cell compartment. One

could hypothesize that a specific microenvironment is es-
tablished and maintained in rats that mediates the fetal
phenotypic appearance of oval cells. If a similar microen-
vironment is not established or maintained in the mouse,
a similar recapitulation or phenotype will not be pre-
sented. It is evident that the hepatic stem cell compart-
ment is activated and that oval cells expand in DDC-
treated and CDE-treated mice—and further, that isolated
populations believed to harbor the oval cells have the ca-
pacity to rescue injured hepatic mass.4 Importantly, our
observations have established that the putative immature
SP phenotype is observed in both rats and mice when the
hepatic stem cell compartment is activated, but that the
hepatocytic compartment differs in the expression of
ABCG2, which was also reported recently in a compara-
tive study between humans and rats.18 Furthermore, we
show that a rare subpopulation of oval cells in CDE-
treated mice expresses Dlk/Pref-1, but that this expression
is confined to mice showing an extensive oval cell reac-
tion. Together, these results support the hypothesis that
an insufficient microenvironment is established and/or
maintained in the mouse for oval cells to exhibit a more
fetal-like phenotype. Observations in rats have established
that oval cells induced to proliferate at a low dose of AAF
in the AAF/PHx protocol display a rapid and synchro-
nous differentiation into hepatocytes, whereas treatment
with a high dose of AAF results in a delayed differentia-
tion.32 Therefore, we hypothesize that oval cells observed
in mouse protocols could comprise a less differentiated
population of activated hepatic stem cells and that the
microenvironment created in these protocols may mimic
the low-dose AAF/PHx protocol in rats, resulting in a fast
and (presently) undetectable hepatocytic transition of
murine oval cells. Hence, our results underline the impor-
tance of identifying novel markers that are specifically
expressed by murine oval cells.

Acknowledgment: We thank Bjørg Krog, Lisbeth
Rabing Christensen, and Kirsten Priisholm for excellent
technical assistance.

References
1. Michalopoulos GK, DeFrances MC. Liver regeneration. Science 1997;

276:60-66.
2. Tatematsu M, Ho RH, Kaku T, Ekem JK, Farber E. Studies on the pro-

liferation and fate of oval cells in the liver of rats treated with 2-acetylamin-
ofluorene and partial hepatectomy. Am J Pathol 1984;114:418-430.

3. Evarts RP, Nagy P, Marsden E, Thorgeirsson SS. In situ hybridization
studies on expression of albumin and alpha-fetoprotein during the early
stage of neoplastic transformation in rat liver. Cancer Res 1987;47:5469-
5475.

4. Wang X, Foster M, Al Dhalimy M, Lagasse E, Finegold M, Grompe M.
The origin and liver repopulating capacity of murine oval cells. Proc Natl
Acad Sci U S A 2003;100(Suppl 1):11881-11888.

HEPATOLOGY, Vol. 45, No. 6, 2007 JELNES ET AL. 1469



5. Paku S, Schnur J, Nagy P, Thorgeirsson SS. Origin and structural evolu-
tion of the early proliferating oval cells in rat liver. Am J Pathol 2001;158:
1313-1323.

6. Petersen BE, Zajac VF, Michalopoulos GK. Bile ductular damage induced
by methylene dianiline inhibits oval cell activation. Am J Pathol 1997;151:
905-909.

7. Roskams T, De Vos R, van Eyken P, Myazaki H, Van Damme B, Desmet
V. Hepatic OV-6 expression in human liver disease and rat experiments:
evidence for hepatic progenitor cells in man. J Hepatol 1998;29:455-463.

8. Theise ND, Saxena R, Portmann BC, Thung SN, Yee H, Chiriboga L, et
al. The canals of Hering and hepatic stem cells in humans. HEPATOLOGY

1999;30:1425-1433.
9. Santoni-Rugiu E, Jelnes P, Thorgeirsson SS, Bisgaard HC. Progenitor cells

in liver regeneration: molecular responses controlling their activation and
expansion. APMIS 2005;113:876-902.

10. Factor VM, Radaeva SA, Thorgeirsson SS. Origin and fate of oval cells in
dipin-induced hepatocarcinogenesis in the mouse. Am J Pathol 1994;145:
409-422.

11. Akhurst B, Croager EJ, Farley-Roche CA, Ong JK, Dumble ML, Knight
B, et al. A modified choline-deficient, ethionine-supplemented diet proto-
col effectively induces oval cells in mouse liver. HEPATOLOGY 2001;34:
519-522.

12. Preisegger KH, Factor VM, Fuchsbichler A, Stumptner C, Denk H, Thor-
geirsson SS. Atypical ductular proliferation and its inhibition by trans-
forming growth factor beta1 in the 3,5-diethoxycarbonyl-1,4-
dihydrocollidine mouse model for chronic alcoholic liver disease. Lab
Invest 1999;79:103-109.

13. Dabeva MD, Shafritz DA. Activation, proliferation, and differentiation of
progenitor cells into hepatocytes in the D-galactosamine model of liver
regeneration. Am J Pathol 1993;143:1606-1620.

14. Tee LB, Kirilak Y, Huang WH, Morgan RH, Yeoh GC. Differentiation of
oval cells into duct-like cells in preneoplastic liver of rats placed on a
choline-deficient diet supplemented with ethionine. Carcinogenesis 1994;
15:2747-2756.

15. Jensen CH, Jauho EI, Santoni-Rugiu E, Holmskov U, Teisner B, Tygstrup
N, et al. Transit-amplifying ductular (oval) cells and their hepatocytic
progeny are characterized by a novel and distinctive expression of delta-like
protein/preadipocyte factor 1/fetal antigen 1. Am J Pathol 2004;164:
1347-1359.

16. Kofman AV, Morgan G, Kirschenbaum A, Osbeck J, Hussain M, Swenson
S, et al. Dose- and time-dependent oval cell reaction in acetaminophen-
induced murine liver injury. HEPATOLOGY 2005;41:1252-1261.

17. Shimano K, Satake M, Okaya A, Kitanaka J, Kitanaka N, Takemura M, et
al. Hepatic oval cells have the side population phenotype defined by ex-
pression of ATP-binding cassette transporter ABCG2/BCRP1. Am J
Pathol 2003;163:3-9.

18. Vander Borght S, Libbrecht L, Katoonizadeh A, van Pelt J, Cassiman D,
Nevens F, et al. Breast cancer resistance protein (BCRP/ABCG2) is ex-
pressed by progenitor cells/reactive ductules and hepatocytes and its ex-

pression pattern is influenced by disease etiology and species type: possible
functional consequences. J Histochem Cytochem 2006;54:1051-1059.

19. Tanimizu N, Nishikawa M, Saito H, Tsujimura T, Miyajima A. Isolation
of hepatoblasts based on the expression of Dlk/Pref-1. J Cell Sci 2003;116:
1775-1786.

20. Tanimizu N, Tsujimura T, Takahide K, Kodama T, Nakamura K, Miya-
jima A. Expression of Dlk/Pref-1 defines a subpopulation in the oval cell
compartment of rat liver. Gene Expr Patterns 2004;5:209-218.

21. Fetsch PA, Abati A, Litman T, Morisaki K, Honjo Y, Mittal K, et al.
Localization of the ABCG2 mitoxantrone resistance-associated protein in
normal tissues. Cancer Lett 2006;235:84-92.

22. Maliepaard M, Scheffer GL, Faneyte IF, van Gastelen MA, Pijnenborg
AC, Schinkel AH, et al. Subcellular localization and distribution of the
breast cancer resistance protein transporter in normal human tissues. Can-
cer Res 2001;61:3458-3464.

23. Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ,
et al. The ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of
stem cells and is a molecular determinant of the side-population pheno-
type. Nat Med 2001;7:1028-1034.

24. Akhurst B, Matthews V, Husk K, Smyth MJ, Abraham LJ, Yeoh GC.
Differential lymphotoxin-beta and interferon gamma signaling during
mouse liver regeneration induced by chronic and acute injury. HEPATOL-
OGY 2005;41:327-335.

25. Knight B, Yeoh GC, Husk KL, Ly T, Abraham LJ, Yu C, et al. Impaired
preneoplastic changes and liver tumor formation in tumor necrosis factor
receptor type 1 knockout mice. J Exp Med 2000;192:1809-1818.

26. Koenig S, Probst I, Becker H, Krause P. Zonal hierarchy of differentiation
markers and nestin expression during oval cell mediated rat liver regener-
ation. Histochem Cell Biol 2006;126:723-734.

27. Arai M, Yokosuka O, Fukai K, Imazeki F, Chiba T, Sumi H, et al. Gene
expression profiles in liver regeneration with oval cell induction. Biochem
Biophys Res Commun 2004;317:370-376.

28. Ashby J, Lefevre PA, Shank T, Lewtas J, Gallagher JE. Relative sensitivity
of 32P-postlabelling of DNA and the autoradiographic UDS assay in the
liver of mice exposed to 2-acetylaminofluorene (2AAF). Mutat Res 1991;
252:259-268.

29. Gallagher JE, Shank T, Lewtas J, Lefevre PA, Ashby J. Relative sensitivity
of 32P-postlabelling of DNA and the autoradiographic UDS assay in the
liver of rats exposed to 2-acetylaminofluorene (2AAF). Mutat Res 1991;
252:247-257.

30. Nan L, Bardag-Gorce F, Wu Y, Li J, French BA, French SW. Mallory body
forming cells express the preneoplastic hepatocyte phenotype. Exp Mol
Pathol 2006;80:109-118.

31. Petersen BE, Grossbard B, Hatch H, Pi L, Deng J, Scott EW. Mouse
A6-positive hepatic oval cells also express several hematopoietic stem cell
markers. HEPATOLOGY 2003;37:632-640.

32. Paku S, Nagy P, Kopper L, Thorgeirsson SS. 2-acetylaminofluorene dose-
dependent differentiation of rat oval cells into hepatocytes: confocal and
electron microscopic studies. HEPATOLOGY 2004;39:1353-1361.

1470 JELNES ET AL. HEPATOLOGY, June 2007



Cell Cycle Effects Resulting from Inhibition of
Hepatocyte Growth Factor and Its Receptor c-Met in

Regenerating Rat Livers by RNA Interference
Shirish Paranjpe, William C. Bowen, Aaron W. Bell, Kari Nejak-Bowen, Jian-Hua Luo, and George K. Michalopoulos

Hepatocyte growth factor (HGF) and its receptor c-Met are involved in liver regeneration.
The role of HGF and c-Met in liver regeneration in rat following two-thirds partial hepa-
tectomy (PHx) was investigated using RNA interference to silence HGF and c-Met in sepa-
rate experiments. A mixture of 2 c-Met-specific short hairpin RNA (ShRNA) sequences,
ShM1 and ShM2, and 3 HGF-specific ShRNA, ShH1, ShH3, and ShH4, were complexed
with linear polyethylenimine. Rats were injected with the ShRNA/PEI complex 24 hours
before and at the time of PHx. A mismatch and a scrambled ShRNA served as negative
controls. ShRNA treatment resulted in suppression of c-Met and HGF mRNA and protein
compared with that in controls. The regenerative response was assessed by PCNA, mitotic
index, and BrdU labeling. Treatment with the ShHGF mixture resulted in moderate sup-
pression of hepatocyte proliferation. Immunohistochemical analysis revealed severe sup-
pression of incorporation of BrdU and complete absence of mitosis in rats treated with
ShMet 24 hours after PHx compared with that in controls. Gene array analyses indicated
abnormal expression patterns in many cell-cycle- and apoptosis-related genes. The active
form of caspase 3 was seen to increase in ShMet-treated rats. The TUNEL assay indicated a
slight increase in apoptosis in ShMet-treated rats compared with that in controls. Conclu-
sion: The data indicated that in vivo silencing of c-Met and HGF mRNA by RNA interfer-
ence in normal rats results in suppression of mRNA and protein, which had a measurable
effect on proliferation kinetics associated with liver regeneration. (HEPATOLOGY 2007;45:
1471-1477.)

Hepatocyte growth factor (HGF, also known as
scatter factor, SF) is a pleiotropic growth factor
initially identified as the hepatocyte mitogen

rising in the plasma of hepatectomized rats.1-4 The HGF/
c-Met pathway is among the earliest signaling pathways
activated after partial hepatectomy (PHx).5 HGF protein
levels in the plasma increase more than 20-fold within 1

hour,1 followed by a dramatic increase in HGF mRNA
3-6 hours after a two-thirds PHx.6 The rapid rise of HGF
and its binding to its receptor c-Met, occurring within 30
minutes after PHx, is a very early signal of hepatocyte
proliferation during liver regeneration. The importance
of c-Met and HGF in liver development was previously
demonstrated utilizing c-Met and HGF knockout mice.
Elimination of HGF/Met results in a lethal embryonic
phenotype.7-9 Studies by 2 laboratories found that c-met
was specifically eliminated in the liver.10,11 Both studies
demonstrated that hepatic-targeted elimination of c-Met
prevents regenerative response after two-thirds PHx. c-
Met was essential for completion of regeneration, and its
elimination blocked the process in the early stages of the S
phase in hepatocytes. However, mice in both studies had
developed significant histopathologic alterations in their
livers when the regenerative capacity was assessed, thus
complicating interpretation of the results.12

siRNA has been used to knock out genes in vitro 13 and
in vivo 14 by transfection of synthetic 21- to 23-nucleotide
SiRNA, plasmid-based expression of short hairpin RNA

Abbreviations: HGF, hepatocyte growth factor; PHx, partial hepatectomy;
ShRNA, short hairpin RNA; PEI, polyethylenimine.
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(ShRNA) by RNA polymerase III or RNA plymerase II
promoter,15 and viral vectors.16 In view of the in vivo
stability issues regarding synthetic RNA and the induc-
tion of the immune response and the associated toxicity of
viral vectors, we decided to use a ShRNA plasmid com-
plexed with a nonviral vector, polyethylenimine (PEI), to
deliver ShRNA in vivo. Among the nonviral vectors, PEI
has proved to be an efficient nonviral gene transfer vector
for hepatocytes in vivo and in culture.17 PEI functions as
a proton trap and protects the complexed DNA from
degradation, resulting in higher transfection efficiencies
in vivo and in vitro.18

We therefore decided to use RNA interference to si-
lence HGF and c-Met in vivo in normal animals (rats) and
to examine the impact of their elimination on liver regen-
eration in a setting not complicated by pathologic alter-
ations of the liver. We addressed the role of HGF and its
receptor c-Met in liver regeneration in rats by using
ShRNA targeting c-Met and HGF to directly inhibit
these genes in vivo. We present evidence that silencing
HGF and c-Met by RNA interference had a strong inter-
fering effect at the RNA and protein levels for both HGF
and Met. Interference with HGF had measurable but
moderate effects on the proliferation kinetics of hepato-
cytes. However, interference with Met abolished all mi-
tosis, decreased incorporation of BrdU, and increased
apoptosis 24 hours after PHx. Microarray analyses also
indicated that suppression of Met caused profound alter-
ations in expression of many cell-cycle- and apoptosis-
related genes.

Materials and Methods
See Materials and Methods on the HEPATOLOGY

website (http://interscience.wiley.com/jpages/0270-9139/
suppmat/index.html).

Results

Cellular Distribution of the Vector in the Liver.
The ShRNA vector employed encoded a red-shifted vari-
ant of the jellyfish GFP. We used the plasmid containing
ShRNA targeted against HGF (expressed by stellate cells)
to investigate the cellular distribution of the plasmid after
injection. Stellate cells and endothelial cells are difficult to
assess by immunohistochemistry on frozen or paraffin
sections. To better identify the cellular types involved in
plasmid uptake, we used mixed primary cultures of cells
from liver treated with ShRNA. Cells were isolated 4
hours after the second ShRNA injection and were cul-
tured for 12 hours. The cultures contained hepatocytes
and a sufficient number of contaminant stellate cells, en-
dothelial cells, and Kupffer cells. As shown in Fig. 1A,B,

most of the hepatocytes stained positive for GFP immu-
nofluorescence. Stellate cells also stained positive for
desmin (red) and GFP (green), generating focal yellow
coloration based on the proximity of the chromophores.
More than 90% of the hepatocytes and approximately
60% of the stellate cells stained positive for GFP. How-
ever, we could not detect a significant number of GFP-
positive endothelial cells (identified by CD31, data not
shown).

Suppression of HGF and c-Met mRNA by ShRNA.
We investigated the suppression of HGF and c-Met
mRNA by injection of their respective silencing con-
structs. Plasmids were injected via the superior mesenteric
vein 24 hours before and at the time of the PHx. Absolute
quantitative RT-PCR was used to quantify mRNA ex-
pression by constructing a standard curve using in vitro
synthesized cRNA standards (see Materials and Methods
section in the supplemental text). As seen in Fig. 2A, 24
hours after the first injection (equal to the time of PHx),
there was a 1.5-fold reduction in HGF mRNA in
ShHGF-treated rats compared with that in the normal
untreated control. By 48 hours after the first injection (24
hours after the second injection), there was 2.6-fold sup-
pression in HGF mRNA. By day 3, however, the expres-
sion of HGF mRNA was almost equal to that of the
untreated control. Treatment with mismatch and scram-
bled had no effect on HGF mRNA.

Treatment with ShMet also suppressed c-Met mRNA
(Fig. 2B). Twenty-four hours after the first injection,
there was a 1.6-fold reduction in c-Met mRNA compared
with that in the untreated normal control. By 48 hours
after the first injection (and 24 hours after PHx), there
was 6.2-fold reduction in c-Met mRNA. By 72 hours
after the first injection, a 3-fold reduction in c-Met
mRNA was evident. Injection with scrambled or mis-
match ShRNA did not affect c-Met mRNA expression.

Fig. 1. Cellular localization of ShRNA in rat liver tissue by fluorescence
detection of GFP and desmin. (A) Hepatocytes expressing GPF are green
(arrow); stellate cells expressing desmin appear red. (B) Higher magni-
fication of a stellate cell expressing GFP plasmid. Colocalization of GFP
and desmin in some regions of the stellate cell cytoplasm resulted in
yellow coloration (indicated by arrow).
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Changes in HGF and Met Proteins. Results shown
in Fig. 3A demonstrate a marked decrease in HGF protein
24 and 48 hours after the last injection of the ShHGF
RNA. There was a moderate decrease in the overall ex-
pression of Met protein (data not shown), probably re-
flecting that endothelial cells, known to heavily express
Met, did not appreciably take up the ShRNA plasmid.
However, relevant changes were noted when we assayed
expression of tyrosine-phosphorylated Met during the
first 24 hours after PHx. Because activation of Met by
tyrosine phosphorylation in the first 24 hours after PHx
occurred predominantly in the proliferating cells (hepa-
tocytes, which did take up the ShRNA plasmid), changes
in Tyr-phosphorylated Met in the first 24 hours after PHx
would tend to reflect the ShRNA in hepatocytes. The

results are shown in Fig. 3B. There was a dramatic de-
crease in Tyr-phosphorylated Met both at the time of
PHx (time 0, 24 hours after the first ShMet injection) and
up to 6 hours after PHx. This is significant because Tyr
phosphorylation of Met occurs predominantly in the first
30-60 minutes after PHx.11 There was a gradual increase
in Tyr-phosphorylated Met after 6 hours, with a rebound
increase after 24 hours (correlating with the greatly in-
creased hepatocyte proliferation seen in the ShMet-
treated animals 48 hours after PHx, discussed later).

Effect of ShHGF on Proliferation Kinetics after
PHx. The effects of ShHGF treatment on the prolifera-
tive indices of hepatocytes are shown in Fig. 4A-C. A
decrease in HGF had a moderate but measurable impact
on the proliferative indices, including the indices of
PCNA and BrdU labeling and the hepatocyte mitotic
index. The decrease in the proliferative indices ranged
from 10% to 30%.

Effect of ShMet on Proliferation Kinetics after
PHx. The effects of ShMet treatment on the proliferative
indices of hepatocytes are shown in Fig. 5A-C. There was
a moderate decrease in the PCNA labeling index of hepa-
tocytes for all days. The effect on the BrdU nuclear label-
ing index was more dramatic 24 hours after PHx
(ShRNA: 4%; scrambled RNA: 80%). The BrdU labeling
index of ShRNA-treated animals after 48 hours returned
to that of the animals treated with scrambled RNA. There
was complete suppression of mitosis in hepatocytes 24

Fig. 3. (A) Decrease in HGF protein induced by injection of ShFGF
RNA. HGF protein was assayed in Western blots of whole-liver homoge-
nate.29 (B) Levels of tyrosine-phosphorylated Met protein during first 24
hours after PHx. Western blots were run using proteins from whole-cell
lysates immunoprecipitated with Met antibody (SP260). Blots were
probed with antiphosphotyrosine antibody to detect tyrosine-phosphory-
lated Met. Significant suppression of tyrosine-phosphorylated Met was
seen 24 hours after the first injection (time of PHx, P � 0.005) and 1
hour after PHx was observed.

Fig. 2. Real-time PCR analysis of HGF and c-Met expression in
regenerating rat livers injected with a mixture of ShHGF and ShMet vector
(n � 3). HGF and c-Met mRNA levels in ShRNA-treated rats and controls
were determined by absolute quantitation. (A) Significant suppression of
HGF mRNA was evident (P � 0.005) 24 hours after PHx compared with
that in mismatch and scrambled injected controls. Levels returned to
normal level 48 hours after PHx. (B) ShMet treatment resulted in
significant suppression of c-Met mRNA (P � 0.005) 24 hours after PHx
that was maintained for 72 hours after PHx. Injection of scrambled and
mismatch RNA had no effect on c-Met mRNA expression.
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hours after PHx following ShMet treatment (ShMet, 0
cells; scrambled RNA, 92 mitoses per 10 200� optic
fields). However, the mitotic rate of the ShMet-treated
animals 48 and 72 hours after PHx surpassed the rate of
the scrambled RNA–treated animals (mitoses per 10
200� optic fields after 48 hours: scrambled RNA, 78;
ShMet RNA, 166; after 72 hours: scrambled RNA, 75;
ShMet RNA, 160).

Active Form of Caspase 3 Was Increased After
ShMet Treatment. As mentioned in the Supplement,
many apoptosis-related genes were up-regulated in ani-
mals treated with ShMet. (Supplemental Table 1). We
therefore investigated changes in the active form of
caspase 3 by Western blot analyses. As seen in Fig. 6A, the
active form of caspase 3 (p11 subunit) was increased in
ShMet-treated rats compared with that in normal and
scrambled-RNA-treated rats. Twenty-four hours after the
first injection, the active form showed 1.6-fold up-regu-

lation compared with that in normal PHx-treated rats.
Caspase expression remained higher until 12 hours after
PHx.

TUNEL Assay. In view of the increase in the active
form of caspase 3, we carried out a TUNEL assay for
detection of apoptotic cells in liver tissue by in situ label-
ing of genomic DNA using terminal deoxynucleotidyl
transferase (TdT) as described in the Material and Meth-
ods section of the Supplement. As seen in Fig. 6B, in livers
from the ShMet-treated group there was slight increase
(2.5-fold on average) in TUNEL-positive cells 24 hours
after PHx, whereas the livers from the scrambled-treated
and normal rats showed few apoptotic nuclei, as seen in
Fig. 6C. However, at all times the percentage of apoptotic
TUNEL-positive hepatocytes was low and did not exceed
0.5% of the total hepatocyte population. The caspase 3
and apoptosis data also indicate that injection of ShMet

Fig. 4. (A) PCNA labeling and (B) BrdU labeling of nuclei of hepato-
cytes in ShHGF and scrambled ShRNA-treated rats. ShHGF treatment
resulted in significant suppression of incorporation of BrdU 48 hours after
PHx (P � 0.005) compared with that in controls. (C) Progression of
hepatocytes through mitosis was estimated by using mitotic index (num-
ber of labeled cells per 5 200� optic fields). Modest suppression of the
mitotic index was observed in ShHGF-treated rats compared with that in
scrambled ShRNA-treated control group.

Fig. 5. (A) PCNA labeling of hepatocytes in ShMet and scrambled treated
rats. A moderate decrease in the PCNA labeling index of hepatocytes was
evident until 120 hours after PHx compared with that in scrambled treated
animals. (B) BrdU labeling of hepatocyte nuclei. ShMet treatment resulted in
significant suppression of the incorporation of BrdU (P � 0.005) compared
with that in controls 24 hours after PHx. By day 2, levels in ShMet were
comparable to those in scrambled ShRNA control. (C) Progression of hepa-
tocytes through mitosis was estimated by using mitotic index. No mitosis was
seen in ShMet-treated rats 1 day after PHx. However, 48 and 72 hours after
PHx, the mitotic rate in ShMet-treated rats surpassed that observed in
scrambled ShRNA treated rats.
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was directly responsible for the induction of caspase 3 and
that it was not a result of some side effect of PEI or the
vector used, as up-regulation of the active caspase form
and an increase in the number of TUNEL-positive cells
were not observed in the scrambled RNA–treated rats.

Microarray Data Analysis. Analysis of global gene
expression in rats treated with ShMet on the first day after
PHx by microarray (Supplemental Table 1) indicated
dysregulation of many genes involved in the cell cycle and
in growth arrest, including p21 and p53, whereas IGFBP1
and CE/BP-beta were down-regulated. Given the dra-
matic suppression of BrdU incorporation and the absence
of mitosis 24 hours after PHx in the ShMet-treated ani-
mals, it is significant that expression of cyclin E1 (associ-
ated with progression from the G1 to the S phase19) was
suppressed and that expression of cyclin B (associated
with completion of mitosis20) was dramatically increased.
Also of interest was that expression of the TGF-beta re-
ceptor II was 27 times higher in the livers receiving ShMet
RNA

Absence of Off-Target Effects and of Interferon
Response After ShRNA Treatment. A major concern of
using ShRNA is the possibility of unexpected silencing of
unrelated genes and induction of interferon response.21,22

We used U95 Affymetrix oligo arrays to analyze and com-
pare the pattern of global gene expression 24 hours after
PHx in ShRNA-treated rats with that of untreated, sham,

and ShRNA- and scrambled RNA–treated rats. There was
no detectable difference in the global gene expression pat-
tern between hepatectomized livers and those treated with
ShRNA. There were also no detectable alterations in ex-
pression of interferon-regulated genes (for details, see
Supplemental Figs. 1 and 2).

Discussion
Liver regeneration after PHx is an extremely complex

process requiring interaction and cooperation of many
growth factors and cytokines and crosstalk between mul-
tiple pathways. Of the various agents implicated in liver
regeneration, HGF and ligands of the EGF receptor are
the only ones that stimulate DNA synthesis in hepatocyte
cultures maintained in chemically defined media.23 They
are also the only ones that stimulate DNA synthesis in the
livers of normal mice and rats.24-28 As already noted, ho-
mozygous deletion of HGF or its receptor c-Met results in
embryonic lethality.7,9 Thus, it has not been possible to
study liver regeneration in such genetically modified
mice. There have been 2 recent studies in which c-Met
deletion was targeted only to the liver.10,11 This condition
resulted in significant histopathology. Because of this,
70% hepatectomies in these mice were associated with
high mortality, whereas 30% hepatectomies were toler-
ated. Both studies concluded that c-Met provides essen-
tial signaling for liver regeneration, not compensated by
EGFR or receptors of other signaling cytokines. How-
ever, interpretation of these studies was complicated by
the long-term deletion of hepatocyte Met causing signif-
icant hepatic histopathology, including fatty liver and fi-
brosis. Thus, it was not possible to determine if the effects
on liver regeneration were a result of deletion of Met per
se or were associated in a secondary manner with the
histopathology associated with Met deletion.

The purpose of the present study was to analyze the
role of the HGF/Met signaling pathway in liver regener-
ation by partially or completely eliminating either HGF
or c-Met acutely in normal rats without inducing any of
the histopathologic alterations associated with long-term
Met deletion. The histology of the ShMet- and ShHGF-
treated rats was entirely comparable to the control (scram-
bled RNA treated, mismatch RNA treated, or not RNA
treated). Thus, the results obtained should be ascribed
only to the interference of expression of the specific gene.

Suppression of HGF. In a previous study we showed
that HGF mRNA starts to increase 3 hours after PHx.6

HGF protein (precursor and active heterodimers) de-
creases in the first 3 hours after PHx, as it is consumed
from preexisting stores in the hepatic extracellular ma-
trix.29 However, both the precursor and the active forms
of HGF dramatically increase in whole-liver homogenates

Fig. 6. (A) Change in active caspase-3 protein during the first 24
hours after PHx. A Western blot was run using whole-cell lysates. Blots
were probed with anti-caspase-3 antibody (H-277) to detect active
caspase-3. Band density was standardized to total protein from Ponceau
stain of the Western blot. Each data point represents a pool of 3 rats per
time point. Up-regulation of the p11 subunit of the active form of
caspase 3 was observed in ShMet-treated rats compared with that in
untreated and scrambled-RNA-treated rats. (B,C) TUNEL assay analysis
in histologic sections 24 hours after PHx. An increase was observed in
ShMet RNA treated rats (B) compared with that in control rats treated
with scrambled ShRNA (C). However, the percentage of apoptotic hepa-
tocytes never exceeded 0.5% of the total in any of the animals.
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after expression of new HGF mRNA beginning 3 hours
after PHx and reaching a peak 24-48 hours after PHx.29

In this study ShHGF treatment suppressed both protein
and HGF mRNA. Yet the effects of this “knockdown” on
hepatocyte DNA synthesis were measurable but modest.
Our results suggest that the effects of HGF on hepato-
cytes are determined by the preexisting HGF protein
stores consumed in the first 3 hours after PHx and that the
further increase in HGF protein after 3 hours affects pri-
marily nonhepatocyte populations, such as stellate cells,
endothelial cells, and biliary epithelium. A more pro-
longed HGF suppression regimen14 would be required to
properly assess the effect of newly synthesized HGF on
nonhepatic cell populations.

Suppression of c-Met. The effects of suppression of
c-Met need to be examined from 2 perspectives: (1) ty-
rosine phosphorylation of Met occurs within 30-60 min-
utes of PHx5; and (2) there is a great overlap in signal
transduction pathways between HGF and EGF receptors,
except when associated with Met and Fas.30

The results of the present study show that despite the
great similarity in signaling pathways of Met and EGFR,
Met makes unique signaling contributions that are not
compensated for by EGFR or other cytokines related to
liver regeneration (e.g., TNF-alpha,31 norepinephrine32).
HGF/Met signaling contributions, even though initiated
30-60 minutes after PHx, probably affect downstream
signaling cascades, manifesting themselves when hepato-
cytes are about to enter from the G1 into the S phase (6-12
hours after PHx in the rat). These signals affect both
growth-related genes (e.g., cyclins E1 and B, genes p53
and p21) as well as apoptosis-related genes (caspase 3,
BclX, etc.). It is possible that the changes seen in apopto-
sis-related genes are a result of the increased availability of
Fas because of decreased association with c-Met following
ShMet treatment.30 The overall effects of ShMet RNA
observed 24 hours after PHx likely are a result of de-
creased tyrosine phospho-Met, shown in Fig. 3B. The
decrease in Tyr-phospho-Met seen at time 0 (24 hours
after the first ShRNA injection, at the time of PHx) and 1
hour after PHx are the ones likely to affect cell-cycle
events seen after 24 hours (little BrdU and no mitosis).
Tyr-phospho-Met, however, increased more than in the
control and far surpass it after 24 hours. This correlates
with the increased hepatocyte mitosis in the ShMet above
that in the scrambled RNA–treated animals 48 hours after
PHx. These results, incidentally, delineate a 24-hour sig-
naling interval between Met activation and hepatocyte
mitosis. There is an apparent discrepancy between expres-
sion of Tyr-phospho-Met (minimum suppression at
�40% at time 0 and �60% 1 hour after PHx) and the
degree of suppression of hepatocyte-related events 24

hours after PHx (no mitosis and very little incorporation
of BrdU). This probably reflects the Tyr-phospho-Met in
endothelial cells, which do not take up the ShRNA plas-
mid (data not shown). The data on in vivo stability for the
persistence of the plasmid also indicate that the plasmid is
lost by the first day after PHx (Supplemental Fig. 1). The
loss of plasmid DNA could have occurred for a number of
reasons including degradation by nucleases, inactivation
of the promoter by methylation, and diluting out because
of cellular replication. The dramatic loss of the plasmid
probably resulted in the transient silencing observed.

Also of interest is that ShMet had no effect on the
PCNA nuclear labeling index of the hepatocytes. PCNA
nuclear labeling occurs in all cells entering into the G1

phase from the G0 phase. Signaling pathways in addition
to the HGF/Met signaling pathway make significant con-
tributions, leading hepatocytes to enter into the cell cycle.
These include TNF-alpha,31,33 norepinephrine,32,34 and
ligands of the EGFR (EGF,35 TGF-alpha,36 HB-EGF,37

Amphiregulin38). Our studies suggest that other contrib-
uting signals are sufficient to stimulate hepatocytes to en-
ter into G1. EGFR is always phosphorylated in tyrosine
residues in the rat liver, and its phosphorylation also dra-
matically increases 60 minutes after PHx.5 However,
HGF/Met signaling contributions are essential for hepa-
tocytes to proceed through the G1 phase and enter into
the S phase and DNA synthesis.
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Glucocorticoid Signaling Synchronizes the Liver
Circadian Transcriptome

Akhilesh B. Reddy,1 Elizabeth S. Maywood,1 Natasha A. Karp,2 Verdun M. King,3 Yusuke Inoue,4 Frank J. Gonzalez,4

Kathryn S. Lilley,2 Charalambos P. Kyriacou,5 and Michael H. Hastings1

Circadian control of physiology is mediated by local, tissue-based clocks, synchronized to
each other and to solar time by signals from the suprachiasmatic nuclei (SCN), the master
oscillator in the hypothalamus. These local clocks coordinate the transcription of key path-
ways to establish tissue-specific daily metabolic programs. How local transcriptomes are
synchronized across the organism and their relative contribution to circadian output remain
unclear. In the present study we showed that glucocorticoids alone are able to synchronize
expression of about 60% of the circadian transcriptome. We propose that synchronization
occurs directly by the action of glucocorticoids on a diverse range of downstream targets and
indirectly by regulating the core clock genes mPer1, Bmal1, mCry1, and Dbp. We have
identified the pivotal liver transcription factor, HNF4�, as a mediator of circadian and
glucocorticoid-regulated transcription, showing that it is a key conduit for downstream
targeting. Conclusion: We have demonstrated that by orchestrating transcriptional cascades,
glucocorticoids are able to direct synchronization of a diverse range of functionally impor-
tant circadian genes. (HEPATOLOGY 2007;45:1478-1488.)

There is growing recognition of the critical contri-
bution of circadian timing to health and dis-
ease.1,2 Circadian control over physiology is

underpinned by the localized but orchestrated activity of
tissue-based clocks. These clocks drive local metabolic
programs to ensure the appropriately phased temporal
functioning of the organ.3 Studies with tissue explants
and fibroblast cultures have shown that peripheral cellular
oscillators rapidly lose synchrony in the absence of en-
training cues.4,5 The principal neural oscillator contained
in the suprachiasmatic nuclei (SCN) of the hypothalamus
is necessary for this circadian coordination in vivo,4,6 but

the avenues by which the SCN maintains global circadian
synchrony have not been uncharacterized.

At their core, the molecular clocks of the SCN and
peripheral tissues consist of an autoregulatory feedback
loop involving transcriptional and posttranslational pro-
cesses. Genes necessary for the core feedback loop include
those from the Period (Per) and cryptochrome (Cry) fam-
ilies, expression of which is driven by heterodimeric com-
plexes of basic helix–loop–helix transcription factors
encoded by Clock and Bmal1 that interact with E-box
elements in the regulatory regions of Per and Cry.7,8 The
periodic expression of Per, Cry, and Bmal1 maintained by
the core loop is further able to impose circadian regulation
on other “clock-controlled” genes that carry regulatory
sequences sensitive to these circadian factors. Indeed, re-
cent studies have identified extensive and divergent “cir-
cadian transcriptomes” of major organ systems such as the
liver, kidney, and heart9-15 that are a product of this cy-
clical transcriptional output. Furthermore, recent work
has highlighted that key rate-limiting metabolic enzymes
are under clock control at the protein level, extending
these findings to a “circadian proteome.”3 The starting
point for synchronization of metabolic programs there-
fore lies in temporally orchestrated programs of gene ex-
pression. A variety of biochemical factors including
glucocorticoids have been shown to have the potential to
alter transcription of core clock genes and a limited num-
ber of clock-controlled factors when tested in vitro. How-

Abbreviations: CT, circadian time; DEX, dexamethasone; GR, glucocorticoid
receptor; IVT in vitro transcription; SCN, suprachiasmatic nuclei.
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ever, the role played by any one factor has not been
established in vivo. In the present study we specifically
examined the effects of glucocorticoids in synchronizing
circadian gene expression in the mouse liver in vivo.

Glucocorticoids are potent transcriptional regulators
of the major organ systems. They are secreted by the ad-
renal glands in a pronounced circadian profile and there-
fore well placed to mediate internal synchronization. A
single exposure of fibroblast cultures to a glucocorticoid
agonist resets rhythmic but asynchronous cells to a com-
mon circadian phase,5 whereas acute activation of glu-
cocorticoid signaling in vivo induces the expression of the
core circadian gene mPer1 in the liver. This induction is
direct as it is dependent on local expression of the glu-
cocorticoid receptor (GR).16 However, it is transient be-
cause in the intact animal other SCN-dependent
synchronizing cues rapidly restore circadian gene expres-
sion to its characteristic pattern. This interplay between
cues means that the in vivo synchronizing action of glu-
cocorticoids (or any other single factor) can only be char-
acterized if all other rhythmic cues are absent.

We therefore examined the effects of activation of glu-
cocorticoid receptors on the expression of the circadian
transcriptome in mice subjected to surgical ablation of the
SCN, the master clock in mammals. This was designed to
remove all other potentially confounding circadian cues,
such as feeding and body temperature rhythms, in order
to examine, for the first time, the circadian actions of
glucocorticoid signaling in isolation.16-19 This surgical ap-
proach has major advantages over the use of mutant mice
because even though the central timekeeping machinery
is disrupted following ablation, peripheral tissues still
have fully competent circadian and noncircadian geno-
types not subject to the potential developmental distur-
bance associated with clock mutations.11,20,21 Therefore,
screening for dexamethasone (DEX)-regulated genes on
this arrhythmic background would reveal those compo-
nents of the circadian transcriptome for which a single
glucocorticoid stimulus was sufficient to trigger synchro-
nized expression in the absence of other temporal cues.
Our approach thus complements studies that have used
glucocorticoid receptor-null and adrenalectomized mice
to identify transcripts for which glucocorticoid-mediated
signaling is necessary for synchronized expression in the
liver in the presence of other rhythmic cues.19,22

Materials and Methods

Animals and Procedures. All animal experimenta-
tion was licensed by the Home Office under the Animals
(Scientific Procedures) Act, 1987. Adult male CD1 mice
(Harlan-Olac) were housed and subject to SCN ablation

or sham surgery as previously described.11 Dexametha-
sone 21-phosphate (D-1159; Sigma), 300 �g/ml dis-
solved in phosphate-buffered saline (PBS), was delivered
intraperitoneally (2 mg/kg) at predicted CT6 under dim
red light.16 PBS vehicle was used as the control with
0.15% ethanol. Liver and kidney tissue was harvested on
the second cycle after transfer from 12 hours light (L):12
hours dim red light (DR) to DR:DR and immediately
frozen prior to RNA extraction.

Real-Time Polymerase Chain Reaction. RNA from
tissue was extracted using TRIzol reagent (Invitrogen)
and purified using RNAeasy Mini Kits (Qiagen) and
DNAse I treatment to remove subgenomic DNA con-
tamination. Total RNA (25-100 ng) was used in 25 �L of
RT-PCR reaction according to the manufacturer’s proto-
col (TaqMan EZ RT-PCR Kit, Applera) with appropriate
primers and probes. For control reactions, mouse �-actin
mRNA was amplified from the same RNA samples. Real-
time polymerase chain reaction (PCR) was performed on
ABI 7700 Sequence Detection System (Applera) and iCy-
cler (Bio-Rad) systems. PCR conditions were optimized
for probe and primer concentrations, and standard ther-
mal cycling parameters were used. The relative level of
each mRNA was calculated by the 2���Ct method (Ct

stands for the cycle number at which the signal reaches the
threshold of detection) and normalized to the corre-
sponding �-actin mRNA level. Each Ct value used for
these calculations was the mean of at least 3 duplicates of
the same reaction. Relative mRNA was determined as the
percentage of the maximum value obtained for each ex-
periment. Oligonucleotide primers and TaqMan probe sets
were designed using ABI Primer Express software (Applera)
and synthesized by standard methods. All probes were 5�-
labeled with FAM fluorophore and 3�-labeled with the
quencher TAMRA. Where possible, probe sequences were
designed to cross exon boundaries in the corresponding
cDNA sequences, eliminating the possibility of contami-
nating genomic DNA amplification. Table 2 shows the
TaqMan primer and probe sequences used.

Affymetrix GeneChip Studies. Modified Affymetrix
protocols were used. Briefly, RNA from tissue was extract
using TRIzol reagent (Invitrogen) and purified using
RNAeasy Mini Kits (Qiagen) and DNAse I treatment to

Table 1. Summary of Temporally Restricted Circadian Gene
Regulation by Dexamethasone (DEX)

Gene Response

Time after Injection of DEX

N
5 Hours
(CT11)

17 Hours
(CT23)

29 Hours
(CT35)

Activation, n (%) 44 (52) 7 (8) 33 (39) 84
Suppression, n (%) 28 (22) 78 (63) 17 (13) 123
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remove subgenomic DNA contamination. RNA integrity
and purity were further analyzed with an Agilent 2100
Bioanalyzer. Double-stranded complementary DNA
(cDNA) was synthesized using a SuperScript Kit (Invitro-
gen). The first strand was synthesized using SuperScript II
reverse transcriptase, primed with a T7-(dT)24 primer.

Second-strand synthesis was carried out by DNA poly-
merase I, using the first strand as a template. Double-
stranded cDNA was then purified by phenol-chloroform
extraction, ethanol precipitation, and pellet resuspension.
Purified cDNA was then used as a template for in vitro
transcription (IVT) using a BioArray RNA Transcript
labeling kit (ENZO). The labeled cRNA was purified
using RNAeasy Kits (Qiagen) before hybridization to Af-
fymetrix Mu74Av2 GeneChips (i.e., approximately
12,500 transcripts sampled). An Affymetrix Hybridisa-
tion Oven 6400 was used to perform hybridizations over-
night and then a GeneChip Fluidics Station 400
(Affymetrix) was used to automate posthybridization
washing and staining procedures. Array cartridges were
subsequently analyzed using an Agilent GeneArray Scan-
ner and the Affymetrix analysis software suite. Raw data
(average difference values) from the GeneChip were im-
ported into GeneSpring software (Silicon Genetics) for
subsequent processing and analysis. Statistical analyses
were performed using Microsoft Excel and SPSS as ap-
propriate. The microarray data were deposited in the
GEO Database under accession numbers GSM8589-
GSM8615.

Regulatory Sequence Analysis. The mouse genomic
sequence was extracted from the UCSC Genome Bioin-
formatics server (http://genome.ucsc.edu/). Examined
were 5 kbp of 5�-flanking sequence and all intronic se-
quence using MotifScanner v3.0, applying appropriate
Transfac position weight matrices for binding sites of the
glucocorticoid receptor, HNF4� and custom-made ma-
trices for canonical E-box (5�-CACGTG-3�), E�-box (5�-
CACGTT-3�), D-box (TTA[T/C]GTAA) and RORE
([A/T]A[A/T]NT[A/G]GGTCA) sequences. A control
group of genes (genes assayed by the GeneChip there were
not found to be cyclical or induced by dexamethasone)
was simultaneously scanned for motifs so that the fre-
quency in this set could be compared with that in the
experimental gene sets.

Luciferase Reporter Gene Assays. Plasmids were
constructed as follows. The pGL3-promoter vector (Pro-
mega) was digested with KpnI and BglII and then gel-
purified with a QiaQuick gel extraction kit (Qiagen).
Oligonucleotides designed with KpnI- and BglII-compat-
ible overhangs were manufactured by standard proce-
dures and engineered with 5� phosphorylated ends for
easier cloning. These oligonucleotides are listed in Table 3
and encompass the relevant HNF4� regulatory element
and its native surrounding sequence in the promoter
(wild-type). In addition, mutant elements were con-
structed in which the regulatory element (but not the
surrounding native sequence) was altered by substituting
purines for pyramidines and vice versa. Double-stranded

Table 2. TaqMan Primer and Probe Sequences Used

Sequence definition �-Actin
Probe sequence TGCCACAGGATTCCATACCCAAGAAGG
Sense primer AGGTCATCACTATTGGCAACGA
Antisense primer CACTTCATGATGGAATTGAATGTAGTT
Sequence definition Bmal1
Probe sequence TGACCCTCATGGAAGGTTAGAATATGCAGAA
Sense primer CCAAGAAAGTATGGACACAGACAAA
Antisense primer GCATTCTTGATCCTTCCTTGGT
Sequence definition Bnip3
Probe sequence AGCAGCGTTCCAGCCTCCGTCTCTATT
Sense primer GTAGAACTGCACTTCAGCAATGG
Antisense primer GGGCTGTCACAGTGAGAACTC
Sequence definition Chd1l
Probe sequence ATCCAACGGTTACCAGTCCTTCTGCCTGT
Sense primer ACTGGATGATGGCCTGGTGG
Antisense primer TCCTCAAGCTCGCTGTCCTC
Sequence definition Dbp
Probe sequence TGAACCTGATCCGGCTGATCTTGCC
Sense primer CCGTGGAGGTGCTAATGACCT
Antisense primer CCTCTGAGAAGCGGTGCCT
Sequence definition Ddit3
Probe sequence AGAGGTCACACGCACATCCCAAAGC
Sense primer CGTCCCTAGCTTGGCTGACA
Antisense primer GGCCATAGAACTCTGACTGGAATC
Sequence definition Fgf18
Probe sequence TGCCAGTTCTTCAGTGCTGAGCCTACCA
Sense primer TGATAAAGTGGAGTGAAGAGAGCC
Antisense primer GGCTGCGAAGGTTGTGATCT
Sequence definition HNF4�
Probe sequence CATGTGGTTCTTCCTCACGCTCCTCCTGAA
Sense primer GGCAAACACTACGGAGCCTC
Antisense primer CACACATTGTCGGCTAAACCTG
Sequence definition Jam3
Probe sequence CTGTGCGTACAGACGAGGCTGCTTCATC
Sense primer GTTCTTGCTGTGATTACGATGGG
Antisense primer TGTCTGAAGTCACCCTCCTCA
Sequence definition mCry1
Probe sequence CGCATTTCACATACACTGTATGACCTGGACA
Sense primer CTGGCGTGGAAGTCATCGT
Antisense primer CTGTCCGCCATTGAGTTCTATG
Sequence definition mPer1
Probe sequence ATTCCTGGTTAGCCTGAACCTGCTTGACA
Sense primer ACCTTGGCCACACTGCAGTA
Antisense primer CTCCAGACTCCACTGCTGGTAA
Sequence definition mPer2
Probe sequence ACTGCTCACTACTGCAGCCGCTCGT
Sense primer GCCTTCAGACTCATGATGACAGA
Antisense primer TTTGTGTGCGTCAGCTTTGG
Sequence definition Otc
Probe sequence TCTCTGCCTCTGGGAACACTAATGACCGTG
Sense primer AAGCCAGAAGAAGTGGATGATGAA
Antisense primer GATACCATGACAGCCATGATTGTC
Sequence definition Sgk
Probe sequence ACATCTACCTTCTGTGGCACGCCTGAGTAT
Sense primer GCTCTGCAAAGAGAATATTGAGCA
Antisense primer CCAAGACACCACCAGTCCAC
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annealed oligonucleotides (formed by annealing the for-
ward and reverse oligonucleotides) were then cloned into
the digested reporter vector by ligation. A SV40-driven
rat HNF4� expression vector was kindly provided by Dr.
F. Gonzalez (pSG5-rHNF4a). Table 3 shows the oligo-
nucleotides used to construct the plasmids (all 5�-3�).

NIH3T3 cells were grown in a humidified incubator
(at 37°C in 5% CO2) in Dulbecco’s Modified Eagle Me-
dium supplemented with 10% fetal calf serum (Invitro-
gen). Cells (3 � 105) were seeded into 35-mm wells and
grown to 60% confluence before they were transfected
with plasmid DNA using GeneJuice reagent (Novagen).
Cell lysates were harvested 24 hours after transfection.
The cells were transfected with 20 ng of the luciferase
reporter vector and 500 ng of the HNF4� expression
construct; if the latter was not used, an empty pcDNA3.1
vector (Invitrogen) was used instead. In addition, 25 ng of
pCMV� plasmid (Clontech) for expressing the �-galac-
tosidase gene was transfected to measure (and correct for)
differences in transfection efficiency. The total amount of
DNA transfected was adjusted to 1 �g with pcDNA3.1.
Cell lysates were harvested 24 hours after transfection

using Glo Lysis Buffer (Promega). Protein assays (Brad-
ford method) were then performed using protein assay
reagent (Bio-Rad) and concentrations of total protein ad-
justed so that all samples were at the same concentration.
Luciferase assays were performed on lysates using the
Bright-Glo system (Promega), and fluorescence assays for
�-galactosidase activity were performed with a FluoRe-
porter lacZ/Galactosidase quantification kit (Molecular
Probes). Luciferase activity was expressed relative to �-ga-
lactosidase levels. Three replicates of each assay were per-
formed on samples from 3 independent experiments.

Results and Discussion

Definition of the Circadian Transcriptase and Its
Dependence on the SCN. As a prerequisite to mapping
the global actions of glucocorticoids on circadian gene
expression, we first sought to rigorously define the liver
circadian transcriptome and confirm our previous find-
ings that synchronized circadian transcription in the liver
is dependent on the SCN.11 Based on our synopsis of the
results of other studies using the Affymetrix Genechip™

to define circadian genes in the liver, we focused initially
on an amalgamated gene set.13-15 Unexpectedly, only 68
of the aggregate total of 981 transcripts (7%) previously
reported as circadian were common to all 3 initial studies.
This presumably reflects differences in the criteria used to
define circadian rhythmicity in each independent study,
as well as the use of mouse strains with differing genetic
backgrounds. Our preliminary list of circadian genes thus
consisted of the initial 981 transcripts reported to be
rhythmically expressed in at least 1 of these previous stud-
ies.

To directly confirm circadian rhythmicity of these
transcripts and to demonstrate the effect of the SCN le-
sion on liver gene expression, we collected livers from
individual mice under constant conditions (on the second
cycle of continuous dim red light). Extracted RNA from
livers taken at circadian time (CT) 11, CT23, and CT35
was processed and applied to individual microarray chips,
rather than pooled, in order that we could use ANOVA to
apply a rigorous statistical test for rhythmic expression.
These time points were chosen for direct comparison with
our subsequent study of glucocorticoids. Of the 981 pu-
tative circadian transcripts, 472 (48%) were also signifi-
cantly rhythmic in our study and, based on our 3-point
analysis, could be assigned to 1 of 2 phase clusters: mPer1-
like transcripts peaking at CT11 and CT35 (Fig. 1A) and
Bmal1-like transcripts peaking at CT23 (Fig. 1B). Given
that our samples covered this limited set of time points,
we consider 48% concurrence with the published data to
be acceptable, especially considering that the overlap be-

Table 3. Oligonucleotides Used to Construct Plasmids
(All 5�–3�)

Wild Type
BNIP_FOR
CCCGAGGTGTGTGGCTGAGAGTCAGTGGTCAAAGGTCAGATGCTTGCAAGGGTTATGCTACGGAA
BNIP_REV
GATCTTCCGTAGCATAACCCTTGCAAGCATCTGACCTTTGACCACTGACTCTCAGCCACACACCTCGGGGTAC
NFIL_FOR
CCCGCTGCAACGGGTCCACGCCACGGTGGTGAAGTGCAGGTGACGAACAATCGGAACACTGGGAA
NFIL_REV
GATCTTCCCAGTGTTCCGATTGTTCGTCACCTGCACTTCACCACCGTGGCGTGGACCCGTTGCAGCGGGGTAC
AHCY_FOR
CCCGAGTCACTCTCTGTCTTCTACAAGTGCAAACGGTCTTACCCACTGAGCCATCTCTTCAGGAA
AHCY_REV
GATCTTCCTGAAGAGATGGCTCAGTGGGTAAGACCGTTTGCACTTGTAGAAGACAGAGAGTGACTCGGGGTAC
PKLR_FOR
CCCGGTTGGCCTTTGTGACTACTGTAGGTCAGAGTCCATGGGAGAACCCACCCAGCCTGAAGGAA
PKLR_REV
GATCTTCCTTCAGGCTGGGTGGGTTCTCCCATGGACTCTGACCTACAGTAGTCACAAAGGCCAACCGGGGTAC
Mutants
BNIPM_FOR
CCCGAGGTGTGTGGCTGAGAGTAGTGAACTGGGAACTGACGGCTTGCAAGGGTTATGCTACGGAA
BNIPM_REV
GATCTTCCGTAGCATAACCCTTGCAAGCCGTCAGTTCCCAGTTCACTACTCTCAGCCACACACCTCGGGGTAC
NFILM_FOR
CCCGCTGCAACGGGTCCACGCCCTAACTTCACGAGATCTTCGACGAACAATCGGAACACTGGGAA
NFILM_REV
GATCTTCCCAGTGTTCCGATTGTTCGTCGAAGATCTCGTGAAGTTAGGGCGTGGACCCGTTGCAGCGGGGTAC
AHCYM_FOR
CCCGAGTCACTCTCTGTCTTCTGAGGTCATGGGTAACAGGCCCCACTGAGCCATCTCTTCAGGAA
AHCYM_REV
GATCTTCCTGAAGAGATGGCTCAGTGGGGCCTGTTACCCATGACCTCAGAAGACAGAGAGTGACTCGGGGTAC
PKLRM_FOR
CCCGGTTGGCCTTTGTGACTACGAGCAAGTGACAGAAGCAAGAGAACCCACCCAGCCTGAAGGAA
PKLRM_REV
GATCTTCCTTCAGGCTGGGTGGGTTCTCTTGCTTCTGTCACTTGCTCGTAGTCACAAAGGCCAACCGGGGTAC
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tween the previous studies was only 7%.13-15 The effect of
the SCN lesion (SCNX) on synchronized circadian ex-
pression in the livers was dramatic. A total of 366 of the
472 validated circadian transcripts (78%), including ca-
nonical clock genes, were nonrhythmic by ANOVA, ex-
tending our previous findings with a different microarray
platform (Fig. 1A,B).11

Glucocorticoid Signaling Regulates Core Clock
Genes in the Liver. We therefore established a “circa-
dian set” of 366 genes that were rhythmic in this and at
least 1 other microarray study and were also sensitive to

SCN ablation. Although this represents only 3% of the
transcriptome we sampled (and our previous estimate for
circadian-regulated genes was �9%11), this must inevita-
bly represent an underestimate because our sampling
strategy was optimized for our glucocorticoid study to
only focus on 2 circadian phases 12 hours apart. Quanti-
tative real-time PCR (qPCR) was used to cross-validate
our microarray data for 4 canonical clock genes, mPer1,
mPer2, mCry1, and mBmal1. Although all 4 showed syn-
chronized, highly rhythmic expression in livers from in-
tact mice, this was lost after SCN ablation (Fig. 1C),
confirming the dependence of the liver clock on the cen-
tral oscillator in our samples.

Having robustly defined a population of 366 hepatic
circadian transcripts with confirmed loss of rhythmicity
in SCNX mice treated with vehicle (VEH), we next ex-
amined the effect of glucocorticoid receptor activation, by
injecting SCN-lesioned mice with the receptor analogue
dexamethasone (DEX) at predicted CT6. As for the intact
and VEH-injected mice, liver tissue was collected on the
second cycle under constant conditions at CT11, CT23,
and CT35, which corresponded to 5, 17, and 29 hours
after injection of VEH or DEX. Our rationale was that
when applied against the arrhythmic background of
SCN-ablated mice, an effective stimulus would resyn-
chronize multiple cellular clocks in the tissue, driving
them to a unique phase and thereby establishing a com-
mon temporal pattern in groups of animals sampled at
different times following injection.

Dexamethasone had a variety of effects, both early and
late, involving core elements of the circadian clockwork.
Induction of mPer1 has previously been implicated in
peripheral clock resetting by glucocorticoids,16 and we
identified a prominent induction of mPer1 by both mi-
croarray and independent qPCR (Fig. 2A). Similarly, in
the oppositely phased cluster, we found that transcription
of Bmal1 and mCry1 was up-regulated by DEX (Fig. 2A).
The presence of Glucocorticoid Response Elements
(GREs) in the regulatory regions of these core clock com-
ponents suggests a likely mechanism for these effects (Fig.
2B). qPCR for representative genes, all expressed in phase
with mPer1, further cross-validated the microarray data
(Fig. 2C-E). Serum/glucocorticoid-induced kinase (Sgk), re-
ported previously as glucocorticoid-responsive,23 exhib-
ited circadian expression in the liver. This rhythm was lost
in tissues from SCNX mice, with expression at basal lev-
els, but DEX caused a pronounced and acute induction in
the livers of SCN ablated mice (Fig. 2C). A comparable
pattern of rhythmicity in intact mice, basal expression in
SCNX, and acute induction by DEX was also observed
for chromodomain helicase DNA binding protein (Chd1l;
Fig. 2D). In contrast, Dbp, an archetypal circadian output

Fig. 1. Synchronized circadian expression of known and novel circa-
dian genes in the liver was abolished in SCN-lesioned mice. Circadian
rhythmicity of previously identified circadian transcripts falling into (A)
mPer1-like (n � 246) and (B) Bmal1-like (n � 120) clusters in livers of
intact mice (CON) was lost following SCN ablation (SCNX). (C) Compar-
ison between gene expression profiles revealed by microarray analysis
(Array) and real-time PCR (qPCR) for the canonical clock genes mPer1,
mPer2, mCry1, and Bmal1 for intact mice (black line) Each value is the
mean � SEM of measurement of 3 animals. ANOVA did not reveal any
temporal variation in expression of any of the 4 genes in SCNX animals
(red line).
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gene, also expressed rhythmically in phase with mPer1
and arrhythmically in tissues from SCN-lesioned animals,
which first showed acute suppression in response to DEX,
followed by delayed induction 24 hours later (Fig. 2E).
Thus, in addition to mPer1, we found that numerous
additional core clock elements are regulated by glucocor-
ticoid signaling, illustrating multiple entry routes into the
core oscillator by which glucocorticoids are able to bring
about peripheral circadian synchronization.

Glucocorticoid Signaling Regulates a Large Propor-
tion of the Hepatic Circadian Transcriptome. Glo-
bally, across the circadian transcriptome, genes in both
mPer1- and Bmal1-like clusters were induced or sup-
pressed by glucocorticoid receptor activation at CT6 (Fig.
3). Regulation of transcription proceeded in a wave of
activation and inhibition of genes, some being induced/
suppressed acutely, at CT11, and others regulated more
chronically, at CT23 and CT35 (Fig. 3). Of the 366
target circadian genes, 20% (n � 72) were acutely resyn-
chronized to their appropriate phase within 5 hours of
treatment, and 57% (n � 207) showed temporally spe-
cific induction or suppression in the 29 hours following
receptor activation (see Table 1). Moreover, the inductive
effect of DEX on circadian genes was antiphasic to the
suppressive effect. Induced genes responded most obvi-
ously either soon after glucocorticoid receptor activation,
at CT11, or at the start of the following circadian cycle, at
CT35 (see Table 1). In contrast, genes that were sup-
pressed were most apparent in the intervening sample
(CT23), 12 hours after the acute surge. This statistically
significant (�2 � 62.9, P � 0.0001) differential time
course of induction and suppression indicates that a single
episode of receptor activation is succeeded first by waves
of transcriptional activation, then suppression, and then
back to activation across the circadian transcriptome.
Thus, in the absence of other rhythmic cues, glucocorti-
coids are sufficient to exert a rapid and extensive effect on the
major part of the liver circadian transcriptome, confirming
their role as principal synchronizing factors in vivo.

Having demonstrated the pervasive effect of gluco-
corticoid signaling on circadian gene expression, we
investigated the mechanisms by which circadian synchro-
nization might be established. The acute responses of the
core clock genes, such as Per1, Bmal1, and Cry1, likely
represent the basic mechanism underlying circadian
entrainment by glucocorticoids, their synchronization
most likely mediated via glucocorticoid response elements
(GREs) in the regulatory regions of their human and
mouse orthologues (Fig. 2B). Circadian coordination
may then proceed along 2 main routes. First, receptor
activation may act directly on additional GRE-bearing

Fig. 2. Glucocorticoid receptor activation synchronized expression of
known circadian genes in the livers of SCN-lesioned mice. (A) Induction of
the canonical clock genes mPer1, mCry1, and Bmal1 by dexamethasone
administered at CT6, as shown by real-time PCR. Each value is the mean �
SEM of 3 animals (*P � 0.01). (B) Comparison of the 5�-flanking regions
of mouse and human mPer1, mCry1, and Bmal1 genes, showing the
locations of GREs. (C) Circadian profiles of mRNA expression for serum/
glucocorticoid regulated kinase (Sgk) as determined by real-time PCR. (D)
Circadian profiles of mRNA expression for chromodomain-helicase DNA-
binding protein-1 like (Chd1l) as determined by real-time PCR. (E) Circadian
profiles of mRNA expression for albumin D-element binding protein (Dbp) as
determined by real-time PCR. Each assay was repeated 3 times on pooled
RNA from 6 animals. Each value is the mean � SEM of 3 assays. Induction
of Sgk and Chdl and suppression of Dbp transcription by dexamethasone is
also shown (mean � SEM, n � 3 mice; *P � 0.01).
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circadian genes, and second, synchronization may pro-
ceed indirectly by activation of the core clock loop.

Transcriptional Mechanisms Underlying Glucocor-
ticoid Regulation Circadian Genes. To investigate this
further, we scanned 5 kbp of a 5�-flanking regulatory
sequence and intronic sequence of glucocorticoid-in-
duced circadian genes for GREs as well as binding sites for
various transcription factors that have recently been
shown to be important for clock output: E-boxes, E�-

boxes, D-boxes, and ROREs.24 A total of 70 such genes
had sequence available for analysis. Almost two-thirds (46
genes) carried GREs, implying that direct regulation of
circadian genes by glucocorticoids is a common mecha-
nism of synchronization. However, genomic analysis re-
vealed an additional level of regulatory complexity, as a
significant proportion of GRE-containing genes (33 of
46) also possess elements responsive to alternative factors.
Thus, only 13 genes are potentially regulated exclu-

Fig. 3. Global synchronization of hepatic circadian gene expression by glucocorticoids. The effects of the administration of vehicle (VEH) or
dexamethasone (DEX) at CT6 in livers of SCN-lesioned mice was assayed. Circadian genes in (A) mPer1-like or (B) Bmal1-like clusters were induced
by DEX but not by VEH in SCN-lesioned mice. Conversely, transcription of circadian genes in (C) mPer1-like or (D) Bmal1-like clusters was suppressed
by DEX but not by VEH in the same mice. The arrow shows the time of injection in VEH and DEX animals (CT6). Animals were subsequently sampled
for 5 hours (CT11), 17 hours (CT23), and 29 hours (CT35) following injection. Each value is the mean of measurements of 3 animals and was
normalized to the mean average difference (a measure of gene expression) in control mice (unlesioned, untreated). ANOVA failed to reveal any
temporal variation in gene expression in vehicle-treated mice, but there was a significant effect of administration of dexamethasone in animals
compared with animals treated with vehicle at CT11 (P � 0.05). Affymetrix Probe IDs are given for each transcript.
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sively through GREs (see Supplementary Table 1; Sup-
plementary material for this article can be found on the
HEPATOLOGY website: http://interscience.wiley.com/
jpages/0270-9139/suppmat/index.html). A possible way
to differentiate glucocorticoid-mediated circadian regula-
tion from that involving the clock loop would be to study
circadian expression in glucocorticoid receptor knockout
mice or adrenalectomized animals. Although analysis of
these systems may reveal some circadian targets for glu-
cocorticoids, circadian regulation via alternative regula-
tory sequences would mask other receptor targets.
Therefore, it is difficult to disentangle any direct tran-
scriptional effects downstream of glucocorticoid signaling
from indirect effects via the core loop. Our analysis of a
recent study looking at circadian transcripts in adrenalec-
tomized animals illustrates this. Of the 13 genes we iden-
tified as containing only GREs, only 3 genes
(573003B10Rik, Fkbp5, and Herpud1) showed adrenal-
dependent circadian expression.22

Thus, glucocorticoid regulation of circadian genes
lacking GREs implies secondary activation via the core
circadian loop, with contributions from transcriptional
networks involving E-boxes, E�-boxes, D-boxes, and RO-
REs.25,26 Dbp is an example of this, as it does not carry
GRE sequences yet exhibits potent suppression after ad-
ministration of dexamethasone. This regulation likely oc-
curs through functional intronic E-boxes,27 and
accordingly, its rhythmic expression was lost in the livers
of Clock mutant mice (data not shown). Overall, however,
few of the glucocorticoid-regulated circadian genes would
be subject to exclusively indirect regulation via the core
loop, although those genes with both GREs and E-boxes/
D-boxes/RORES are potentially convergent targets for
systemic (glucocorticoid-mediated) and intracellular (E-
box/D-box/RORE-mediated) synchronization (Fig. 4A
and Supplementary Table 1).

Additional levels of transcriptional synchronization
arise from clock-regulated transcription factors such as
Dbp that direct further cascades of temporally regulated
gene expression through their specific target sequences
(e.g., D-boxes). Indeed, glucocorticoid-mediated circa-
dian synchronization, apparently independent of GREs
and E-boxes, was observed for about one quarter of the
genes in our sample (15 of 70). We therefore screened our
set of 70 glucocorticoid-sensitive circadian genes for tran-
scription factor binding sites and identified a high fre-
quency of targets (39%)27 of hepatocyte nuclear factor 4�
(HNF4�, see Fig. 4A). Notably, 4 of the induced genes
carried HNF4� sequences but not GREs, whereas the
remaining 23 genes possessed GREs in addition to
HNF4� sites, suggesting a convergent regulatory action
(Fig. 4A and Supplementary Table 1). Importantly, when

we concurrently analyzed a set of 69 highly expressed
control genes (which had noncircadian profiles statisti-
cally and did not respond to DEX at any time), we found
that only 7% of these possessed HNF4� regulatory se-
quences, clearly illustrating a significant enrichment in
glucocorticoid-regulated circadian genes (�2 � 16.7, P �
0.0001).

HNF� Is a Novel Regulator of Circadian Gene
Expression in the Liver. HNF4� is a pivotal liver tran-
scription factor that regulates numerous metabolic path-
ways, including ureagenesis, the production of serum
proteins, and the activity of cytochrome P450 genes.28,29

The results of a recent work suggest that a large propor-
tion of the liver transcriptome is under the control of
HNF4�, making it an important orchestrator of hepatic
gene expression in general. This vital role explains why its
dysfunction contributes to, for example, the pathogenesis
of type 2 diabetes mellitus.29 The identification of
HNF4� as a circadian regulator from our bioinformatic
screen was supported by expression data in vivo. Both
microarray and qPCR showed expression of HNF4� in
intact mouse livers was highly circadian, peaking at
CT16, in phase with mPer2 (Fig. 4B). In vehicle-treated,
SCN-lesioned animals, synchronized circadian expres-
sion of HNF4� was absent, and expression remained at
basal levels (Fig. 4C). Glucocorticoid activation, however,
resulted in a profile that was almost identical to that seen
in SCN-intact control animals (Fig. 4C). Thus, HNF4�
is a glucocorticoid-sensitive circadian gene.

Circadian and glucocorticoid control over HNF4�
looks to be exercised by 2 convergent routes. First, as with
Dbp,27 it carries several intronic canonical E-boxes that
are targets of Clock:Bmal1 complexes (Fig. 4D). Consis-
tent with this, circadian expression of HNF4� was abol-
ished in Clock mutant mice (Fig. 4E). Second, HNF4�
also carries several GRE sequences through which DEX
can act (Fig. 4D). To characterize the downstream effects
of circadian and glucocorticoid-mediated HNF4� induc-
tion, we initially examined ornithine transcarbamylase
(Otc), which is a definitive target of HNF4�, and a central
factor in nitrogen metabolism and ureagenesis.28 It is ex-
pressed in liver with a high-amplitude circadian cycle
(Fig. 4F), and the circadian pattern of Otc expression was
lost in the livers of HNF4�-null mice, showing that
HNF4� is necessary for its circadian expression. Impor-
tantly, this was not a result of a global effect on the circa-
dian clock, because HNF4�-null mice retained circadian
gene expression in the liver, as evidenced by higher levels
of mPer2 at ZT16 versus ZT04 and reciprocal changes in
another clock gene, Bmal1 (Fig. 4G).

To further delineate targets for indirect glucocorticoid
regulation via HNF4�, we focused on 4 glucocorticoid-
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responsive genes (Bnip3, Nfil3, Pklr, and Ahcy) that pos-
sess HNF4� regulatory sequences but lack GREs (see
Supplementary Table 1). Expression was highly rhythmic
in liver from intact mice (Fig. 5A) and this was lost fol-
lowing SCN ablation (Supplementary Fig. 1B). Despite
the absence of GREs, all 4 of these genes were up-regu-
lated by DEX in SCN-ablated mice, indicating a role for
HNF4� in their circadian coordination (Fig. 5B and Sup-
plementary Fig. 1A,B). To determine the in vivo contri-
bution of HNF4� to circadian coordination, we
examined expression of several of these targets in both
wild-type and liver-specific HNF4�-deficient mice.28

Rhythmic expression of Bnip3, for example, was lost in
the livers of both Clock mutant and HNF4�-null mice,
with levels being basal (Fig. 5B). Thus, these results are
wholly consistent with the presence of E-boxes and
HNF4� sequences in the regulatory regions of this apo-
ptosis regulator and demonstrate the necessity of both the
clock complex and HNF4� for circadian expression of
this important factor in vivo. We additionally tested the
function of putative HNF4� regulatory sequences in the
promoters of the 4 glucocorticoid-responsive genes using
luciferase reporter assays in order to validate their pre-
dicted role. All 4 regulatory elements were responsive to
HNF4� in vitro, and this effect was clearly abolished by
mutating each of the regulatory elements (Fig. 5C). This
substantiates our view that circadian transcription of these

genes is regulated by HNF4�, as predicted by our bioin-
formatics analysis.

In addition to exclusively HNF4�-regulated genes, we
also examined regulation of Fgf18, a convergent glucocor-
ticoid-responsive target containing both HNF4� se-
quences and GREs in its 5�-regulatory region. qPCR
confirmed circadian expression of Fgf18 in the livers of
wild-type mice and that this rhythm was lost in SCN-
lesioned mice and in HNF4�-null mice (Supplementary
Fig. 1C). Fgf18 was up-regulated 12 hours after treatment
of SCN-lesioned mice with DEX, by direct GRE-depen-
dent action and/or by mediation by HNF4� (Supplemen-
tary Fig. 1C). In contrast, Ddit3 (also known as Chop-10/
Gadd143), which encodes a product involved in
apoptosis,30-32 contains neither HNF4� sequences nor
GREs. Nevertheless, it was highly rhythmic in liver of
intact animals, a rhythm that was lost on SCN ablation
(Supplementary Fig. 1D). Expression was induced by
DEX, and rhythmic expression was lost in HNF4�-null
mice, indicating that intermediate factors sensitive to
HNF4� must sustain its normal rhythmic expression. Fi-
nally, we screened all noncircadian transcripts that were
significantly up-regulated by DEX for HNF4� regulatory
sequences in their 5�-flanking and/or intronic regions and
identified 45 glucocorticoid-regulated genes possessing
HNF4� sequences but lacking GREs (Supplementary
Fig. 1A). Jam3 is such a gene. It is not expressed rhythmically

Fig. 4. Hepatocyte nuclear factor 4� (HNF4�) is an
interface between glucocorticoids and gene expression
in the liver. (A) Venn diagram showing glucocorticoid-
regulated circadian genes (n � 72) grouped according
to possession of glucocorticoid response elements
(GREs), E-boxes, and HNF4� regulatory sequences.
Genes that do not possess any of these regulatory
elements are shown under “other.” (B) High-resolution
circadian profile of HNF4� in the liver (n � 6 animals
per time point). (C) Effects of vehicle or dexamethasone
administration at CT6 on expression of HNF4� in SCN-
lesioned mice. (D) Schematic representation of mouse
HNF4� gene showing the positions of glucocorticoid
regulatory elements (GREs) and canonical E-boxes
within 5�-flanking and intronic regions of the gene. Gray
bars represent exons. An arrow represents the transla-
tion start site. (E) HNF4� mRNA expression in wild-type
(WT, black) and Clock �/� mutant mice (Clock �/�,
red) determined by real-time PCR (n � 6 animals per
group). (F) High-resolution circadian profile for ornithine
transcarbamylase (Otc) and its expression in liver-spe-
cific HNF4�-null mice assayed by real-time PCR. FLOX
indicates control mice and KO indicates HNF4�-null
mice (n � 6 animals per group per time point). (G)
Persistent but low-amplitude variation of mPer2 and
Bmal1 in HNF4�-null mice.
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in intact animals, but its hepatic expression was severely
compromised in HNF4�-null mice (Supplementary Fig.
1E). However, it was strongly induced by DEX, presum-
ably indirectly via HNF4�. Therefore, taken as a whole,
these data reveal an important contribution of HNF4� to
glucocorticoid-regulated hepatic gene expression, both
circadian and noncircadian.

Conclusions. Overall, our results illustrate the effec-
tiveness of glucocorticoid signaling as a global circadian
synchronizer in vivo. In the absence of other SCN-depen-
dent rhythmic cues, a single activation of the glucocorti-
coid receptor is sufficient to synchronize almost 60% of
the circadian transcriptome, manifested as a wave of gene
induction, suppression, and then induction. We have
shown that glucocorticoid-dependent synchronization
works through a hierarchy of interlinked mechanisms,
critical among which is direct regulation of the core cir-
cadian oscillator, with contributions from direct and in-
direct regulation of clock-controlled transcription factors
such as DBP. In this regard, we have identified HNF4�, a
pivotal transcriptional regulator in the liver, as a novel

link between the SCN, glucocorticoid signaling, and
liver-specific gene expression, both circadian and noncir-
cadian. Transcriptional cascades downstream of such reg-
ulators and the intricate interactions between their
attendant regulatory networks direct synchronization of
genes involved in the diverse clock-controlled functions
of the liver, including metabolism and ureagenesis. Fur-
ther delineation of such complex networks and their con-
nectivity is challenging and will involve characterizing
additional clock-controlled transcription factors using a
range of systems-biological approaches.
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Elevated Troponin I Levels in Acute Liver Failure:
Is Myocardial Injury an Integral Part of

Acute Liver Failure?
Nimisha K. Parekh, Linda S. Hynan, James De Lemos, William M. Lee, and the Acute Liver Failure Study Group

Although rare instances of cardiac injury or arrhythmias have been reported in acute
liver failure (ALF), overall, the heart is considered to be spared in this condition.
Troponin I, a sensitive and specific marker of myocardial injury, may be elevated in
patients with sepsis and acute stroke without underlying acute coronary syndrome,
indicating unrecognized cardiac injury in these settings. We sought to determine
whether subclinical cardiac injury might also occur in acute liver failure. Serum tropo-
nin I levels were measured in 187 patients enrolled in the US Acute Liver Failure Study
Group registry, and correlated with clinical variables and outcomes. Diagnoses were
representative of the larger group of >1000 patients thus far enrolled and included 80
with acetaminophen-related injury, 26 with viral hepatitis, 19 with ischemic injury, and
62 others. Overall, 74% of patients had elevated troponin I levels (>0.1 ng/ml). Patients
with elevated troponin I levels were more likely to have advanced hepatic coma (grades
III or IV) or to die (for troponin I levels >0.1 ng/ml, odds ratio 3.88 and 4.69 for
advanced coma or death, respectively). Conclusion: In acute liver failure, subclinical
myocardial injury appears to occur more commonly than has been recognized, and its
pathogenesis in the context of acute liver failure is unclear. Elevated troponin levels are
associated with a significant increase in morbidity and mortality. Measurement of tro-
ponin I levels may be helpful in patients with acute liver failure, to detect unrecognized
myocardial damage and as a marker of unfavorable outcome. (HEPATOLOGY 2007;45:
1489-1495.)

Abbreviations: ALF, acute liver failure; CK, creatinine kinase; GFR, glomerular filtration rate; MAP, mean arterial pressure; MOF, multiorgan failure.
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Acute liver failure (ALF) is a rare condition consist-
ing of rapid-onset severe liver injury accompanied
by coagulopathy and altered mental status. Ap-

proximately 2000 cases per year occur in the United States
resulting in liver transplantation or death in more than
35% of these cases, frequently due to multiorgan failure
(MOF).1

Acetaminophen (also known as APAP), a dose-related
toxin that causes centrilobular hepatic necrosis and renal
tubular damage, is currently the most common cause of
ALF in the United States, accounting for nearly 50% of all
patients.2 Cardiac problems are relatively infrequent in
ALF except for a few case reports of histologic injury and
arrhythmias in association with acetaminophen over-
dose.3-9 Although cardiac injury might result from a direct
toxic effect of acetaminophen, subclinical heart disease in
this setting could also represent a component of the MOF
syndrome associated with ALF. Rarely have associations
of cardiac injury been made in acute liver failure not re-
lated to acetaminophen.

Troponin I is a well-established, specific, and sensitive
marker of myocardial injury, with both diagnostic and
prognostic value. It permits early identification of patients
at increased risk of death from acute coronary syn-
drome.10-12 However, recent evidence suggests that pa-
tients with certain conditions such as sepsis or acute stroke
may also demonstrate elevated troponin I levels under
certain circumstances in the absence of an acute coronary
ischemic event, indicating that unrecognized myocardial
injury may be occurring during other acute disease pro-
cesses.12,13 In such studies, patients demonstrating ele-
vated troponin levels without acute coronary syndrome
had a poorer prognosis than those with normal troponin
levels.14

The US Acute Liver Failure Study Group has collected
detailed prospective information and serum, DNA, and
tissue samples from more than 1000 patients with ALF.
To date, no studies have evaluated the prevalence of ele-
vated troponin levels in a broad range of ALF patients.
The aim of this exploratory study was to determine
whether serum troponin I levels were elevated in patients
with ALF and whether there appeared to be clinical im-
plications related to these changes, such as new prognostic
information that could guide transplantation decisions.

Patients and Methods
The US Acute Liver Failure Study Group was estab-

lished in 1997 as a consortium of liver centers interested
in better defining the causes and outcomes of ALF. To
date, 1038 patients have been enrolled at 25 tertiary cen-
ters around the United States, all but one of which has a
liver transplantation program. All enrolled patients met

standard entry criteria for ALF: presence of coagulopathy
(prothrombin time �15 seconds or international normal-
ized ratio � 1.5) and any degree of hepatic encephalopa-
thy, occurring within 26 weeks of the first symptoms in a
patient without previous underlying liver disease).1 After
informed consent was obtained from the patients’ next of
kin in accordance with guidelines of local institutional
review boards, detailed demographic, clinical, laboratory,
and outcome data as well as daily sera for 7 days, a DNA
sample, and tissue (when available) were collected in pro-
spective fashion. Detailed case report forms were com-
pleted at the site and reviewed by the central site with
periodic monitoring visits. Logs of patients not meeting
enrollment criteria were kept at the sites. Generally, these
failures were due to inability to obtain consent from next
of kin or failure to meet clinical criteria for severity of
disease. Cardiac events were not specifically tracked ex-
cept that the presence or absence of arrhythmias was
noted on the case report forms. No patients were listed as
having a primary cardiac cause of death, although nearly
40% of those who died were considered to have MOF as
the cause.1

Among 1038 patients enrolled in the US ALF registry,
�80% had available serum specimens. For the present
sub-study, we selected samples from 168 consecutively
enrolled patients from May 1998 to August 2000. We
supplemented this group with 14 additional nonconsec-
utive samples from patients with ischemic liver injury (to
give a total of 19 ischemic cases) to evaluate whether this
category might contain a higher number of patients with
positive troponin I levels and thus serve as a positive con-
trol. With this one exception, the sample cohort was rep-
resentative of the overall diagnostic categories observed in
this study.1 Sample size in this study reflected the number
of patient samples comprised in 2 ELISA kits for troponin
I. Diagnoses for each patient had been established by site
investigators who used standard criteria across sites as de-
fined in the study’s Manual of Operations; diagnoses were
confirmed by review at the central site.1 Hepatic coma was
graded on a standard scale of I to IV, as described.1 An
indeterminate etiology was considered when no known
cause could be found after extensive clinical, radio-
graphic, and laboratory evaluation. Patient management
was based on clinical guidelines at each institution. Liver
transplant candidacy was determined at individual centers
based on United Network of Organ Sharing guidelines.
Outcomes were determined 3 weeks after study admis-
sion. Table 1 characterizes the etiologies, laboratory data,
and outcomes observed.

Measurement of Serum Troponin I Levels. Sera
were collected, stored at �80°C, and shipped to the cen-
tral site prior to use in the study. Troponin I levels were
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measured from sera collected on day of admission, via the
2-site immunoassay with direct chemi-luminometric
technology (ADVIA Centaur, Bayer Diagnostics, Tarry-
town, NY). Negative controls were included in each run.
The European Society of Cardiology and The American
College of Cardiology recommend using the 99th percen-
tile as a cut-off value for troponin assays, above which any
value is considered abnormal. For the ADVIA Centaur
assay, a value �0.1 ng/ml is considered an elevated level,
representing a positive test indicative of myocardial in-
jury.10 The lower limit of detection for this assay is 0.02
ng/ml. The coefficient of variation was 0.05.

Calculations. Glomerular filtration rate (GFR) was
approximated by using estimated creatinine clearance cal-
culated by using the Crockroft-Gault formula. A GFR
below 60 ml/minute was considered indicative of moder-
ate renal impairment. Acute Physiology, Age and Chronic
Health Evaluation (APACHE II) score was calculated us-
ing 12 common physiological and laboratory values (tem-
perature, mean arterial pressure, heart rate, respiratory
rate, oxygenation, arterial pH, serum sodium, serum po-
tassium, serum creatinine, hematocrit, white blood cell
count, and Glasgow coma scale). The calculation of
APACHE II and GFR was based on values recorded on
day of admission.

Statistical Methods. Using the standard guidelines
and appropriate controls established for the assay, tropo-

nin I cutoff values were first considered positive when
�0.1 ng/ml; we compared differences in clinical charac-
teristics in patients with �0.1 ng/ml versus �0.1 ng/ml.
Analysis was performed using the chi-squared or Fisher’s
exact tests, as appropriate, and the Mann-Whitney U test
for continuous variables. A second set of cutoff values
examined a “dose response” effect of troponin I with 5
groups defined by the following cutoff values (all as nano-
grams per milliliter): �0.1, 0.1 to �0.3, 0.3 to �1.0, 1.0
to �3.0, and 3.0 or greater. The Jonckheere-Terpstra
Test was used to examine ordered differences among the
different troponin I groups for death, nonspontaneous
survival (death or transplant), advanced coma grade (III-
IV) versus earlier grade (I-II), and the presence of cardiac
arrhythmias within the first 7 study days. Admission cre-
atinine levels for the 5 troponin I groups were compared
using the Kruskal Wallis test, and if significant, pair-wise
comparisons between average ranks were performed using
the nonparametric multiple comparison tests (Dunn
Method). All statistical analyses were performed using
SPSS (version 14.0; SPSS Inc., Chicago, IL) and SAS 9.1
(SAS Institute Inc., Cary, NC).

Results
Among the 187 patients whose sera were tested were

80 with acetaminophen-related injury, 26 with viral hep-

Table 1. Clinical and Laboratory Characteristics of the Patient Groups

Variable Overall Troponin I <0.1 Troponin I >0.1 P value

Age (years), Median (range) 39 (15–81) 39 (17–75) 39 (15–81) 0.3061*
Gender female (%) 122 (65%) 35 (71%) 87 (63%) 0.2897†
Previous health and illnesses

Hypertension, n (%) 19 (10%) 1 (2%) 18 (13%) 0.0285†
§Heart disease, n (%) 11 (6%) 2 (4%) 9 (7%) 0.5329†
Renal disease, n (%) 10 (5%) 1 (2%) 9 (7) 0.2310†
Endocrine/diabetes, n (%) 21 (11%) 3 (6%) 18 (13%) 0.1875†
Chronic liver disease, n (%) 3 (2%) 1 (2%) 2 (1%) �0.9999‡

Diagnosis
APAP 80 27 53 (66%) 0.1947†
Ischemia/shock 19 3 16 (84%)
Viral hepatitis A 12 1 11 (92%)
Viral hepatitis B 14 2 12 (86%)
Indeterminate 41 9 32 (78%)
Other dx 21 7 14 (67%)
Admission MAP, median (range) 86.7 (33.7–133.7) 83.5 (62.0–114.7) 88.3 (33.7–133.7) 0.3292*

Admission Labs
INR, median (range) 2.7 (1.2–26.1) 2.5 (1.4–10.4) 2.85 (1.2–26.1) 0.1010*
CK (IU/l), median (range) 249 (0–21000) 105 (2–2694) 269 (0–21000) 0.0906*
HCO3 (mEq/dl), median (range) 22 (6–35) 24 (13–31) 21 (6–35) 0.0114*
Creatinine (mg/dl), median (range) 1.6 (0.4–10) 1.15 (0.4–10) 1.9 (0.4–7.3) 0.0021*
ALT, median (range) 2227.5 (29–18079) 2002.5 (29–12700) 2341 (127–18079) 0.7000*

*Mann-Whitney test.
†�2 test.
‡Fisher’s Exact Test.
§Etiology of heart disease included 3 with atrial fibrillation, 3 with coronary artery disease, 3 with left ventricular dysfunction, and 2 unknown.
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atitis (VH), 19 with ischemic hepatic injury (IH), and 62
others. Overall, 74% of the admission serum samples
tested were positive at a troponin I cut-off �0.1 ng/ml,
with a range of 0 to �50 ng/ml. We initially evaluated the
association between elevated troponin I level on clinical
and laboratory parameters, as shown in Table 1.

Clinical Features in Relation to Elevated Troponin
Levels. There were no differences in age or in gender
between the groups with normal and elevated troponin I
levels, nor were there differences in any feature of past
health or illnesses except that patients with hypertension
were more likely to demonstrate elevated troponin I levels
(P � 0.03). No differences were observed in mean arterial
pressure (MAP) on admission between the groups, al-
though it was noted the patients with elevated troponin I
levels had higher initial MAP levels. Overall, 22.4% (11
of 49 patients) in the normal troponin group (� 0.1
ng/ml) versus 52.9% (73 of 138 patients) in the elevated
troponin I (� 0.1 ng/ml) group had more advanced coma
grades (III or IV) on admission to study (P � 0.0002;
Table 2). This yielded an odds ratio (OR) of 3.88 (95%
confidence interval [CI]: 1.83 to 8.21) for those in the
elevated troponin group to also have a higher coma grade.
In addition, patients with troponin I levels � 0.1 ng/ml
had a trend toward more arrhythmias, with an odds ratio
of 2.08 (95% CI: 0.96 to 4.53; P � 0.65).

Laboratory Features in Relation to Troponin I
Levels. Patients with elevated troponin I levels were
found to have significantly higher creatinine levels (aver-
age ranks for creatinine 100.7 versus 72.9, P � 0.002 in
the 2 groups) and significantly lower HCO3 levels (aver-
age ranks for HCO3 75.3 versus 97.1, P � 0.012) than
patients without elevated troponin I levels. Other admis-
sion laboratory analyses [INR, creatinine kinase (CK),
ALT, and MAP] were found to be similar between the 2
groups; however, there was a trend toward elevated tro-
ponin levels being associated with higher CK levels with
the median rank CK level for the elevated troponin I
group greater than for the normal troponin I group (269
versus 105 IU/l, P � 0.091). GFR calculations were com-
pleted on 173 patients due to missing information on 14
patients. The mean GFR was 108.15 ml/minute in the

troponin I group with �0.1 ng/ml, and 80.43 ml/minute
in the troponin I group with �0.1 ng/ml (P � 0.0020).
Sixty-eight percent (28 of 41) of the patients in the tro-
ponin I group with �0.1 ng/ml had GFRs � 60 ml/
minute, whereas 36% (48 of 132) of the patients with
troponin I levels � 0.1 ng/ml had GFRs � 60 ml/minute.

Role of Etiology. A similar prevalence of positive val-
ues (troponin I � 0.1 ng/ml) was observed in all etiologic
categories: 84% with ischemic liver injury, 66% with
acetaminophen injury, 88% with viral hepatitis, and 74%
of those in the other causes group. Similarly, there was not
one etiologic category (such as ischemia) overrepresented
at very high troponin levels: 14 patients had values �10
ng/ml, representing a 100-fold increase above the upper
limit of normal: 8 acetaminophen cases, 4 ischemia cases,
1 with HBV infection, and 1 indeterminate case.

Outcome. Mortality was assessed in all patients as out-
come at 3 weeks. A total of 134 patients survived and 53
patients died. One-hundred-six patients (56.6%) recov-
ered without orthotopic liver transplant (spontaneous
survival). Forty-six (24.6%) patients died without trans-
plant. Mortality was 34.4% at 3 weeks among patients
with a positive troponin value and 10.2% among those
with normal troponin values (OR 4.69; 95% CI: 1.75 to
12.62, P � 0.001). Of the 53 deaths, 5 patients had
troponin I levels �0.1 ng/ml, 2 died from cerebral edema,
and 3 died of MOF. The causes of death in the remainder
of patients included MOF (6); cerebral infarct, bleed, or
edema (10); sepsis (7); myocardial infarction (6); cardio-
pulmonary failure (4); renal failure (3); hypotension (1);
aortic dissection (1); bleeding (1); pulmonary embolism
(1); and unknown (7).

A total of 35 patients (18.8%) underwent orthotopic
liver transplantation of whom 7 (3.8%) died. Twenty-six
(74%) of the patients who underwent transplantation had
a troponin I level �0.1 ng/ml. All 7 patients who died
after orthotopic liver transplantation had a troponin I
level � 0.1 ng/ml. Causes of death included 4 with cere-
bral edema or herniation, 1 with sepsis, 1 with myocardial
infarction, and 1 unknown.

Dose Response Relationships. To further evaluate
the association of high troponin I levels with other clinical

Table 2. Odds Ratios (OR) for Outcome Variables, Coma Grade 3-4 and Arrhythmia

Variables

Troponin I

Odds Ratio
(OR) P value

95.0% C.I. for OR

<0.1
(n � 49)

>0.1
(n � 138) Lower Upper

Dead 5 (10.2%) 48 (34.8%) 4.69 0.0022 1.75 12.62
Transplanted 8 (16.3%) 27 (19.6%) 1.25 0.6180 0.52 2.97
Coma grade III-IV at admission to study 11 (22.4%) 73 (52.9%) 3.88 0.0004 1.83 8.21
Arrhythmia during the first 7 days after admission to study 10 (20.4%) 48 (34.8%) 2.08 0.0651 0.96 4.53
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parameters, 5 groups were identified with the following
cutoff values (all as nanograms per milliliter): �0.1, 0.1 to
�0.3, 0.3 to �1.0, 1.0 to �3.0, and 3.0 or greater, with
only the first representing normal troponin levels (Table
3; Fig. 1). For all parameters examined, a significant rela-
tionship was evident between higher troponin I levels and
coma grade, presence of arrhythmias, death and trans-
plant, or death after transplant. For example, those with
normal troponin I levels had a 22.4% incidence of ad-
vanced coma, a 20.4% incidence of arrhythmias, and only
10.2% likelihood of dying. In comparison, those with
troponin I levels � 3.0 ng/ml had a 71.4% advanced
coma grade, 47.6% arrhythmias, and a 33.3% likelihood

of dying. Similarly, GFR decreased across increasing cat-
egories of troponin I (Table 3).

APACHE II scores were calculated for 133 patients (54
patients were missing one or more variables necessary to
calculate the score). The mean APACHE II score among
patients with troponin I levels � 0.1 ng/ml (n � 27) was
11.11 � 5.54 versus 16.69 � 6.71 among those with
troponin I levels � 0.1 ng/ml (n � 106; P � 0.0001). In
addition, patients with higher troponin I levels also had
significantly higher APACHE II scores (Table 3).

Discussion
Although general experience suggests that cardiac

damage in ALF has rarely been clinically significant, sub-
clinical cardiac injury as part of MOF may contribute to
the ultimate demise of many patients with this life-threat-
ening condition.8 We confirmed that elevations of serum
troponin I levels are found with remarkable frequency in
ALF (74% overall), among all etiologies, suggesting that
mild to moderate degrees of myocardial injury commonly
accompany ALF. As expected, very high levels were found
in patients with hepatic ischemia who might be expected
to have concomitant myocardial ischemia secondary to
cardiovascular collapse. The fact that a comparable num-
ber of patients with APAP injury or viral hepatitis showed
similarly high levels of troponin I suggests that more fun-
damental mechanisms common to all ALF patients may
be operative.

An increase in troponin I reflects myocardial cell dam-
age.12 Elevated values have been reported in other condi-
tions including myocarditis, pulmonary embolism, use of

Table 3. Evidence for a Dose Response Effect with Higher Troponin I Levels

Troponin I Range

Troponin I Groups*

<0.1 0.1–<0.3 0.3–<1.0 1.0–<3.0 >3.0

n (%) 49 (26%) 59 (32%) 35 (19%) 23 (12%) 21 (11%)
Median 0.01 0.15 0.48 1.41 12.15

Variables
Jonckheere-Terpstra

P value

Coma III-IV n (%) 11 (22.4%) 22 (37.3%) 21 (60%) 15 (65.2%) 15 (71.4%) �0.0001
Arrhythmia, n (%) 10 (20.4%) 13 (22%) 12 (34.3%) 13 (56.5%) 10 (47.6%) 0.0007
Death, n (%) 5 (10.2%) 16 (27.1%) 12 (34.3%) 13 (56.5%) 7 (33.3%) 0.0003
Transplant, n (%) 8 (16.3%) 11 (18.6%) 5 (8.5%) 2 (3.4%) 2 (3.4%) 0.7833
APACHE II Score n (Mean) 27 ( 11.11) 38 (13.32) 31 (17.94) 19 (17.63) 18 (20.67)
95% Confidence Interval 8.92–13.30 11.48–15.15 15.43–20.44 15.03–20.23 17.13–24.20

Creatinine (mg/dl) Kruskal Wallis

Significant Groups
(P � 0.05),
Dunn Method

Median 1.15 1.40 2.20 2.50 3.50 0.0001 1 vs. 4
Range 0.40–10.00 0.50–7.00 0.40–7.30 0.50–6.80 0.50–7.20 1 vs. 5

2 vs. 5
GFR (Mean) 108.15 93.31 86.12 69.00 50.62 0.0002

*Patients were grouped into 5 groups, based on troponin levels as shown.

Fig. 1. Apparent dose effect of troponin levels in relation to coma
grade, presence of arrhythmias, and outcomes. Higher troponin levels
were associated in a general way with greater degrees of coma, greater
likelihood of arrhythmias and death. Lower likelihood of transplantation
was observed with higher troponin levels.
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chemotherapy, acute stroke, chronic obstructive pulmo-
nary disease, and septic shock without underlying acute
coronary syndrome, indicating that unrecognized myo-
cardial injury may be associated with a variety of disease
processes.11,12 Cardiac troponins have also been reported
to predict mortality in these settings.12-14 Of the patients
who died in our study population, 91% had elevated tro-
ponin I levels. Our study also showed a clear relationship
between the level of troponin I observed and the likeli-
hood of a poor outcome; patients with elevated troponin
levels had at least a 2-fold greater likelihood of advanced
hepatic coma, arrhythmias, death, or transplantation. In
addition, elevated APACHE II scores, an independent
global measure of disease severity and outcome, were cor-
related with higher troponin I levels. Thus, the finding of
elevated troponin I correlated with overall disease sever-
ity, suggesting a generalized pathogenic process.

Troponin I has been reported to be elevated in ap-
proximately 5% of patients with end-stage renal disease
even in the absence of cardiac signs or symptoms.15,16

However, numerous reports found that troponin I re-
tains prognostic value in end-stage renal disease by pre-
dicting early mortality.17,18 In addition, minor
elevations in troponin levels were associated with
pathological evidence of myocardial damage in patients
with and without renal failure.19 Although elevated
troponin I was associated with a lower GFR than in our
study, the mean GFR in the group with elevated tro-
ponin I was only 80 ml/minutes, which is indicative of
minimal renal impairment. Thus, it is unlikely that
renal insufficiency explains the association between
troponin I and outcomes in our study.

The exact mechanism for cardiac injury in ALF is not
clear. Acetaminophen may cause direct cardiac injury un-
der certain circumstances, and this finding correlates with
previous histologic findings in the literature.2-6 Diffuse
fatty infiltration of myocardial cells has been reported in
patients who died of viral hepatitis as well as acetamino-
phen overdose.7 There is evidence in acetaminophen-in-
duced ALF that depletion of sulfhydryl groups interferes
with endothelial nitric oxide, leading to a functional cor-
onary insufficiency.8,9 However, the widespread eleva-
tions of troponin I within all etiologies of ALF suggest
that a specific toxic effect of acetaminophen is unlikely.
Some as-yet undetermined mechanism such as an effect of
the high cytokine levels or other factors leading to MOF
seems more likely.13

Critically ill patients are at increased risk of myocardial
cell injury because they are exposed to many stresses that
increase myocardial oxygen demands; at the same time,
the myocardial oxygen supply can be limited by shock,
anemia, tachycardia, hypoxemia, and impaired tissue per-

fusion. Such events can result in release of troponin I from
cardiomyocytes into the serum.13 Ammann et al. found
that troponin-positive status was associated with in-
creased risk of mortality in critically ill patients without
acute coronary syndrome.20 Wu et al. showed similar re-
sults in that elevated troponin I level upon admission was
associated with increased morbidity and mortality in crit-
ically ill noncardiac patients.13 Elevated troponin I level is
associated with elevated levels of TNF-alpha, C-reactive
protein, and IL-6 in critically ill patients without acute
coronary syndrome.20 In addition, depressed myocardial
function itself is thought to induce myocyte apoptosis,
resulting in reduced coronary artery flow and decreased
ejection fraction, which leads to further necrosis with tro-
ponin I release.13,20 It is unclear whether elevated tropo-
nin I reflects reversible or irreversible myocardial injury in
the setting of ALF.

Several limitations of our study need to be considered
when interpreting these data. The optimal cutoff for ab-
normal troponin I level has not been identified for pa-
tients who do not have traditional clinical manifestations
of an acute coronary syndrome; others have suggested that
a different threshold be considered in such patients.14 The
troponin assay also has some limitations. Heterophilic
antibodies in human serum can react with reagent immu-
noglobulins, interfering with in vitro immunoassays.10

However, this is rare with current troponin assays, and
there is no rationale to expect this to be a specific problem
in ALF. Additional information may be required for di-
agnosis in specimens that have icterus. These specimens
can demonstrate a 5% or smaller change in troponin re-
sults with levels of conjugated bilirubin of 20 mg/dl or 40
mg/dl unconjugated bilirubin.10 There is less than 10%
interference from several drugs, including acetaminophen
in drug concentrations of 30 ng/ml.10

Although nearly all patients in the study would have been
in an intensive care unit, their primary problem was consid-
ered to be hepatic; data concerning cardiac output and spe-
cific tests of cardiac function such as routine
echocardiograms were not performed. The ubiquity of the
abnormal values observed still supports the concept that an
underlying cardiac injury is observed widely in ALF. Further
studies have been planned to explore whether other markers
of abnormal cardiac function such as brain natriuretic pep-
tide (BNP) are elevated in this severely ill group of patients.

In summary, ALF is a rare but progressive and often fatal
condition in which many patients succumb to MOF. In this
setting, subclinical cardiac injury appears to be common,
based on our findings in this study; higher troponin levels are
associated with more severe clinical features and poorer out-
comes. Understanding the role of cardiac injury in ALF and
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in other forms of MOF might shed light on both pathogen-
esis and prognosis in these conditions.
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Population Prevalence and Symptom Associations of
Autonomic Dysfunction in Primary Biliary Cirrhosis

Julia L. Newton,1,2 Mark Hudson,1 Phaedra Tachtatzis,1 Kathryn Sutcliffe,1 Jessie Pairman,2

Jennifer A. Burt,1 and David E. J. Jones1

Patients with primary biliary cirrhosis (PBC) frequently experience significant fatigue
thought to result from as-yet-unidentified central nervous system (CNS)-mediated pro-
cesses. Pilot studies have suggested that autonomic dysfunction is a frequent occurrence in
PBC and may contribute to the pathogenesis of this fatigue. The degree to which autonomic
dysfunction affects the PBC population as a whole, and its interrelationship with other
symptoms experienced by PBC patients remains unstudied. In this study, we used a geo-
graphically defined, fully representative PBC patient cohort to study the prevalence of
symptoms of autonomic dysfunction and its relationship with other symptoms of PBC.
Symptoms of cardiovascular autonomic dysfunction (as assessed using the Orthostatic Grad-
ing Scale [OGS]) were significantly more frequently reported and significantly more severe
in PBC patients than in both matched normal controls (40% versus 6% with moderate or
worse orthostasis (P < .0001), mean OGS score 3.2 � 3.4 versus 1.3 � 1.9, P < .005) and
in patients with primary sclerosing cholangitis and in severity were independently associated
with severity of fatigue and cognitive symptoms (both r2 � 0.3, P < .0001). Thirteen of 20
patients with an OGS value > 4 (moderate severity and worse) had significant abnormality
in autonomic regulation of blood pressure, which was identified on dynamic testing. Con-
clusion: Symptoms suggestive of autonomic dysfunction frequently occur in PBC patients
and reflect dysregulation of actual blood pressure. Autonomic dysfunction is independently
associated with both fatigue and, importantly, symptoms of cognitive dysfunction, suggest-
ing the potential for significant organic sequelae. (HEPATOLOGY 2007;45:1496-1505.)

Primary biliary cirrhosis (PBC) is a chronic choles-
tatic liver disease affecting up to 1 in 700 women
over the age of 40 in western European popula-

tions.1 It has become widely accepted in the last few years
that this condition is characterized by profound fatigue
that can often significantly impair quality of life.2-6 The
severity of fatigue experienced by PBC patients appears to
be unrelated to the degree of hepatocellular dysfunc-

tion.3,4,6 Studies using animal models of cholestasis (ex-
emplified by the bile duct ligated rodent) have suggested
that fatigue results from a combination of the biochemical
and inflammatory consequences of cholestasis develop-
ment.7-10 Studies using these animal models have further
suggested that the processes responsible for fatigue patho-
genesis are mediated in the central nervous system. More
limited studies performed in human PBC patients have
indicated the likelihood that central nervous system–me-
diated processes are similarly important in fatigue patho-
genesis in human cholestatic subjects.11,12 Despite
increasing appreciation of the importance of fatigue in the
experience of PBC patients and localization of key patho-
genetic processes to the central nervous system, the un-
derstanding of the precise mechanisms responsible for
fatigue expression remains limited. To date, this has im-
peded progress in developing therapies able to reduce the
impact of fatigue in PBC. Recent studies performed by
our group and others in selected PBC patients have begun
to identify biological processes that may make a signifi-
cant contribution to the mechanisms of fatigue expres-
sion. One example is the recent demonstration that

Abbreviations: ESS, Epworth Sleepiness Scale; FIS, Fatigue Impact Scale HADS,
Hospital Anxiety and Depression Scale; OGS, Orthostatic Grading Scale; PBC,
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abnormality in sleep patterns, in particular, excessive day-
time somnolence, was strongly associated with fatigue in a
subgroup of PBC patients.12

Another, less extensively studied biological process
showing a potential association with fatigue in PBC is
abnormality in regulation of the autonomic nervous sys-
tem, particularly manifested as cardiovascular instability.
In studies performed to date, abnormalities of autonomic
regulation of the cardiovascular system have been found
at increased incidence in patients with disease at all
stage,13-17 and appear to be associated with fatigue.16,17

The possibility that autonomic dysfunction may be a cen-
trally mediated process that plays a role in the expression
of fatigue in PBC is supported by the observation that
a number of fatigue-associated conditions including
Parkinson’s disease, multiple sclerosis, chronic fatigue
syndrome/ME (myalgic encephalomyelitis), and primary
autonomic failure are characterized by similar degrees of
autonomic dysfunction.18-21 What is not clear from the
previous PBC studies, which were based on clinic-re-
cruited patient series, is the true extent to which auto-
nomic dysfunction is experienced by the wider PBC
population and its specificity to that population. It is also
unclear from these studies how autonomic dysfunction
relates to abnormality in the other biological processes
already implicated in PBC fatigue pathogenesis such as
abnormal daytime sleep regulation.

In this study, we set out to explore the population
impact of the symptoms of cardiovascular autonomic dys-
function in PBC and the interrelationship between such
symptoms and fatigue and sleep disturbance in a unique,
representative cohort of PBC patients defined by area of
residence. This geographically defined cohort, which by
its nature is representative of the PBC population as a
whole, has previously provided important insights into
the clinical associations of this disease.5,22-24 We then
went on to study the extent to which the symptoms sug-
gestive of cardiovascular autonomic dysfunction experi-
enced by PBC patients were actually associated with
abnormalities of blood pressure regulation as shown by
dynamic testing.

Patients and Methods
Participants

The potential cohort of the PBC symptom study con-
sisted of all 164 patients identified as having the disease
residing in the geographical area defined by postal codes
NE1-NE25 (Newcastle-upon-Tyne and surrounding
suburbs) on the study date. To be eligible for inclusion in
the study cohort, patients had to definitely (all 3 of the
antimitochondrial antibodies or PBC-specific antinuclear
antibodies at a titer of �1:40 as determined by immuno-

fluorescence, cholestatic liver function tests, and compat-
ible liver histology) or probably (2 of these 3 criteria) have
the disease as previously defined.3,5 This cohort is contin-
uously updated, and the rationale for studying this patient
population and the methods used to identify its members
have previously been described.5,22-24 Ongoing full clini-
cal follow-up records, including histological and labora-
tory parameters of disease severity, parameters of portal
hypertension, and medication history are maintained on
the patients in this cohort. Patients in the potential study
population were contacted by mail and asked to complete
and return a series of questionnaires in a prepaid envelope.
Twenty consecutive PBC patients experiencing symp-
toms of orthostatic hypotension subsequently went on to
have a full cardiovascular assessment. Two control groups
were studied. Normal control subjects (n � 50) were
recruited from the same geographical area as the PBC
patient cohort by notices in the local press and in the
hospital asking for healthy volunteers to participate in
research projects. Our ethical board conditions prevented
us from actively screening these study volunteers for un-
diagnosed disease. The liver disease control cohort con-
sisted of the complete cohort of patients with primary
sclerosing cholangitis (PSC) living in the same geograph-
ical area as the PBC patients (NE1-NE25) and identified
as using the same approaches as the PBC patients (n �
31). Information was gathered for all participants about
medications they were taking that could potentially alter
regulation of blood pressure (antihypertensive, antiangi-
nal, and diuretic agents and antidepressants). The study
was approved by the local research ethics committee, and
return of a questionnaire was considered consent for the
use of data. All data were coded and returned anony-
mously.

Symptom Assessment Tools

PBC-40. Health-related quality of life and the symp-
toms that contribute to its impairment in PBC of the PBC
patient cohort were assessed using the PBC-40, a fully
validated PBC-specific, multidomain, quality-of-life
measure.25,26 The PBC-40 contains 40 questions in 5 do-
mains (fatigue; itch; cognitive; social and emotional; and
other symptoms, the latter made up of several PBC-re-
lated symptoms that do not map to the other domains).
Previous studies performed during the validation of the
PBC-40 demonstrated strong correlation of the fatigue
domain with the other symptoms, cognitive, and social
and emotional domains (which in turn all correlated with
each other), but no correlation with Itch scores.26 To
complete the PB-40, participants rate items on a 5-point
scale (1 � “never”, 2 � “rarely”, 3 � “sometimes”, 4 �
“most of the time”, and 5 � “always”). To develop clin-
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ically meaningful bands of symptom severity in this study,
symptoms reported by a participant in a domain were
assessed as follows: (1) None: All responses “never”. (2)
Mild: Average of all responses is“rarely,” with up to half of
items rated “sometimes”. (3) Moderate: Average of all
responses is “sometimes”, with at least half of items rated
“most of the time”. (4) Severe: All scores above the cutoff
for moderate.

The specific numerical cutoffs for each of these 4 levels
of impact for all domains of the PBC-40 calculated using
this approach are given in Table 1.

Orthostatic Grading Scale. Studies suggest a role for
autonomic dysfunction and fatigue in both nonhepatic
diseases and PBC. Participants therefore completed the
Orthostatic Grading Scale (OGS), a fully validated self-
report assessment tool for the symptoms of orthostatic
intolerance due to orthostatic hypotension (e.g., severity,
frequency, and interference with daily activities), It con-
sists of 5 items, each rated on a scale from 0 to 4.27 The
total score is the sum of the scores of the individual items.
Studies have shown that scores from the OGS correlate
with conventional tests of integrity of the autonomic ner-
vous system. A score above 9 is considered consistent with
a formal diagnosis of orthostatic hypotension. A score of
at least 4 but below 9 is considered indicative of moderate
orthostatic hypotension

Epworth Sleepiness Scale. In view of the recently
identified association of excessive daytime sleep with fa-
tigue in PBC in several cohorts of clinic patients,12 all
participants completed the Epworth Sleepiness Scale
(ESS), whose score can range from 0 to 24. This fully
validated tool assesses daytime hypersomnolence, with a
score of 10 or more indicative of significant daytime hy-
persomnolence.28 A score of at least 5 but below 10 is
considered an indication of moderate daytime hypersom-
nolence.

Hospital Anxiety and Depression Scale. The Hos-
pital Anxiety and Depression Scale (HADS) is a 14-item
measure of current anxiety (HADS-A) and depression
(HADS-D). The HADS was specifically developed for
use with individuals who have physical illness because it
excludes items related to somatic symptoms. The HADS
scores are categorized according to “caseness” (probable

presence of the mood disorder), with 0–7 � noncaseness,
8–10 � borderline caseness, and 11–21 � caseness.

Fatigue Impact Scale. The Fatigue Impact Scale
(FIS), a 40-item generic fatigue impact scale, was used to
assess the severity of the fatigue of those in the PSC con-
trol group because it is only appropriate to use the PBC-
40, a disease-specific quality-of-life measure, with patients
who have PBC. The FIS has been validated and exten-
sively used in both PBC and PSC populations.3,5,29

Cardiovascular Assessment of PBC Patients with
Symptoms of Orthostatic Hypotension

To determine the relationship between symptoms sug-
gestive of cardiovascular autonomic dysfunction and
actual autonomic regulation of blood pressure, 20 consec-
utive PBC patients who had described orthostatic dizzi-
ness underwent formal autonomic assessment in the
cardiovascular laboratory. These patients were assessed for
neurally mediated hypotension (defined as either ortho-
static hypotension or vasovagal syncope). All subjects re-
frained from smoking and ingestion of caffeine on the day
of investigation and ate only a light breakfast. All investi-
gations were performed at the same time of day and took
place in a warm, quiet room. All cardiovascular assess-
ments were carried out with continuous heart rate and
beat-to-beat blood pressure measurement (Task Force,
CNSystems, Graz, Austria). Orthostatic hypotension and
vasovagal syncope were diagnosed using recognized diag-
nostic criteria.30,31 The prevalence of neurally mediated
hypotension in the PBC study population was compared
with that in our whole clinic cohort between January
1997 and August 2005 (3729 consecutive patients).

To detect orthostatic hypotension, heart rate and
blood pressure responses to standing more than 2 minutes
were measured. In addition, all patients underwent a
head-up tilt test to examine the responses of heart rate and
blood pressure to prolonged standing and to diagnose
vasovagal syncope. In all head-up tilt tests patients were
monitored supine for 10 minutes (phase 1) and then
brought to standing at 70° by tilt bed. Patients then stood
quietly for 20 minutes (phase 2). At the end of this period
400 �g of the vasodilator glyceryl trinitrate was adminis-
tered sublingually, and the test was continued for another
15 minutes (phase 3). At the end of this time, the bed was
returned to the supine position, and hemodynamics were
monitored for an additional 10 minutes (phase 4).32 The
test was terminated early at the patient’s request if synco-
pal or presyncopal symptoms were reproduced or if sys-
tolic blood pressure was below 80 mm Hg for longer than
3 minutes. The integrity of the autonomic nervous system
was assessed during the head-up tilt test using baroreflex
sensitivity (calculated by the Task Force using the se-

Table 1. Defined Score Ranges for the PBC-40 Domains

PBC-40 domain None Mild Moderate Severe

Symptoms � 7 8-18 19-25 �26
Itch � 3 4-8 9-11 �12
Fatigue �11 12-28 29-39 �40
Cognitive � 6 7-15 16-21 �22
Social and emotional �13 14-34 35-49 �50
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quence method)33 and heart rate variability (using spec-
tral analysis34) to derive total power (power spectral
density), low-frequency heart rate variability (predomi-
nantly sympathetic), high-frequency heart rate variability
(predominantly parasympathetic), and very-low-fre-
quency heart rate variability. The low-frequency/high-
frequency ratio was considered an indicator of balance
between the sympathetic and parasympathetic nervous
systems. In this study, head-up tilt test data were included
in an analysis of baroreflex sensitivity and heart rate vari-
ability when the patient was able to complete all 4 phases
of the head-up tilt test.

Data Analysis
All data were normally distributed and are presented as

means and standard deviations. Data were analyzed using
Graphpad software (Prism, San Diego, CA). Groups were
compared with the Student t test, and proportions of groups
were compared with the chi-square test. Correlations be-
tween variables were determined using the Spearman rank
correlation test. Regression analysis was performed using
SPSS (SPSS Corp.)

Results

Study Cohorts. One hundred and sixty-four people
residing in the geographical area NE1-NE25 were identi-
fied as having definite or probable PBC using the com-
prehensive case-finding protocol and were invited to
participate in the study. One hundred and thirty-one pa-
tients who had not received transplants returned fully
completed assessment tool packs and were included in the
study (80%). Twelve patients (9.2%) in the participating
cohort were men. The median age of those in the study
cohort was 67 years (range 31–92 years). Of the 31 pa-
tients in the study area identified as having PSC, 22 re-

turned completed assessment tool packs (71%). Clinical
characteristics of the PBC and PSC study participants are
outlined in Table 2. Median FIS score in the PSC subject
group was 7.5 (range 0–46). As previously reported, fa-
tigue severity in the PSC cohort was significantly corre-
lated with HAD score (P � 0.02).29 The normal control
group consisted of 50 healthy individuals living in the
NE1-NE25 area, of whom 45 (90%) were women. The
median age of this group was 67 years (31–85 years). In
the 3 study groups, 52 patients in the PBC group (40%),
6 in the normal control group (12%), and 7 in the liver
disease control (PSC) group (29%) were taking medica-
tions that had the potential to alter blood pressure regu-
lation.

Symptomatic Characterization of the PBC Study
Cohort. In the PBC patient group, scores for all domains
of the PBC-40 were similar to those recorded in previous
studies (symptoms domain, 17 � 5 [possible range 7-35];
itch domain, 4 � 3 [possible range 3–15]; fatigue do-
main, 29 �12 [possible range 11-55]; cognitive domain,
14 � 6 [possible range 6–30]; social and emotional do-
main, 31 � 12 [possible range 13–65]).25,26 There was no
significant difference in PBC-40 fatigue domain scores
between those PBC patients taking potentially blood-
pressure-altering medication and those who were not
(30 � 11 versus 29 � 12, P � ns), with no correlation
between the number of such medications taken by a pa-
tient and fatigue severity (r2 � 0.00001, P � ns). The
distributions of scores of each of the PBC-40 domains in
the study population are shown in Fig. 1. The most fre-
quently seen status was none for “itch”; mild for “other
symptoms”, “cognitive”, and “social and emotional”; and
moderate for “fatigue”, confirming previous observations
that fatigue is the symptom with the greatest apparent
impact on the quality of life of PBC patients. Of the 131
participants in the study, 78 (60%) described moderate or
severe fatigue, defined using the new criteria. In this non–

Table 2. Clinical Characteristics of the PBC and PSC
Patients in the NE1-NE25 Geographically Defined Cohorts

Participating in This Study

PBC PSC

Geographical cohort size 164 31
Number participating in study (% of entirecohort) 131 (80%) 22 (71%)
Age (years), median (range) 67 (31-92) 60 (35-82)
Male sex (%) 12 (9%) 18 (82%)
Diagnosis confirmed by biopsy (%) 117 (89%) 21 (94%)
Cirrhosis confirmed by biopsy (% of patients

biopsied) 20 (17%) 3 (14%)
Bilirubin (�mol/l), mean 13 � 4 21 � 25
Albumin (g/l), mean 39 � 4 42 � 3
Alkaline phosphatase (IU/l), mean 196 � 154 263 � 261
Previous diagnosis of hypertension 30 (23%) 6 (18%)
Previous diagnosis of diabetes 30 (23%) 0 (0%)
Clinical diagnosis of portal hypertension 23 (17%) 2 (9%)

Fig. 1. Proportions of the geographically defined PBC patient popu-
lation with scores within the newly defined symptom severity bands for
the 5 domains of the PBC-40.
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clinic based cohort 32 of the PBC patients (24%) had ESS
scores diagnostic of pathological daytime hypersomno-
lence (ESS � 10), confirming that daytime somnolence is
a significant problem in the PBC population as a whole.
Anxiety and depression as determined by HADS were
significant problems, with 46% of the cohort having
scores on the HADS-A that would be borderline or diag-
nostic of an anxiety disorder (borderline or case) and 33%
having scores on the HADS-D borderline or diagnostic
for depression (borderline or case). Univariate analysis
showed that severity of symptoms of daytime somnolence
assessed using the ESS was significantly correlated with
scores for all domains of the PBC-40 except the itch do-
main and with HAD-D (Table 3). When considered in
multivariate analysis, the only association with ESS that
remained significant was with the fatigue domain of the
PBC-40 (� � 0.226, P � .001).

Symptoms of Orthostatic Hypotension. Symptoms
consistent with orthostatic intolerance were experienced
frequently by PBC patients. Of those in the PBC cohort,
90 patients (69%) had at least 1 symptom of orthostatic
hypotension identifiable by OGS, 46 patients (40%) had
moderate or greater symptoms of orthostasis (OGS � 4),
and 10 patients (8%) had severe orthostasis (OGS � 9,
compatible with a formal diagnosis of orthostatic hypo-
tension). There was no significant difference in OGS
scores between those PBC patients taking potentially
blood-pressure-altering medication and those not (3 � 4
versus 3 � 3, P � ns), with no correlation between an
increasing number of culprit medications and OGS score
(r2 � 0.06, P � ns). In contrast, only 18 of 50 (36%)
normal controls (P � 0.0001 versus PBC patients) and 4
of 22 (18%) PSC patients (P � 0.0001 versus PBC pa-
tients) showed any features suggestive of orthostatic hy-
potension, and only 3 of 50 (6%) normal controls (P �
0.0001 versus PBC patients) and 1 of 22 (5%) PSC pa-
tients (P � 0.005 versus PBC patients) had moderate or
greater symptoms of orthostasis. Symptoms suggestive of
severe orthostasis were not seen in any of the normal or

PSC controls. Overall, the mean OGS score was signifi-
cantly higher in the PBC patient group than in either the
normal or the PSC controls (Fig. 2). Univariate analysis
showed that in the PBC patient group OGS score was
significantly correlated with all PBC-40 domain scores
and with both HADS-A and HADS-D scores (Table 4).
However, no association was seen with daytime somno-
lence as assessed using the ESS. When all the variables
(individual domains of the PBC-40, age, sex, HADS-A,
HADS-D, and ESS) were considered in multivariate anal-
ysis, the only associations with OGS that remained signif-
icant were those with the cognitive and fatigue domains of
the PBC-40 (� � 0.161, P � 0.005, and � � 0.096, P �
0.003, respectively). When the association between OGS
score and the independently associated cognitive and fa-
tigue domain scores was considered in terms of the newly
defined symptom bands, a clear stepwise progression
across the symptom band range was seen (Fig. 3). In the
PBC group, 58% of the patients with moderate or severe
orthostatic symptoms (OGS � 4) had moderate or severe
fatigue as assessed using the PBC-40 fatigue domain com-
pared with only 20% of patients with mild or no ortho-
static symptoms (OGS � 4, P � .0005; odds ratio [OR]
4.9, 95% CI 2.1–11.9; Fig. 4). In contrast, in the PSC

Table 3. Correlations Between ESS and Other Assessment
Tool Scores for the Community PBC Cohort (All Values Are

Normally Distributed)

Assessment tool Correlation with ESS (r2)

PBC-40 symptom domain 0.2*
PBC-40 itch domain 0.04
PBC-40 fatigue domain 0.3*
PBC-40 cognitive domain 0.2*
PBC-40 social and emotional domain 0.1*
HADS-A 0.1
HADS-D 0.2*

*Significant at P � 0.0001. Significant values after correction for multiple
testing (P value for significance P � 0.003) are denoted in bold.

Fig. 2. Comparison of symptoms of orthostasis between the geo-
graphically defined comprehensive cohort of PBC patients, normal con-
trols, and the geographically defined PSC patient cohort, as assessed by
OGS.

Table 4. Correlations Between OGS and Other Assessment
Tool Scores for the Community PBC Cohort (All Values Are

Normally Distributed)

Assessment tool Correlation with OGS (r2)

PBC-40 Symptom Domain 0.1*
PBC-40 itch domain 0.1*
PBC-40 fatigue domain 0.3†

PBC-40 cognitive domain 0.3†

PBC-40 social and emotional domain 0.2†

ESS 0.1
HADS-A 0.2†

HADS-D 0.2†

*Significant at P � 0.001; †Significant at P � 0.0001. Significant values after
correction for multiple testing (P value for significance P � 0.003) are denoted in
bold.
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control group the single patient with moderate or severe
orthostatic symptoms had only mild fatigue (FIS � 60).

When ESS score data were included in the analysis, it
was found that the vast majority of patients in the PBC
cohort with moderate or significant fatigue described
moderate or worse symptoms of orthostasis (OGS � 4),
moderate or worse symptoms of daytime somnolence
(ESS � 5), or both (OR versus mild or no fatigue 9.2,
94% CI 3.3–25.3; Fig. 5). Although there was some over-
lap between orthostatic hypotension and daytime somno-
lence, with a subgroup of fatigued patients experiencing
both symptoms of orthostatic hypotension and daytime
somnolence, there was a distinct group of patients with
moderate or severe fatigue who experienced moderate or
severe orthostatic symptoms in the absence of any day-
time somnolence (6 of the 78 patients [8%] describing
moderate or severe fatigue). Fifteen of 78 patients (19%)
with moderate or severe fatigue appeared to have neither
excessive daytime somnolence nor symptoms of ortho-
static hypotension, suggesting there is another, as-yet-un-
identified mechanism of fatigue pathogenesis in PBC.
There were no patients in the PSC group who described
moderate or severe fatigue (5 described no fatigue, and 17
described mild fatigue).

Relationship of Symptoms of Orthostatic Hypoten-
sion with Dynamic Blood Pressure Regulation. To
examine the nature of the relationship between symptoms
suggestive of orthostatic hypotension and objective fea-

tures of blood pressure control, 20 consecutive PBC
patients who described symptoms of orthostatic hypoten-
sion via the OGS (all OGS � 4) underwent full cardio-
vascular assessment including dynamic investigation of
blood pressure regulation through the head-up tilt test.
All patients in this phase of the study were women. Their
mean subject age was 63 � 11 years. The median PBC-40
fatigue domain score of these 20 patients was 40 (16–55).
None of the 20 patients had significant abnormalitiesin
their 12-lead electrocardiograph. Fourteen participants
(70%) described both postural dizziness and blackouts, 5
(25%) described postural dizziness alone, and 1 (5%) de-
scribed falls. Six patients (30%) were taking potentially
blood-pressure-altering medications at the time of their
cardiovascular assessment: 2 were taking diuretics 3 were
taking calcium antagonists, and 1 was taking a �-blocker.
These medications were stopped after clinical review. Of
the 20 patients assessed, significant neurally mediated hy-
potension was found in 13 (65%). The frequency of sig-
nificant neurally mediated hypotension in this PBC
group was significantly higher than that in equivalent
non-PBC populations (of the 3,729 patients who pre-
sented to the Falls and Syncope clinic between 1997 and
2005 with symptoms of autonomic dysfunction of the
type identified using the OGS, 1,263 [34%] were found
to have neurally mediated hypotension [P � 0.005 versus

Fig. 5. Frequency of moderate or severe fatigue in PBC patients with
a moderate or high level of symptoms of orthostatic hypotension (OGS �
4), a moderate or high level of daytime somnolence (ESS � 5), defined
as “symptoms,” or both compared with patients with a low level of
symptoms of both (OGS � 4 and ESS � 5), defined as “no symptoms.”

Fig. 3. Orthostatic grading scale (OGS)
scores for PBC patients in the geographical
population with scores in the 4 severity
bands of the fatigue and cognitive domains
of the PBC-40. The fatigue and cognitive
domain scores were the only parameters
independently associated with OGS scores
on multivariate analysis (*P � .05, **P �
.01, ***P � .001).

Fig. 4. Frequency of moderate or severe fatigue in PBC patients with
a moderate or high level (OGS � 4) or a low-level (OGS � 4) of
symptoms of orthostatic hypotension.
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the PBC group]). Of the 13 patients found to have neu-
rally mediated hypotension, 9 had vasovagal syncope, 2
had orthostatic hypotension, and 2 had both orthostatic
hypotension and vasovagal syncope. Significant abnor-
mality in autonomic regulation as assessed using head-up
tilt test was observed in all patients, including those falling
short of a diagnosis of vasovagal syncope (Table 5). Total
power and low-frequency and high-frequency heart rate
variability were substantially below the lower limit of nor-
mal through all phases of the head-up tilt test, confirming
the presence of significantly reduced heart rate variability.
Baroreflex sensitivity was below the lower threshold after
tilting (phase 2) and in response to vasodilation with glyc-
eryl trinitrate (phase 3), confirming that baroreceptor re-
sponse to provocation by orthostasis and vasodilation was
impaired. When PBC-40 fatigue domain score was corre-
lated with hemodynamics of each phase of the head-up tilt
test, heart rate was significantly related to fatigue score for
all phases of the head-up tilt test, suggesting reflex com-
pensation (Table 6). In addition, there was a significant
relationship between increasing fatigue and impaired
heart rate variability (very low frequency, low-frequency,
and high-frequency heart rate variability in response to
glyceryl trinitrate was significantly related to increasing
fatigue in phases 3 and 1 (resting), and low-frequency and
high-frequency heart rate variability was significantly re-
lated to increasing fatigue in phase 4 (recovery), confirm-
ing the association of reduced heart rate variability with
fatigue. There was no relationship between low-frequency/

high-frequency ratio, suggesting no shift in sympathova-
gal balance with increasing fatigue. Furthermore, there
was a significant relationship of impaired baroreflex sen-
sitivity (total mean slope) with fatigue on passive tilting
(phase 2) and recovery. These studies suggest that cardio-
vascular assessment would show that a significant propor-
tion of PBC patients reporting symptoms suggestive of
orthostatic hypotension would have an actual abnormal-
ity diagnostic of neurally mediated hypotension (ortho-
static hypotension and/or vasovagal syncope) and that
with a head-up tilt test, even those patients falling short of
a formal diagnosis of neurally mediated hypotension
would have significant abnormality diagnostic of auto-
nomic dysfunction.

Discussion
In this study, we demonstrated that in a PBC popula-

tion defined by area of residence (and therefore likely to
be representative of the distribution of PBC patients in
UK populations), symptoms associated with cardiovascu-
lar autonomic dysfunction were present in almost 70% of
patients. Symptoms suggestive of severe orthostatic hypo-
tension, sufficient to warrant referral to a specialist syn-
cope clinic, were present in almost 10% of patients. The
incidence and severity of these symptoms was signifi-
cantly greater in the study PBC population than in age-
and sex-matched normal controls from the same study
area and in PSC patients defined using the same geo-

Table 5. Parameters of Autonomic Cardiovascular Regulation in PBC Patients Who Described Symptoms of Orthostatic
Hypotension Assessed During Head-Up Tilt Test Compared with International Normative Values

Phase 1 (resting) Phase 2 (passive HUT) Phase 3 (post-GTN) Phase 4 (recovery) Normative values

LF (ms2) 493 � 527 231 � 271 286 � 318 616 � 561 750-1590
HF (ms2) 251 � 238 207 � 153 99 � 95 249 � 283 775-1175
TP (ms2) 912 � 996 548 � 579 410 � 1350 144 � 1794 2400-4600
LF/HF ratio 1.3 � 1.0 1.8 � 1.6 2.8 � 2.4 3.7 � 2.4 � 2
BRS (ms/mm Hg) 12 � 7 9 � 5 6 � 2 10 � 6 � 9.3

NOTE. Bold denotes values lying outside the normal range.
Abbreviations: BRS, baroreflex sensitivity; LF, low-frequency heart rate variability; HF, high-frequency heart rate variability; TP, total power.

Table 6. Correlations Between PBC-40 Fatigue Domain Score and Hemodynamic Parameters During the 4 Phases of the
Head-Up Tilt Test

Phase 1 (resting)
Phase 2

(passive HUT)
Phase 3

(post-GTN) Phase 4 (recovery)

Mean HR 0.6† 0.8
†

0.6* 0.8†

HRV VLF �0.3 �0.4 �0.5* �0.7*
LF �0.7* �0.5 �0.7* �0.8
HF �0.3 �0.5 �0.7* �0.7*

BRS Total �0.4 �0.5* �0.4 �0.9†

NOTE. Data are denoted as r values, with significant values indicated in bold; *P � 0.05, †P � 0.005.
Abbreviations: BRS, baroreflex sensitivity; HRV, heart rate variability; HF, high-frequency heart rate variability; LF, low-frequency heart rate variability; VLF,

very-low-frequency heart rate variability; HR, heart rate.
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graphical criteria as the PBC study population (and who,
interestingly, were characterized by very low fatigue, con-
sistent with other published observations).29 The clinical
assessment tool used in this study, the Orthostatic Grad-
ing Scale (OGS), has been validated against objective as-
sessment of cardiovascular status of patients with other
diseases and shown to be predictive of true abnormalities
in blood pressure regulation.27 Through the use of the
head-up tilt test for the first time in PBC patients, in this
study we also confirmed32 that this association between
symptoms suggestive of blood pressure lability, as de-
tected by the OGS, and true abnormality in regulation of
blood pressure remains true for PBC patients. The extent
of the symptoms of orthostatic hypotension described by
PBC patients showed a significant correlation with sever-
ity of both the fatigue experienced by PBC patients and
symptoms suggestive of cognitive function, as assessed by
the cognitive domain of the PBC-40. Moreover, severity
of fatigue also showed a significant correlation with ob-
jective parameters of degree of blood pressure dysregula-
tion, assessed using the head-up tilt test. In contrast,
symptoms of orthostatic hypotension were apparently in-
dependent of degree of daytime somnolence experienced
by PBC patients, a symptom that itself has recently been
linked with fatigue in PBC.12 Our findings fully support
those of previous studies identifying the objective features
of autonomic dysfunction in PBC13-17 and extend our
understanding of the impact of this effect by suggesting
that cardiovascular autonomic dysfunction is both com-
mon in PBC patients and significantly associated with
several of the key symptoms of the disease. The absence of
an association with sleep abnormality would suggest that
any role autonomic dysfunction plays in the expression of
fatigue in PBC is largely independent of the processes
associated with daytime somnolence.

The aim of this study was to explore the extent to
which the PBC patient population as a whole has symp-
toms of cardiovascular autonomic dysfunction, the asso-
ciation of these symptoms with other key disease
symptom parameters, and the extent to which such symp-
toms are indicative of objective cardiovascular instability,
rather than to explore the mechanisms actually responsi-
ble for such instability. Thus, it is not clear what the
responsible mechanisms are. However, several potential
mechanisms are known. Autonomic dysfunction, includ-
ing cardiovascular instability, has been demonstrated to
be associated with advanced liver disease in a number of
settings, including in patients with PBC, and this un-
doubtedly will be found to contribute to the symptoms
described in at least some of the patients.13-15,35-39 It is
most unlikely, however, that such features of advanced
disease are responsible for a symptom complex present in

almost three quarters of patients given the predominance
of early-stage disease and the very low prevalence of ad-
vanced liver disease and/or portal hypertension in the
study population. Another potential explanation for a fa-
tigued population having such symptoms and for the ap-
parent correlation of the severity of these symptoms with
the severity of fatigue would be that autonomic dysfunc-
tion of the type identified here is a consequence of the
physical deconditioning that results from the impaired
function caused by fatigue, rather than a cause of the
fatigue. This mechanism has been postulated to contrib-
ute to the association between fatigue and autonomic dys-
function observed in chronic fatigue syndrome.40 We
previously demonstrated that the perception of fatigue
severity in PBC patients is significantly correlated with
actual degree of physical activity undertaken.26 A third
and intriguing possibility is that the pathways contribut-
ing to autonomic dysfunction in PBC are of central
origin. We previously demonstrated deposition of man-
ganese in the basal ganglia of PBC patients, the degree of
which correlated significantly with the degree of fatigue
experienced.11 The anatomical areas showing this associ-
ated effect are adjacent to those responsible for control of
the autonomic nervous system.41 It is possible, therefore,
that one of the postulated central effects of cholestasis,
that of deposition of factors normally cleared in the bile
and retained in cholestasis, is directly responsible for au-
tonomic dysfunction.

A key observation in this study was the extent to which
the symptoms of orthostatic hypotension, as detected by
the OGS, are predictive of true cardiovascular autonomic
dysfunction, as detected using the head-up tilt test. It was
found that of the 20 serial (and otherwise unselected)
patients with symptoms of orthostatic hypotension who
underwent the head-up tilt test, almost two thirds exhib-
ited sufficient abnormality in blood pressure regulation to
warrant a formal diagnosis of neurally mediated hypoten-
sion. Significant abnormality in the parameters of hemo-
dynamic stability, exemplified by heart rate variability,
was seen in all patients, including those falling short of a
formal diagnosis of neurally mediated hypotension. Strik-
ingly, the severity of these abnormalities, in particular,
those relating to heart rate variability, was significantly
correlated with fatigue severity. One interesting observa-
tion was some patients whose symptoms of orthostatic
hypotension were not particularly severe had a very sig-
nificant objectively determined abnormality in blood
pressure regulation, suggesting that even patients with
relatively limited symptoms of orthostasis could be sus-
ceptible to a very marked abnormality in actual blood
pressure regulation.
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Our finding that 40% of our geographically defined
PBC cohort was taking potentially blood-pressure-alter-
ing medications raises an interesting question about the
degree to which medication contributes to orthostasis-
associated fatigue in the wider PBC population. The sim-
ilarity in the OGS and PBC-40 fatigue domain scores
seen between patients taking such medication and pa-
tients not taking such medication, coupled with the num-
ber of potentially culprit medication not being correlated
with either the OGS or fatigue severity, would argue
against this as an overarching mechanism of fatigue in
PBC. However, as the head-up tilt test data suggest (6 of
the consecutive 20 patients investigated for symptoms of
orthostatic hypotension were receiving potentially blood-
pressure-altering medications, 5 of whom had neurally
mediated hypotension), over- or inappropriate medica-
tion may contribute to orthostatic symptoms and poten-
tially be associated with fatigue in individual patients. If,
as the findings of this study suggest, PBC is associated
with a tendency toward blood pressure dysregulation and
hypotension, the ongoing need of all PBC patients to take
antihypertensive medication should be critically re-
viewed, particularly because such therapy has often been
prescribed for prolonged periods following a diagnosis of
hypertension, which may have been done before the hy-
potensive effects of PBC were known. In our clinical prac-
tice, both the head-up tilt test and 24-hour blood pressure
measurement have proved to be invaluable tools for iden-
tifying PBC patients receiving, typically for historical rea-
sons, excessive and inappropriate antihypertensive
treatment that has contributed significantly to their fa-
tigue.

At present it is unclear how, if at all, blood pressure
dysregulation actually contributes to the expression of fa-
tigue. Ongoing studies by our group are addressing the
role played by impaired or abnormal muscle perfusion
secondary to altered hemodynamics in the expression of
fatigue in PBC. However, our findings that the symptoms
of orthostatic hypotension correlate significantly with
symptoms associated with cognitive dysfunction, as as-
sessed by the cognitive domain of the PBC 40, suggest
there may be an additional, potentially important organic
consequence of blood pressure lability in PBC. Previous
studies of non-PBC populations identified a link between
blood pressure lability (in particular, hypotension) and
organic cognitive dysfunction, up to and including de-
mentia.42 The possibility that there may be an organic
consequence over and above fatigue associated with the
autonomic dysfunction in PBC makes understanding the
mechanisms underpinning this blood pressure lability
particularly important. Once again studies are ongoing in
this area.

The final aim of this study was to address the extent to
which symptoms of orthostatic hypotension and auto-
nomic dysfunction in PBC were related to those of the
recently described fatigue-associated abnormality in sleep
regulation. Strikingly, no significant independent associ-
ation was seen between degree of daytime somnolence
and degree of orthostatic hypotension in the PBC popu-
lation, although each was independently associated with
fatigue severity. This observation raises the possibility that
the pathways responsible for daytime somnolence and
autonomic dysfunction are independent mechanisms un-
derpinning the expression of fatigue, with both poten-
tially originating from the CNS effects of cholestasis and
inflammation. The identification of a second potentially
independent pathway for the expression of fatigue in PBC
gives us further optimism that the development of thera-
peutic approaches able to improve this important and
debilitating symptom will occur in the near future.
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4-Phenylbutyrate Enhances the Cell Surface
Expression and the Transport Capacity of Wild-Type

and Mutated Bile Salt Export Pumps
Hisamitsu Hayashi and Yuichi Sugiyama

Progressive familial intrahepatic cholestasis type 2 (PFIC2) is caused by a mutation in the
bile salt export pump (BSEP/ABCB11) gene. We previously reported that E297G and
D482G BSEP, which are frequently found mutations in European patients, result in im-
paired membrane trafficking, whereas both mutants retain their transport function. The
dysfunctional localization is probably attributable to the retention of BSEP in endoplasmic
reticulum (ER) followed by proteasomal degradation. Because sodium 4-phenylbutyrate
(4PBA) has been shown to restore the reduced cell surface expression of mutated plasma
membrane proteins, in the current study, we investigated the effect of 4PBA treatment on
E297G and D482G BSEP. Transcellular transport and cell surface biotinylation studies
using Madin-Darby canine kidney (MDCK) II cells demonstrated that 4PBA treatment
increased functional cell surface expression of wild-type (WT), E297G, and D482G BSEP.
The prolonged half-life of cell surface–resident BSEP with 4PBA treatment was responsible
for this result. Moreover, treatment of Sprague-Dawley rats with 4PBA resulted in an
increase in BSEP expression at the canalicular membrane, which was accompanied by an increase
in the biliary excretion of [3H]taurocholic acid (TC). Conclusion: 4PBA treatment with a clini-
cally achievable concentration enhances the cell surface expression and the transport capacity of
WT, E297G, and D482G BSEP in MDCK II cells, and also induces functional BSEP expression
at the canalicular membrane and bile acid transport via canalicular membrane in vivo. 4PBA is
a potential pharmacological agent for treating not only PFIC2 patients with E297G and D482G
mutations but also other cholestatic patients, in whom the BSEP expression at the canalicular
membrane is reduced. (HEPATOLOGY 2007;45:1506-1516.)

See Editorial on Page 1340

Progressive familial intrahepatic cholestasis type 2
(PFIC2), an inherited autosomal recessive liver dis-
ease, is characterized by cholestasis and jaundice in

the first year of life. Without liver transplantation, this
disease leads to cirrhosis and death before adulthood.1

Many studies have been performed in PFIC2 patients,
and the hereditary defect in the expression of the bile salt
export pump (BSEP/ABCB11) results in the acquisition
of PFIC2.1,2 BSEP is an adenosine triphosphate (ATP)-
binding cassette transmembrane transporter located on
the bile canalicular membrane, responsible for the biliary
excretion of monovalent bile acids (such as taurocholic
acid).3-8 It is likely that impaired biliary bile acid secretion
causes accumulation of bile acids in hepatocytes and pro-
gressive severe hepatocellular damage because of the tox-
icity of a high concentration of bile acids. Genomic
analysis of PFIC2 patients has revealed many kinds of
missense, premature termination, frame shift, and splic-

Abbreviations: 4PBA, sodium 4-phenylbutyrate; ATP, adenosine triphos-
phate; BFA, brefeldin A; BSEP, bile salt export pump; CF/CFTR �F508, cystic
fibrosis /cystic fibrosis transmembrane conductance regulator with the deletion of
phenylalanine at 508; CMVs, canalicular membrane vesicles, DPPIV, dipep-
tidyl peptidase IV; ER, endoplasmic reticulum; GFP, green fluorescent protein;
I, infusion rate; MDCK, Madin-Darby canine kidney; MOI, multiplicity of
infection; PFIC, progressive familial intrahepatic cholestasis; SD, Sprague-
Dawley; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis;
WT, wild-type.
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ing junction mutations in the BSEP gene.1 Among them,
E297G and D482G, two missense mutations in the sec-
ond intracellular loop and in the first ATP-binding do-
main, respectively, are frequently observed in PFIC2
patients. Indeed, each of these two mutations is present in
30% of European PFIC2 families.9 We have shown that
the introduction of these two mutations causes a reduc-
tion in BSEP expression at the cell surface because of
impaired membrane trafficking of BSEP followed by pro-
teasomal degradation. However, both mutated BSEPs per
se exhibit normal transport functions.10 Accordingly, res-
toration of the reduced cell surface expression of these
mutated BSEPs is an important task for achieving the
therapeutic goal for PFIC2 patients with E297G and
D482G mutations.

Sodium 4-phenylbutyrate (4PBA) has been shown to
be capable of restoring the reduced cell surface expression
of cystic fibrosis transmembrane conductance regulator
(CFTR/ABCC7) with the deletion of phenylalanine at
508 (CFTR �F508).11 CFTR �F508 is the most com-
mon mutation in cystic fibrosis patients12 and has similar
features to E297G and D482G BSEP in that this mutated
molecule accumulates in the endoplasmic reticulum
(ER), followed by degradation in the proteasomes, but
maintains its normal function as a chloride channel.13-15

4PBA is a nontoxic butyrate analog that was originally
approved for clinical use as an ammonia scavenger in sub-
jects with urea cycle disorders.16 Clinical trials of this
agent in cystic fibrosis patients with �F508 demonstrated
that CFTR function in the nasal epithelia is induced by
4PBA therapy.17 Considering that a surgical procedure
such as liver transplantation is the only therapy to cure
PFIC2, this compound may offer a new medical therapy
for PFIC2.

In the current study, we examined whether 4PBA
treatment with a clinically achievable concentration can
restore the reduced cell surface expression of BSEP caused
by the two common mutations and also investigated the
mechanism by which 4PBA increases BSEP expression at
the cell surface. We evaluated the effectiveness and mech-
anism of action of 4PBA by biological and transport func-
tional experiments with Madin-Darby canine kidney
(MDCK) II cells expressing wild-type (WT), E297G,
and D482G BSEP. Surprisingly, 4PBA treatment en-
hanced the cell surface expression and the transport
capacity of WT BSEP as well as that of both mutated
BSEPs. Therefore, the effectiveness of 4PBA treatment
was further determined in vivo by a [3H]TC infusion
study into Sprague-Dawley (SD) rats and biological
and transport functional experiments using canalicular
membrane vesicles (CMVs) from SD rats.

Materials and Methods

Materials. Pharmaceutical grade 4PBA was pur-
chased from Scandinavian Formulas Inc. (Sellersville,
PA). We obtained [3H]taurocholic acid ([3H]TC) (2 Ci/
mmol) from NEN Life Science Products (Boston, MA).
Antibodies against the human BSEP, P-glycoprotein (P-
gp) (C219), and dipeptidyl peptidase IV (DPPIV) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), Signet (Dedham, MA), and BD Biosciences (Moun-
tain View, CA), respectively. Antiserum for rBsep was
raised in rabbits against an oligopeptide (the carboxyl ter-
minal of rBsep; AYYKLVITGAPIS).18 All other chemi-
cals were of analytical grade. MDCK II cells were cultured
in Dulbecco’s modified Eagle medium (Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 U/ml) at
37°C with 5% CO2 and 95% humidity.

Generation of Recombinant Adenovirus. The BD
Adeno-X Adenoviral Expression System (BD Biosciences,
Palo Alto, CA) was used to establish the human WT,
E297G, and D482G BSEP recombinant adenoviruses as
previously described.10 The virus titer was checked with
an Adeno-X Rapid Titer Kit (Clontech). As a control,
recombinant adenoviruses containing green fluorescence
protein (GFP) were used.

4PBA Treatment. MDCK II cells were seeded in six-
well plates at a density of 2.5 � 105 cells per well. After a
24-hour culture, confluent cells were infected by recom-
binant adenovirus containing cDNAs for WT, E297G,
D482G BSEP, and GFP at 200 multiplicity of infection
(MOI). 4PBA treatment was carried out for various peri-
ods and at various concentrations. After the end of the
4PBA treatment period, crude membrane fractions were
prepared as described.19 The specimens were separated by
6% sodium dodecyl polyacrylamide gel electrophoresis
(SDS-PAGE) and subjected to western blot analysis.

Western Blot Analysis. Specimens were loaded per
well onto a 6% SDS-PAGE plate with a 3.75% stacking
gel, and subjected to western blot analysis as described.10

Immunoreactivity was detected with an ECL Advance
Western Blotting Detection Kit (Amersham Biosciences,
Piscataway, NJ). The intensity of the band indicating ma-
ture BSEP was quantified by Multi Gauge software Ver
2.0 (Fujifilm, Tokyo, Japan).

Transcellular Transport Assay. MDCK II cells were
seeded on transwell membrane inserts (pore size of 3 �M;
Falcon, Bedford, MA) in 24-well plates at a density of
1.5 � 105 cells per insert. After 2 days’ culture, confluent
cells were infected by recombinant adenovirus containing
cDNAs for WT, E297G, D482G BSEP, and GFP at 50
MOI. Cells were cultured for 24 hours after infection and
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subsequently treated with 1 mM 4PBA. Then, 24 hours
after treatment, the transcellular transport assays were
performed as described.19

The apparent efflux clearance across the apical mem-
brane (PSapical) was calculated by dividing the steady-state
rate for the transcellular transport of [3H]TC determined
over 2 hours by the cellular concentration of [3H]TC
determined at the end of the experiments (2 hours).

Cell Surface Biotinylation and Determination of
Degradation Rate of Cell Surface Expressing Protein.
MDCK II cells were seeded in 6-well plates at a density of
2.5 � 105 cells per well. After a 24-hour culture, conflu-
ent cells were infected by recombinant adenovirus con-
taining cDNAs for WT, E297G, D482G BSEP, and GFP
at 200 MOI. Cells were cultured for 24 hours after infec-
tion and subsequently treated with 1 mM 4PBA. Then,
24 hours after treatment, cell surface biotinylation was
performed as described.10

When the degradation rate of the cell surface–resident
protein was examined, biotinylated MDCK II cells were
incubated for various periods at 37°C, with or without 1
mM 4PBA, before solubilization. The remaining biotin-
ylated protein was isolated as described and separated by
6% SDS-PAGE and subjected to western blot analysis.

Determination of BSEP Messenger RNA Levels.
MDCK II cells were seeded in six-well plates at a density
of 2.5 � 105 cells per well. After a 24-hour culture, con-
fluent cells were infected by recombinant adenovirus con-
taining cDNAs for WT, E297G, D482G BSEP, and GFP
at 50 MOI. Cells were cultured for 24 hours after infec-
tion and subsequently treated with 1 mM 4PBA. Then,
24 hours after treatment, RNA was isolated using ISO-
GEN (Wako Pure Chemical Industries, Osaka, Japan)
according to the manufacturer’s instructions. Reverse
transcription was performed as previously reported10 after
DNase I (Takara Shuzo, Tokyo, Japan) treatment at 37°C
for 1 hour. BSEP mRNA levels were determined by real-
time quantitative PCR using a LightCycler and the ap-
propriate software (version 3.53; Roche Diagnostics,
Mannheim, Germany) as described previously.10 Quan-
titative PCR was performed with 5�-dAGTGGGG-
GAGCTGAATACAA-3�and 5�-dCCAATGGTGGCTG-
CTCCAAT-3� (BSEP) and 5�-AACGACCCCTTCAT-
TGAC-3� and 5�-TCCACGACATACTCAGCAC-3�
(GAPDH) as primers. BSEP gene expression in each re-
action was normalized by the expression of GAPDH.

Actinomycin D (Act D) and Cycloheximide (CHX)
Treatment. MDCK II cells were seeded in 6-well plates
at a density of 2.5 � 105 cells per well. After a 24-hour
culture, confluent cells were infected by recombinant ad-
enovirus containing cDNAs for WT, E297G, and
D482G BSEP at 200 MOI. Cells were cultured for 36

hours after infection and subsequently treated, with or
without 5 �g/ml Act D (Sigma, St. Louis, MO), to in-
hibit mRNA synthesis and, with or without 20 �g/ml
CHX (Sigma, St. Louis, MO), to inhibit protein synthe-
sis. Then, 2 hours after the treatment, 4PBA was added to
medium at 1 mM, in the presence or absence of Act D and
CHX. Subsequently, 6 hours (E297G, D482G BSEP) or
8 hours (WT) after 4PBA treatment, the crude membrane
fraction was prepared as described previously.19 The spec-
imens were separated by 6% SDS-PAGE and subjected to
western blot analysis.

Brefeldin A Washout Study. MDCK II cells were
seeded in 6-well plates at a density of 2.5 � 105 cells per
well. After a 24-hour culture, confluent cells were infected
by recombinant adenovirus containing cDNAs for WT,
E297G, and D482G BSEP at 200 MOI. Cells were cul-
tured for 12 hours after infection, and subsequently
treated, with or without 5 �g/ml brefeldin A (BFA)
(Sigma, St. Louis, MO), to inhibit the translocation of
BSEP from ER to the Golgi complex. Then, 2 hours after
the treatment, 4PBA was added into media at 1 mM, in
the presence or absence of BFA. Subsequently, 12 hours
after 4PBA treatment, BFA was washed out for various
periods, with or without 1 mM 4PBA, before the prepa-
ration of the crude membrane fraction as described pre-
viously.19 The specimens were separated by 6 % SDS-
PAGE and subjected to western blot analysis.

Animals. Male SD rats (6-7 weeks old) were pur-
chased from Nippon SLC (Shizuoka, Japan). All animals
were maintained under standard conditions with a reverse
dark-light cycle and treated humanely. Food and water
were available ad libitum. The studies reported in this
manuscript were carried out in accordance with the
guidelines provided by the Institutional Animal Care
Committee (Graduate School of Pharmaceutical Sci-
ences, The University of Tokyo, Tokyo, Japan).

In Vivo Infusion Study in Sprague-Dawley Rats.
Male SD rats (6-7 weeks old) were fed 4PBA or vehicle by
gavage for various periods (5, 10, 15 days) and at various
doses (0.2, 0.6, 2.4 g/kg/day). 4PBA or vehicle was given
as 3 divided doses. After 4PBA treatment, the in vivo
[3H]TC infusion study was performed as described.20

The [3H]TC in saline was infused through the femoral
vein cannula at a rate for 70 ng/min/kg for 90 minutes.
Blood and bile specimens were obtained at specified
times. The radioactivity associated with the plasma, bile
and liver was determined in a liquid scintillation counter
as described.20

Pharmacokinetic Analysis. The total plasma clearance
(CLtotal), biliary clearance normalized by circulating plasma
(CL

bile, plasma
), and biliary clearance normalized by the liver

concentration (CLbile, liver) were calculated from the equa-
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tions CLtotal � I/Css, plasma, CLbile, plasma � Vss, bile/Css, plasma,
and CLbile, liver � Vss, bile/Css, liver, where I, Css, plasma, Vss, bile,
and Css, liver represent the infusion rate (in ng/min/kg),
plasma concentrations at steady-state (in ng/ml), biliary ex-
cretion rate at steady-state (in ng/min/kg), and average he-
patic concentration at steady-state (in ng/ml), respectively.
Plasma concentrations at steady-state (Css, plasma) was deter-
mined as the mean value of the plasma [3H]TC concentra-
tions at 15, 30, 60, and 90 minutes. Biliary excretion rate at
steady-state (Vss, bile) was determined as the mean value of the
biliary excretion rate of [3H]TC from 10 to 15 minutes, 25
to 30 minutes, from 55 to 60 minutes, and from 85 to 90
minutes. Css, liver was determined as the average hepatic
[3H]TC concentration at the end of the in vivo experiment.

Transport Assays with Canalicular Membrane Ves-
icles. Male SD rats (6-7 weeks old) were given by gavage
0.6 g/kg/d 4PBA or vehicle in 3 divided doses for 10 days.
CMVs were prepared from the liver of the treated rats as
described.18 Prepared CMVs were subjected to western
blot analysis and used for transport assays. Transport as-
says were performed using the rapid filtration method
previously reported.4

Results

4PBA-Mediated Up-regulation of BSEP Expression
at the Cell Surface. MDCK II cells expressing WT,
E297G, and D482G were treated with 4PBA for various
periods and at various concentrations (Fig. 1A,B). In the
previous study, we suggested that the mature cell surface–
resident form and immature ER-resident form of BSEP
were detected as 170 and 150 kDa, respectively.10 The
effectiveness of 4PBA treatment was examined by inves-
tigating the expression level of the mature form of BSEP
(170 kDa) via western blot analysis of crude membrane
fractions. 4PBA treatment altered the expression level of
the mature form of not only E297G and D482G BSEP
but also WT BSEP in a concentration-dependent and
time-dependent manner, the optimal condition being 1
mM for 24 hours. The expression level of the mature form
of WT, E297G, and D482G BSEP was increased 2.5-fold
to 3-fold in response to 1 mM 4PBA treatment for 24
hours, which is a clinically achievable concentration.21-23

We then examined the increase in cell surface expres-
sion of BSEP by 4PBA treatment using transcellular
transport assay and cell surface biotinylation methods. In
the transcellular transport assay, the function of BSEP,
which mediates the efflux of [3H]TC into the apical side,
was studied by measuring the transcellular transport of
[3H]TC across MDCK II monolayers (Fig. 2A). Vectorial
transport of [3H]TC in the apical direction was observed
in MDCK II monolayers expressing WT, E297G, and

D482G BSEP, and hardly detected in MDCK II mono-
layers expressing GFP. Similar to hepatocyte, coexpres-
sion of Na�-taurocholate cotransporting polypeptide
(NTCP), basolateral uptake transporter, and BSEP, api-
cal efflux transporter, is needed to detect the vectorial
transport of [3H]TC in the apical direction in LLC-PK1
and MDCK monolayers.19,24 The finding that the expres-
sion of BSEP alone is sufficient to induce the vectorial
transport of [3H]TC in the apical direction suggests that
MDCK II cells endogenously express uptake transporter
for bile acids in the basolateral membrane as suggested.25

The basal-to-apical flux of [3H]TC across MDCK II
monolayers expressing WT, E297G, and D482G BSEP
was increased 1.5-fold, 2.5-fold, and 3-fold, respectively,
by 4PBA treatment under optimal conditions (1 mM, 24
hours), whereas the increase in the basal-to-apical flux of
[3H]TC was not detected in MDCK II cells expressing
GFP. 4PBA treatment did not affect the apical-to-basal
flux of [3H]TC across any type of MDCK II monolayers.
To directly confirm the effect of 4PBA treatment on the
function of BSEP, PSapical, a kinetic parameter essential

Fig. 1. The time-, and concentration-dependent effect of 4PBA treat-
ment on BSEP expression in MDCK II cells. (A) Time-dependent effect of
4PBA treatment on BSEP expression. MDCK II cells expressing WT,
E297G, and D482G BSEP were treated for the indicated periods with 1
mM 4PBA before the preparation of crude membrane fractions. Prepared
specimens (40 �g ) were separated by 6% SDS-PAGE and subjected to
western blot analysis. (B) Concentration-dependent effect of 4PBA treat-
ment on BSEP expression. MDCK II cells expressing WT, E297G, and
D482G BSEP were treated with the indicated 4PBA concentration for 24
hours before the preparation of crude membrane fractions. Prepared
specimens (40 �g) were separated by 6% SDS-PAGE and subjected to
western blot analysis.
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for BSEP function,10,26 was calculated (Fig. 2B). PSapical

was increased in MDCK II cells expressing WT, E297G,
and D482G BSEP, but not affected in MDCK II cells
expressing GFP by 4PBA treatment. BSEP-dependent
PSapical (PSapical, BSEP) in MDCK II cells expressing WT,
E297G, and D482G BSEP, which was calculated by sub-
tracting the PSapical value in MDCK II cells expressing
GFP from that in MDCK II cells expressing WT, E297G,
and D482G BSEP, was enhanced 1.7-, 3.0-, and 2.8-fold,
respectively, by 4PBA treatment under optimal condi-
tions (1 mM, 24 hours).

Furthermore, we examined the cell surface expression
of WT and mutated BSEPs by cell surface biotinylation in
MDCK II cells (Fig. 2C). Cell surface expression of WT,
E297G, and D482G BSEP was increased 1.8-fold, 3.1-
fold, and 2.6-fold, respectively, by 4PBA treatment under
optimal conditions (1 mM, 24 hours), whereas cell sur-
face expression of exogenously expressing P-gp and endo-
genously expressing DPPIV was not affected (Fig. 2D).
The increase in cell surface expression of BSEP by 4PBA
treatment was to an equivalent degree to that in
PSapical, BSEP, suggesting that 4PBA treatment with a clin-
ically achievable concentration can enhance the transport

capacity of BSEP in MDCK II cells expressing WT,
E297G, and D482G BSEP by increasing the cell surface
expression of WT, E297G, and D482G BSEP.

The Transcriptional and Translational Effect of
4PBA Treatment on the Increased Cell Surface Ex-
pression of BSEP. We then examined the mechanism by
which 4PBA treatment may increase the cell surface ex-
pression of BSEP. A possible mechanism is that 4PBA
treatment promotes transcription or translation of WT,
E297G, and D482G BSEP and consequently increases
the cell surface expression of WT, E297G, and D482G
BSEP by mass action. This hypothesis is also supported by
the fact that 4PBA is an analog of butyrate, a known
transcriptional regulator, which upregulates �- and �-glo-
bin.27

The expression of BSEP mRNA in MDCK II cells,
with or without 4PBA treatment, was quantified by real-
time PCR. The expression of BSEP mRNA was normal-
ized by that of GAPDH, because the GAPDH mRNA
expression level was not affected by 4PBA treatment (data
not shown). WT, E297G, and D482G BSEP mRNA
expression levels were slightly increased by 4PBA treat-

Fig. 2. The effect of 4PBA treatment on cell surface expression of BSEP in MDCK II cells. MDCK II cells expressing WT, E297G, D482G BSEP, and
GFP were treated for 24 hours, with or without 1 mM 4PBA, before the experiments. The cell surface expression of BSEP was determined by
transcellular transport assay and cell surface biotinylation analysis. (A) Time profiles of the transcellular transport of [3H]TC across MDCK II
monolayers. Transcellular transport of 1 �M [3H]TC across MDCK II monolayers expressing WT, E297G, D482G BSEP, and GFP was examined as a
function of time. Closed (black circle, black square) and Open (white circle, white square) symbols represent MDCK II monolayers treated, with and
without 4PBA, respectively. Circles and squares represent the transcellular transport in the basal-to-apical and apical-to-basal directions, respectively.
Each point and vertical bar represents the mean � SE of triplicate determinations. Where vertical bars are not shown, the SE was contained within
the limits of the symbols. (B) The transport of [3H]TC across the apical membrane of MDCK II monolayers. The clearance of the transport of [3H]TC
across the apical membrane of MDCK II monolayers expressing WT, E297G, D482G BSEP, and GFP (PSapical) was determined as described in Materials
and Methods. Each bar represents the mean � SE of triplicate determinations. Significantly different from control by Student t test (*P � 0.05; **P
� 0.01). (C, D) Determination of cell surface expression by the biotinylation analysis. The cell surface fractions were isolated by the biotinylation
method as described in Materials and Methods. Prepared specimens were separated by 6% SDS-PAGE and subjected to western blot analysis.
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ment, but the difference was not statistically significant
[P � 0.10 (WT), 0.20 (E297G, D482G)] (Fig. 3A).

We further examined the transcriptional and transla-
tional effect of 4PBA treatment on the increased expres-
sion of mature BSEP by pre-treating MDCK II cells with
Act D and CHX (Figs. 3B,C). The inhibition of tran-
scription with Act D and translation with CHX did not
affect the 4PBA-mediated increase in the mature form of
BSEP in MDCK II cells expressing WT, E297G, and
D482G BSEP. These results indicate that a post-transla-
tional mechanism mainly contributes to the 4PBA-medi-
ated increase in the cell surface expression of WT, E297G,
and D482G BSEP.

The Effect of 4PBA Treatment on BSEP Matura-
tion. One possible post-translational mechanism is the
promotion of BSEP maturation from the ER-resident im-
mature form to the mature cell surface-resident form.
This hypothesis is also supported by previous reports that
4PBA is considered to promote the trafficking of the
CFTR �F508 from the ER to the plasma membrane and
to restore activity in the plasma membrane.11,28,29 To ex-
amine the effect of 4PBA treatment on BSEP maturation,
we blocked the export of BSEP from the ER to the Golgi
complex by using BFA, which results in the accumulation
of the immature ER-resident form of BSEP, and deter-
mined the maturation rate in MDCK II cells after BFA
washout (Fig. 4A,B). The maturation rate was evaluated
by measuring the increased band density of mature BSEP
by western blot analysis at the indicated time points after
BFA washout. The band density of the mature form was
calculated by subtracting the density detected at time 0

Fig. 3. The transcriptional and translational effect of 4PBA treatment
on BSEP expression in MDCK II cells. (A) Determination of expression
levels of BSEP mRNA. MDCK II cells expressing WT, E297G, and D482G
BSEP were treated for 24 hours, with or without 1 mM 4PBA, before the
experiments. Real-time quantitative PCR was performed as described in
Materials and Methods. BSEP expression in each reaction was normal-
ized by the expression of GAPDH. Each bar represents the mean � SE
of triplicate determinations. (B, C) 4PBA-induced BSEP up-regulation
during transcriptional inhibition with Act D (B) and translational inhibition
with CHX (C). MDCK II cells expressing WT, E297G, and D482G BSEP
were treated for 6 hours (E297G, D482G BSEP) or 8 hours (WT BSEP),
with or without 1 mM 4PBA, in the presence or absence of 5 �g/ml Act
D (B), and 20 �g/ml CHX (C) before the preparation of crude membrane
fractions. Prepared specimens (40 �g) were separated by 6% SDS-PAGE
and subjected to western blot analysis.

Fig. 4. The effect of 4PBA treatment on BSEP
maturation in MDCK II cells. (A) Determination of
BSEP maturation. MDCK II cells expressing WT,
E297G, and D482G BSEP were treated for 12
hours, with or without 1 mM 4PBA, in the presence
or absence of 5 �g/ml BFA. To show the conver-
sion of immature low-molecular-weight BSEP ac-
cumulated by BFA to mature high-molecular-
weight BSEP, BFA was washed out for various
periods, with or without 1 mM 4PBA, before the
preparation of crude membrane fractions. Pre-
pared specimens (40 �g) were separated by 6%
SDS-PAGE and subjected to western blot analysis.
(B) Quantification of band density indicating ma-
ture BSEP in (A). The intensity of the band indi-
cating mature BSEP was quantified by Image
Gauge software. Closed and open circles represent
the immunosignal of mature BSEP in MDCK II cells
treated, with and without 4PBA, respectively.
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from that at the designated time points (Fig. 4B). The
expression level of the immature ER-resident form of
WT, E297G, and D482G BSEP was almost identical in
non– and 4PBA-treated MDCK II cells just after BFA
washout (Fig. 4A; 0 hours), and that of the mature form
was similar in non– and 4PBA-treated MDCK II cells
until 3 hours after BFA washout, at which time the ma-
ture form of BSEP linearly increased. The expression level
of the mature form was higher in 4PBA-treated MDCK II
cells compared with nontreated cells 8 hours after BFA
washout. This result suggests that 4PBA treatment does
not promote WT, E297G, and D482G BSEP matura-
tion, but stabilizes the mature form of these proteins.

4PBA-Mediated Prolongation of the Half-life of
Cell Surface-Resident BSEP. Cell surface–resident
BSEP constitutively cycles between the canalicular mem-
brane and the intracellular compartment, and is finally
removed from this cycle to the degradation pathway.30,31

Therefore, blocking the entry to the degradation pathway
is also a possible mechanism for the increased cell surface
expression of BSEP. To examine whether 4PBA treat-
ment can inhibit the cell surface–resident BSEP from en-
tering the degradation pathway, we measured the
degradation rate of the cell surface–resident BSEP using
biotin-labeling methods in MDCK II cells expressing
WT, E297G, and D482G BSEP. The half-life of cell
surface–resident WT and E297G BSEP was prolonged
1.8- and 2.5-fold, respectively, by 4PBA treatment,
whereas those of exogenously expressing P-gp and endo-
genously expressing DPPIV was not affected (Fig. 5A,B).
The degradation rate of cell surface–resident D482G
BSEP could not be determined under the same conditions
as WT and E297G because of its low expression level.
Because low-temperature treatment has been docu-
mented to be capable of correcting the trafficking of the
mutated misfolded protein,32,33 we examined its effect on

Fig. 5. The effect of 4PBA treatment on the degradation rate of cell surface–resident BSEP in MDCK II cells. (A) The degradation rate of cell
surface–resident WT and E297G BSEP. MDCK II cells expressing WT and E297G BSEP were treated for 24 hours, with or without 1 mM 4PBA, before
the experiments. After cell surface biotinylation, cells were incubated for the indicated time at 37°C, with or without 1 mM 4PBA, as described in
Materials and Methods. Remaining biotinylated proteins isolated with streptavidin beads were separated by 6% SDS-PAGE and subjected to western
blot analysis. (B) Quantification of band density indicating WT and E297G BSEP in (A). The intensity of the band indicating WT and E297G BSEP
was quantified by Image Gauge software and expressed as a percentage of the BSEP present at 0 hours, respectively. Closed and open circles
represent remaining cell surface WT BSEP or E297G BSEP in MDCK II cells treated, with and without 4PBA, respectively. Each bar represents the
mean � SE of triplicate determinations. By the same methods as WT and E297G BSEP, the densitometric analysis was also performed for
exogenously expressing P-gp and endogenously expressing DPPIV. (C) Cell surface expression of D482G BSEP at a low temperature. MDCK II cells
expressing D482G BSEP were cultured for 24 hours at 27°C before the cell surface biotinylation. Biotinylated proteins were isolated with streptavidin
beads as described in Materials and Methods. Prepared specimens were separated via 6% SDS-PAGE and subjected to the western blot analysis.
(D) The degradation rate of cell surface–resident D482G BSEP. MDCK II cells expressing D482G BSEP were cultured at 27°C for 24 hours, with or
without 1 mM 4PBA, before the experiments. The specimens prepared by the same methods as (A) were separated by 6% SDS-PAGE and subjected
to western blot analysis. (E) Quantification of band density indicating D482G BSEP in (D). The intensity of the band indicating D482G BSEP was
quantified by Image Gauge software and expressed as a percentage of the BSEP present at 0 hours, respectively. Closed and open circles represent
remaining cell surface D482G BSEP in MDCK II cells treated, with and without 4PBA, respectively. Each bar represents the mean � SE of triplicate
determinations.
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D482G (Fig. 5C). The cell surface expression of D482G
increased 4.0-fold by 24-hour culture at a lower temper-
ature (27°C). We further examined the degradation rate
of cell surface–resident D482G at 37°C after 24 hours’
culture at a lower temperature (Fig. 5D,E). The half-life
of the cell surface–resident D482G BSEP was prolonged
3.3-fold by 4PBA treatment such as WT and E297G
BSEP. The prolonged half-life of the cell surface–resident
WT, E297G, and D482G BSEP is consistent with the
result of the BFA washout study, which suggests that
4PBA treatment stabilizes the mature form of BSEP (Fig.
4A,B).

4PBA-Mediated Up-Regulation of BSEP Expres-
sion at the Canalicular Membrane Under In Vivo
Conditions. 4PBA treatment can increase the func-
tional cell surface expression of WT, E297G, and
D482G BSEP in MDCK II cells (Fig. 2). Therefore, we
examined whether 4PBA treatment has the same effect
under in vivo conditions using SD rats. The dosage of
4PBA in SD rats was determined according to the ap-
proved dosage in children (0.45-0.6 g/kg/d). In a
[3H]TC infusion study after repeated treatment with
0.6 g/kg/day 4PBA for 10 days, no significant differ-
ences were observed in Css, plasma and Vss, bile of [3H]TC
between vehicle-treated and 4PBA-treated SD rats (Ta-
bles 1 and 2), whereas Css, liver of [3H]TC in 4PBA-
treated rats was 2.0-fold lower than that in vehicle-

treated rats (Tables 1 and 2). Consequently, CLtotal and
CLbile, plasma for [3H]TC were not significantly different
between vehicle-treated and 4PBA-treated SD rats.
Conversely, CLbile, liver for [3H]TC in 4PBA-treated rats
was 2.0-fold higher than that in vehicle-treated rats
(Tables 1 and 2). These results suggest that the biliary
excretion of [3H]TC via the canalicular membrane is
enhanced.

To investigate the optimal 4PBA treatment condi-
tions, we also performed a [3H]TC infusion study for
various periods and at various doses (Tables 1 and 2). The
optimal conditions were 0.6 g/kg/day 4PBA for 10 or 15
days. No apparent side effects were observed under all
tested conditions.

To examine whether the increased BSEP expression
at the canalicular membrane is associated with the en-
hanced biliary excretion of [3H]TC via the canalicular
membrane, we performed vesicle uptake studies and
western blot analysis using CMVs. CMVs were pre-
pared from SD rats after repeated treatment with 0.6
g/kg/d 4PBA or vehicle for 10 days. The ATP-depen-
dent uptake of [3H]TC by CMVs from 4PBA-treated
rats was linear up to 0.5 minutes and was 3.3-fold
higher at 0.5 minutes than that from vehicle-treated
rats in the linear range of uptake (Fig. 6A). A kinetic
analysis revealed that the initial ATP-dependent up-
take of [3H]TC into CMVs from 4PBA-treated and

Table 1. Pharmacokinetic Parameters of [3H]TC During Constant Infusion into 4PBA- or Vehicle-Treated SD Rats
at 0.6 g/kg/day for Indicated Time Periods

Vehicle
(n � 9)

4PBA (5 days)
(n � 6)

4PBA (10 days)
(n � 9)

4PBA (15 days)
(n � 3)

Css, plasma (ng/ml) 2.0 � 0.2 2.3 � 0.3 2.0 � 0.2 2.1 � 0.2
Css, liver (ng/ml) 5.1 � 0.6 3.1 � 0.5† 2.6 � 0.5‡ 2.3 � 0.2†
Vss, bile (ng/min/kg) 64.4 � 2.1 64.9 � 7.8 67.9 � 6.8 68.9 � 2.4
CLtotal (ml/min/kg) 29.4 � 3.8 26.6 � 3.8 30.7 � 3.7 27.5 � 2.7
CLbile, plasma (ml/min/kg) 31.4 � 4.2 32.3 � 8.5 32.3 � 2.9 33.2 � 2.0
CLbile, liver (ml/min/kg) 14.2 � 3.0 21.7 � 3.0* 29.3 � 6.1† 29.9 � 1.5‡

NOTE. Data represent the mean � SE.
Significantly different from vehicle-treated SD rats by Student’s t test (*P � 0.05; †P � 0.01; ‡P � 0.001).

Table 2. Pharmacokinetic Parameters of [3H]TC During Constant Infusion into 4PBA- or Vehicle-Treated SD Rats at
Indicated Dose for 10 Days

Vehicle
(n � 9)

4PBA (0.2g/kg/day)
(n � 3)

4PBA (0.6g/kg/day)
(n � 9)

4PBA (2.4g/kg/day)
(n � 3)

Css, plasma (ng/ml) 2.0 � 0.2 2.6 � 0.2 2.0 � 0.2 3.3 � 0.7
Css, liver (ng/ml) 5.1 � 0.6 3.8 � 0.7 2.6 � 0.5* 5.9 � 1.8
Vss, bile (ng/min/kg) 64.4 � 2.1 66.5 � 1.6 67.9 � 6.8 73.3 � 6.4
CLtotal (ml/min/kg) 29.4 � 3.8 26.6 � 3.8 30.7 � 3.7 29.6 � 3.5
CLbile, plasma (ml/min/kg) 31.4 � 4.2 26.3 � 2.0 32.3 � 2.9 23.9 � 4.7
CLbile, liver (ml/min/kg) 14.2 � 3.0 19.0 � 3.9 29.3 � 6.1* 19.2 � 3.2

NOTE. Data represent the mean � S.E.
Significantly different from vehicle-treated SD rats by Student’s t-test (*P � 0.001).
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vehicle-treated rats could be described by a single sat-
urable component with apparent Km values of 13.5 �
2.4 and 9.5 � 1.0 �M, respectively (Fig. 6B). These
Km values of [3H]TC were consistent with previously
reported values.34 The Vmax value of [3H]TC was in-
creased from 270 � 20 to 1,000 � 110 pmol/min/mg
protein by 4PBA treatment (Fig. 6B). Furthermore,
western blot analysis with CMVs demonstrated that
the Bsep expression level was increased 3.2-fold by
4PBA treatment, whereas P-gp and DPPIV expression
levels were not affected (Fig. 6C). The change in the
Bsep expression level seems close to the change in its
Vmax values for [3H]TC. These results suggest that
4PBA treatment with clinically relevant dosage in hu-
mans can increase functional Bsep expression at the
canalicular membrane, and consequently, enhance bile
acid transport via the canalicular membrane in SD rats.

Discussion
We previously reported that E297G and D482G

BSEP, which are frequently found mutants in European
patients, result in impaired membrane trafficking,
whereas the transport function of both mutated BSEPs
remains almost normal.10 Restoration of the reduced cell
surface expression of these mutated BSEPs is a therapeutic
goal for PFIC2 patients with E297G and D482G muta-
tions, because both mutated BSEPs per se exhibit normal
transport functions. In the current study, we analyzed the
potential therapeutic effect of 4PBA against PFIC2 by
examining the effect of 4PBA treatment on the cell surface
expression of E297G and D482G BSEP. In addition, we
investigated the in vivo effect of 4PBA in SD rats.

Initially, we examined the effect of 4PBA treatment on
WT, E297G, and D482G BSEP using MDCK II cells.
The transcellular transport assays showed that 4PBA
treatment significantly increases the PSapical, BSEP in
MDCK II cells expressing WT BSEP as well as both mu-
tated BSEPs (Fig. 2B). Together with the finding that the
increase in PSapical, BSEP by 4PBA treatment correlates with
the cell surface expression of WT, E297G, and D482G
BSEP (Fig. 2C), 4PBA treatment with a clinically achiev-
able concentration can enhance the cell surface expression
and the transport capacity of WT, E297G, and D482G
BSEP in MDCK II cells.

Next, we examined the underlying mechanism of
4PBA action by which the cell surface expression of WT
and both mutated BSEPs is increased. Quantitative PCR
demonstrated that BSEP mRNA levels were hardly
changed by 4PBA treatment (Fig. 3A). The effect of
4PBA treatment was not affected by the inhibition of
transcription with Act D and translation with CHX (Fig.
3B,C). Furthermore, the expression levels of the imma-
ture ER-resident form of WT, E297G, and D482G BSEP
were almost identical in non– and 4PBA-treated MDCK
II cells just after BFA washout (Fig. 4A; 0 hours). These
results indicate that a post-translational mechanism
mainly contributes to the 4PBA-mediated increase in the
cell surface expression of WT, E297G, and D482G
BSEP.

Although we investigated whether 4PBA treatment
promotes the maturation of WT, E297G, and D482G
BSEP as the possible post-translational mechanism, such
an effect of 4PBA treatment was not observed in the BFA
washout study (Fig. 4A,B). However, the results of this
study showed that 4PBA treatment could stabilize the
mature form of WT, E297G, and D482G BSEP (Fig.
4A,B). This finding is consistent with the results of the
biotin labeling method in which 4PBA treatment pro-
longed the half-life of the cell surface–resident WT,

Fig. 6. The effect of 4PBA treatment on BSEP expression at the
canalicular membrane in SD rats. Male SD rats (6-7 weeks old) were
given 4PBA or vehicle by gavage for 10 days and at 0.6 g/kg/d before
the experiments. Either 4PBA or vehicle was given as 3 divided doses. (A)
Time-dependent uptake of [3H]TC by CMVs. CMVs prepared from 4PBA-
(black circles) and vehicle- (white circles) treated SD rats were incubated
at 37°C with 5 mmol/L ATP or AMP. The concentration of [3H]TC was 1
�M. The uptake of [3H]TC was obtained by subtracting the value in the
presence of AMP from that in the presence of ATP. Each point and vertical
bar represents the mean � SE of triplicate determinations. (B) Eadie-
Hofstee plot of the uptake of [3H]TC by CMVs. CMVs prepared from 4PBA-
(black circle) and vehicle- (white circle) treated SD rats were incubated
at 37°C for 0.5 minute and 1 minute, respectively, with 5 mmol/L ATP
or AMP. The concentration of [3H]TC was 1 �M. The uptake of [3H]TC was
obtained by subtracting the value in the presence of AMP from that in the
presence of ATP. Each point and vertical/horizontal bar represents the
mean � SE of triplicate determinations. (C) Results of western blot
analysis with CMVs. CMVs prepared from 4PBA- and vehicle-treated SD
rats (10 �g) were separated by 6% SDS-PAGE and subjected to western
blot analysis.

1514 HAYASHI AND SUGIYAMA HEPATOLOGY, June 2007



E297G, and D482G BSEP (Fig. 5A-E). Because cell sur-
face–resident BSEP constitutively cycles between the can-
alicular membrane and the intracellular compartment,
and is finally removed from this cycle to the degradation
pathway,30,31 4PBA treatment may interrupt the internal-
ization process or promote the recycling process and, con-
sequently, increase the cell surface expression of WT,
E297G, and D482G BSEP. The stabilization of cell sur-
face–resident mature protein is a novel effect of 4PBA.
Although the molecular mechanism of this effect remains
unknown, taking into the consideration that the pro-
longed half-life with 4PBA treatment was only detected in
cell surface–resident WT, E297G, and D482G BSEP,
but not for other membrane proteins such as P-gp and
DPPIV (Fig. 5B,E), 4PBA treatment possibly induces a
specific interaction of WT, E297G, and D482G BSEP
with adaptor proteins.

We also examined the effect of 4PBA treatment on
increased Bsep expression at the canalicular membrane in
vivo by using SD rats. The [3H]TC infusion study and
vesicle study using CMVs demonstrated that 4PBA treat-
ment results in an increase in the biliary excretion of
[3H]TC via the canalicular membrane (Fig. 6A,B; Tables
1 and 2). Furthermore, western blot analysis with CMVs
indicated that this is attributable to an increase in Bsep
expression by 4PBA treatment (Fig. 6C). Therefore, as
observed in vitro, 4PBA treatment also can increase func-
tional Bsep expression at canalicular membrane, and con-
sequently, increase bile acid transport via the canalicular
membrane in SD rats. If the prolonged half-life of cell
surface–resident Bsep with 4PBA treatment is responsible
for this result in vivo as well as in vitro, the protective effect
of 4PBA treatment against hepatocellular damage by in-
creasing biliary excretion of bile acids and lowering intra-
hepatic bile acids may be remarkably observed in PFIC2
patients with E297G and D482G mutations. This can be
implied from the result of the in vitro study showing that
4PBA treatment has a greater effect on the increase in the
functional cell surface expression of mutated BSEPs com-
pared with WT BSEP (Fig. 2B,C). Whether the action of
4PBA in vivo is caused by the same mechanism as in vitro
remains unknown. 4PBA treatment also may have mod-
ified the post-translational process of Bsep in vivo, because
the Bsep mRNA expression level in the liver was similar in
vehicle- and 4PBA-fed SD rats (data not shown). The fact
that chronic treatment is required for exerting the action
of 4PBA in the liver also supports this hypothesis. The
half-life of the mature form of Bsep in vivo and in MDCK
II cells is 4 days and 6 hours, respectively.31,35 If the pro-
longed half-life of cell surface–resident Bsep is involved in
the effect of 4PBA, chronic treatment will be needed to
increase the functional cell surface expression of Bsep in

vivo. A long-term treatment was actually needed in SD
rats as opposed to a short-term treatment being effective
in vitro (Tables 1 and 2; Fig. 1A).

The BSEP expression level at the canalicular mem-
brane is also reduced in not only PFIC2, but also in several
cholestatic models, examples of which are endotoxin- or
sepsis-induced cholestasis,36-38 and cholestasis in preg-
nancy.37,39 In these cholestatic conditions, it seems that
BSEP is internalized from the canalicular membrane to
the pericanalicular intracellular compartment followed by
degradation. Although whether the reduction in BSEP
expression at the canalicular membrane is the direct cause
or the consequent result of these diseases remains un-
known, the accumulation of bile acids in hepatocyte
caused by impaired BSEP function leads to a deteriora-
tion of these diseases. A possible mechanism that 4PBA
treatment increases the cell surface–resident WT BSEP is
the interruption of the internalization process from cell
surface to intracellular compartment or promotion of the
recycling from intracellular compartment back to cell sur-
face. Because this mechanism is a combating mechanism
for these diseases, this agent may be a potential candidate
to treat or to inhibit the progression of these diseases.

In conclusion, we demonstrated that 4PBA treatment
with a clinically achievable concentration induces the cell
surface expression and the transport capacity of WT,
E297G, and D482G BSEP in MDCK II cells and also
enhances functional Bsep expression at the canalicuar
membrane and bile acid transport via canalicular mem-
brane in vivo. The prolonged half-life of the cell surface–
resident BSEP by 4PBA treatment was suggested to be
responsible for the results at least in vitro. These results
suggest that 4PBA is a potential pharmacological agent
not only for PFIC2 patients with E297G and D482G
mutations but also for other cholestatic patients, in whom
the BSEP expression at the canalicular membrane is re-
duced. Clinical trials will be required to determine the
utility and safety of 4PBA as a therapy for these cholestatic
diseases.
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Endotoxemia Produces Coma and Brain Swelling in
Bile Duct Ligated Rats

Gavin Wright,1,* Nathan A. Davies,1,* Debbie L. Shawcross,1 Stephen J. Hodges,1 Claudia Zwingmann,2

Heather F. Brooks,3 Ali R. Mani,4 David Harry,4 Vanessa Stadlbauer,1 Zheng Zou,1 Roger Williams,1 Ceri Davies,3

Kevin P. Moore,4 and Rajiv Jalan1

This study explores the hypothesis that the inflammatory response induced by administra-
tion of lipopolysaccharide (LPS) exacerbates brain edema in cirrhotic rats; and if so whether
this is associated with altered brain metabolism of ammonia or anatomical disturbance of the
blood-brain barrier. Adult Sprague-Dawley rats 4 weeks after bile duct ligation (BDL)/
Sham-operation, or naı̈ve rats fed a hyperammonemic diet (HD), were injected with LPS
(0.5 mg/kg, intraperitoneally) or saline, and killed 3 hours later. LPS administration in-
creased brain water in HD, BDL, and sham-operated groups significantly (P < 0.05), but
this was associated with progression to pre-coma stages only in BDL rats. LPS induced
cytotoxic brain swelling and maintained anatomical integrity of the blood-brain barrier.
Plasma/brain ammonia levels were higher in HD and BDL rats than in sham-operated
controls and did not change with LPS administration. Brain glutamine/myoinositol ratio
was increased in the HD group but reduced in the BDL animals. There was a background
pro-inflammatory cytokine response in the brains of cirrhotic rats, and plasma/brain tumor
necrosis factor alpha (TNF-�) and IL-6 significantly increased in LPS-treated animals.
Plasma nitrite/nitrate levels increased significantly in LPS groups compared with non-LPS
controls; however, frontal cortex nitrotyrosine levels only increased in the BDL � LPS rats
(P < 0.005 versus BDL controls). Conclusion: Injection of LPS into cirrhotic rats induces
pre-coma and exacerbates cytotoxic edema because of the synergistic effect of hyperammone-
mia and the induced inflammatory response. Although the exact mechanism of how hyper-
ammonemia and LPS facilitate cytotoxic edema and pre-coma in cirrhosis is not clear, our
data support an important role for the nitrosation of brain proteins. (HEPATOLOGY 2007;45:
1517-1526.)

Hepatic encephalopathy (HE) is an important
complication of cirrhosis, the severity of which
can vary widely from mild sleep disturbance

through neuropsychological impairment to coma, brain

herniation, and death. Though a common and defining
characteristic of acute liver failure (ALF),1 the develop-
ment of advanced cerebral edema in cirrhosis is thought to
be rare. However, severe brain swelling and intracranial
hypertension has been reported in patients with cirrhosis
who have severe precipitating illness, such as uncontrolled
gastrointestinal bleeding, insertion of a transjugular intra-
hepatic shunt, or severe sepsis.2-4

Although the exact pathogenesis of HE is not clear,
ammonia is thought to play a central role, and its levels
have been shown to correlate with the severity of HE in
patients with cirrhosis.5 Furthermore, arterial ammonia
levels predict brain herniation in patients with acute liver
failure.6 Ammonia is thought to produce astrocytic brain
edema through the accumulation of glutamine, which is
the detoxification product of ammonia metabolism re-
sulting in increased osmotic stress.7,8 Indeed, extracellular
glutamine levels have been shown to correlate with the

Abbreviations: ALF, acute liver failure; BDL, bile duct ligation; HD, hyperam-
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severity of intracranial hypertension.9 In patients with
ALF, the severity of inflammation (often secondary to
infection) correlates with the progression to advanced
stages of encephalopathy and intracranial hyperten-
sion.10,11 Recently, our group reported a correlation be-
tween the severity of increased intracranial pressure and
the circulating levels of pro-inflammatory cytokines in
ALF patients.12 We also observed brain production of
cytokines in a group of ALF patients with uncontrolled
intracranial hypertension.12,13 In patients with cirrhosis,
we demonstrated that induced hyperammonemia re-
sulted in significant worsening of neuropsychological
function in those patients with evidence of an inflamma-
tory response due to bacterial infection. This effect was
not found after resolution of the infection after antibiotic
therapy.14

These data strongly indicate a possible synergy be-
tween hyperammonemia and inflammation in the devel-
opment of HE; however, whether the background
cirrhotic state or the associated hyperammonemia predis-
poses to the effects of the superimposed inflammation is
not clear. The aim of this study was to explore the hypoth-
esis that the inflammatory response induced by adminis-
tration of bacterial cell wall lipopolysaccharide (LPS)
exacerbates brain edema in cirrhotic rats, and if so
whether the edema is associated with altered brain metab-
olism of ammonia or anatomical disturbance of the
blood-brain barrier. We chose to perform this study using
our well-characterized bile duct–ligated rat (BDL) model
of cirrhosis and diet-induced hyperammonemic rats.

Materials and Methods
All animal experiments were conducted according to

Home Office guidelines under the UK Animals in Scien-
tific Procedures Act 1986. Male Sprague-Dawley rats
(body weight 230–280g) were obtained from the com-
parative biological unit at the Royal Free and University
College Medical School, University College London. All
rats were housed in the unit and given free access to stan-
dard rodent chow and water, with a light/dark cycle of 12
hours, at a temperature of 19°C to 23°C and humidity of
approximately 50%.

Animal Models

Bile Duct Ligation. Under anesthesia (diazepam
1mg/kg administered intravenously, followed by Hyp-
norm 150 �l/kg administered intramuscularly, Janssen
Pharmaceutica, Belgium), all rats underwent bile duct
ligation to induce biliary cirrhosis, or a sham operation as
described previously.15 One BDL and one sham-operated
rat died within 36 hours of the operation because of com-
plications of anesthesia.

Noncirrhotic Hyperammonemic Animals. Naı̈ve
rats (n � 14) were administered a high protein/ammonia-
genic diet (HD) for 7 days before administration of LPS/
saline 3 hours before termination (as outlined previously).
The diet consisted of a liquid rodent feed (Bioserve,
Frenchtown, NJ) and a tailor-made mixture mimicking
the amino-acid composition of the hemoglobin molecule
(4 g/kg/d; Nutricia, Cuijk, The Netherlands) as described
previously,16,17 mixed with commercially available gelatin
to prevent sedimentation. This regimen produces chronic
hyperammonemia to levels that are similar to that ob-
served in BDL animals.

Study Design
Twenty-eight days after surgery, the operated rats

(BDL and sham) were randomized into four groups, with
BDL or sham-operated rats injected with LPS (Salmonella
typhimurium, 0.5 mg/kg intraperitoneally made up to 0.5
ml in saline or saline alone: (1) sham-operated � saline
(n � 7); (2) sham-operated � LPS (n � 7); (3) BDL �
saline (n � 6); and (4) BDL � LPS (n � 6). The HD rats
were also randomized to receive LPS (n � 7) or saline
(n � 7).

As per protocol, the rats were allowed free access to
food and water for a period of 3 hours after intervention in
a temperature-controlled environment and were then
killed by exsanguination under anesthesia (Hypnorm 200
�l/kg intramuscularly), 20 minutes after diazepam (1
mg/kg intraperitoneally). Blood was withdrawn from the
descending aorta and immediately put into ice-cold hep-
arin-/EDTA-containing tubes (until full exsanguination),
centrifuged at 4°C, and the plasma collected and stored at
�80°C until assayed.

Assessment of Level of Consciousness
The conscious levels of rats used in this study were

rated using an established neurological scale.18 It was
rated as either normal, with loss of the scatter reflex (c.f.
grade 1 encephalopathy) and ataxia (c.f. grade 2 enceph-
alopathy), together representing pre-coma stages, or loss
of the righting reflex (c.f. grade 3-4 encephalopathy) rep-
resenting the coma stage. A previous study15 established
that 3 hours after administration of LPS, BDL rats all
reached pre-coma or early coma stages. Therefore, in the
current experiments all rats were killed 3 hours after in-
jection of LPS or saline.

Brain Water Measurement
Immediately after death, the whole brain was rapidly

removed, and 2-mm2 samples were dissected from the
frontal cortex (gray matter) and the cerebellar cortex.
Brain tissue water content (as a measure of cerebral
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edema) was determined using a previously described
gravimetric technique.19 Tissue samples were coded with
separate investigators collecting tissue samples or per-
forming gravimetry (in adjoining rooms).

Measurement of Plasma Biochemistry
Plasma samples (200 �l) were analyzed for ALT, albu-

min, total protein, bilirubin, urea, and electrolytes, using
a Cobas Integra 400 multianalyzer with the appropriate
kits (Roche-diagnostics, Burgess Hill, West Sussex, UK).

Measurement of Ammonia

Plasma. Ammonia was measured in the deproteinized
plasma, using an indophenol detection method as de-
scribed previously.20

Brain. The cerebral cortex (100 �g) was homoge-
nized and deproteinized (using a glass tube Teflon pestle
homogenizer) in 300 �l ice-cold cell lysis buffer solution.
After centrifugation at 12,000g for 10 minutes at 4°C, the
supernatants were collected and ammonia measured us-
ing absorbance photometry (Cobas integra 400 multiana-
lyzer; Roche Diagnostics).

Brain Proton Magnetic Resonance Spectroscopy (1H-
MRS)

Snap-frozen cortical brain samples were processed and
analyzed by 1H-NMR using a previously described tech-
nique.21 1H-NMR spectra were recorded on a Bruker WB
360 spectrometer using a 5-mm QNP probe, 100 to 200
accumulations, repetition time 16 seconds, spectral width
3,623 Hz, data size 16 K, zero filling to 32 K. Chemical
shifts were referenced to lactate at 1.33 ppm. Total me-
tabolite concentrations (�mol/g ww) were analyzed from
1H-NMR spectra of PCA extracts using (trimethylsilyl)
propionic-2,2,3,3d4-acid as external standard.22

Measurement of Nitrite/Nitrate
Combined NO2/NO3 levels were determined from the

heparinized plasma samples by a modified Greiss test,
using methods we have described previously.23-25 Nitrite
concentrations were measured in the filtrate by chemilu-
minescence as described previously.15

Measurement of Brain Tissue Nitrotyrosine Levels
Brain tissue was homogenized in buffer and proteins

precipitated by mixing with methanol/chloroform (1:2).
Brain tissue homogenates were analyzed for nitrotyrosine
(NT), and tyrosine levels were quantitated using a stable
isotope-dilution gas chromatography/negative ion chem-
ical ionization mass spectrometry method.26-28 This
method prevents the artifactual nitration of tyrosine that
occurs during acidic hydrolysis conditions. This method

has an intra-assay and inter-assay variation of less than
5%. All results are expressed in relation to dry weight of
protein as measured by direct weighing before hydrolysis.

Measurement of Plasma and Brain Cytokine Levels
Snap-frozen and stored (�80°C fridge) 100-�g corti-

cal brain samples were homogenized in cell lysis buffer
solution. After protein concentration quantification of
brain homogenates, equilibrated brain protein samples
(50 �l) were loaded onto tumor necrosis factor alpha
(TNF-�) (Bender MedSystems; Vienna Austria), IL-1�
(Biosource International Inc., Nivelles, Belgium) and
IL-6 (Biosource International Inc., Nivelles, Belgium) en-
zyme-linked immunosorbent assay 96-well plate kits and
read using a 96-well plate reader at 450nm (Sunrise,
Tecan, Salzburg, Austria) according to the manufacturer’s
instructions.

Histopathological Assessment
Twenty-four additional rats (4 BDL � LPS, 4 BDL �

saline, 4 sham-operated � LPS, 4 sham-operated � sa-
line, 4 HD, and 4 HD � LPS), were anesthetized for
brain tissue collection (Diazepam intraperitoneally 1 mg/
kg: Hypnorm, intramuscularly 200 �l/kg) (for details of
methodology, see Appendix, online). After removal of the
blood using a heparinized saline flush, fixative containing
2% lanthanum nitrate (Agar Scientific Ltd, UK), a low
molecular weight (MW 433) ionic tracer used to evaluate
the integrity of the blood-brain barrier was injected
through the left ventricle to perfuse (100-110 mmHg)
and fix the brain. Two-cubic-millimeter sections of cere-
bellar and frontal were processed into Spur’s resin (Agar
Scientific Ltd, UK). Semi-thin (1-2 �m) sections were cut
and viewed in a Hitachi 7100 transmission electron mi-
croscope at 75 kV. Digital images were captured with a
Gatan column-mounted CCD camera at a resolution of
1024 � 1024 pixels and archived on a personal computer.

All materials and reagents were of a suitable laboratory
grade and obtained from the Sigma Chemical Company
(Poole, UK) unless otherwise stated.

Statistics
Data are expressed as mean (�SEM). Significance of

difference was tested with ANOVA, the unpaired t test,
and the Mann-Whitney test, indicated in figure legends;
P � 0.05 was taken to be statistically significant. Software
used included Microsoft Excel 2003 (Microsoft Corp.,
Redmond, WA) and GraphPad Prism 4.0 (GraphPad
Software, Inc., San Diego, CA).

Results
All rats continued to gain weight after surgery. From

the final weight taken immediately before termination,
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BDL rats (mean of 320 g; n � 12) were found to be
marginally heavier compared with sham-operated con-
trols (mean of 296 g; n � 14); P � 0.01. This difference
was attributed to the presence of ascites. At 28 days, all
BDL rats were deeply jaundiced.

Any potential shock was reduced because the study rats
were used to handling and because of the anesthetic pro-
tocol used. This was indicated by the maintenance of
systemic hemodynamics seen within our study groups
(MAP, mean � SEM: sham-operated, 118 � 3.83; BDL,
104 � 6; HD, 132 � 7; P � 0.5), with the effect of LPS
on hemodynamics (over 3 hours) already well character-
ized by our group.29

Conscious Level and Brain Water
All rats were still alive 3 hours after injection of LPS or

saline. After injection of LPS, the BDL rats had a progres-
sive and marked deterioration in their conscious level
starting within 30 to 60 minutes, reaching pre-coma
stages at the 3-hour killing time. The BDL, sham-oper-
ated, and HD rats administered saline and the sham-op-
erated and HD rats administered LPS remained fully
alert. A significant increase was seen in the water content
in the frontal cortex of rats administered LPS compared
with the corresponding saline-administered controls
(sham-operated, P � 0.038; BDL, P � 0.004; and HD,
P � 0.012: Table 1). No significant difference was seen in
the brain water content between saline-treated sham-op-
erated and BDL groups (P � 0.73); however, in saline-
treated controls, HD rats had significantly raised frontal
brain water compared with sham-operated (P � 0.001)
and BDL (P � 0.0007) groups. No significant difference
was seen in the brain water content between the LPS-
administered groups (P � 0.7) (Fig. 1). No effect of LPS
on cerebellar water content was seen in any of the groups
studied (data not shown).

Biochemistry
In BDL rats, ALT, bilirubin and albumin levels were

consistent with cirrhosis (Table 2), and the bilirubin was
significantly elevated compared with sham-operated and
HD groups (P � 0.001), respectively. No significant im-
pact was seen after LPS administration in BDL, sham-
operated, or HD rats except for an expected, and
previously well-described, increase in ALT and urea seen
in the BDL rats. Plasma albumin was lower in the BDL
animals, but the renal function, sodium, potassium, and
plasma osmolarity were not significantly different be-
tween groups (Table 2).

Ammonia
In saline-treated BDL and HD rats, the plasma ammo-

nia concentration was significantly higher compared with
the respective saline-treated sham-operated rats (P �

Table 1. Brain Levels of Nitrated Proteins and Brain Water, and Plasma Levels of Nitrate and Nitrite

Sham Sham � LPS BDL BDL � LPS HD HD � LPS

Frontal brain water (%) 79.8 � 0.29 80.9 � 0.24* 79.9 � 0.27 80.8 � 0.18† 81.1 � 0.14 81.8 � 0.15‡
Nitrite/nitrate 39.10 � 5.52 139.7 � 38.3* 59.49 � 4.9 124.7 � 13.9† 43.86 � 9.0 86.22 � 19.3‡
Nitrite (�M) 1.2 � 0.28 1.9 � 0.18* 1.5 � 0.14 2.9 � 0.51§ 1.2 � 0.02 2.2 � 0.38‡
NT/T 26 � 9.6¶ 60 � 35¶ 12 � 1.8¶ 139 � 56 13 � 1.1¶ 9.3 � 0.53¶

Plasma ammonia (�mol/L) 134 � 12 127 � 13 168 � 14* 172 � 37 231 � 47* 180 � 38

NOTE. Values are given as mean � standard error of mean (SEM) of duplicate samples from at least (n � 6) rats per group. Statistical analysis was determined
using the Mann-Whitney U test (for brain water and nitrite/nitrate studies) or an unpaired t test (nitrite alone) to compare corresponding LPS- and saline-treated groups.
Intergroup differences for NT/T ratios were calculated using the Newman-Keuls multiple comparison test.

Abbreviations: BDL, bile duct ligation; HD, high-ammonia diet; LPS, lipopolysaccharide.
*P � 0.05: compared with sham-operated rats.
†P � 0.01 compared with BDL rats.
‡P � 0.05 compared with HD rats.
§P � 0.05
¶P � 0.05 compared with BDL � LPS rats.

Fig. 1. Frontal cortex brain water content. There was a significant
increase in percentage water content with LPS administration in BDL,
sham-operated rats, and HD rats (BDL � LPS compared with BDL �
saline rats, #P � 0.005; Sham-operated � LPS compared with sham-
operated � saline rats, *P � 0.038; and HD versus HD � LPS rats,
$P � 0.013, respectively), as determined using the Mann-Whitney test
to compare groups. Values are given as mean � standard error of mean
(SEM).
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0.035 and P � 0.038, respectively; Fig. 2, Table 1). How-
ever, no significant difference was seen between the hy-
perammonemic saline-treated BDL compared with HD
rats (P � 0.63). After injection of LPS in each group of
rats, no change was observed in plasma ammonia concen-
trations compared with the saline-treated controls. The
brain ammonia concentration was found to be elevated in
BDL and HD rats compared with sham-operated rats.
LPS administration did not alter brain ammonia concen-
trations significantly from the respective saline-treated an-
imals (Table 3).

Proton NMR Spectroscopy
No statistical difference was found in brain tissue os-

molytes after administration of LPS to any of the test

groups compared with the saline control (Table 3, Fig. 3).
A significant decrease was seen in brain glutamine levels in
BDL compared with sham (P � 0.03) and HD (P �
0.01) saline-treated rats. A significant decrease in brain
myoinositol levels was found in HD (�LPS/saline) rats
compared with sham-operated rats (HD � LPS, P �
0.005, and HD, P � 0.014, respectively). Also, the brain
glutamine/myoinositol ratio was significantly higher in
our HD (�LPS/saline) rats compared with sham/BDL �
LPS/saline rats (P � 0.001 for each case).

Plasma and Brain Cytokines
After administration of LPS in sham-operated and

BDL rats, a significant increase was seen in the plasma
levels of the proinflammatory cytokines TNF-� and IL-6
(P � 0.001 compared with each corresponding saline
control group), which was also observed in HD rats (P �
0.05, Table 4). In saline-treated BDL rats, the levels of
brain IL-6 and TNF-� were increased 1.6- and 1.5-fold,
respectively, compared with the sham-operated group;
this only reached significance for measured IL-6 concen-
trations, most likely because of intragroup variation (P �
0.05, unpaired t test). This background inflammatory re-
sponse, in which brain TNF-� was augmented by fivefold
after administration of LPS in BDL rats, was found to be
not statistically significant.

Nitrite/Nitrate (NOx)
The plasma concentration of NOx (Fig. 4A, Table 1)

was significantly higher in rats treated with LPS compared
with the non–LPS-administered groups (sham-operated,
P � 0.017; BDL, P � �0.008; and HD, P � 0.053,
respectively). In saline-treated controls, BDL rats also had
higher NOx levels compared with sham-operated control
rats (P � 0.056). Similarly, the BDL/sham-operated and

Fig. 2. Plasma ammonia levels. Plasma ammonia levels as deter-
mined by the indophenol detection method. BDL � saline rats were
found to have a higher plasma ammonia level compared with sham-
operated controls, #P � 0.035. HD � saline rats were also found to have
significantly higher plasma ammonia levels compared with the sham �
saline group, $P � 0.038. No significant difference was found between
the BDL and HD saline-treated groups (P � 0.067), and no differences
were found in any group after the administration of LPS. Values are given
as mean � standard error of mean (SEM).

Table 2. Plasma Biochemical Measurements and Cerebral Ammonia

Sham Sham � LPS BDL BDL � LPS HD HD � LPS

Plasma ALT (U/l) 70 � 6 90 � 12 98 � 15 168 � 54* 31 � 2 37 � 4
Plasma bilirubin (�mol/l) 10 � 3 24 � 6 180 � 18†‡ 181 � 14 28 � 3 32 � 3
Plasma creatinine (�mol/l) 22 � 1 24 � 3 18 � 0.0$ 27 � 5 39 � 2 32 � 2
Plasma urea (mmol/l) 5 � 0.2 5 � 0.6 5 � 0.6 9 � 0.4% 7 � 0.6 6 � 0.9
Plasma albumin (g/l) 35 � 2 38 � 1 26 � 1#$ 24 � 2 39 � 0.7 40 � 0.7
Plasma total protein (g/l) 46 � 3 48 � 2 54 � 3 48 � 3 51 � 0.9 51 � 1
Plasma sodium (mmol/l) 139 � 2 133 � 3 141 � 3 141 � 3 134 � 5 141 � 5
Plasma potassium (mmol/l) 4 � 0.2 4 � 0.6 6 � 0.5 6 � 0.5 5 � 0.4 5 � 0.1
Plasma chloride (mmol/l) 104 � 1 97 � 2 106 � 2 105 � 3 97 � 0.9 99 � 0.9
Plasma osmolarity (mOsm/l) 283 � 22 270 � 22 280 � 23 282 � 23 280 � 41 289 � 40

NOTE. Values are given as mean � standard error of mean (SEM) of duplicate samples from at least (n � 6) rats per group. Statistical significance was calculated
using Newman-Keuls multiple comparison test.

Abbreviations: BDL, bile duct ligation; HD, high-ammonia diet; LPS, lipopolysaccharide.
*P � 0.01 compared with BDL rats.
†P � 0.001 compared with sham-operated rats.
‡P � 0.001 compared with HD rats.
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HD rats treated with LPS also had higher plasma nitrite
values compared with the BDL/sham-operated and HD
rats administered saline (sham-operated, P � 0.045;
BDL, P � 0.038; and HD, P � 0.054: unpaired t test,
respectively; Fig. 4B: Table 1).

Brain Nitrotyrosine/Tyrosine Ratio
The only significantly increased NT/T ratio was ob-

served in the LPS-administered BDL rats compared with

saline-treated BDL controls (P � 0.004), and these rats
were also found to have a higher NT/T ratio when com-
pared with all other groups (P � 0.05; Fig. 4C, Table 1).
The administration of LPS had no significant effect on
sham-operated or HD rats (Fig. 4C, Table 1).

Electron Microscopy
Figure 5A through F are transmission electron micro-

graphs (Scale bar, 2 �m) showing representative cerebral
microvessels and the perivascular astrocytes for each treat-
ment group.

Sham-Operated Rats. Figure 5A shows a fully intact
and well-perfused microvessel with no surrounding astro-
cytic, perivascular changes. Lanthanum nitrate particles
line the microvessel luminal wall, suggesting an intact
blood-brain barrier to this tracer.

BDL Rats. Figure 5B shows a partially collapsed mi-
crovessel, although the endothelium barrier appears intact
because the lanthanum particles are clearly retained in the
microvessel lumen. Only minimal brain water accumula-
tion is observed in the astrocytic, perivascular tissue.

Sham-Operated � LPS Rats. Figure 5C shows mild
astrocytic, perivascular edema despite an otherwise intact
blood-brain barrier as suggested by the retained lantha-
num.

BDL � LPS Rats. Figure 5D shows greater disrup-
tion of structure than found in the other sham and BDL
experimental groups, evident by the massive astrocytic,
perivascular edema and collapsed microvessel. However,
the blood-brain barrier still appeared intact with no leak-
age of the lanthanum nitrate into either the endothelial
cell cytoplasm or perivascular space.

HD Rats. Figure 5E shows a partially collapsed mi-
crovessel, although the endothelium barrier appears intact
because of the retention of the lanthanum particles in the
microvessel lumen. There is massive brain water accumu-
lation in the astrocytic, perivascular tissue.

HD � LPS Rats. Figure 5F shows similar disruption
of structure to that found in BDL � LPS and HD rats,

Fig. 3. 1H-NMR spectra of brain extracts: Segments of 1H-NMR spec-
tra of brain extracts obtained from a sham-operated control and from rats
with BDL and HD. Peak assignment abbreviations: Asp, aspartate; Cho,
choline-containing compounds; Cr, creatine; Gln, glutamine; myo-Ins,
myo-inositol; NAA, N-acetyl-aspartate; Tau, taurine.

Table 3. Brain Osmolyte Profile as Analyzed by Proton NMR Spectroscopy and Brain Ammonia

Sham Sham � LPS BDL BDL � LPS HD HD � LP

Brain ammonia (�mol/g ww) 0.27 � 0.08 1.2 � 0.17 1.0 � 0.36 2.0 � 0.66 0.61 � 0.15 0.80 � 0.26
Glutamine (�mol/g ww) 4.4 � 0.21* 4.4 � 0.12 3.5 � 0.26† 3.8 � 0.16 5.4 � 0.31 5.6 � 0.24
Myoinositol (�mol/g ww) 5.6 � 0.31 5.6 � 0.31 4.7 � 0.28 5.5 � 0.19 4.4 � 0.23 4.8 � 0.10
Creatine (�mol/g ww) 7.4 � 0.11 7.3 � 0.23 6.6 � 0.32 6.9 � 0.34 6.7 � 0.21 7.5 � 0.26
NAA (�mol/g ww) 4.1 � 0.45† 4.1 � 0.52 2.8 � 0.14† 3.2 � 0.13 6.1 � 0.26 6.3 � 0.26
Glutamine/Myinositol ratio 0.80 � 0.06† 0.81 � 0.06 0.73 � 0.06† 0.69 � 0.09 1.2 � 0.09 1.2 � 0.03

NOTE. Values are given as mean � standard error of mean (SEM) of duplicate samples from at least (n � 6) rats per group.
Abbreviations: BDL, bile duct ligation; HD, high-ammonia diet; LPS, lipopolysaccharide.
*P � 0.05 compared with HD rats.
†P � 0.001 compared with HD rats.
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but with more significant astrocytic, perivascular edema
and collapsed microvessel. However, the blood-brain bar-
rier still appeared intact with no leakage of the lanthanum
nitrate into either the endothelial cell cytoplasm or
perivascular space.

Discussion
An important observation of our study was the finding

that the administration of LPS to sham-operated, HD,
and BDL rats resulted in marked brain water increases.
The greatest increase in brain water was seen in the HD
rats administered LPS, which occurred without any ob-
served effect on the level of consciousness. Only the BDL
animals administered LPS reached pre-coma stages at 3
hours after administration of LPS. This lack of correlation
between increased brain water and preserved mental state,
in all rats except the LPS-treated BDL rats, suggests that
factors in addition to hyperammonemia and brain swell-
ing contribute to the effects on consciousness found in
HE.

The histological analysis (Fig. 5) confirms the data ob-
tained from brain water measurements, which show sig-
nificant worsening of brain edema in all groups after
administration of LPS (Fig. 1). This increase in brain
water was characterized by astrocytic edema that is indis-
tinguishable from the well-documented brain edema seen
in hyperammonemic liver failure models.30,31 We used
the ionic tracer lanthanum nitrate (MW 433), which is a
highly reproducible method for EM detection of blood-
brain barrier integrity to paracellular movement.32 Reten-
tion of lanthanum within the vessel wall in all the groups
clearly indicates that the anatomical integrity of the
blood-brain barrier is maintained. Our observation differs
from earlier findings in the rat models of ALF, in which
the blood-brain barrier was observed to be compro-
mised.31,32 The discrepancies between these earlier obser-
vations and our study may suggest a specific phenomenon
of cytotoxic edema in cirrhotic rats compared with a com-
bined cytotoxic and vasogenic edema in ALF.

Astrocytic edema in the non-cirrhotic, hyperammone-
mic (HD) rats was associated with an increase in glu-

tamine, reduction in myoinositol, and a marked increase
in the glutamine/myoinositol ratio, in keeping with the
ammonia-glutamine-brain water hypothesis. Of note is
the observation that the severity of astrocytic edema seen
in the saline-treated BDL rats was markedly less despite
degrees of plasma and brain ammonia levels similar to
those of the LPS-administered BDL group. Our observa-
tion adds to the existing debate about the role of glu-
tamine in the development of astrocytic edema during
hyperammonemia.

The mechanism of the observed astrocytic swelling in
BDL rats is therefore unclear and possibly regulated by
the effects of inflammation. The increase in brain edema
after LPS administration in each of the groups does not
directly correlate with plasma and brain ammonia levels,
or brain ammonia metabolism, because there was no dif-
ference in the ammonia, glutamine, or myoinositol levels
between the rats administered LPS and the respective con-
trol groups. We have previously shown that administra-
tion of LPS resulted in a sustained increase in TNF-� and
F2-Isoprostane levels in the BDL rats 3 hours post-injec-
tion compared with sham-operated rats administered
LPS.15 In support of this argument, we observed that in
the BDL, sham-operated, and HD rats, administration of
LPS led to higher NO levels. To explore whether this
altered peripheral inflammatory response was reflected in
the brain, we measured plasma and brain proinflamma-
tory cytokine levels. Our results show that LPS adminis-
tration not only results in an increase in systemic cytokine
response but also increases brain tissue TNF-�, confirm-
ing our previous observation that a systemic inflammatory
response may initiate brain inflammation during liver fail-
ure despite retained anatomical barrier integrity.

The BDL rats administered LPS showed significantly
higher levels of nitrosation of brain proteins compared
with all other groups. Ammonia-induced nitrosation of
astrocytic proteins has been demonstrated in isolated as-
trocytes and astroglial tissue in brain sections of portaca-
val anastomosed rats33; however, hyperammonemia is
unlikely to be the sole mechanism for protein nitration
because the NT/T ratio was not elevated in the hyperam-

Table 4. Plasma and Brain Cytokine Profile

Sham Sham � LPS BDL BDL � LPS HD HD � LPS

Plasma TNF-� (nmol/L) 0.03 � 0.02 0.19 � 0.0 0.05 � 0.02* 1.7 � 0.13 0.02 � 0.001† 0.84 � 0.40
Plasma IL-6 (nmol/L) 0.053 � 0.005‡ 2.3 � 0.27 0.094 � 0.035* 2.1 � 0.22 0.077 � 0.042† 0.89 � 0.42
Brain TNF-� (nmol/L) 0.008 � 0.001 0.065 � 0.012 0.011 � 0.002 0.055 � 0.046 0.057 � 0.019 0.060 � 0.03
Brain IL-6 (nmol/L) 1.3 � 0.24 1.4 � 0.13 2.1 � 0.20 2.0 � 0.50 1.8 � 0.14 2.0 � 0.23

NOTE. Values are given as mean � standard error of mean (SEM) of duplicate samples from at least (n � 6) rats per group. Statistical
Newman-Keuls multiple comparison test.
Abbreviations: BDL, bile duct LPS, lipopolysaccharide.
†P � 0.001 compared with sham with BDL � LPS rats.
‡P � 0.05 compared with HD � LPS
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monemic saline-treated BDL and HD rats. Similarly, LPS
itself can lead to nitrosation of proteins in the brain34;
however, the observation of only a minimal increase in the
NT/T ratio in sham-operated and HD rats administered
LPS also argues against this being the only mechanism for
protein nitrosation. Hyperammonemia and LPS together
may provide an environment for nitrosation of brain pro-
teins. However, the observation that the NT/T ratio re-
mained unchanged in the HD rats administered LPS
argues against this hypothesis. The significant elevation of
plasma NT/T and TNF-� levels in the LPS-treated BDL

Fig. 4. (A) Plasma nitrite/nitrate levels. A significant increase oc-
curred in plasma nitrite/nitrate levels with administration of LPS in BDL,
sham-operated, and HD rats compared with saline-treated BDL, sham-
operated, and HD rats (#P � 0.008; $P � 0.017; and @P � 0.05,
respectively, as determined using the Mann-Whitney test to compare
groups). A significant difference was also found between BDL � saline
rats compared with sham-operated � saline rats, *P � 0.05. (B)
Plasma nitrite levels. A significant increase occurred in plasma nitrite
levels in LPS-treated BDL rats versus saline-treated BDL rats (#P �
0.04), LPS-treated sham-operated rats compared with saline-treated
sham-operated rats (*P � 0.045) and HD � saline compared with
HD � LPS (@P � 0.019), as determined using the unpaired t test to
compare groups. (C) Brain nitrotyrosine levels. A significant increase
occurred in brain nitrotyrosine level in LPS-treated BDL rats compared
with saline-treated BDL rats (*P � 0.005) using the Mann-Whitney test.
Values are given as mean � standard error of mean (SEM) in each case.
A significance level of P � 0.05 found between the BDL � LPS and all
other groups was tested using the Newman-Keuls multiple comparison
test for nonparametric data.

Fig. 5. Brain histology. Transitional electron micrographs (Scale bar, 1
�m), of frontal cortical brain sections from (A) sham-operated rat,
showing normal microvessel architecture and lanthanum retained within
the microvessel lumen; (B) BDL rat, showing a collapsed microvessel with
moderate perimicrovessel edema and lanthanum retained within the
microvessel lumen; (C) LPS-treated sham-operated rat, showing early
perimicrovessel edema and lanthanum retained within the microvessel
lumen; (D) LPS-treated BDL rat showing a significantly collapsed mi-
crovessel with severe perimicrovessel edema, yet lanthanum still retained
within the microvessel lumen; (E) HD rat showing a partially collapsed
microvessel, with intact endothelium shown by the retention of the
lanthanum particles in the lumen; pronounced perivascular edema can
be seen. (F) HD � LPS-treated rats, showing similar disruption of
structure to that found in BDL � LPS and HD rats, but with greater
perivascular edema and partial microvessel collapse. The blood-brain
barrier appears intact with no leakage of the lanthanum nitrate from the
vessel lumen. Abbreviations: MV, microvessel; E, perimicrovessel edema;
Ln, the ionic tracer “lanthanum nitrate,” which is be visualized as small
black densities opposing the luminal surface of the microvessel.
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rats led us to hypothesize that the subliminal inflamma-
tion that is a feature of BDL35 may “prime” the animal to
the effect of ongoing hyperammonemia and subsequent
endotoxemic/inflammatory insult. This hypothesis is
supported by the recent demonstration in astrocyte cell
cultures that physiological levels of TNF-� seen in liver
failure induce tyrosine nitration.36

As discussed, the differential progression to pre-coma
observed in the LPS-treated BDL rats appeared not to
directly correlate with any alteration in plasma and brain
ammonia, electrolytes, brain osmolytes, glutamine, and
myoinositol, or even the degree of astrocytic edema. It is
possible that in the BDL rats hyperammonemia in some
way acts synergistically with the systemic inflammatory
response to alter the level of consciousness. This concept
fits with our recent observation in patients with cirrhosis,
in which induction of hyperammonemia resulted in wors-
ening of neuropsychological tests when the patients were
infected and showed evidence of an inflammatory re-
sponse.14 After treatment of infection, similarly induced
hyperammonemia did not result in an alteration of neu-
ropsychological function, supporting the hypothesis that
ammonia and inflammation may be synergistic.14 Our
suggestion of synergy between hyperammonemia and in-
flammation is also supported by the recent observation
that BDL rats that were fed a high-ammonia diet (and
which showed evidence of low level of inflammation) de-
veloped increases in brain water.35 However, hyperam-
monemia and inflammation were present in the LPS-
treated HD rats without any observed change in
consciousness level. Given the extent of brain edema ob-
served in the HD rats, with or without administration of
LPS, that there was no impact on the level of conscious-
ness is surprising. This would suggest that there is an
as-yet-undetermined additional factor critical in the pro-
gression to coma in cirrhotic rats. On this background of
cirrhosis, hyperammonemia, and superimposed inflam-
mation may then facilitate nitrosation of brain proteins,
which may be important to neurological function.

The LPS-administered BDL model used in the current
study was developed to encapsulate the pathophysiologi-
cal features of acute-on-chronic liver failure that is starting
to be recognized as a distinct clinical and pathophysiolog-
ical entity. Accordingly, chronic liver disease was induced
by ligation of the bile duct which induces secondary bili-
ary cirrhosis, and the superimposed injury was provided
by the administration of LPS. This model contains the
essential clinical features of cirrhosis—encephalopathy
and mild renal dysfunction with exaggerated inflamma-
tory response. Clinically, the animals are hemodynami-
cally stable, and after LPS we observe the typical changes
in blood pressure response during the 3-hour time frame

of the study.29 Blood electrolytes and osmolarity are
maintained, reducing confounding effects. Whether the
increase in brain edema is associated with alterations in
cerebral blood flow is not clear, but the electron micro-
scopic appearances of collapsed blood vessels possibly in-
dicate reduced cerebral blood flow, which is in keeping
with the observation of increased cerebrovascular resis-
tance in humans with advanced cirrhosis.37

In conclusion, this study provides further evidence to
indicate that on a background of cirrhosis and hyperam-
monemia, superimposed inflammation has an important
synergistic role in the development of HE. Further studies
are needed to determine how ammonia and LPS facilitate
cytotoxic edema and pre-coma in cirrhosis and to deter-
mine the role of nitrosation of brain proteins.
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Tissue-type Plasminogen Activator Deficiency
Exacerbates Cholestatic Liver Injury in Mice

Hongtao Wang,1 Yan Zhang,2,3 and Robert O. Heuckeroth1

Recent studies demonstrating a role for plasminogen activator inhibitor (PAI)-1 in choles-
tatic liver disease in mice suggested that tissue-type plasminogen activator (tPA) or uroki-
nase plasminogen activator (uPA) might be important after biliary tract obstruction. We
now demonstrate that blocking tPA exacerbates liver injury after bile duct ligation (BDL).
tPA deficient mice have increased bile infarcts, increased TUNEL positive cells, increased
neutrophil infiltration, reduced hepatocyte proliferation and reduced ductular reaction 72
hours after BDL compared to wild type mice. In addition, the protective and proliferative
effects of plasminogen activator inhibitor 1 (PAI-1) deficiency after BDL are dramatically
blocked by the tPA inhibitor tPA-STOP. One potential mechanism for these effects is that
both tPA deficiency and tPA-STOP reduce hepatocyte growth factor (HGF) activation and
c-Met phosphorylation in the liver after BDL. In support of this hypothesis, HGF treatment
reverses the effects of tPA deficiency in mice. Furthermore, preferential tPA activation in
areas of injury after BDL might occur because fibrin accumulates in bile infarcts and acti-
vates tPA. Conclusion: tPA inactivation accelerates liver injury after BDL and reduces HGF
activation. These data suggest that strategies to increase HGF activation might be protective
in liver diseases with biliary tract obstruction even without increased HGF production.
(HEPATOLOGY 2007;45:1527-1537.)

Cirrhosis occurs after many types of liver injury
including biliary obstruction, which can be stud-
ied using surgical bile duct ligation (BDL). BDL

predictably induces hepatocyte cell death, neutrophil in-
filtration, bile duct proliferation, stellate cell activation,

and fibrosis.1-3 Preventing or repairing this injury requires
restoration of injured parenchymal cells, reconstruction
of damaged extracellular matrix, and clearance of cellular
debris.4-6 Complex mechanisms control these processes
and require coordinated interactions between cytokines,
proteases, and inflammatory cells in a well defined tem-
poral and spatial fashion.

Recent studies demonstrate that plasminogen activator
inhibitor-1 (PAI-1) exacerbates cholestatic liver disease.7,8

PAI-1 blocks the proteolytic activity of tissue-type plas-
minogen activator (tPA) and urokinase-type plasminogen
activator (uPA),9 proteases that convert plasminogen to
the active protease plasmin that critically controls fibrino-
lysis. In addition, tPA, uPA, and plasmin have a variety of
other substrates. For example, tPA and uPA can activate
hepatocyte growth factor (HGF) by proteolysis.10,11 HGF
is important for survival and proliferation of hepato-
cytes12-14 and cholangiocytes15-17 and reduces hepatic fi-
brosis via c-Met activation.12,18 Thus, tPA or uPA could
reduce liver injury by increasing HGF activation. In con-
trast, plasmin is a key activator of transforming growth
factor � 1 (TGF�1), an important pro-fibrogenic cyto-
kine and a negative regulator of hepatocellular prolifera-
tion.19-22 For this reason, plasmin activation could
potentially exacerbate hepatic injury. Plasmin and uPA
also activate matrix metalloproteinases that control tissue
remodeling and might reduce fibrosis.23,24 Thus, the plas-

Abbreviations: BDL, Bile duct ligation; PAI-1, plasminogen activator inhibitor-1;
uPA, urokinase-type plasminogen activator; tPA, tissue-type plasminogen activator;
ALT, Alanine Aminotransferase; GGT or �-GT, Gamma-glutamyl transpeptidase;
BDEC, Bile duct epithelial cells; BrdU, Bromodeoxyuridine; WT, wild type; HGF,
hepatocyte growth factor; Cxcl1, chemokine (C-X-C motif) ligand 1; Cxcl2, chemokine
(C-X-C motif) ligand 2; qRT-PCR, quantitative real time reverse transcriptase poly-
merase chain reaction.
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min protease system could influence liver injury and re-
pair through many distinct molecular mechanisms.

We recently demonstrated increased tPA activation in
PAI-1�/� mice after BDL that correlated with reduced
liver injury, but no change in uPA activity suggesting that
tPA was the major mediator of PAI-1 deficiency induced
hepatic protection.7 To test this hypothesis, we performed
BDL in tPA�/� mice. These studies confirm that tPA
influences many aspects of liver injury and repair after
BDL. Specifically, tPA�/� mice have larger bile infarcts,
increased neutrophil infiltration, and less hepatocyte and
cholangiocyte proliferation after BDL than WT mice.
Furthermore, in PAI-1�/� mice, the tPA inhibitor tPA-
STOP prevents the protective and proliferative effects of
PAI-1 deficiency after BDL. In addition, both tPA defi-
ciency and tPA-STOP reduce hepatic HGF and c-Met
activation after BDL suggesting that tPA activity is essen-
tial for HGF activation in this setting. In support of this
hypothesis, the detrimental effects of tPA deficiency can
be overcome by administering active mature HGF. Thus,
we now provide substantial evidence that tPA critically
regulates liver injury and repair after extrahepatic bile
duct obstruction. Moreover, we provide a mechanism for
preferential tPA activation because the tPA activator fi-
brin rapidly accumulates in the bile infarcts after BDL.

Materials and Methods

Mouse Model of Extrahepatic Cholestasis. BDL or
sham surgery was performed as described7 on 8-10 week old
(22-26 gram) male C57BL/6J WT (#0664), homozygous
C57BL/6J PAI-1�/� (#2507) and tPA�/� (#2508) mice
from The Jackson Laboratory (Bar Harbor, ME). To inhibit
tPA in PAI-1�/� mice, we infused tPA-STOP (#544, Amer-
ican Diagnostic Inc., Stamford, CT)25,26 or vehicle control
(H2O) continuously for 6 days (2 nmol/hr, 0.5 �l/hr) by
osmotic mini-pump (#1007D, Alza, Newark, DE),27 start-
ing 72 hours before BDL. tPA-STOP selectively inhibits tPA
(Ki � 0.035 �M for tPA, Ki � 3.4 �M for uPA),28 and also
has activity against trypsin (Ki � 0.096 �M) and factor Xa
(Ki � 0.021 �M). For some studies, tPA�/� mice were
given active recombinant mouse HGF (0.1 mg/Kg, R&D
Sys Inc, Minneapolis, MN) or PBS via tail vein injection
daily for 6 days starting 72 hours before BDL. Use of mice
was approved by Washington University’s Animal Care
Committee.

tPA, uPA and Plasmin Activity. Casein and plas-
minogen zymography were performed as described.7 Plas-
minogen activator specific bands were verified by their
absence in gels lacking plasminogen.

Bile Infarcts. 10 randomly selected 1 mm2 hematox-
ylin and eosin stained 4 �m paraffin sections were ana-

lyzed per mouse. Infarct areas were measured using NIH
imageJ 1.30 (NIH, Bethesda, MD).7 Microscopic evalu-
ations were performed blinded and the same liver regions
were studied to minimize potential effects of intra-hepatic
variability.

TUNEL. ApopTag Plus In Situ Apoptosis Fluores-
cein Detection Kit (S71111, Chemicon, Temecula, CA)
was used according to manufacturer’s instructions.
Hoechst 33342 (1 �g/ml, Molecular Probes, Eugene,
OR) was used for nuclear staining. TUNEL-positive cells
in 30 random microscopic fields (100�) per mouse were
counted.

Serum Biochemistry. Serum total and direct biliru-
bin, gamma-glutamyl transpeptidase (GGT), alanine
aminotransferase (ALT) and bile acids were measured us-
ing commercial assays according to the manufacturer’s
instructions (#2692, #960, #0930, Stanbio, Boerne, TX;
#BQ092A, Bio-Quant, San Diego, CA).

Neutrophil Infiltration. Deparaffinized and rehy-
drated sections were incubated for 30 minutes with a
freshly prepared solution of 4% pararosaniline (0.1 ml,
Sigma) plus 4 % sodium nitrate (0.1 ml, Sigma), plus
0.1 M phosphate buffer (pH � 6.3, 30 ml) to which
1% naphthol AS-D chloroacetate (1 ml, Sigma) was
added.29,30 Extravasated and sinusoidal neutrophils iden-
tified by red color and nuclear morphology were counted
in 20 randomly selected high-power fields (HPF, 400�)
per mouse.

Cxcl1 and Cxcl2. mRNA levels were determined by
quantitative real-time PCR (qRT-PCR) as previously de-
scribed.7 CXCL1 protein was measured in liver homoge-
nates by enzyme linked immunoassay using a Quantikine
kit (#MKC00B, R&D Sys. Inc., Minneapolis, MN).

Hepatocyte and Cholangiocyte Proliferation. Pro-
liferation was measured by bromodeoxyuridine (BrdU)
incorporation.7 Bile ducts were categorized by the num-
ber of circumferential cholangiocytes (small � 10 cells;
medium 10-20 cells; large � 20 cells).15 Ductular reac-
tion was assessed by immunohistochemistry using rabbit
polyclonal anti-cow cytokeratin antibody (wide spectrum
screening (WSS), 1:200, DakoCytomation, Carpinteria,
CA) that recognizes a variety of keratins, but specifically
labels bile duct epithelial cells (BDEC) in the liver.7

Fibrin Analysis. Fibrin deposition was assessed after
staining with goat polyclonal antibody against fibrinogen
(1:200, F8512, Sigma, St Louis, MO),5 Alexa594- sec-
ondary antibody (Molecular Probes) and Hoechst 33342
nuclear staining. Adjacent sections were stained with he-
matoxylin and eosin to localize fibrin. Immunoreactive
areas were determined in 10 randomly selected non-over-
lapping 0.16 mm2 (200�) fields/mouse using NIH im-
ageJ 1.30.
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HGF Immunoblotting. Liver homogenate immuno-
blotting used goat anti-human �-HGF antibody (1:100,
N-17, Santa Cruz Biotech. Inc., Santa Cruz, CA) as de-
scribed.7 Band optical density was determined using NIH
ImageJ 1.30.

Met Phosphorylation. c-Met was immunoprecipi-
tated from liver homogenates and protein immunoblot
analysis used anti-phosphotyrosine antibody (1:1000,
clone 4G10, Upstate, Waltham, MA) or anti-c-Met anti-
body.7

Statistical Analysis. Experimental results were de-
rived from 4-6 BDL mice and reported as mean � SEM.
Student t-test or Mann-Whitney rank sum test were used
with P value � 0.05 considered statistically significant.

Results

tPA Deficiency Eliminates tPA Activity, But Does
Not Alter uPA or Plasmin Activity After BDL. BDL
induces reproducible hepatic injury including areas of
feathery hepatocyte degeneration caused by bile acid cy-
totoxicity (bile infarcts). To test the hypothesis that tPA
critically influences bile infarct formation, BDL was per-
formed on WT and tPA�/� mice. To confirm tPA defi-
ciency and determine if compensatory changes in uPA or
plasmin activity occur in the tPA�/� mice, casein/plas-
minogen zymography was performed on liver homoge-
nates 72 hours after BDL. As expected, tPA activity was
absent in tPA�/� mice (Fig. 1). uPA and plasmin activity
were similar in tPA�/� and WT mice suggesting that total

hepatic plasmin activity does not depend on tPA after
BDL and that compensatory changes in uPA activity do
not occur in tPA�/� mice (Fig. 1A,B).

tPA Deficiency Increases Bile Infarct Formation
and Hepatocyte Cell Death After BDL. Because PAI-
1�/� mice have increased tPA activity and fewer bile in-
farcts than WT after BDL,7,8 we hypothesized that tPA
deficiency might increase bile infarct size in this model.
To test this hypothesis, bile infarcts were analyzed 72
hours after BDL. Abundant bile infarcts were observed in
WT mice, but tPA�/� animals had dramatically more bile
infarcts (Fig. 2A,B). Quantitative analysis confirmed 83%
and 94% increases in bile infarct number and area respec-
tively in tPA�/� versus WT mice (Fig. 2E,G). TUNEL
positive nuclei were also increased in tPA�/� compared to
WT mouse liver after BDL (TUNEL positive nuclei per
100� field: WT 30 �/� 5, tPA�/� 45 �/� 5, P �
0.01). To determine directly if protection caused by
PAI-1 deficiency could be blocked by inhibiting tPA,
PAI-1�/� mice were infused with tPA-STOP, a selective
tPA inhibitor with 100-fold higher Ki for uPA than for
tPA. tPA-STOP markedly increased bile infarct forma-
tion in PAI-1�/� mice (Fig. 2C,D,F,H), similar to the
effects of tPA deficiency. In agreement with histological
evidence of liver injury, tPA deficiency increased serum
ALT and GGT after BDL (Fig. 3A,C). As previously re-
ported,7 ALT levels were similar in WT and PAI-1�/�

mice, suggesting that PAI-1 deficiency more effectively
prevents cell death than ALT release, but tPA-STOP in-
creased both serum ALT and GGT in PAI-1�/� com-
pared to control animals (Fig. 3B,D). In contrast, direct
and total bilirubin levels, and total serum bile acid levels
are comparable in WT, tPA�/�, and PAI-1�/� mice
treated with tPA-STOP or vehicle, confirming complete
biliary tract obstruction in all animals (Fig. 3 E-H). To-
gether these data provide strong evidence that tPA dra-
matically reduces bile infarct formation and hepatocyte
cell death after BDL and suggest that protective effects of
PAI-1 deficiency are mediated by increased tPA activa-
tion.

tPA Deficiency Increases Neutrophil Infiltration
into Bile Infarcts After BDL. Neutrophil extravasation
into the liver is an important mechanisms of injury and
repair after many types of injury including BDL.29,31-34

To determine if tPA influences hepatic neutrophil accu-
mulation, naphthol AS-D chloroacetate esterase stained
sections obtained 72 hours after BDL in WT and tPA�/�

mice were analyzed. These studies demonstrate marked
neutrophil accumulation in bile infarcts in both WT and
tPA�/� animals (Fig. 4A,B), but tPA�/� mice had more
neutrophil accumulation than WT animals (Fig. 4E), cor-
relating with increased size and number of bile infarcts in

Fig. 1. Plasmin and uPA activity are normal in tPA�/� mice after BDL.
(A) Gel zymography demonstrates hepatic uPA, tPA and plasmin activity
after BDL. (B) Quantitative image analysis demonstrates no significant
differences in uPA or plasmin activity between tPA�/� and WT mice.
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tPA�/� mice (Fig. 2). As previously reported, PAI-1�/�

mice had fewer infiltrating neutrophils than WT,7 but
this effect was reversed by tPA-STOP (Fig. 4C,D,F). Be-
cause neutrophils significantly contribute to liver injury
after BDL,29,34 we next determined if increased neutro-
phil accumulation in tPA�/� mice correlated with in-
creased production of neutrophil chemotactic factor
mRNAs using quantitative real time PCR. Cxcl1 and

Cxcl2 mRNA were markedly elevated in tPA�/� com-
pared to WT mice after BDL (Cxcl1: 5.4 �/� 1.0 fold
increase, P � 0.007; Cxcl2: 3.3 �/� 0.7 fold increase,
P � 0.009 and Fig. 4G). Similarly tPA-STOP increased

Fig. 2. tPA deficiency or tPA-STOP treatment increase bile infarct
formation after BDL. (A-D) Show representative hematoxylin and eosin-
stained liver sections obtained 72 hours after BDL. (A) WT, (B) tPA�/�,
(C) PAI-1�/� mice treated with control pump, and (D) PAI-1�/� mice
treated with tPA-STOP. Scale bar � 100 �m. Arrows identify bile infarcts.
(E-H) Quantitative analysis of bile infarct number (E,F) and bile infarct
area (G,H) confirms that blocking tPA increases the size and number of
bile infarcts in the liver after BDL. (E,G) * P � 0.05 versus WT mice. (F,H)
* P � 0.05 versus PAI-1�/� mice treated with control pump.

Fig. 3. tPA deficiency and tPA-STOP increase serum markers of liver
injury after BDL, but do not alter bilirubin or bile acid levels. (A,C) Serum
markers of hepatocellular (ALT) and cholangiocyte injury (�-GT) were
elevated in tPA�/� mice compared to control animals 72 hours after
BDL. (B, D) ALT and �-GT were also significantly elevated in PAI-1�/�

mice treated with tPA-STOP compared to the same type of mice treated
with a control pump. (A, C) * P � 0.05 versus WT mice. (B,D) * P �
0.05 versus PAI-1�/� mice treated with control pump. Serum bilirubin
(E,F) and bile acid levels (G,H) were similar in all four groups of mice.
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Cxcl1 mRNA levels in PAI-1�/� mice (Cxcl1: 5.1 �/�
1.1 fold increase, P � 0.025, Fig. 4H), but for unclear
reasons, tPA-STOP did not alter Cxcl2 mRNA levels
(P � 0.7). Cxcl1 protein was also increased in tPA�/�

mouse liver (P � 0.001 versus WT) and reduced in PAI-
1�/� mouse liver after BDL (P � 0.001 versus WT), but
this effect was modest compared to the change in mRNA

(Fig. 4I,J). Overall, these data demonstrate that tPA re-
duces neutrophil infiltration into the liver and that tPA
deficiency increases the production of neutrophil chemo-
tactic factors after BDL.

tPA Deficiency Reduces Hepatocyte Proliferation
After BDL. In response to hepatocyte injury, hepato-
cytes proliferate after BDL.2,7 While it might be antici-
pated that increased hepatic injury would lead to
increased hepatocyte proliferation, we hypothesized that
increased injury in tPA�/� mice resulted from reduced
HGF activation and that tPA�/� mice would therefore
have both increased cell death and reduced hepatocyte
proliferation compared to WT animals. To test this hy-
pothesis, hepatocyte proliferation rates were determined
by BrdU incorporation 72 hours and one week after BDL
in tPA�/� and WT mice. tPA�/� mice had markedly
reduced hepatocyte proliferation compared to WT after
BDL (Fig. 5A,C). In PAI-1�/� mice, tPA-STOP also re-
duced hepatocyte proliferation compared to control ani-
mals 72 hours after BDL (Fig. 5B). Since hepatocyte
proliferation is likely to be important for liver repair and
long term survival in these mice, Kaplan-Meier survival
analysis was performed on WT and tPA�/� mice after
BDL (Fig. 5D). These analyses confirm higher mortality
rates in tPA�/� versus WT mice after BDL (P � 0.035).
Together, these data strongly suggest that tPA is an im-
portant mediator of hepatocyte proliferation after biliary
tract obstruction.

tPA Deficiency Reduces Bile Duct Epithelial Cell
Proliferation (BDEC) After BDL. Biliary tract obstruc-
tion causes markedly increased BDEC proliferation. To
determine if BDEC proliferation depends on tPA, BrdU
incorporation into BDEC was evaluated 72 hours after
BDL. tPA deficiency reduced the BDEC proliferation in
small and medium bile ducts after BDL compared to WT
mice (Fig. 6G,I). tPA-STOP largely prevented the in-

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Fig. 4. tPA deficiency and tPA-STOP cause increased neutrophil

extravasation after BDL. (A-D) Neutrophil extravasation into the liver 72
hours after BDL was visualized by naphthol AS-D chloroacetate esterase
staining and analysis of nuclear morphology. Scale: bar � 50 �m.
Arrows show neutrophils (A-D). Insets show a single neutrophil from each
animal. Scale bar � 5 �m. (E,F) Quantitative analysis demonstrates
increased neutrophil extravasation in tPA�/� compared to WT mice and
in PAI-1�/� mice treated with tPA-STOP compared to the same type of
mice treated with control pump. (G,H) Quantitative real-time PCR dem-
onstrates that mRNA expression of the neutrophil chemoattractant Cxcl1
in liver 72 hours after BDL was elevated in tPA�/� mice compared to WT
mice and in PAI-1�/� mice treated with tPA-STOP compared to PAI-1�/�

mice treated with control pump. (I,J) Cxcl1 protein levels measured by
immunoassay are also elevated in tPA�/� mice compared to WT and in
PAI-1�/� mice treated with tPA-STOP compared to the same type of mice
treated with the control pump. (E,G,I) * P � 0.05 versus WT mice. (F,H,J)
* P � 0.05 versus PAI-1�/� mice treated with control pump.
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crease in BDEC proliferation in PAI-1�/� compared to
WT mice after BDL (Fig. 6H,J). These differences in
BDEC proliferation correlated well with differences in
ductular reaction observed after cytokeratin immuno-
staining (Fig. 6A-F), strongly suggesting that tPA is an
important mediator of BDEC proliferation after biliary
tract obstruction.

Fibrin Accumulates in Bile Infarcts After BDL.
The results above suggest that uPA cannot substitute for
tPA in the liver injury and repair processes evaluated.
Indeed, our prior analyses demonstrated increased tPA,
but not uPA, activity in PAI-1�/� mice after BDL.7 One
possible explanation for the importance of tPA in these
processes would be selective tPA activation. Because tPA
activity increases dramatically when tPA binds fibrin,35,36

we hypothesized that selective tPA activation could occur
if fibrin was deposited in the liver after BDL. Indeed,
there was minimal hepatic fibrin deposited in the absence
of injury (data not shown), but marked fibrin accumula-
tion in bile infarcts in WT, tPA�/�, and PAI-1�/� mice
after BDL (Fig. 7A-H). Quantitative image analysis con-
firmed significantly larger areas of hepatic fibrin immu-
noreactivity in tPA�/� than WT mice (Fig. 7I). Similarly

Fig. 5. tPA deficiency and tPA-STOP cause reduced proliferation of
hepatocytes after BDL and reduced survival. (A) Hepatocyte proliferation
is reduced 72 hours after BDL in tPA�/� mice compared to WT mice and
(B) in PAI-1�/� mice treated with tPA-STOP compared to PAI-1�/� mice
treated with control pump. (C) Hepatocyte proliferation remains low in
tPA�/� mice compared to WT one week after BDL. (D) Kaplan-Meier
survival curves show significantly reduced survival for tPA�/� compared
to WT mice after BDL (P � 0.035). (A, C) *P � 0.05 versus WT mice.
(B) * P � 0.05 versus PAI-1�/� mice treated with control pump.

Fig. 6. tPA deficiency and tPA-STOP cause reduced ductular reaction after
BDL. (A-D) Ductular reaction 72 hours after BDL was visualized by immunohis-
tochemistry for cytokeratin. Scale: bar � 100 �m. Arrows show bile ducts with
cytokeratin expression. (E,F) There is reduced ductular reaction in tPA�/� com-
pared to WT mice and in PAI-1�/� mice treated with tPA-STOP compared to
the PAI-1�/� control mice. Cholangiocyte proliferation in small (G,H) and
medium (I,J) bile ducts is also reduced in tPA�/� mice compared to WT mice
(G,I) and in PAI-1�/� mice treated with tPA-STOP compared to the same
type of mice treated with control pump (H,J). (E,G,I) * P � 0.05 versus WT
mice. (F,H,J) * P � 0.05 versus PAI-1�/� mice treated with control pump.
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tPA-STOP increased the area of fibrin deposition in PAI-
1�/� versus control mice (Fig. 7J). This selective fibrin
accumulation in bile infarcts provides a reasonable expla-
nation for localized tPA activation in areas of liver injury.

tPA Is Critical for HGF Activation After BDL.
HGF is produced as an inactive precursor that requires
proteolytic cleavage for activation. Although HGF can be
activated by both tPA and uPA,10 we previously hypoth-
esized that HGF activation after BDL is primarily medi-
ated by tPA.7 To test this hypothesis, HGF activation was
evaluated by protein immunoblot. Prior analyses demon-
strated that both mature and cleaved �-HGF levels are
increased in WT mice after BDL compared to sham sur-
gery.7 In current study, both tPA deficiency and tPA-
STOP markedly reduce HGF activation after BDL (Fig.
8A-D). Furthermore reduced HGF activation correlated
with reduced c-Met activation in tPA�/� mice and in
tPA-STOP treated PAI-1�/� mice (Fig. 8E-H). Thus,
tPA activity appears essential for efficient HGF activation
after BDL.

Active HGF Reverses Detrimental Effects of tPA
Deficiency After BDL. Although we hypothesized that
reduced HGF activation adequately explains increased
cell death and reduced proliferative repair in tPA�/� ver-
sus WT mice after BDL, tPA could be required for more
than HGF processing. To test the hypothesis that inade-
quate HGF activation causes increased liver injury in
tPA�/� mice, active HGF protein was administered to
tPA�/� mice via tail vein injection. Remarkably HGF
administration to tPA�/� mice reduced bile infarct num-
ber and area (Fig. 9A,B), reduced the number of
TUNEL� cells (Fig. 10C,D,F), reduced neutrophil ex-
travasation (Fig. 9C), reduced Cxcl1 protein accumula-
tion (Cxcl1 protein levels in tPA�/� mice injected with
PBS: 3.4 �/� 0.5 pg/100 �g protein; Cxcl1 protein
levels in tPA�/� injected with HGF: 1.9 �/� 0.2 pg/100
�g protein, P � 0.02), and increased hepatocyte prolifer-
ation after BDL (Fig. 9D) to levels comparable to those
found in WT mice. These findings make it unlikely that
tPA deficiency has detrimental effects on the liver after
BDL that cannot be reversed by increased active HGF
availability.

Discussion
Since biliary tract obstruction leads to progressive he-

patic injury that can result in cirrhosis, delineating molec-
ular mechanisms that determine the severity of cholestatic
injury might provide new opportunities to slow disease
progression for biliary obstructive disorders. Several ob-
servations recently suggested that PAI-1, tPA, uPA and
plasminogen influence liver injury. In particular, our
analysis of biliary tract obstruction in PAI-1 deficient

Fig. 7. Fibrin is deposited in bile infarcts in mouse livers. (A,C,E,G)
Fibrin deposition in mouse livers was visualized by Alexa594-fluores-
cence immunohistochemistry. Comparison of fibrin immunohistochemis-
try with hematoxylin and eosin stained adjacent sections (B,D,F,H)
demonstrate marked fibrin accumulation in the bile infarcts in WT,
tPA�/� and PAI-1�/� mice treated with either control or tPA-STOP pump.
Scale bar � 100 �m. Arrows show fibrin staining (A,C,E,G) in bile
infarcts (B,D,F,H). (I,J) Quantitative image analysis demonstrates that
there is increased fibrin deposition in tPA�/� compared to WT mice and
in PAI-1�/� mice treated with tPA-STOP compared to the same type mice
treated with control pump. (I) * P � 0.05 versus WT mice. (J) * P �
0.05 versus PAI-1�/� mice treated with control pump.
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mice demonstrated that PAI-1 increases the severity of
hepatic injury, reduces hepatocyte and cholangiocyte pro-
liferation, increases neutrophil infiltration7 and increases
fibrosis (unpublished data) after BDL. We also found that
tPA activity was increased in PAI-1�/� mice after BDL,
but uPA and plasmin activity were comparable to WT.
Bergheim et al.8 demonstrated similar effects of PAI-1
deficiency on liver injury and fibrosis, but reported in-
creases in both tPA and uPA activity in PAI-1�/� mice.

This raised questions about whether PAI-1�/� effects on
liver injury were mediated by tPA, uPA or both. We now
provide evidence that many effects of PAI-1 deficiency
depend on tPA, and not uPA.

tPA is a protease that has important functions in fibri-
nolysis, extracellular matrix remodeling and cytokine pro-
cessing. To perform these functions, there are both
plasmin dependent and plasmin independent roles for
tPA. In fibrinolysis, for example, the major action of tPA
is conversion of plasminogen to the active protease plas-
min.37 Plasmin not only causes fibrinolysis, but also in-
duces matrix metalloproteinases and activates cytokines
such as TGF�.19,24,38 tPA also has important plasmin-
independent functions in endothelial cell proliferation,39

microglial activation,40 mossy fiber outgrowth stimula-
tion,40 and neuronal death after ischemia.41 Furthermore,
tPA directly activates several growth factors, including
HGF10,11 and platelet derived growth factor (PDGF-CC)
by proteolysis.42

We now demonstrate that tPA deficiency increases the
extent of bile infarcts after BDL. The hypothesis that
increased bile infarct size is at least partially caused by
increased parenchymal cell damage in tPA�/� mice is sup-
ported by increased ALT and GGT serum levels in the
mutant animals. Furthermore, there are increased
TUNEL positive cells in tPA�/� compared to WT mice
after BDL demonstrating an increase in the number of

Fig. 8. tPA deficiency and tPA-STOP cause reduced HGF activation
and c-Met phosphorylation after BDL. (A,B) Protein immunoblot for HGF
using liver homogenates obtained 72 hours after BDL. Bands represent-
ing pro-HGF, non-reduced �,�-chain mature HGF and �-chain HGF
(reduced mature HGF) are indicated. (C,D) Quantitative analysis of HGF
demonstrates reduced mature and �-HGF in tPA�/� mice compared to
WT and in PAI-1�/� mice treated with tPA-STOP compared to the same
type of mice treated with control pump. (E,F) c-Met was immunoprecipi-
tated from mouse liver protein obtained 72 hours after BDL and Met
phosphorylation was determined by anti-phosphotyrosine immunoblot
analysis. Total Met protein was evaluated using a c-Met antibody for
immunoblot analysis. (G,H) Quantitative analysis demonstrates reduced
c-Met phosphorylation in tPA�/� compared to WT mice and in PAI-1�/�

mice treated with tPA-STOP compared to the same type mice treated with
control pump. (C,G) * P � 0.05 versus WT mice. (D,H) * P � 0.05
versus PAI-1�/� mice treated with control pump.

Fig. 9. Active mature HGF administration prevents the detrimental
effects of tPA deficiency 72 hours after BDL. (A) Bile infarct number and
(B) bile infarct area are both reduced in tPA�/� mice treated with HGF.
(C) HGF also reduced extravasation of neutrophils into the liver after BDL
and (D) increased hepatocyte proliferation. * P � 0.05 versus tPA�/�

mice treated with PBS.
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cells with nuclear DNA fragmentation. While contro-
versy exists over the significance of TUNEL staining and
the role of necrosis versus apoptosis after BDL,3,43 our
data collectively demonstrate that tPA deficiency in-
creases liver injury and cell death after BDL.

Once the liver is injured, repair mechanisms are in-
duced that include increased hepatocyte and cholangio-
cyte proliferation. While it might be anticipated that
increased cell death would lead to a more robust prolifer-
ative repair response, tPA�/� mice have less hepatocyte
and cholangiocyte proliferation than WT after BDL. Fur-
thermore, tPA�/� mice have higher mortality rates than
WT animals in this setting. Together, these findings sug-
gest that tPA is essential for the normal mechanisms that
promote hepatocellular survival and proliferation during
biliary tract obstruction. Reduced HGF activation in
tPA�/� compared to WT mice after BDL could explain
each of these observations since HGF is a survival factor
for hepatocytes and mitogen for both hepatocytes and

cholangiocytes. Indeed, we now demonstrate that HGF
activation and c-Met phosphorylation in tPA�/� mouse
liver are markedly reduced after BDL compared to WT.
Finally, although not conclusive, the observation that
many of the detrimental effects of tPA deficiency can be
prevented by exogenous administration of active HGF
suggests that tPA may be primarily important for HGF
activation in this setting. Lending further credence to this
argument is a recent manuscript demonstrating effects of
HGF blocking antibodies after BDL that resemble our
results in tPA�/� mice.44

In conjunction with increased hepatocellular injury,
tPA�/� mice have more neutrophil extravasation than
WT after BDL. The precise mechanism for increased
neutrophil infiltration is not yet clear. tPA, for example,
could reduce neutrophil infiltration by enhancing the re-
lease of chemoattractants from the extracellular matrix,
similar to the described effect of PAI-1 inhibition on the
human protein IL-8.45 Alternatively, increased immobi-
lized fibrin(ogen) might encourage neutrophil infiltration
in tPA�/� mice, because fibrin(ogen) is bound with high
affinity by �M�2 integrin expressed on neutrophils.46

HGF also reduces expression of ICAM-1 in the liver after
BDL44 and could reduce neutrophil infiltration by this
mechanism.34 Current data, however, demonstrate a
markedly reduced abundance of mRNA for the murine
neutrophil chemoattractants Cxcl1 and Cxcl2 in WT
compared to tPA�/� mice after BDL and a smaller reduc-
tion in Cxcl1 protein. These observations suggest signifi-
cant effects on the transcription or stability of these
mRNA that are independent of effects on protein local-
ization or fibrinogen accumulation. In any case, increased
neutrophil recruitment may significantly exacerbate liver
injury in tPA�/� mice creating a vicious cycle that in-
volves tissue damage by the neutrophils and increased
production of neutrophil chemotactic factors in response
to injury.29,34

Why can’t uPA substitute for tPA in this setting? One
reasonable explanation for this observation is that addi-
tional mechanisms restrict spatial and temporal activation
of these potent proteases. For example, fibrin accumulates
in areas of liver injury after BDL, and binding of tPA to
fibrin markedly stimulates tPA activity.47 uPA also re-
quires additional factors like binding to uPAR for optimal
activity,48,49 and therefore might have a different spatial
and temporal activity pattern than tPA even though liver
homogenates have comparable enzymatic activity for
both proteases after BDL. While the role of uPA after
BDL remains uncertain,50 our data demonstrate that uPA
cannot substitute for tPA in this setting. Furthermore, the
ability to reverse the effects of PAI-1 deficiency on BDL-
induced liver injury using tPA-STOP provides strong

Fig. 10. Active mature HGF reduces TUNEL positive cells after BDL.
(A-D) TUNEL staining of liver sections from WT mice 72 hours after sham
surgery (A) or BDL (B). TUNEL staining of liver sections from tPA�/� mice
after BDL (C) or after BDL with HGF treatment (D). Scale bar � 50 �m.
* indicates bile infarct area. (E,F) Quantitative analysis of TUNEL positive
cells after BDL. (E) * P � 0.05 versus WT. (F) * P � 0.05 versus mice
treated with PBS.
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suggestive but not conclusive evidence that the protective
effects of PAI-1 deficiency are primarily mediated by in-
creased tPA, and not uPA, activity.

The observation that tPA and uPA have distinct func-
tions after BDL is consistent with previous data demon-
strating that uPA cannot substitute for tPA in other injury
models. For example, after hyperoxia, tPA�/� mice have
more severely injured lungs and greater mortality than
WT animals.51 Similarly, tPA�/� mice develop more
bleomycin-induced lung fibrosis than either WT or
uPA�/� animals.52 Furthermore, in a model of crescentic
glomerulonephritis, injury is exacerbated in tPA�/� mice,
but not in uPA�/� animals.53 In contrast, after single-dose
carbon tetrachloride (CCl4)-induced liver injury, tPA�/�

mice had a milder defect in liver repair than uPA�/�

mice.54 In combination with our data, these studies
clearly demonstrate distinct roles for uPA and tPA in in-
jury and repair processes that depend on the precise na-
ture of the underlying injury.

In summary, we demonstrate that tPA protects the
liver during and after BDL. At least part of this protection
occurs because tPA is required for HGF activation follow-
ing BDL. These observations suggest that strategies to
increase HGF activation will protect the liver from injury
during cholestatic liver disease.
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Th2 and Regulatory Immune Reactions Are Increased
in Immunoglobin G4-Related Sclerosing Pancreatitis

and Cholangitis
Yoh Zen,1,2 Takahiko Fujii,1 Kenichi Harada,1 Mitsuhiro Kawano,3 Kazunori Yamada,3

Masayuki Takahira,4 and Yasuni Nakanuma1

Immunoglobin G (IgG) 4-related sclerosing pancreatitis and cholangitis (autoimmune pan-
creato-cholangitis [AIPC]) are recently recognized disease entities characterized by high
serum IgG4 concentrations and sclerosing inflammation with numerous IgG4-positive
plasma cells, although the underlining immune mechanism remains only speculative. In this
study, the immunopathogenesis of AIPC was examined with respect to the production of
cytokines in situ and the possible involvement of regulatory T cells (Tregs) using fresh (5
cases) and formalin-fixed (28 cases) specimens of AIPC and related extra-pancreatobiliary
lesions. Quantitative real-time polymerase chain reaction revealed that AIPC and extra-
pancreatobiliary lesions had significantly higher ratios of interleukin (IL)-4/interferon-�
(IFN-�) (45.8-fold), IL-5/IFN-� (18.7-fold), IL-13/interferon (IFN)-� (20.7-fold), IL-10/
CD4 (45.3-fold), and tumor growth factor (TGF)-�/CD4 (39.4-fold) than did primary
sclerosing cholangitis (PSC) and primary biliary cirrhosis (PBC). Lymphocytes with signals
for IL-4 and IL-10 were frequently found in AIPC by in situ hybridization. The expression
of Foxp3 messenger RNA, a transcription factor specific for naturally arising CD4�CD25�

Tregs, was significantly increased in AIPC and extra-pancreatobiliary lesions in comparison
to PSC and PBC (36.4-fold). Immunohistochemically, CD4�CD25�Foxp3� cells were fre-
quently found in AIPC, while few were found in PSC and other disease controls. Taken
together, AIPC could be characterized by the over-production of T helper (Th) 2 and
regulatory cytokines. Tregs might be involved in the in situ production of IL-10 and TGF-�,
which could be followed by IgG4 class switching and fibroplasia. Conclusion: AIPC is a
unique inflammatory disorder characterized by an immune reaction predominantly medi-
ated by Th2 cells and Tregs. (HEPATOLOGY 2007;45:1538-1546.)

Immunoglobin (Ig) G4-related sclerosing diseases are
rapidly emerging disease entities, the clinicopatho-
logical features of which have been studied extensive-

ly.1,2 In 2001, Hamano et al. reported that patients with

sclerosing pancreatitis, also called autoimmune pancreati-
tis (AIP), have high serum IgG4 concentrations.1 AIP is
pathologically characterized by a diffuse lymphoplasma-
cytic infiltration with marked interstitial fibrosis, acinar
atrophy, eosinophilic infiltration, and obliterative phlebi-
tis.2 In addition, abundant IgG4-positive plasma cells can
be identified by immunostaining.2,3 AIP is frequently as-
sociated with sclerosing cholangitis, which occurs mostly
in the intra-pancreatic bile duct but can occur in other
portions of the biliary tract.4 AIP and sclerosing cholan-
gitis occur asynchronously in some cases. In addition,
cases of IgG4-related sclerosing cholangitis without evi-
dent AIP have also been reported.5 Taken together, IgG4-
related sclerosing lesions occurring in the pancreas and
bile duct may belong to a single disease entity involving
the different parts of the pancreatobiliary system (autoim-
mune pancreato-cholangitis [AIPC]).4

Recent studies have shown AIPC to be different from
classical primary sclerosing cholangitis (PSC).6,7 Namely,
AIPC is characterized by a high prevalence in middle-to-

Abbreviations: AIH, autoimmune hepatitis; AIP, autoimmune pancreatitis;
AIPC, autoimmune pancreato-cholangitis; CD, cluster of differentiation; ISH, in
situ hybridization; Foxp3, forkhead box P3; PBC, primary biliary cirrhosis; PSC,
primary sclerosing cholangitis; Tregs, regulatory T cells.
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old aged patients and effective steroid therapy.4,6 In con-
trast, PSC is a refractory disease which more frequently
occurs in young patients or children with inflammatory
bowel diseases.8 In addition, IgG4-related sclerosing le-
sions similar to AIPC have been identified in other organs
such as the salivary gland (chronic sclerosing sialadenitis
or Küttner’s tumor),9 lacrimal gland (chronic sclerosing
dacryoadenitis or Mikulicz’s syndrome),10 liver (inflam-
matory pseudotumor),4 retroperitoneum (retroperitoneal
fibrosis)3,11 and lung (interstitial pneumonia or inflam-
matory pseudotumor).12 IgG4-related diseases of these
extra-pancreatobiliary organs share the clinicopathologi-
cal features of AIPC, thus suggesting that similar immune
mechanisms participate in their pathogenesis.

The human immune system is controlled by subsets of
T cells: T helper (Th) 1 and Th2 cells, and regulatory T
cells (Tregs). Th1 cells produce interferon-� (IFN-�),
whereas a Th2-type response is mediated by interleukin
(IL) -4, IL-5, or IL-13. Tregs are capable of immune
suppression, which is mediated by cell-cell contact or pro-
duction of regulatory cytokines (IL-10 and tumor growth
factor [TGF]-�).13,14 Among the several types of Tregs,
those that are cluster of differentiation (CD) CD25� have
been the most often investigated. CD4�CD25� Tregs are
characterized by the expression of a specific transcription
factor, forkhead box P3 (Foxp3), in addition to the co-
expression of CD4 and CD25. CD4�CD25� Tregs have
been reported to play a key role in the prevention of
autoimmune diseases, and the impairment of immune
response by Tregs has been proposed in several autoim-
mune diseases. CD4�CD25� Tregs are known to affected
numerically and functionally in cases of autoimmune hepa-
titis and primary biliary cirrhosis (PBC).15

The immune mechanisms involved in IgG4-related
diseases including AIPC have not yet been well clarified.

In particular, the mechanism responsible for the elevation
in the serum IgG4 level or sclerosing inflammation with
IgG4-positive plasma cells is still a mystery. In this study,
we examined the immune mechanisms involved in AIPC
with a focus on the production of cytokines in situ and the
possible involvement of Tregs.

Patients and Methods
Patients

The cases used in this study are shown in Table 1. A
total of 31 cases (33 lesions) of IgG4-related diseases were
obtained from the pathology files of the Department of
Human Pathology, Kanazawa University Graduate
School of Medicine in Japan. They consisted of AIPC (14
cases), chronic sclerosing sialadenitis (9 cases), pulmonary
inflammatory pseudotumor (8 cases), and chronic scleros-
ing dacryoadenitis (2 cases). Two of the patients had suf-
fered from both AIPC and chronic sclerosing sialadenitis.
Formalin-fixed and paraffin-embedded specimens ob-
tained from the 28 cases were used for immunohisto-
chemical studies. Frozen sections (5 cases), which were
obtained during surgery for a frozen-section diagnosis
from 2 cases of AIPC (needle biopsy from pancreatic
head), 2 cases of chronic sclerosing dacryoadenitis (surgi-
cal excision), and one case of chronic sclerosing sialadeni-
tis (excisional biopsy), were used for RNA extraction and
in situ hybridization.

As disease controls, 12 cases of PSC, 2 cases of PBC, 5
cases of hepatolithiasis, 5 cases of Sjögren’s syndrome (mi-
nor salivary glands), and 5 cases of sialolithiasis were used.
Frozen sections of PSC (3 cases) and PBC (2 cases) were
used as controls for PCR studies, and paraffin-embedded
specimens from the remaining 24 cases were used for
immunohistochemical studies.

Table 1. Summary of the Cases Used in This Study

Number
Age Gender Material

(range) (male:female) (n)

IgG4-related diseases
Autoimmune pancreato-cholangitis 14* 53–78 12:2 Surgical,12, needle biopsy 2†‡

Chronic sclerosing sialadenitis 9* 52–72 6:3 Surgical,8, lip biopsy 1‡

Chronic sclerosing dacryoadenitis 2 62–65 1:1 Surgical2‡

Pulmonary inflammatory
pseudotumor 8 53–72 5:3 Surgical8

Disease controls
Primary sclerosing cholangitis 12 23–65 8:4 Transplantation,11‡ wedge biopsy1‡

Primary biliary cirrhosis 2 58–60 0:2 Transplantation2‡

Sjögren’s syndrome 5 34–46 4:1 Lip biopsy5

Hepatolithiasis 5 45–79 3:2 Surgical5

Sialolithiasis 5 32–55 2:3 Surgical5

* Two patients had both autoimmune pancreato-cholangitis and chronic sclerosing.sialadenitis.
† Biopsied from pancreas.
‡ Containing frozen sections.

HEPATOLOGY, Vol. 45, No. 6, 2007 ZEN ET AL. 1539



All subjects provided written informed consent for sur-
gery or biopsy and for the use of resected specimens in
research.

Diagnosis of IgG4-Related Diseases
All cases of AIPC histologically showed severe lym-

phoplasmacytic infiltration with fibrosis, obliterative
phlebitis, thickening of bile ducts, and atrophy of pancre-
atic acini. Immunostaining using a monoclonal antibody
for human IgG4 (ZYMED Laboratories, San Francisco,
CA) revealed abundant IgG4-positive plasma cells in ar-
eas of sclerosing inflammation in all AIPC specimens. In
addition, two biopsied specimens (frozen sections) were
found to have high serum IgG4 concentrations after bi-
opsy (141 and 354 mg/dl: normal range �135). Out of
14 cases of AIPC, 10 showed both pancreatitis and
cholangitis, while 3 cases and the remaining one case
showed only cholangitis and pancreatitis, respectively. In
the cases showing cholangitis, the hilar bile ducts were
affected in 4 cases, the proximal common bile ducts in 2
cases, and the intra-pancreatic bile ducts in 7 cases.

Extra-pancreatobiliary lesions were also pathologically
diagnosed as IgG4-related diseases according to histolog-
ical features in previous studies.10,13 Three patients with
chronic sclerosing sialadenitis had histories of AIPC. One
patient was radiologically diagnosed as having AIPC,
while the remaining two were surgically treated for sus-
pected pancreatic or biliary cancer. Those specimens were
included in the AIPC group in this study. The serum
IgG4 concentration was measured in three cases (all fro-
zen-section cases) of extra-pancreatobiliary lesions, and
was high in all three (1420, 486, and 164 mg/dl).

RT-PCR
Total RNA was extracted from frozen sections in cases

of IgG4-related diseases (5 cases) and disease controls (5
cases) using an RNeasy Mini Kit (QIAGEN, Valencia,
CA). We performed RT-PCR for IFN-�, IL-4, IL-5, IL-
13, IL-10, TGF-�, Foxp3, CD4, and �-actin. The oligo-
nucleotide sequences, product sizes, numbers of cycles
and annealing temperatures of these primers were as follows:
IFN-�, forward 5�-TGACCAGAGCATCCAAAAGA-3�,
reverse 5�-CTCTTCGACCTCGAAACAGC-3�, 236 bp,
35 cycles, 52°C; IL-4, forward 5�-TGCCTCCAAGAA-
CACAACTG-3�, reverse 5�-CTCTGGTTGGCTTC-
CTTCAC-3�, 219 bp, 35 cycles, 52°C; IL-5, forward
5�-TATGCCATCCCCACAGAAAT-3�, reverse 5�-CAG-
TACCCCCTTGCACAGTT-3�, 199 bp, 37 cycles, 50°C;
IL-13, forward 5�-GGTCAACATCACCCAGAACC-3�,
reverse 5�-TTTACAAACTGGGCCACCTC-3�, 240 bp,
37 cycles, 50°C; IL-10, forward 5�-AAGCCTGAC-
CACGCTTTCTA-3�, reverse 5�-ATGAAGTGGTTG-

GGGAATGA-3�, 193 bp, 35 cycles, 52°C; TGF-�,
forward 5�-ACCAACTATTGCTTCAGCTC-3�, re-
verse 5�-TTATGCTGGTTGTACAGG-3�, 180 bp, 35
cycles, 52°C; Foxp3, forward 5�-CAAATGGTGTCTG-
CAAGTGG-3�, reverse 5�-CACAGATGAAGCCTTG-
GTCA-3�, 233 bp, 37 cycles, 51°C; CD4, forward
5�-AGGAAGTGAACCTGGTGGTG-3�, reverse 5�-
CTCAGCAGACACTGCCACAT-3�, 190 bp, 35 cycles,
52°C; and �-actin, forward 5�-CAAGAGATGGC-
CACGGCTGCT-3�, reverse 5�-TCCTTCTGCATC-
CTGTCGGCA-3�, 334 bp, 30 cycles, 55°C. After PCR,
5-�l aliquots of the products were subjected to either
1.5% or 2.0% agarose gel electrophoresis and then stained
with ethidium bromide.

Real-time Quantitative PCR
Multiplex real-time polymerase chain reaction (PCR)

was performed for quantitative analyses, according to the
standard protocol using the TaqMan Universal PCR
Master Mix (Applied Biosystems) and ABI PRISM 7700
Sequence Detection System (Applied Biosystems, Foster
City, CA). Specific primers and probes for IFN-�, IL-4,
IL-5, IL-13, IL-10, TGF-�, Foxp3, and CD4 were ob-
tained from Applied Biosystems. The cycling conditions
were as follows: incubation for 2 min at 50°C, for 10
minutes at 95°C, and 50 cycles of 15 seconds at 95°C and
1 min at 60°C. The Th2 cytokines (IL-4, IL-5 and IL-13)
were normalized to a Th1 cytokine (IFN-�). The regula-
tory cytokines (IL-10 and TGF-�) were similarly normal-
ized to CD4. Each experiment was performed in
triplicate, and the mean was adopted as the value in each
experiment.

In situ Hybridization (ISH)
Single strand RNA probes for the IFN-�, IL-4, and

IL-10 genes were obtained by RT-PCR and in vitro tran-
scription. The T7- or SP6-RNA polymerase promoter
(T7, 5�-GTAATACGACTCACTATAGGGCGAWAS-
3�; SP6, 5�-GATTTAGGTGACACTATAGA-3�) was
attached to each primer as follows: IFN-�, sense 5�-T7-
TTGGCTTTTCAGCTCTGCATCG-3�, antisense 5�-
SP6-TGCTCTTCGACCTTGAAACAGC-3�, 471 bp;
IL-4, sense 5�-T7-CCTCTGTTCTTCCTGCTAGCAT-3�,
antisense 5�-SP6-AACGTACTCTGGTTGGCTTCCT-3�,
371 bp; IL-10, sense 5�-T7-AAGCCTGACCACGCTTT-
CTA-3�, antisense 5�-SP6-TTCCATCTCCTGGGTTC-
AAG-3�, 463 bp. Each single-strand RNA probe
complementary (antisense probe) and anti-complemen-
tary (sense probe; negative control) to the corresponding
gene transcripts was obtained by in vitro transcription,
according to the standard protocol of the Digoxigenin
RNA Labeling Kit (Roche Diagnostics K.K., Indianapolis,
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IN). Frozen sections obtained from those with IgG4-
related diseases (5 cases) were fixed in 4% paraformalde-
hyde/phosphate-buffered saline (PBS, pH 7.4) for 15 min
at 4°C. After rapid dehydration, the specimens were in-
cubated with a hybridization solution mixed with the
sense or antisense digoxigenin-labeled probe in a moist
chamber at 50°C for 16 hours. Slides were washed in
0.2 � sodium chloride-sodium citrate. After blocking re-
agent (Roche Diagnostics K.K.) was applied, the sections
were incubated with alkaline phosphatase-conjugated
sheep anti-digoxigenin antibody (Roche Diagnostics
K.K.) for 1 hour. Color development was achieved by
adding a prepared substrate solution of chloro-3-indolyl
phosphate toluidinium salt (175 �g/ml) to the slides for
approximately 7 hours in a darkroom.

Dual Fluorescent Immunostaining of CD4 and
CD25

All formalin-fixed and paraffin-embedded specimens
of AIPC (12 cases) and PSC (9 cases) were used for dual
fluorescent immunostaining of CD4 and CD25. The
deparaffinized sections were microwaved in citrate buffer
(pH 6.0) for 20 min, and incubated in protein block
solution (Dako Cytomation, Glostrup, Denmark) for 20
min. Specimens were incubated with a mouse monoclo-
nal antibody to CD4 (clone 1F6, fully diluted, Nichirei,
Tokyo, Japan) overnight at 4°C. The specimens were in-
cubated for one hour at room temperature with goat anti-
mouse immunoglobulins, which were conjugated to
alkaliphosphatase-labeled polymers (Envision�; Dako
Cytomation). The reaction product was visualized with
Vector SG (Vector Laboratories, Burlingame, CA). The
specimens were microwaved in citrate buffer (pH 6.0) for
5 min at 100°C to unfasten the first antibody.16 Then, the
specimens were incubated with protein block solution
(Dako Cytomation) for 20 min, and with a mouse mono-
clonal antibody to CD25 (clone 4C9, 1:100, Novocastra
Laboratories, Newcastle, UK) overnight at 4°C. The re-
action product was visualized with fluorescent goat anti-
mouse and anti-rabbit IgG antibodies (1:500, Molecular
Probes Inc., Eugene, OR), and observed under a confocal
laser microscope (LSM5 PASCAL; Carl Zeiss, Oberkochen,
Germany). No positive staining was obtained when the
primary antibodies were omitted or replaced with normal
mouse serum in the negative controls of the staining pro-
cedures.

Single Immunostaining
All formalin-fixed and paraffin-embedded specimens

of IgG4-related diseases (28 cases) and disease controls
(24 cases) were used for the immunostaining of Foxp3
and CD4. The immunostaining of Foxp3 or CD4 was

performed using a mouse monoclonal antibody against
human Foxp3 (clone 136A/E7, 1:50, Abcam, Cam-
bridge, UK) or CD4 (clone 1F6, fully diluted, Nichirei,
Tokyo, Japan), respectively. The deparaffinized sections
were pretreated in ethylenediaminetetraacetic acid buffer
(pH 8.0) in a pressure-cooker at 100°C for 5 min (sec-
tions for Foxp3) or microwaved in citrate buffer (pH 6.0)
for 20 minutes (sections for CD4). 3,3�-Diaminobenzi-
dine tetrahydrochloride (DAB) was used as the chromo-
gen. Cells positive for Foxp3 or CD4 were counted under
10 different high-power fields (hpf: 10� eyepiece and
40� lens) with intense inflammation, and the ratio (per-
centage) of the Foxp3-positive plasma cells/CD4-positive
plasma cells was calculated in each case.

Statistics
A statistical analysis was performed using the Mann-

Whitney U test to analyze continuous variables. The
Pearson product-moment correlations were used to com-
pare the expression ratios of Foxp3/CD4 obtained from
real-time quantitative PCR and the serum IgG4 concen-
trations. A probability of P � 0.05 was considered to be
statistically significant.

Results
Cytokine Expression in AIPC and Extra-
Pancreatobiliary Lesions

The expression of Th1 (IFN-�), Th2 (IL-4, IL-5 and
IL-10), and regulatory cytokines (IL-10 and TGF-�) was
examined in IgG4-related diseases (AIPC, 2 cases; chronic
sclerosing dacryoadenitis, 2 cases; chronic sclerosing
sialadenitis, one case) and 5 cases of autoimmune biliary
diseases (PSC, 3 cases; PBC, 2 cases) by RT-PCR (Fig. 1).
IFN-� was similarly expressed in IgG4-related diseases,
PSC, and PBC. IL-4, IL-5, and IL-13 were frequently
expressed in IgG4-related diseases, whereas their expres-

Fig. 1. Cytokine expression in IgG4-related diseases, PSC, and PBC
(RT-PCR). The Th1 cytokine (IFN-�) was similarly expressed in all cases
examined. The Th2 cytokines (IL-4, IL-5, and IL-13) and regulatory
cytokines (IL-10 and TGF-�) were more intensely expressed in IgG4-
related diseases than in PSC and PBC. Lane 1-3, PSC; lane 4-5, PBC;
lane 6-7, AIPC; lane 8-9, chronic sclerosing dacryoadenitis; lane 10,
chronic sclerosing sialadenitis.
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sion was not identifiable in PSC and PBC except for one
PSC case with weak expression of IL-4. The expression of
IL-10 and TGF-� mRNA was also more frequent and
intense among the IgG4-related diseases in comparison to
PSC and PBC.

The ratio of Th1/Th2 cytokines and the expression of
regulatory cytokines were quantitatively analyzed by real-
time PCR. IL-4, IL-5, and IL-13 mRNA expression was
not observed in most PSC and PBC cases by RT-PCR,
while weak expression of IL-4, IL-5, and IL-13 was iden-
tifiable in two cases of PSC and one case of PBC by
real-time PCR. The expression of IL-10 and TGF-�
mRNA was also observed in all cases of PSC and PBC by
real-time PCR. As shown in Fig. 2, IgG4-related diseases
showed significantly higher expression ratios of IL-4/
IFN-� (45.8 fold), IL-5/IFN-� (18.7 fold) and IL-13/
IFN-� (20.7 fold) than did PBC and PSC (P � 0.001).
Similarly, the expression ratios of IL-10/CD4 and TGF-
�/CD4 were significantly higher in IgG4-related diseases
(45.3 and 39.4 fold, respectively; P � 0.001). These ex-
pression profiles of cytokines were similar in AIPC and
related extra-pancreatobiliary lesions (Fig. 2).

ISH for IFN-�, IL-4, and IL-10 in AIPC and
Extra-Pancreatobiliary Lesions

ISH for IFN-�, IL-4, and IL-10 was performed using
frozen sections of AIPC (2 cases) and extra-pancreatobili-
ary lesions (3 cases). In addition to IFN-�-positive lym-
phocytes, many lymphocytes positive for IL-4 and IL-10
were randomly identifiable in all cases of IgG4-related
diseases (Fig. 3). Interestingly, lymphocytes positive for
IL-10 surrounded a pancreatic duct branch in one AIPC
case (Fig. 3). Except for lymphocytes, positive signals for
these cytokine mRNAs were not evident in either epithe-
lial or mesenchymal cells.

Foxp3 Expression in AIPC and Extra-
Pancreatobiliary Lesions

The above-mentioned expression profile of cytokines
suggested that IgG4-related diseases were characterized by
an intense expression of Th2 and regulatory cytokines.
Th2 cytokines are usually produced from CD4� helper T
cells, whereas the expression of regulatory cytokines is
mainly mediated by Tregs.13,14 Thereafter, the expression
of Foxp3, a transcription factor specific for CD4�CD25�

Tregs, was examined. RT-PCR for Foxp3 revealed a more
frequent and intense expression of Foxp3 in IgG4-related
diseases than in PSC or PBC (Fig. 4A). Next, the expres-
sion ratios of Foxp3/CD4 were quantitatively analyzed by
real-time PCR. IgG4-related diseases showed significantly
higher expression ratios of Foxp3/CD4 than PBC and
PSC (36.4 fold, P � 0.001) (Fig. 4B). Regarding the

expression ratios of Foxp3/CD4 and the serum IgG4 con-
centrations in IgG4-related diseases, no significant corre-
lation was observed in the 5 cases examined (r � 0.736,
P � 0.156).

Immunostaining of paraffin-embedded specimens re-
vealed the nuclear expression of Foxp3 in relatively many
lymphocytes in all cases of IgG4-related diseases, irrespec-
tive of the organs affected (Fig. 5). Foxp3-positive cells
were randomly distributed within each lesion. In contrast,

Fig. 2. Results of real-time quantitative PCR. The expression ratios of
IL-4/IFN-�, IL-5/IFN-�, IL-13/IFN-�, IL-10/CD4, and TGF-�/CD4 were
significantly higher in IgG4-related diseases than in PSC and PBC.
IgG4-related diseases include AIPC, chronic sclerosing dacryoadenitis,
and chronic sclerosing sialadenitis.
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Foxp3-positive cell infiltration was not prominent in dis-
ease controls including autoimmune diseases (PSC and
Sjögren’s syndrome) and non-autoimmune diseases
(hepatolithiasis and sialolithiasis). In particular, Foxp3-
positive cells were rare in PSC cases.

The ratios of Foxp3/CD4-positive cells were higher in
IgG4-related diseases than in disease controls (Fig. 6).
Among the disease controls, autoimmune diseases (PSC
and Sjögren’s syndrome) showed lower ratios of Foxp3/
CD4-positive cells than the non-autoimmune diseases

(hepatolithiasis and sialolithiasis). In addition, the ratio of
Foxp3/CD4 was significantly lower in PSC than in
Sjögren’s syndrome (Fig. 6).

Dual Immunostaining for CD4/CD25
CD4�CD25� cells in AIPC and PSC were examined

by dual immunostaining for CD4 and CD25 using par-
affin-embedded specimens from AIPC and PSC patients.
In AIPC, CD4-positive or CD25-positive cells were dis-
tributed diffusely within the lesions. Among them, a rel-
atively large number of CD4�CD25� cells were
identifiable in AIPC (Fig. 7). CD4�CD25� cells were
randomly distributed in areas of pancreatitis and cholan-
gitis. In PSC, many CD4-positive cells were observed
around the injured bile ducts, whereas only a few
CD4�CD25� cells could be identified (Fig. 8).

Fig. 3. In situ hybridization for IFN-�, IL-4,
and IL-10 in AIPC. In addition to IFN-�-express-
ing cells, many mononuclear cells expressing
IL-4 and IL-10 were observed in areas of scle-
rosing inflammation in cases of AIPC. Upper
photos, negative control, �200 (sense probe);
middle photos, �200 (antisense probe); lower
photos, �400 (antisense probe). The upper
and middle photos were obtained from almost
the exact same fields.

Fig. 4. Foxp3 expression in IgG4-related diseases, PSC, and PBC. (A)
RT-PCR revealed a more intense expression of Foxp3 in IgG4-related
diseases than in PSC and PBC. Lane 1-3, PSC; lane 4-5, PBC; lane 6-7,
AIPC; lane 8-9, chronic sclerosing dacryoadenitis; lane 10, chronic
sclerosing sialadenitis. (B) In the real-time PCR, the expression ratio of
Foxp3/CD4 was significantly higher in IgG4-related diseases than in PSC
and PBC.

Fig. 5. Immunostaining of Foxp3 in AIPC. The nuclear expression of
Foxp3 was observed in several mononuclear cells infiltrating the scleros-
ing lesion. (�400)
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Discussion
The main findings of this study are: (1) The expression

of Th2 cytokines (IL-4, IL-5, and IL-13) and regulatory
cytokines (IL-10 and TGF-�) was up-regulated in the
affected tissues of AIPC. (2) The lymphocytes infiltrating
AIPC produced IL-4 and IL-10 in addition to IFN-�. (3)
Significant numbers of CD4�CD25�Foxp3� Tregs infil-
trated the affected tissues in cases of AIPC. (4) These
cytokine profiles and the infiltration of Tregs were simi-
larly found in AIPC and related extra-pancreatobiliary
lesions.

Th1/Th2 Balance in AIPC. Inflammatory condi-
tions show a characteristic Th1/Th2 balance, and most
autoimmune diseases are reported as Th1-predominant
disorders.17 Interestingly, the cytokine profile of AIPC
shown in this study suggested that the immunopathogen-
esis of AIPC is mediated by a Th2-predominant reaction.
There have been two reports regarding cytokine produc-
tion in IgG4-related diseases. In 2000, Okazaki et al. ex-
amined the Th1/Th2 balance in patients with AIP using
peripheral blood lymphocytes.18 The number of CD4�

cells producing IFN-� in peripheral blood and the se-

creted levels were significantly increased in AIP patients in
comparison with the controls, whereas the number of
IL-4-producing CD4� cells was not increased in AIP
patients. They concluded that AIP could be mediated
by a Th1-predominant immune reaction. Recently,
Yamamoto et al. serologically examined the IFN-�/IL-4
ratio in patients with Mikulicz’s disease (an IgG4-related
lesion) and classical Sjögren’s syndrome.10 The IFN-�/
IL-4 ratio was significantly higher in Mikulicz’s disease
than in Sjögren’s syndrome. These results regarding pe-
ripheral blood lymphocytes and serum cytokine levels are
not in line with our data. The discrepancy may be due to
the specimens examined. The serum concentration of cy-
tokines and peripheral blood lymphocytes might not be
sufficient to precisely reflect cytokine production in the
affected organs.

Tregs in AIP. Large numbers of Tregs were found in
the affected tissues in cases of AIPC in comparison with
the autoimmune or non-autoimmune disease controls.
While the mechanism of their induction or proliferation
in the pancreatobiliary systems in cases of AIPC remains
speculative, the following two possibilities should be con-
sidered. First, Tregs might be secondarily induced to in-
hibit Th2-predominant immune reactions in AIPC,
because Tregs are usually activated by excessive immune
reactions in certain types of infectious or allergic disorders
and are known to prevent a Th2-type immune re-
sponse.19,20 Second, the Tregs infiltrating the affected or-
gans might be functionally abnormal. Namely, Tregs
might proliferate abnormally such as via autocrine or
paracrine pathways in the affected organs in cases of
IgG4-related diseases. Viral infection is also known to
induce a marked proliferation of lymphocytes. In fact,
Chen et al. reported that HTLV-I-infected leukemia cells
from a subset of patients with adult T cell leukemia
expressed Foxp3.21 In this sense, AIPC could be a pro-
liferative or potentially neoplastic disease. Excessive pro-
duction of regulatory cytokines by proliferating Tregs

Fig. 7. Double immunostaining of CD4 and
CD25 in AIPC. Mononuclear cells positive for
CD4 or CD25 were detected. The merged image
demonstrated many mononuclear cells double
positive for CD4 and CD25 in areas of scleros-
ing inflammation. (&times200)

Fig. 6. Ratios of Foxp3/CD4-positive cells in IgG4-related diseases
and disease controls (immunohistochemistry). Each IgG4-related disease
showed a significantly higher ratio of Foxp3/CD4 in comparison to the
corresponding disease control (P � 0.0002-0.012). Among the disease
controls, PSC and Sjögren’s syndromes had significantly lower ratios of
Foxp3/CD4 than hepatolithiasis and sialolithiasis (P � 0.002-0.007). In
addition, the Foxp3/CD4 ratio in PSC was significantly lower than that in
Sjögren’s syndrome (P � 0.007). *, P � 0.05.
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may be involved in the unique pathological features of
IgG4-related diseases.

Relationship Between Cytokine Production and
Histopathology. AIPC is histologically characterized by
diffuse lymphoplasmacytic infiltration, irregular fibrosis,
eosinophilic infiltration, obliterative phlebitis, and IgG4-
positive plasma cell infiltration.2,4 Patients with IgG4-
related diseases frequently showed peripheral blood
eosinophilia or high serum concentrations of IgE.22 In
addition, numerous mast cells have been reported to be
found in pulmonary inflammatory pseudotumors (one
type of pulmonary IgG4-related disease), although there
have been no reports on mast cells in AIPC.23 These
pathological and immunological features of AIPC and
related lesions might be mediated by IL-4, IL-5, and IL-
13, because IL-4 is known to direct naive human B cells to
switch to IgE production, and IL-5 is important for eo-
sinophilic infiltration and activation.24 IL-13 is another
T-cell-derived cytokine involved in the activation of IgE
production and eosinophilic infiltration.24

Regulatory cytokines such as IL-10 and TGF-� might
also be closely involved in the pathogenesis of AIPC.
IL-10 secreted by Tregs may participate in the elevation of
serum IgG4 concentrations and IgG4-positive plasma cell
infiltration, because IL-10 has a major role in directing B
cells to produce IgG4.25,26 In addition, TGF-�, which is a
powerful fibrogenic cytokine, might participate in fibro-
plasia in the pancreas and bile ducts in AIPC. Therefore,
it seems likely that IL-10 and TGF-� are involved in two
major pathological findings of AIPC: IgG4-positive
plasma cell infiltration and diffuse fibrosis.

Is AIPC an Autoimmune Disease or Not? IgG4 is
the rarest IgG subclass and accounts for only 3%-6% of all
the IgG in normal serum. High serum IgG4 concentra-
tions have been reported in a limited number of diseases
including bronchial asthma, pemphigus vulgaris, and
pemphigus foliaceus.27,28 Pemphigus vulgaris and pem-
phigus foliaceus are autoimmune skin diseases caused by

autoantibodies against desmoglein 3 and desmoglein 1,
respectively. IgG4 is the predominant type of autoanti-
body detected in pemphigus.27 In contrast, antigen-injec-
tion immunotherapy for allergic diseases has also been
reported to relate to IgG4 production. Exposure to a high
dose of allergen during immunotherapy results in the gen-
eration of Tregs.20,28 Tregs can prevent Th2-type im-
mune responses through cell-cell contact or the
production of regulatory cytokines including IL-10 and
TGF-�. IL-10 can direct B cells to switch from IgE to
IgG4 antibody production.20,28 Therefore, IgG4 behaves
as a pathogenetic antibody in pemphigus and as a suppres-
sive antibody in allergic diseases.

AIP was first reported to be an autoimmune disease
based on the presence of antinuclear antibodies, hyper
�-globulinemia, steroid sensitivity, and an association
with other autoimmune diseases such as Sjögren syn-
drome and primary sclerosing cholangitis.29 However, the
evidence supporting the autoimmune hypothesis is now
being reconsidered. Anti-nuclear antibodies or hyper
�-globulinemia are not detectable in some cases of
AIPC.22 In addition, the sialadenitis and sclerosing
cholangitis associated with AIPC had been described as
Sjögren syndrome and PSC earlier on; however, the extra-
pancreatobiliary lesions were elucidated to be IgG4-re-
lated diseases, not classical autoimmune diseases.4,9,10

Furthermore, the autoantigens of AIPC have not been
demonstrated until now. The immune reactions predom-
inantly mediated by Th2 cells and Tregs are not common
in classical autoimmune diseases, but rather, closely in-
volved in the pathogenesis of allergic disorders such as
bronchial asthma and atopic dermatitis. Taken together,
it seems premature to conclude that AIPC and related
diseases are autoimmune disorders. The predominant
Th2 and regulatory immune reactions in AIPC might
reflect an allergic nature in their pathogenesis.

In conclusion, this study revealed that Th2 and regu-
latory immune reactions are up-regulated in the affected

Fig. 8. Double immunostaining of CD4 and
CD25 in PSC. Numerous CD4-positive cells
were observed around the injured bile duct (at
the center of photos), whereas there were few
CD25-positive cells in the field. The merged
image revealed only one double positive cell
(arrowheads). The arrows indicate a mononu-
clear cell positive for CD25 and negative for
CD4. (�100)
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tissues in cases of AIPC and related disorders. Th2 and
regulatory cytokines may thereofore be involved in the
pathogenesis of these diseases.
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REVIEWS

Immunoglobulin G4 Associated Cholangitis:
Description of an Emerging Clinical Entity Based on

Review of the Literature
Einar Björnsson,1 Suresh T. Chari,2 Thomas C. Smyrk,2 and Keith Lindor2

During the last decade, patients with steroid
responsive sclerosing cholangitis have been
described in a number of case reports and a

few cases series. These patients meet diagnostic criteria
for primary sclerosing cholangitis (PSC) but seem to
have a better prognosis and are often, but not always,
associated with autoimmune pancreatitis (AIP). Unlike
biliary strictures in PSC, most PSC-like biliary stric-
tures seen in association with AIP respond well to ste-
roids and some have been shown to resolve after
immunosuppressive treatment during prolonged fol-
low-up. In addition, steroid-responsive dominant bile
duct lesions, sometimes mimicking infiltrating hilar
cholangiocarcinoma, without pancreatic abnormalities
have also been reported.

Here we review the literature on this emerging clin-
ical entity and suggest that this condition of steroid
responsive biliary strictures be named Immunoglobu-
lin G4 (IgG4) Associated Cholangitis (IAC). We per-
formed an electronic database search of MEDLINE for
case reports and case series of sclerosing cholangitis
with pancreatitis and/or pancreatic mass (1960 –July
2006). Articles were limited to English and these case
reports and cases series were reviewed and all references
on the combination of sclerosing cholangitis and pan-
creatitis as well as IgG4 positive cholangitis without
pancreatic involvement not identified by our original
search were obtained.

Terminology and Definition
In 1963, two cases of PSC with pancreatic involve-

ment1 seen at the Mayo Clinic were reported in the New
England Journal of Medicine; these might have been the
first two cases of IASC reported. A total of 54 articles with
cases of suspected IgG4 associated cholangitis were in-
cluded in the final analysis.1-54 From 1963–July 2006 a
total of 215 cases of IAC have been reported.1-54 For ob-
vious reasons it is difficult to be certain that all these cases
are really IAC as IgG4 has not been measured in all and
corticosteroids have not always been tried.

This entity has had many descriptive names in the litera-
ture including “inflammatory pseudotumor from sclerosing
cholangitis”,9 “primary sclerosing cholangitis mimicking
chronic pancreatitis”13 “pancreatic pseudotumor with
multifocal idiopathic fibrosclerosis”14 “lymphoplasmacytic
sclerosing pancreatitis with cholangitis”,19 “sclerosing pan-
creato-cholangitis”,31,33,40,49 “atypical primary sclerosing
cholangitis associated with unusual pancreatitis”,34 “lym-
phoplasmacytic sclerosing cholangitis without pancreati-
tis”44 “immunoglobulin G4-related lymphoplasmacytic
sclerosing cholangitis” and “autoimmune pancreatitis-asso-
ciated sclerosing cholangitis”. AIP is often associated with
sclerosing cholangitis and this entity has therefore been called
sclerosing pancreato-cholangitis31,33,40,49,50 Strictures of the
biliary tract, in the hilar region or intrahepatic strictures have
been well documented.31,33-36,40,45,48-50,54

Definition of IAC. Strict criteria for IAC are lacking
at the present time but one of the aims of this review is to
propose radiological, histological, and serological criteria
which might be helpful for the diagnosis of IAC. Since
steroid responsiveness is its most distinguishing clinical
feature, IAC may be defined as a biliary stricture that
responds to or improves with steroid therapy. However, it
remains to be determined if all IAC-related strictures re-
spond to steroid therapy. It is likely that “burnt out” IAC
may not show steroid responsiveness. It is also possible
that in some cases IAC may resolve spontaneously. IAC
can be defined as a steroid responsive biliary disease, fre-
quently involving the extrahepatic ducts, that is often as-
sociated with other fibrosing conditions, especially
autoimmune pancreatitis. It is characterized by elevation

Abbreviations: AIP, autoimmune pancreatitis; IAC, immunoglobulin G4
(IgG4) associated cholangitis; IgG4, immunoglobulin G4; PSC, primary sclerosing
cholangitis.
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of IgG4 in serum and infiltration of IgG4 positive plasma
cells in bile ducts. As opposed to PSC, IAC is not usually
associated with colitis.

The Concept of Autoimmune Pancreatitis
Since steroid-responsive biliary strictures are often as-

sociated with AIP, we discuss first the concept of AIP as a
part of a systemic disease and its relationship to IAC.

Autoimmune pancreatitis is a recently recognized en-
tity.55-57 It is a form of chronic pancreatitis which is char-
acterized by typical features on histology, imaging, and
serology and associated frequently with extrapancreatic
organ involvement. The manifestations, both pancreatic
and extra-pancreatic, respond to steroid therapy. Pancre-
atic immunostaining is diagnostic of AIP when it shows
abundant IgG4 positive cells55-57 and it can distinguish
AIP from alcoholic pancreatitis and inflammatory infil-
trate surrounding pancreatic cancer.57

The most frequently reported clinical presentation is
that of diffuse enlargement of the pancreas or a pancreatic
mass that is very similar to pancreatic ductal adenocarci-
noma.55-57 Although dramatic response to corticosteroids
has been widely reported,55-57 spontaneous resolution of
AIP has also been reported.57

The diagnosis of AIP is based on the current criteria of
the Japan Pancreas Society which requires the presence of
characteristic imaging findings showing a diffusely en-
larged sausage-shaped pancreas and a diffusely irregular,
attenuated pancreatic duct.55 However, recently these cri-
teria have been shown to lack sensitivity and new criteria
for AIP based on histology and the response to steroids
have been proposed.57

In a recent series of prospectively collected cases of AIP
at the Mayo Clinic from 1999-2005, other organ involve-
ment was observed in 49% of patients.57 The biliary tract
(other than the distal bile duct) was involved in 17% of
patients.57 If only the intrapancreatic portion of the com-
mon bile duct is involved, the condition should not be
called IAC but rather be considered a part of AIP. We
have tried to include in our literature review only cases
with more proximal common bile duct involvement in
order to classify them as IAC cases.

Clinical Features of IAC
Prevalence

Very limited epidemiological data exist on the preva-
lence of IAC and there are no data on its prevalence in the
general population. Some studies have looked at its prev-
alence among subjects presenting as PSC. A study from a
single center in Toronto Canada revealed that 5/72 (7%)
PSC patients diagnosed between 1972 and 2003 had as-
sociated pancreatic problems43 including pancreatic in-
sufficiency, acute pancreatitis and 3 patients presented
with a pancreatic mass. All three patients with a pancreatic
mass were initially suspected on both clinical and radio-
logical findings to have a pancreatic malignancy but were
found to have a pancreatic pseudotumor associated with
PSC, fulfilling some of the criteria for IAC. Interestingly,
among a multicenter study of PSC patients in Japan, di-
agnosed between 1975 and 2004, altogether 28 of 388
(7%) patients were found to have PSC associated with
AIP.47 Recently, IgG4 levels were measured in a large
cohort of PSC (n � 128) from stored sera and elevated
levels were found in 9% of PSC patients whereas this was
only found in one of 87 (1.1%) PBC patients.58 It is
conceivable that they might represent a subset of PSC
patients with IAC who potentially might be steroid re-
sponsive.

Demographics
IAC and PSC are diagnosed more commonly in male

patients with two to one predominance over female pa-
tients.43,45,50,54 This is somewhat paradoxical as autoim-
mune disorders are usually more common in females. The
two largest series from Europe with 4 and 10 patients only
included male patients.31,54 Some of the patients in these
two series are from one cohort of patients.31,54 In the series
from Japan the proportion of males has ranged from 62 to
70%44,47,49 (Table 1). Age of presentation is highly vari-
able but generally, IAC patients are older at diagnosis than
patients with classic PSC.59 No cases of IAC have been
reported in children and although PSC can be steroid
responsive in children this is probably due to a common
overlap with AIH in children.59 The age and gender dis-
tribution among patients in the largest published series is
shown in Table 1.

Table 1. The Age and Gender Distribution in the Largest Published Series

Erkelens
1999

Nakazawa
2001

Hirano
2003

Zen
2004

Nakazawa
2004

Takikawa
2004

Nakazawa
2005

Kamisawa
2006

van Buuren
2006

Cases 4 8 8 17 26 28 20 23 10
Age (range) 48

(19-62)
63

(59-70)
66

(49-75)
71

(55-79)
62
(-)

- 65
(-)

68
(-)

55
(19-80)

Male/females 4/0 5/3 6/2 12/5 16/10 18/10 14/6 - 10/0
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Clinical Presentation
The clinical picture of IAC is very variable as is the case

in classic PSC but obstructive jaundice is a common clin-
ical presentation in IAC4,5,19,20,29,31,34,40,43,45,47-50,54 which
is rarely observed at diagnosis in PSC.59

In a direct comparison of the clinical differences be-
tween classic PSC and patients with IAC the clinical pre-
sentation among IAC patients occurred more abruptly
with obstructive jaundice in 15 of 20 patients (75%)
whereas obstructive jaundice was only present in 1 of 27
(4%) patients with classic PSC.49 The clinical diagnosis of
patients presenting with hepatic hilar strictures without
pancreatic involvement7,44,45,49,50 has for obvious reasons
been cholangiocarcinoma.45 Among PSC patients pre-
senting with a pancreatic mass, the clinical diagnosis has
instead been pancreatic malignancy43,45,54 and in a num-
ber of cases pancreatoduodenectomy has been performed
in these patients.9,19,23,24,27,35,45,46,48,49

Laboratory Data
Levels of alkaline phosphatase47 and serum bilirubin

levels49 were significantly higher in patients with IAC in
comparison with classic PSC.

Immunoserology
Patients with IAC generally have increased gamma-

globulin levels19,37,40,49 indicating the presence of autoim-
munity. However, no significant difference was found
between IASC and PSC patients in gammaglobulin levels
in general whereas IgG4 levels were significantly higher
among the IAC patients.49 Hamano et al. found normal
levels of IgG4 in classic PSC patients whereas elevated
IgG4 levels were found in patients with AIP.56 It has been
shown that some patients with IAC did not have increased
levels of IgG4 initially but developed subsequently high
levels during follow-up.40 Thus, it seems that IAC pa-
tients do not necessarily present with definite biochemical
and immunological abnormalities at the time of diagno-
sis.40

Recently, the IgG4-positive plasma cell/mononuclear
cell ratio was found to be significantly higher in IAC in
comparison with classic PSC patients and this ratio was
suggested to be a useful index to help distinguish IAC
from PSC.52 High serum IgG4 is only found in a very
limited number of other conditions, such as pemphigus
vulgaris and atopic dermatitis.45,60 Among patients pre-
senting with a hepatobiliary disease, high serum IgG4
levels have been reported to be highly specific for AIP.56

However, at the present time the sensitivity and specificity
of IgG4 levels for the diagnosis of IAC are not known.

Tumor Markers
Because an important differential diagnosis of IAC is

cholangiocarcinoma, serum tumor markers are often
measured in this context in order to help distinguish PSC,
AIP, or IAC from cholangiocarcinoma. Interestingly,
high levels of the tumor marker Ca 19-9 are common in
patients with IAC.19,28,29,40,51,54 Elevated levels of Ca 19-9
were found in 5 of 8 (63%) patients in one study and one
patient had a value of 11470! (normal value �37 U/L).40

However, CEA levels were normal or only slightly ele-
vated in most patients.40 Thus, Ca 19-9 levels do not seem
to help to distinguish between IAC and cholangiocarci-
noma and Ca 19-9 has generally been found to be unre-
liable for the diagnosis of CCA in PSC.61

Cholangiography and Imaging Features
Characteristic of the cholangiographic features in pa-

tients with IAC is stenosis of the lower common bile duct.
Sclerosing changes in the intrahepatic and extrahepatic
bile ducts were found in half of the IAC patients in one
study.49 Among patients with AIP, marked bile duct stric-
tures were detected in 14 of 16 (88%) and the stricture
were in the lower portion of the bile ducts in 9 patients,
the middle portion in 2, and the lower middle, and intra-
hepatic portion in 2 patients.48 In a follow-up study of 8
patients with AIP, extrapancreatic bile duct changes were
observed such as stricture of the bile duct at the hepatic
hilus or within the intrahepatic area in 6 patients.40 Thus,
imaging findings of the biliary tract can show abnormal-
ities in all parts of the biliary tract in IAC.

Although pancreatic involvement such as diffuse pan-
creatic enlargement or pancreatic mass is very common in
patients with IAC, many cases have also been described
with isolated biliary tract involvement without pancreatic
disease.44,45,50 These strictures may mimic those due to
cholangiocarcinoma. Recently, Nakazawa et al. compared
cholangiographic changes in 26 cases of IAC with a group
of patients with classic PSC.44 Segmental strictures, long
strictures with prestenotic dilatation and strictures of the
distal common bile duct were significantly more common
in IAC patients whereas band-like strictures, beaded or
pruned-tree appearance were significantly more common
in classic PSC.44 The spectrum of IAC is shown in Fig. 1
(from Zen et al. 200445). Cholangiographic abnormalities
in a patient with IAC are shown in Fig. 2.

Histopathology
As in the pancreas, biliary involvement by IgG4-re-

lated autoimmune disease can be diffuse or localized, pro-
ducing either a generalized but irregular thickening or a
tumefactive lesion.45 The histological appearance is simi-
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lar in both situations: lymphoplasmacytic inflammation,
fibrosis (often with a swirling or storiform arrangement)
and obliterative phlebitis.40,45,49,52,54 Despite the dense
periluminal inflammation, the biliary epithelium is usu-
ally intact (Fig. 3). This is in distinct contrast to PSC,
which often produces mucosal erosion. In another con-
trast with PSC, the inflammatory process is often more
dense at the periphery of the duct45,49,53 (Fig. 4). This
phenomenon is partly due to dense inflammation in the
walls of periductal vein branches (Fig. 5), but lympho-
plasmacytic inflammation around nerve twigs and form-
ing nodular infiltrates in periductal soft tissue are also
characteristic features of IAC. While lymphocytes and
plasma cells predominate, eosinophils can be numer-
ous45,52 and are occasionally numerically dominant. Neu-
trophils, commonly seen in PSC, are not a feature of IAC.

Fig. 1. A spectrum of IgG4 associated sclerosing cholangitis. In the
paper by Zen et al. (2004 copyright by American Journal of Surgical
Pathology, volume 28, pages 1193-1203, Zen Y, Harada K, Sasaki M,
Sato Y, Tsuneyama K, Haratake J, et al, IgG4-related sclerosing cholan-
gitis with and without hepatic inflammatory pseudotumor, and sclerosing
pancreatitis-associated sclerosing cholangitis: do they belong to a spec-
trum of sclerosing pancreatitis? Reprinted with permission from Lippin-
cott Williams & Wilkins). called sclerosing cholangitis. IgG4 related
sclerosing lesions occur along the biliary tract and pancreatic duct,
presenting with mass-forming or duct-stenosis. Black nodules and thick
black wiggly lines are the site of the IgG4-related lesions. SP, sclerosing
pancreatitis, SC, sclerosing cholangitis.

Fig. 2. Common hepatic duct and intra-hepatic biliary strictures of
IgG4 associated sclerosing cholangitis: Patient had a diffusely irregular,
narrow pancreatic duct characteristic of AIP. Serum IgG4 was elevated at
720 mg/dl (normal value 8-140 mg/dl).

Fig. 3. Dense periluminal infiltration by lymphocytes and plasma
cells. The bile duct epithelium is intact.

Fig. 4. Cross-section of common bile duct in IAC. The wall is thickened
and fibrotic. The inflammation is particularly dense at the periphery of the
duct, and extends into periductal soft tissue.
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Obliterative phlebitis is a nearly ubiquitous finding in
both AIP and IAC. As the term implies, a dense infiltrate
of lymphocytes and plasma cells surrounds and com-
presses the vein lumen, occasionally obliterating it en-
tirely. The corresponding artery is not affected.
Inflammation in vein walls is not specific to IgG4-related
disease, but it is helpful in distinguishing IAC from PSC
or cholangiocarcinoma, as it is not seen in those condi-
tions.

Immunohistochemical staining for IgG4 is a useful
tool for confirming the diagnosis of IAC. (Fig. 6).53 Scor-
ing criteria have not been established for the biliary tract,
but reported experience indicates that extrahepatic ducts
affected by IAC usually have more than 30 IgG4-positive
plasma cells per high-power microscopic field, corre-
sponding to a score of 3 in the 0-3 system in use for the
pancreas.62

Is it possible to diagnose IAC in an endoscopically
obtained bile duct biopsy? The fact that the most helpful
features tend to be deep in the bile duct wall works against
this idea, but a combination of lymphoplasmacytic in-
flammation and increased staining for IgG4 in a bile duct
biopsy has been used to diagnose IAC.52 The sensitivity
and specifity of IgG4 immunostaining in bile duct biop-
sies have not been established.

Hepatic pathology in IAC is variable. Tumefactive
nodules have been described,45 and it is likely that at least
some “inflammatory pseudotumors” of the liver are man-
ifestations of intrahepatic IAC. In the absence of a mass,
liver biopsies from patients with IAC may not show spe-
cific changes. Mild to moderate lymphocytic portal in-
flammation, often accompanied by portal fibrosis and
ductular proliferation, has been reported,4,19,20,33,40,49 but
these changes could be secondary to extrahepatic biliary

obstruction by IAC. Bile duct lesions (periductal fibrosis)
and ductopenia have not been described in IAC, and their
presence favors PSC. Portal infiltration by IgG4-positive
plasma cells has been described in IAC,53 but our experi-
ence suggests that it is less common than in the pancreas
or extrahepatic bile ducts.

Lack of Association with IBD and
Cholangiocarcinoma

In contrast to classic PSC, which in vast majority of
cases is associated with IBD,59 patients with IAC in al-
most all reported cases lack this association. Thus, based
on the existing literature, the presence of IBD argues
against the diagnosis of IAC. Cholangiocarcinoma is a
complication of classic PSC that develops in up to 10%-
30% of patients.59,61,63 However, development of CCA
has not been reported to occur in patients with IAC.
Although, follow-up has been rather short in many re-
ported cases, a recent study of 388 cases with PSC in
Japan found that none of the 28 IAC cases developed bile
duct cancer.47 Thus, the lack of association of IAC with
IBD and potentially CCA, which are the most common
associated conditions in classic PSC, suggests that these
disorders have different underlying pathophysiologies.

Diagnosis
Many patients who have turned out to have IAC have

only been diagnosed after a major surgical resection with
pancreatoduodenectomy.9,19,23,24,27,28,35,45,46,49 The accu-
mulating literature of case reports and case series will
hopefully minimize the need for major abdominal surgery
in order to diagnose this condition. Obstructive jaundice
is an uncommon presentation in classic PSC and this
presentation should raise suspicion of IAC. However,

Fig. 5. Periductal artery (upper right): the obliterated vein is in lower
left, replaced by lymphoplasmacytic inflammation.

Fig. 6. IgG4 stain showing many positive cells around duct.
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PSC patients may present with cholangiocarcinoma
which is therefore a very important differential diagnosis
in this context. IAC should be clinically suspected when
biliary strictures are associated with pancreatic duct irreg-
ularity or other pancreatic disease or other organ involve-
ment (e.g., retroperitoneal fibrosis or salivary gland
enlargement) and serum IgG4 levels are elevated. Diag-
nosis is confirmed if biliary or other organ histology shows
marked infiltration with IgG4 positive cells (�10 cells/
hpf) or the stricture responds/resolves with steroid treat-
ment.

Treatment
Accumulating evidence suggests that the bile duct le-

sions and the concomitant pancreatitis in patients with
IAC improve with corticosteroid treatment which distin-
guishes IAC from PSC.5,14,20,22,30-38,42,48,50-52,54 Resolu-
tion of jaundice and improvement in liver tests associated
with steroid treatment has been reported as well as reso-
lution or improvement in biliary strictures seen on chol-
angiograms.5,14,22,30-37,42,48,50-52,54

Most of the early literature of steroid responsiveness in
patients with IAC consists of single case reports.5,14,20-22,30

Erkelens et al. reported 4 cases with weight loss, jaundice,
pancreatic enlargement, and multiple bile duct strictures,
but without IBD, that were treated with cortiocoste-
roids.31 In all cases a complete clinical remission was ob-
served with normalization of liver tests and resolution of
intrahepatic and extrahepatic strictures.31 In some case
series, the diagnosis of IAC has only become apparent
after a surgical procedure and corticosteroids have not
always been tried early on and evaluation of the efficacy of
steroid therapy has not been available for all cases in some
series. In 4 of 8 patients in whom corticosteroids were
tried, steroids were effective in terms of clinical improve-
ment and resolution of imaging abnormalities of the bile
ducts and pancreas.34 In another study of 7 IAC patients,
liver tests improved after steroid therapy and improve-
ment in pancreatic swelling, bile duct strictures and ret-
roperitoneal fibrosis was noted.40 In a retrospective study
from Japan, obstructive jaundice resolved after steroids in
all 5 patients with jaundice and the bile duct strictures
improved to various degree in all 7 patients after steroid
therapy.48 The bile ducts improved to normal diameter in
60% of patients whereas the recovery was only slight to
moderate in 40%.48 However, pancreatic enlargement
and irregular narrowing of the pancreatic duct had im-
proved to almost normal size in all patients treated.48

Apart from cases series of IAC patients in whom therapy
results have been published in English,31,34,40,48,49,54

Kojima et al. reviewed cases reported in the Japanese lit-
erature with steroid response in 13 of 14 patients.42

Corticosteroids and other immunosuppressive agents
have generally not been effective in classic PSC.64 How-
ever, some patients with PSC had clinical and/or bio-
chemical improvement while on corticosteroid therapy.64

It is conceivable that in a subgroup of PSC patients, the
disease process might be steroid responsive due to an im-
portant autoimmune etiology. The recent finding of ele-
vated IgG4 levels in 9% of unselected PSC patients might
identify such a subset of patients.58 However, only pro-
spectively evaluated trials will provide information about
whether IgG4 might represent a marker for steroid sensi-
tivity in these patients. Based on the literature it is difficult
to give recommendations on the dose and duration of
corticosteroid therapy. However, most researchers have
used steroids for 2-3 months with a starting dose of 40 mg
of prednisolone for 4 weeks with tapering by 5 mg per
week thereafter.

Prognosis
Although most case series do not report long-term fol-

low-up of patients with IAC it seems that the prognosis of
these patients is more favorable than that of patients with
classic PSC. Resolution of biliary strictures associated
with corticosteroid therapy as experienced in patients
with IAC is rare in classic PSC. Comparison between
patients with classic PSC and IAC in Japan revealed that
no patient with IAC underwent liver transplantation dur-
ing a prolonged follow-up whereas liver transplantation
was performed in substantial number of patients with
classic PSC.47 However, very limited data exists on the
prognosis and the natural history of IAC and more long-
term follow-up studies are needed to provide information
on the prognosis. Only one case with liver failure neces-
sitating liver transplantation has been reported in IAC.23

Furthermore, cholangiocarcinoma in patients with IAC
was not observed in the largest case series reported47

whereas cholangiocarcinoma develops in up to 10%-30%
of patients with classic PSC.59,61,63

Conclusions
We have reviewed the newly emerging clinical entity

we choose to name IgG4 associated cholangitis. There
seems to be important clinical, biochemical and histolog-
ical differences between IAC and classic PSC. Patients
with IAC more often have a rather abrupt clinical presen-
tation with obstructive jaundice in comparison with pa-
tients with classic PSC. In the majority of cases pancreatic
involvement is present and the diagnosis is supported by
high levels of IgG4 in serum and lymphoplasmacytic in-
filtration on histology of the affected bile ducts, pancreas
and other affected organs. A corticosteroid trial should be
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considered in cases with clinical, biochemical and imag-
ing features of IAC. However, a steroid trial should only
be given to patients with negative work-up for known
etiologies for other pancreatic or biliary disease such as
pancreatic and biliary carcinoma. Steroids should only be
used in patients in whom response can be assessed with
biliary and pancreatic abnormalities on imaging and liver
biochemistries. Measurement of IgG4 should be per-
formed in all newly diagnosed patients with PSC and
steroids should be tried in those with elevated levels and
clinical, biochemical and cholangiographic assessments
should be performed in clinical studies. More studies on
this very interesting newly recognized clinical entity are
clearly warranted.
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Mitochondrial Hepatopathies: Advances in Genetics
and Pathogenesis

Way S. Lee1,2 and Ronald J. Sokol2

Hepatic involvement is a common feature in childhood mitochondrial hepatopathies, par-
ticularly in the neonatal period. Respiratory chain disorders may present as neonatal acute
liver failure, hepatic steatohepatitis, cholestasis, or cirrhosis with chronic liver failure of
insidious onset. In recent years, specific molecular defects (mutations in nuclear genes such
as SCO1, BCS1L, POLG, DGUOK, and MPV17 and the deletion or rearrangement of
mitochondrial DNA) have been identified, with the promise of genetic and prenatal diag-
nosis. The current treatment of mitochondrial hepatopathies is largely ineffective, and the
prognosis is generally poor. The role of liver transplantation in patients with liver failure
remains poorly defined because of the systemic nature of the disease, which does not respond
to transplantation. Prospective, longitudinal, multicentered studies will be needed to ad-
dress the gaps in our knowledge in these rare liver diseases. (HEPATOLOGY 2007;45:1555-1565.)

Structural and functional alterations of mitochon-
dria are recognized as being responsible for a grow-
ing number of pathologic disorders, affecting the

central and peripheral nervous system, skeletal and cardiac
muscles, the liver, bone marrow, the endocrine and exocrine
pancreas, the kidneys, and the intestines.1-3 Because the liver,
with its biosynthetic and detoxifying properties, is highly
dependent on adenosine triphosphate (ATP), hepatocytes

contain a high density of mitochondria. Disorders affecting
mitochondrial oxidative phosphorylation (OXPHOS) have
a direct effect on mitochondrial and cellular metabolism,
producing steatosis or cholestasis, hepatocyte death, and pro-
gressive liver injury.1,4-6 Mitochondrial hepatopathies occur
primarily in early childhood; however, secondary disorders
present at any age. Remarkable advances have been made
recently in our understanding of mitochondrial hepatopa-
thies, including the identification of the molecular basis of
many disorders. The present review focuses on recent ad-
vances made in primary mitochondrial hepatopathies, in-
cluding their genetics and management, and the future
directions for research.

Structure, Function, and Genetics of
Mitochondria

Mitochondria are double-membrane intracellular or-
ganelles and the main source of the high-energy phosphate
molecule ATP, which is essential for all active intracellular
processes.1 ATP is produced by the respiratory chain on the
inner mitochondrial membrane by OXPHOS (Fig. 1).1 In
this process, electron transfer proteins (NADH [reduced nic-
otinamide adenine dinucleotide], FADH2 [reduced flavine
adenine dinucleotide]), and electron transfer flavoprotein],
which are reduced as a result of the metabolism of carbohy-
drates, proteins, and lipids, donate electrons to complexes I
and II and ubiquinones, which then flow down an electro-
chemical gradient to ubiquinone complex III, cytochrome c,
and finally complex IV, resulting in the active translocation
of protons (H�) out of the mitochondrial matrix into the
intermembrane space, which establishes an electrochemical
gradient. At complex V, protons flow back into the mito-

Abbreviations: ATP, adenosine triphosphate; CNS, central nervous system;
COX, cytochrome c oxidase; Cplx, complex; Cyt, cytochrome; dGK, deoxyguanosine
kinase; DGUOK, deoxyguanosine kinase; dNTP, deoxyribonucleotide; EEG, elec-
troencephalogram; ETF, electron transfer flavoprotein; L/P ratio, molar ratio of
plasma lactate to pyruvate; MDS, mitochondrial DNA depletion syndrome; MOF,
multiorgan failure; MRI, magnetic resonance imaging; mtDNA, mitochondrial
DNA; NNH, Navajo neurohepatopathy; OLT, orthotopic liver transplant; OX-
PHOS, oxidative phosphorylation; pol �, polymerase �; POLG, polymerase �; TK2,
thymidine kinase 2.
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chondrial matrix, and the released energy is used to synthe-
size ATP.1,2

A unique feature of mitochondria in mammalian cells is
the presence of a separate genome, mitochondrial DNA
(mtDNA), which is distinct from that of the nucleus.4 A
typical hepatocyte contains approximately 1000 copies of
mtDNA. The respiratory chain peptide components are en-
coded by both nuclear and mtDNA genes. Thirteen essential
polypeptides are synthesized from the small 16.5-kilobase
circular double-stranded mtDNA, whereas nuclear genes en-
code more than 70 respiratory chain subunits and an array of
enzymes and cofactors required to maintain mtDNA,1,3 in-
cluding DNA polymerase � (POLG), thymidine kinase 2
(TK2), and deoxyguanosine kinase (dGK).3 Mitochondrial
DNA also encodes the 24 tRNAs required for intramito-
chondrial protein synthesis.1

One of the notable features in the genetics of mito-
chondrial cytopathies is that identical mutations in
mtDNA may give rise to a wide variations in the severity
and phenotypic expression. This is in large part explained
by the concept of heteroplasmy, in which cells and tissues
harbor both normal (wild-type) and mutant mtDNA in
various amounts because of random partitioning during
cell division. Disease expression is determined by the per-
centage of mutant mtDNA in a given cell or tissue,1,3

which may differ substantially among tissues or organs.

Classification of Mitochondrial
Hepatopathies

A striking feature of mitochondrial disorders is their
clinical heterogeneity: they range from single-organ in-

volvement to severe multisystem disease.1,7-9 Hepatic
manifestations of mitochondrial disorders range from he-
patic steatosis, cholestasis, and chronic liver disease with
insidious onset to neonatal liver failure, which is fre-
quently associated with neuromuscular symptoms.2 Sokol
and Treem2 proposed a classification scheme for mito-
chondrial hepatopathies (Table 1), which include pri-
mary disorders, in which the mitochondrial defect is the
primary cause of the liver disorder, and secondary disor-
ders, in which a secondary insult to mitochondria is
caused either by a genetic defect that affects nonmito-
chondrial proteins or by an acquired (exogenous) injury
to mitochondria.4 Examples of secondary mitochondrial
hepatopathies include Reye syndrome, Wilson’s disease,
valproic acid hepatotocixity, and the effects of nucleoside
reverse transcriptase inhibitors. Leonard and Shapira10

further divided primary mitochondrial diseases into those
caused by mutations affecting mtDNA genes (class 1a)
and those caused by mutations in nuclear genes that en-
code mitochondrial respiratory chain proteins or cofac-
tors (class 1b).

Prevalence of Primary Mitochondrial Hepatopathies
Recent studies have shown that mitochondrial respira-

tory chain disorders of all types affect 1 in 20,000 children

Fig. 1. Respiratory chain protein complexes and oxidative phosphoryla-
tion of the mitochondria. Reducing equivalents derived from glycolysis, fatty
acid oxidation, and the tricarboxylic acid cycle are converted into adenosine
triphosphate (ATP) through a system of electron carriers (protein complexes
I-IV, coenzyme Q, and cytochrome c) in the inner mitochondrial membrane
through the efficient transport of electrons down this chain. This results in the
generation of a transmembrane proton gradient that drives the synthesis of
ATP by complex V, which is not shown (Cplx � complex; Cyt � cytochrome;
ETF � electron transfer flavoprotein).

Table 1. Classification of Primary Mitochondrial
Hepatopathies

1. Electron transport (respiratory chain) defects
● Neonatal liver failure

Complex I deficiency
Complex IV deficiency (SCO1 mutations)
Complex III deficiency (BCS1L mutations)
Multiple complex deficiencies

● Mitochondrial DNA depletion syndrome (DGUOK, MPV17, and POLG
mutations)

● Delayed onset liver failure: Alpers-Huttenlocher syndrome (POLG
mutations)

● Pearson marrow-pancreas syndrome (mitochondrial DNA deletion)
● Mitochondrial neurogastrointestinal encephalomyopathy (TP mutations)
● Chronic diarrhea (villus atrophy) with hepatic involvement (complex III

deficiency)
● Navajo neurohepatopathy (mitochondrial DNA depletion; MPV17

mutations)
● Electron transfer flavoprotein (ETF) and ETF-dehydrogenase deficiencies

2. Fatty acid oxidation and transport defects
● Long-chain hydroxyacyl coenzyme A dehydrogenase deficiency
● Acute fatty liver of pregnancy (long-chain hydroxyacyl coenzyme A

dehydrogenase enzyme mutations)
● Carnitine palmitoyl transferase I and II deficiencies
● Carnitine-acylcarnitine translocase deficiency
● Fatty acid transport defects

3. Disorders of mitochondrial translation process
4. Urea cycle enzyme deficiencies
5. Phosphoenolpyruvate carboxykinase deficiency (mitochondrial)

This table was adapted from J Pediatr Gastroenterol Nutr 1999;28:4-16 and is
used by permission.
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under 16 years of age.11 In a population-based study on
the prevalence of mitochondrial encephalomyopathies in
Sweden, liver involvement was noted in 20% of the cases
studied.12 In another study of 1041 children from a ter-
tiary referral center, 22 (10%) of the 234 patients with
respiratory chain defects had liver dysfunction, whereas
10 patients had the onset of liver disease in the neonatal
period.7 Given the heterogeneity of the features and dif-
ficulties with diagnosis, these figures are likely to be un-
derestimates of the true prevalence of these disorders.

Clinical Features of Primary Mitochondrial
Hepatopathies
Neonatal Liver Failure

Mitochondrial hepatopathies involving the respiratory
chain frequently present as acute liver failure with onset
within the first weeks to months of life and are associated
with lethargy, hypotonia, vomiting, poor suck, and seizures
(Table 2).7,8 In others, after an initial normal course, a viral
infection or some other undefined inciting event triggers

hepatic and, sometimes, neurologic deterioration.9 Key bio-
chemical features include a markedly elevated plasma lactate
concentration, an elevated molar ratio of plasma lactate to
pyruvate (�20 and frequently �30 mol/mol), and a raised
beta-hydroxybutyrate and arterial ketone body ratio of beta-
hydroxybutyrate to acetoacetate (�2.0 mol/mol).5 Respira-
tory chain complex analysis of the liver or muscle generally
shows low activity of complex I, III, or IV (Table 3). In most
of these infants, liver failure progresses to death within weeks
to months after presentation, although occasionally infants
have recovered or have undergone successful liver transplan-
tation. Most infants also have severe neurological involve-
ment developing in infancy with a weak cry, hypotonia,
recurrent apnea, and myoclonic epilepsy.7,8

Mitochondrial DNA Depletion Syndrome (MDS)
MDS is defined as a reduction in the mtDNA copy num-

ber in different tissues leading to insufficient synthesis of
respiratory chain complexes I, III, IV, and V.3,13 Affected
patients generally present with a severe form of liver failure in

Table 2. Hepatic and Extrahepatic Features of Primary Mitochondrial Hepatopathies

Disorder Onset Age at Onset Liver Disease Extrahepatic Features Seizures

Neonatal liver failure Acute Early neonatal Neonatal liver failure Lethargy, hypotonia, vomiting,
poor suck from birth,
apnea

�

mtDNA depletion Acute/chronic Early neonatal Hepatomegaly, progressive liver failure;
death within a few months;
steatosis, cholestasis, fibrosis, iron
deposition

Hypotonia, psychomotor
delay, nystagmus, failure
to thrive, feeding
difficulties; less common:
pyramidal signs,
cardiomegaly, tubulopathy,
amyotrophia

�

Delayed onset liver disease
(Alpers-Huttenlocher)

Insidious Children and
young
adults

Hepatomegaly, jaundice, raised liver
enzymes, cirrhosis, and progressive
liver failure

Liver failure preceded by
neurological symptoms,
psychomotor regression,
vomiting; partial motor
epilepsy or multifocal
myoclonus, characteristic
EEG

��

Pearson syndrome Insidious Infancy Hepatomegaly, cholestasis raised liver
enzymes, progressive liver failure;
death in early childhood

Refractory sideroblastic
anemia, vacuolization of
marrow precursors,
variable neutropenia and
thrombocytopenia

�

Villous atrophy syndrome Chronic Early
childhood

Hepatomegaly, raised liver enzymes;
microvesicular steatosis

Vomiting, anorexia, chronic
diarrhea, villus atrophy,
diabetes mellitus,
cerebellar ataxia,
sensorineural deafness,
retinitis pigmentosa,
seizures

�

Navajo neurohepatopathy Acute or
chronic

Infancy to
childhood

Jaundice, ascites, Reye syndrome–like
episodes, progressive cirrhosis and
liver failure; death in early
childhood

Sensorimotor neuropathy,
corneal anesthesia, acral
mutilation, progressive
CNS white matter lesions

�

NOTE. This table was adapted from J Pediatr Gastroenterol Nutr 1999;28:4-16 and is used by permission. ��, present always; �, occasionally present; �, not
present; CNS, central nervous system; EEG, electroencephalogram; mtDNA, mitochondrial DNA.
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infancy.5,6 There are 2 clinical phenotypes of MDS, a myo-
pathic form and a hepatocerebral form, with considerable
phenotypic heterogeneity within both forms.13 Patients with
the hepatocerebral form present within the first weeks of life
with hepatomegaly and progressive liver failure leading to
death a few months later.5,6,14 Presenting symptoms include
vomiting, severe gastroesophageal reflux, failure to thrive, or
developmental delay. Lactic acidosis, hypoglycemia, moder-
ately raised serum alanine aminotransferase and aspartate
aminotransferase, coagulopathy, and elevated total and con-
jugated bilirubin are common.5,6 Neurological abnormali-
ties include hypotonia, Leigh syndrome, nystagmus,
psychomotor delay, pyramidal signs, seizures, and cata-
racts.5,6 The liver histology is characterized by macrovesicu-
lar and microvesicular steatosis, hepatocytic and canalicular
cholestasis, fibrosis, and iron deposition in hepatocytes and
sinusoidal cells (Fig. 2).6 There is considerable overlap be-
tween the clinical and laboratory features of MDS and the
neonatal liver failure form of respiratory chain disease. The
major difference between the 2 conditions is the demonstra-
tion in MDS of a low ratio (�10%) of the normal amount of
mtDNA to nuclear DNA in affected tissues, with a normal
mtDNA genome sequence (Table 3).6

Alpers-Huttenlocher Syndrome (Delayed-Onset Liver
Disease)

The generally accepted diagnostic criteria are as fol-
lows: (1) refractory, mixed-type seizures that include a
focal component; (2) psychomotor regression that is often
episodic and triggered by intercurrent infections; and (3)
hepatopathy with or without acute liver failure.15 Typi-
cally, the onset of symptoms occurs between 2 months
and 8 years of life and is characterized by hepatomegaly,
jaundice, and progressive coagulopathy and hypoglyce-
mia.16 In most of these children, liver failure is preceded
by the development of hypotonia, feeding difficulties,
symptoms of gastroesophageal reflux or intractable vom-
iting, failure to thrive, and ataxia followed by the onset of
refractory partial motor epilepsy or multifocal myoclo-
nus.16,17 Multiple anticonvulsants are usually necessary to

control the seizures. The use of valproic acid may exacer-
bate the deficiency of respiratory chain enzyme activity
and precipitate liver failure.18

Progressive neurologic deterioration may ensue rap-
idly. In other children, the neurologic features are less
severe or of somewhat later onset. There may be elevated
blood or CSF lactate and pyruvate levels, characteristic
electroencephalogram findings (high-amplitude slow ac-
tivity with polyspikes),17 asymmetric abnormal visual
evoked responses,17 and low-density areas or atrophy in
the occipital or temporal lobes on computed tomography
scanning of the brain.19 In some patients, NADH oxi-
doreductase (complex I) deficiency has been found in liver
or muscle mitochondria.7,20

Pearson Syndrome
Pearson marrow-pancreas syndrome was first de-

scribed in 1979 in 4 children with neonatal-onset severe
macrocytic anemia, variable neutropenia and thrombocy-
topenia, vacuolization of marrow precursors, and ringed
sideroblasts in the bone marrow.21 Later in infancy or
early childhood, diarrhea and fat malabsorption devel-
oped because of pancreatic insufficiency caused by exten-
sive pancreatic fibrosis and acinar atrophy. Partial villous
atrophy of the small intestine was also noted. The liver
involvement is manifested as marked hepatomegaly, he-
patic steatosis, and cirrhosis. Liver failure and death in
some cases have been reported before the age of 4 years.22

Other clinical manifestations of Pearson syndrome in-
clude renal tubular disease (Fanconi’s syndrome), patchy
erythematous skin lesions and photosensitivity, diabetes
mellitus, hydrops fetalis, and the late development of vi-
sual impairment, tremor, ataxia, proximal muscle weak-
ness, external ophthalmoplegia, and a pigmentary
retinopathy. Deletions of mtDNA segments are reported
in most patients. 3-Methylglutaconic aciduria is also
present in Pearson syndrome and is regarded as a useful
marker for this disorder.23

Table 3. Laboratory Features of Primary Mitochondrial Hepatopathies

Disorder Plasma Lactate L/P Ratio mtDNA
Respiratory Chain Complexes

Involved

Neonatal liver failure 1 1 Normal IV, III, or I
mtDNA depletion syndrome 1 1 Depletion I, III, IV
Delayed onset liver disease

(Alpers-Huttenlocher syndrome)
Normal Normal Normal I

Pearson syndrome Normal or 1 Normal or 1 Deletion I, III
Villous atrophy syndrome 1 1 Rearrangements III
Navajo neurohepatopathy � � Depletion I, III, IV

NOTE. This table was adapted from J Pediatr Gastroenterol Nutr 1999;28:4-16 and is used by permission. �, present occasionally;1, increased; L/P ratio, molar
ratio of plasma lactate to pyruvate; mtDNA, mitochondrial DNA.
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Villous Atrophy Syndrome
This rare disease was first described by Cormier-Daire

et al.24 in 2 unrelated children with severe anorexia, vom-
iting, chronic diarrhea, and villus atrophy in the first year
of life. The hepatic involvement was characterized by a
mild elevation of aminotransferases, hepatomegaly, and
steatosis. Diarrhea, vomiting, and lactic acidosis worsened
with high dextrose intravenous infusions or enteral nutri-

tion. Diarrhea improved and even resolved completely by
5 years of age in association with the normalization of
intestinal biopsies. The subsequent course of the disease
was complicated by retinitis pigmentosa, cerebellar ataxia,
sensorineural deafness, and proximal muscle weakness,
with eventual death late in the first decade of life. Respi-
ratory chain enzyme assays were normal in circulating
lymphocytes; however, a complex III deficiency was dem-
onstrated in skeletal muscle.

Navajo Neurohepatopathy (NNH)
NNH is a sensorimotor neuropathy with progressive

liver disease that is confined to Navajo children.25 This
disorder is manifested by the development of weakness,
hypotonia, areflexia, loss of sensation in the extremities,
acral mutilation, corneal ulceration, poor growth, short
stature, and serious systemic infections.25,26 Reye-like
syndrome episodes, cholestasis, cirrhosis, or liver failure
occurs in infancy or childhood. Cerebral magnetic reso-
nance imaging (MRI) shows the presence of progressive
white matter lesions, and peripheral nerve biopsies show a
severe loss of myelinated fibers.25,26 There are 3 clinical
presentations of NNH, including (1) an infantile presen-
tation, with failure to thrive and jaundice progressing to
hepatic failure and death within the first 2 years of life,
with or without neurologic findings; (2) a childhood form
presenting between 1 and 5 years of age, with rapid devel-
opment of liver failure; and (3) the classical form in which
progressive neurological findings dominate, although
liver dysfunction (and even cirrhosis) is present in all pa-
tients. The liver histology demonstrates portal fibrosis or
micronodular cirrhosis, macrovesicular and microvesicu-
lar steatosis, pseudoacinar formation, multinucleated gi-
ant cells, cholestasis, and periportal inflammation.25 The
liver involvement is progressive, with liver failure devel-
oping within months to years in most patients. There has
been no effective treatment to date for affected children.

Genetics of Mitochondrial Hepatopathies
Although more than 200 pathogenic point mutations,

deletions, insertions, and rearrangements have been iden-
tified since the first mtDNA mutations were reported in
1988,27 much remains to be known about the genetics of
mitochondrial hepatopathies. It is now clear that most
mitochondrial diseases with primary involvement of the
liver are caused by nuclear, rather than mitochondrial,
DNA mutations (Table 4).28,29

Neonatal Liver Failure
Low hepatic activity of respiratory chain complexes IV,

I, III, and occasionally II, either in isolation or in combi-

Fig. 2. (A) Photomicrograph of liver biopsy from a 3-month-old child
with POLG mutations and mitochondrial DNA depletion syndrome, show-
ing microvesicular steatosis, cholestasis with bile pigment in canaliculi
and ballooning degeneration of hepatocytes (hematoxylin and eosin
stain, magnification �200). (B) Oil-red-O stain demonstrating microve-
sicular deposits of the neutral lipid (magnification �100). (C) Electron
micrograph from the same patient showing small vesicles of lipid and
pleomorphic, distorted mitochondria (magnification �13,700).
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nation, has been found in infants with this presenta-
tion.7,30,31 Among these, a deficiency of complex IV
[cytochrome c oxidase (COX)] is the most common
cause. COX is the terminal enzyme of the mitochondrial
respiratory chain that catalyzes the transfer of reducing
equivalents from cytochrome c to molecular oxygen (Fig.
1).32 This exergonic reaction is coupled with COX-medi-
ated proton translocation from the matrix to cytosol.32

The mammalian COX is a heterooligomer composed of
13 subunits. The 3 largest subunits forming the catalytic
core of the enzyme are encoded by mtDNA, whereas the
remaining 10 subunits involved in the assembly and reg-
ulation of the enzyme are encoded by nuclear DNA.32

SCO1 Gene. In 1 affected family with predominantly
hepatic failure in infancy, lactic acidosis, and neurodevel-
opmental delays, mutations in the COX assembly nuclear
gene SCO1 have been associated with COX deficiency.33

The SCO1 gene, located at chromosome 17p13.1, is be-
lieved to encode a protein functioning as a copper chap-
erone that transfers copper from Cox17p, a copper-
binding protein of the cytosol and mitochondrial
intermembrane space, to the mitochondrial COX subunit
II.34 The mutation analysis of affected patients in a family
showed compound heterozygosity for the SCO1 gene.33 A
mutated allele inherited from the father showed a 2–base-
pair frameshift deletion (�GA; nucleotides [nt] 363-364)
resulting in both a premature stop codon and a highly

unstable mRNA. The maternally inherited mutation
(C520T) changed a highly conserved proline into a
leucine in the protein (P174L).33 This proline, adjacent to
the CxxxC copper-binding domain of SCO1, is likely to
play a crucial role in the tridimensional structure of the
domain.

BCS1 Gene. Complex III (ubiquinol-cytochrome c
reductase complex) catalyzes the electron transfer from
coenzyme Q to cytochrome c. BCS1L is a nuclear gene
encoding proteins involved in the assembly of respira-
tory complex III. A mutation in BCS1L has been found
to be associated with mitochondrial neonatal liver fail-
ure.35 De Lonlay et al.35 reported deficient activity of
complex III of the respiratory chain in the liver, fibro-
blasts, or muscle in affected infants with hepatic fail-
ure, lactic acidosis, renal tubulopathy, and variable
degrees of encephalopathy. Three mutations in BCS1L
were demonstrated in 3 affected families. Subse-
quently, de Meirleir et al.36 confirmed that mutations
in BCS1L were associated with fatal complex III defi-
ciency and liver failure in 2 siblings. These included
missense mutation R45C and nonsense mutation
R56X, both located in the exon 1 of BCS1L gene. It is
likely that mutations in BCS1L are responsible for a
substantial number of infants who present with neona-
tal liver failure and lactic acidosis.

Table 4. Molecular Causes of Mitochondrial Hepatopathies

Disorder Gene Protein Function Reference

Nuclear genes
Neonatal liver failure SCO1 Copper chaperone of complex IV (COX) Transfers copper from Cox17p to

COX subunits I and II
33, 34

BCS1L Assembly protein of complex III
(ubiquinol-cytochrome c reductase)

Catalyzes the electron transfer
from coenzyme Q to
cytochrome c

35, 36

mtDNA depletion syndrome POLG mtDNA pol � Pol � activity is essential for
mtDNA replication and repair.
Defective pol � leads to
mtDNA depletion.

43

DGUOK dGK, mitochondrial nucleotide
salvaging

dGK, together with TK2,
functions to maintain the
supply of dNTPs for mtDNA
synthesis.

40-42

MPV17 Mitochondrial inner membrane mtDNA maintenance and
regulation of protein OXPHOS.
Absence or malfunction
causes OXPHOS failure and
mtDNA depletion.

28, 44

Alpers-Huttenlocher syndrome POLG See above See above 45, 46
Navajo Neurohepatopathy MPV17 See above See above 29, 50
mtDNA
Pearson syndrome mtDNA deletion (most common

from nt 8488 to nt 13,460)
Synthesis of complexes III and I Deficiencies of complexes III and

I
52, 53

Villous atrophy syndrome mtDNA rearrangement Synthesis of complex III Deficiency of complex III 24

Abbreviations: COX, cytochrome c oxidase; dGK, deoxyguanosine kinase; dNTP, deoxyribonucleotide; mtDNA, mitochondrial DNA; OXPHOS, oxidative phosphorylation;
pol �, polymerase �; TK2, thymidine kinase 2.
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MDS
The mtDNA processing enzyme activities are depen-

dent on several factors, including deoxyribonucleotide
(dNTP) concentrations within the mitochondria, the
availability of ATP, and several metal cofactors.37 An im-
balance of any of these cofactors or enzymes could affect
mtDNA stability. The mtDNA pool is maintained either
by the import of cytosolic dNTPs through dedicated
transporters or by the salvaging of deoxynucleosides
within the mitochondria. The mitochondrial de-
oxynucleoside salvage pathway is regulated by nuclear-
encoded enzymes, including dGK and TK2.38,39 Human
dGK phosphorylates deoxyguanosine and deoxyade-
nosine, whereas TK2 phosphorylates deoxythymidine,
deoxycytidine, and deoxyuridine. An imbalance of this
mitochondrial dNTP pool has been proposed to be re-
sponsible for both the hepatocerebral and myopathic
forms of MDS.40 In 2001, mutations in 2 genes involved
in this pathway were identified in patients with MDS:
deoxyguanosine kinase (DGUOK) in the hepatocerebral
form and TK2 in the myopathic form.40,41

DGUOK. Mandel et al.,40 using homozygosity map-
ping in 3 consanguineous kindreds affected with hepato-
cerebral MDS, mapped this disease to chromosome 2p13,
which encompasses the gene DGUOK encoding dGK. A
single-nucleotide deletion (204delA) within the coding
region of DGUOK was identified.40 The reduction of en-
zymatic activities of mitochondrial respiratory chain com-
plexes containing mtDNA encoded subunits (complexes
I, III, and IV but not complex II, which is solely encoded
by nuclear genes) was demonstrated in the liver but not in
muscle, showing the tissue-specific nature of this disorder.
However, Salviati et al.42 screened the frequency of
DGUOK mutations in 21 patients with hepatocerebral
MDS and noted that DGUOK mutations were present in
only 14%, suggesting this was not the only gene respon-
sible for MDS in the liver.42 No genotype-phenotype cor-
relation was demonstrated.

POLG and MPV17. Two other nuclear genes have
recently been linked to the hepatocerebral form of MDS.
Mutations in DNA POLG, which is confined to mito-
chondria but encoded by a nuclear gene, have now been
described in infants with MDS and in older children with
Alpers-Huttenlocher disease.43,44 Most of the cases with
MDS in early childhood are associated with at least 1
mutation in the linker region of POLG and 1 in the poly-
merase domain. More recently, Spinazzola et al.28 used a
novel integrative genomics approach to discover muta-
tions in the nuclear gene MPV17 in 3 families affected by
the hepatocerebral form of MDS. This gene encodes an
inner mitochondrial membrane protein of uncertain
function.

Alpers-Huttenlocher Syndrome
Mutations in POLG have recently been shown to be

common in patients with Alpers-Huttenlocher syn-
drome.45,46 The mtDNA polymerase � (pol �) is essential
for mtDNA replication and repair.47 Pol � is composed of
a 140-kDa catalytic (�) subunit that contains DNA poly-
merase, 3	-5	 exonuclease, and dRP [deoxyribose phos-
phate] lyase activities and a 55-kDa accessory (�) subunit
that functions as a processivity and DNA binding fac-
tor.47 A deficiency in mitochondrial pol � activity and
mtDNA depletion was first reported in a patient with
Alpers-Huttenlocher syndrome by Naviaux et al. in
1999.48 Subsequently, Naviaux and Nguyen45 reported
that in 2 unrelated pedigrees with Alpers-Huttenlocher
syndrome, each affected child was found to harbor a ho-
mozygous mutations in exon 17 of POLG that led to a
Glu873Stop mutation just upstream of the polymerase
domain of the protein. In addition, each affected child
was heterozygous for the G1681A mutation in exon 7,
which led to an Ala467Thr substitution in pol �, within
the linker region of the protein.45

The discovery of the association between POLG gene
mutations and Alpers-Huttenlocher syndrome has led to
the advent of the molecular diagnosis of Alpers-Hutten-
locher syndrome.46 Nyugen et al.46 sequenced the POLG
locus in 15 sequential probands with the clinical features
of Alpers-Huttenlocher syndrome and noted that POLG
DNA testing accurately diagnosed 87% of cases. Few new
POLG amino acid substitutions (F749S, R852C, T914P,
L966R, and L1173fsX) were reported. The most com-
mon mutation was the Ala467Thr substitution described
previously, which accounted for about 40% of the alleles
and was present in 65% of the patients.46 All patients with
Alpers-Huttenlocher syndrome had either Ala467Thr or
W748S substitution in the linker region.

Mutations in POLG have also been associated with
another severe form of hepatocerebral syndrome, autoso-
mal dominant or recessive progressive external ophthal-
moplegia, neuropathy, ataxia, hypogonadism, migraine,
hearing loss, muscle weakness, parkinsonism, and psychi-
atric symptoms.44,49

NNH and MPV17 Gene Mutation
Vu et al.29 first demonstrated mtDNA depletion in

liver biopsies from 2 patients with NNH, which was con-
sistent with the hypothesis that a nuclear gene might be
responsible for this autosomal recessive disease. A ge-
nome-wide scan, performed with 400 DNA microsatel-
lite markers, demonstrated mapping of the disease to
chromosome 2p24.1.29 MPV17, the gene associated with
MDS, was mapped to this region. The MPV17 product is
involved in mtDNA maintenance and in the regulation of
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OXPHOS28 and is localized to the inner mitochondrial
membrane.28 The sequencing of MPV17 in 6 NNH pa-
tients from 5 families in 2006 demonstrated the same
homozygous disease-causing R50Q mutations in exon 2
in all patients, confirming a founder effect in this dis-
ease.50 Thus, it is now clear that NNH is indeed a form of
mtDNA depletion with a unique clinical presentation in
Navajos.

Pearson Syndrome
The association of Pearson syndrome and a specific

deletion in mtDNA was first reported in 1990 by Rotig et
al.51 It is now established that mtDNA rearrangements
are present in all patients with Pearson syndrome, with
large (4000-5000 base pairs) deletions predominating in
three-quarters of reported cases.23,52,53 The most com-
mon deletion is located between nt 8488 and nt 13,460.54

The proteins affected by this deletion include respiratory
chain enzymes (complex I is the most severely affected), 2
subunits of complex V, 1 subunit of complex IV, and 5
transfer RNA genes. Other mtDNA deletions of differing
lengths are associated with clusters of the characteristic
clinical manifestations.51,53 Rotig et al.51 reported a
5-year-old boy with sideroblastic anemia, persistent diar-
rhea, lactic acidosis, and liver failure with a 3.1-kilobase
deletion (nt 6074-9179). In contrast, Jacobs et al.53 de-
scribed a patient with anemia and diarrhea but no pan-
creatic or hepatic involvement with a 3.4-kilobase
deletion (nt 6097-9541). Heteroplasmy of mtDNA in
different tissues may explain these discrepant findings.

Villous Atrophy Syndrome
Villous atrophy syndrome has been recognized as an

mtDNA rearrangement defect.26 A complex III deficiency
was found in the muscle of affected patients. Southern
blot analysis showed evidence of heteroplasmic mtDNA
rearrangements that involved deletion and deletion dupli-
cation.26 Two different mutations were described in the 2
children reported.26 In 1 patient, a deletion spanning
3380 base pairs encompassed 3 genes for complex I and 3
transfer ribonuclease genes. The deletion in the second
patient was larger.

Treatment of Mitochondrial Hepatopathies
The treatment of acute liver failure and progressive

liver disease in mitochondrial hepatopathies remains
unsatisfactory. Present treatments have been palliative
or involved the use of various vitamins, cofactors,
respiratory substrates, or antioxidant compounds, with
the aim of mitigating, postponing, or circumventing
the damage to the respiratory chain.2,55 None of these

therapies has been proven to be universally effective.
Supportive treatments may also include the infusion of
sodium bicarbonate for acute metabolic acidosis, trans-
fusions for anemia and thrombocytopenia, and exoge-
nous pancreatic enzymes for pancreatic insufficiency.
Although coenzyme Q10 (ubiquinone) has been re-
ported to result in sustained improvement in patients
with myopathies caused by coenzyme Q deficiency or
complex III deficiency, there is little reported experi-
ence in mitochondrial hepatopathies.56

Liver Transplantation
There is at present no consensus on the role of liver

transplantation in mitochondrial hepatopathies, largely
because of the multisystemic nature of this disorder.57,58 A
review of the literature showed a mixed outcome, with a
survival rate of less than 50% (Table 5).57-61 The presence
of significant neuromuscular and cardiovascular involve-
ment is an absolute contraindication to liver transplanta-
tion as a therapeutic option, inasmuch as extrahepatic
clinical
disease continues to progress to death following trans-
plantation.57-59 It also appears that clear intestinal symp-
tomatology (and hence presumed intestinal involvement)
portends a poor prognosis after liver transplantation.57

Other patients who have unrecognized neurological in-
volvement before transplantation may develop neuro-
muscular symptomatology only after transplantation.58

Thus, the absence of extrahepatic features of mitochon-
drial disease at the time of liver transplantation does not
guarantee a good outcome even if the transplant is suc-
cessful.

This said, there have been patients who have had a
successful liver transplantation with isolated liver involve-
ment. Careful and thorough pretransplant screening of
potentially affected organ systems [kidneys, heart, muscle,
intestinal tract, central nervous system (CNS), and pan-
creas] is therefore essential. This is especially problematic
in patients presenting with acute liver failure and associ-
ated acute neurological decompensation. Improved diag-
nostic techniques and predictive biomarkers to assist with
selecting the best candidates for liver transplantation are
certainly needed.

Recently, both MRI and magnetic resonance spec-
troscopy have been used increasingly in the evaluation
of CNS disease in patients with acute liver failure due
to mitochondrial hepatopathies before liver transplan-
tation.59,62,63 In a series of 5 patients with mitochon-
drial hepatopathies who had liver transplants, as
reported by Dubern et al.,59 4 patients had cranial MRI
as part of the assessment before transplantation. One
patient who had cortical atrophy on cranial MRI had
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slight motor retardation and remained clinically stable
after transplantation. Of the remaining 3 patients, who
all had normal cranial MRI before transplantation, 1
patient died of immediate posttransplant complica-
tions, 1 had progressive microcephaly after transplan-
tation, and the other patient had no neurological
involvement.59 Thus, although cranial MRI is a useful
investigation tool in the assessment of CNS involve-
ment in patients with acute liver failure caused by mi-
tochondrial hepatopathies before liver transplantation,
normal cranial MRI does not preclude subsequent neu-
rological deterioration.

Future Research Directions
Although remarkable advances have been made in re-

cent years that help us to elucidate the genetic etiology of
mitochondrial hepatopathies, there remain many gaps in
our knowledge of these disorders. Little is known about
the overall frequency, full spectrum of hepatic involve-
ment, and long-term natural history of these disorders.
Diagnostic evaluation is evolving toward genotyping the
most likely involved genes; however, more rapid and pre-
dictable diagnostic techniques (e.g., needle liver biopsy
analysis of respiratory chain enzymes) still need to be de-
veloped and made widely accessible. Genotype-pheno-

type correlations and the relationship of the genotype to
the response to liver transplantation await prospective
large-scale studies. There are also undoubtedly other ge-
netic causes that will be identified in coming years. A
feasible and effective treatment is, at present, not avail-
able, and the precise role of liver transplantation needs to
be better defined. Finally, the role of polymorphisms
in genes causing these disorders as potential modifiers
in other disorders of the liver may identify new targets
for therapeutic approaches. The Cholestatic Liver
Disease Consortium, a National Institutes of Health–
funded, multicentered Rare Disease Clinical Research
Consortium,64 is attempting to address many of these
questions.
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SPECIAL ARTICLE

HIV and Liver Disease Forum: Conference Proceedings
Kenneth E. Sherman, Marion Peters, and Margaret James Koziel

The management of HIV/AIDS has undergone a
revolution in recent years. Following the intro-
duction of highly active antiretroviral therapies

(HAARTs) in 1996, there was a rapid and dramatic de-
crease in mortality associated with opportunistic infec-
tions that complicate advanced HIV infection. The drop
in the incidence and prevalence of formerly common
opportunistic disease processes such as atypical mycobac-
terial infections, Pneumocystis jiroveci (formerly Pneumo-
cystis carinii) pneumonia, and Kaposi’s sarcoma was
accompanied by a concomitant increase in the proportion
of persons with morbidity and mortality associated with
liver disease.1,2 The reasons for this are multifactorial and
include longer life expectancy in those with HIV infec-
tion, accelerated injury associated with hepatitis C virus
(HCV) and hepatitis B virus (HBV) infections, and idio-
syncratic hepatotoxic reactions. Before the widespread use
of HAART, hepatologists seldom had a direct role in the
care and management of patients, and when complex he-
patic issues, such as the treatment of coinfected patients,
assessment and management of complex HIV medica-
tions, and care of HIV-infected patients with end-stage

liver disease, became more common, they were poorly
prepared to deal with them.

To address these issues, an international forum was
convened in Jackson Hole, WY, in September 2006. The
forum was supported by grants from 3 institutes of the
National Institutes of Health (National Institute of Al-
lergy and Infectious Diseases, National Institute of Dia-
betes and Digestive and Kidney Diseases, and National
Institute on Drug Abuse) and by unrestricted grants from
the pharmaceutical industry. The objective of this meet-
ing was to bring together laboratory and clinical research-
ers, drug developers, and representatives of key
government agencies in an effort to define the current
state of the field, determine research needs, and encourage
collaborations between investigators representing a num-
ber of different disciplines. This document summarizes
key presentations and areas of discussion.

Significance and Epidemiology
(Alter, Polis, Bini, Oldach, Brau, and Sterling)

Hepatitis viral infections remain important causes of
morbidity and mortality worldwide and may exist as iso-

Abbreviations: ACTG, AIDS Clinical Trial Group; ART, antiretroviral therapy; FDA, US Food and Drug Administration; HAART, highly active antiretroviral
therapy; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; HCV, hepatitis C virus; IDU, intravenous drug use; MELD, model for end-stage liver disease; NNRTI,
nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside/nucleotide reverse transcriptase inhibitor; OLT, orthotopic liver transplantation; PEG IFN, pegylated
interferon; PI, protease inhibitor.

From the Division of Digestive Diseases, College of Medicine, University of Cincinnati, Cincinnati, OH.
Received February 15, 2007; accepted March 8, 2007.
Supported by pharmaceutical sponsors Roche, Gilead Sciences, Boehringer-Ingelheim, Abbott Laboratories, Schering, and Idenix Pharmaceuticals (who provided

financial support for the meeting) and by the National Institutes of Health through the National Institute of Allergy and Infectious Diseases, National Institute of Diabetes
and Digestive and Kidney Diseases, and National Institute on Drug Abuse through an R13 grant (AI071925).

The meeting participants included the following individuals: The chairman was Kenneth E. Sherman, M.D., Ph.D., University of Cincinnati. The cochairs were Marion
Peters, M.D., University of California, San Francisco; Michael Polis, M.D., National Institutes of Health; and Vincent Soriano, M.D., Hospital Carlos III. The speakers
(invited and selected) were Miriam Alter, Ph.D., University of Texas Medical Branch at Galveston; Pablo Barreiro, M.D., Ph.D., Hospital Carlos III; Yves Benhamou,
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lated infections or as coinfections either with HIV or with
each other. Worldwide, it is estimated that 370 million
persons are infected with HBV, 130-177 million are in-
fected with HCV, and 40 million are infected with HIV.
In 2005, there were over 11,000 new HIV infections per
day, of which 1000 were in children less than age 15, 50%
were in women, and 40% were among those from 15-24
years of age. Approximately 3 million deaths per year are
due to HIV.3 This highest prevalence of HIV is in sub-
Saharan Africa, although south-central and southeast Asia
and the former Soviet republics also have significant num-
bers of persons with HIV infection. The prevalence of
chronic viral hepatitis in those with HIV varies by region
and even by country within a region. For example, in
sub-Saharan Africa, approximately 11% of those with
HIV have chronic HBV infection, and 60% of adults
have evidence of past infection; the prevalence of chronic
HCV infection is 2%-3% in this population but also var-
ies widely by country.4 Therefore, of the estimated 40
million people currently living with HIV, approximately
3 million to 4 million of those are infected with HBV, and
4 million to 5 million have chronic hepatitis C.

Factors influencing the rate of coinfection include the
natural history of disease, the primary mode of transmis-
sion, and the geographic distribution. This is particularly
true for HBV. When the prevalence of chronic infection
is high in a given region, primary infection occurs mainly
among infants and young children because of perinatal
and horizontal transmission. Unsafe injection practices
play a role in viral hepatitis spread in other areas. Where
the overall prevalence of chronic viral hepatitis is low, the
acquisition of HBV infection is mostly among adolescents
and adults, primarily through sexual transmission and in-
travenous drug use (IDU). HCV is transmitted primarily
through injection drug use, although in areas of high en-
demicity, unscreened transfusions and unsafe therapeutic
injections are also major risk factors. Although it is clear
that HIV can increase the likelihood of developing
chronic HBV and HCV infection and the likelihood of
HCV transmission from mother to infant, there are still
unanswered questions regarding the seroprevalence rates
and the impact of coinfection in sub-Saharan countries
most affected by HIV. It is also unclear whether the reac-
tivation of HBV might be common with progressing im-
munodeficiency.

Although the overall incidence of acute HCV has de-
clined in the US, several recent outbreaks in men who
have sex with men have been reported.5,6 Phylogenetic
analyses of these outbreaks have confirmed clusters of in-
fection consistent with common sources. Analyses of risk
factors have shown associations with multiple partners;
sexual practices associated with mucosal trauma, such as

“fisting”; or sexually transmitted diseases, such as lympho-
granuloma venereum or syphilitic proctitis, which might
similarly disrupt the mucosal barrier. Major unanswered
questions for the patients who are HIV-infected include
the optimal timing of treatment, the duration of therapy
for acute HCV in the setting of a patient who is infected
with HIV, and whether ribavirin is required. Some inves-
tigators have suggested the early treatment of acute HCV
without ribavirin use may lead to excellent response rates,
and this observation is particularly important in the set-
ting of HIV because of the higher toxicity and risk of
interactions with HIV medications.

The natural history of coinfection, particularly for
HCV/HIV in the era of HAART, is still a matter of de-
bate and is important as it influences intervention strate-
gies. Clearly, viral hepatitis is the most common cause of
liver disease in HIV, and recent cohort studies have shown
increasing rates of liver disease and death among those
with HIV.2 Patients with fewer than 200 CD4 cells/mm3

have a significant risk for increased liver disease progres-
sion; however, it is not clear whether those with a CD4
cell count that never decreases below 200/mm3 or those
with effective immune reconstitution have the same rate
of liver disease progression as those that are HIV-negative.
A recent study showed that the presence of detectable
HIV viremia (�400 copies) was independently associated
with a more rapid progression rate in HCV.7 Although
some studies have demonstrated a decline in the fibrosis
progression rate on HAART, the use of HAART could
theoretically accelerate disease progression by increasing
pathogenic T cell responses or through drug toxicity. This
area needs further clarification.

Pathogenesis of Liver Injury
(Koziel, Revill, Blackard, and Gershenson)

Liver disease in the setting of coinfection is a multifac-
torial process (Fig. 1). Studies on the pathogenesis of liver
injury often focus on 1 potential mechanism of liver in-
jury, such as hepatitis C, without acknowledging the im-
pact of other cofactors on that process, such as the
interaction of alcohol and HCV and its effects on the
immune response.8 Although acknowledging this limita-
tion, the discussion has focused on the role of immune
responses in the pathogenesis of chronic viral hepatitis
and drug-induced mitochondrial injury.

Immune responses against HCV are clearly important
for the acute spontaneous resolution of HCV.9 In both
acutely infected chimpanzees and humans, the initiation
and maintenance of broadly directed CD4 and CD8 re-
sponses are necessary and critical to the resolution of acute
infection; however, why these fail in most exposed indi-
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viduals is a matter of considerable debate, and there may
be multifactorial processes that include viral interference
with innate interferon signaling,10 viral variation leading
to escape from adaptive T cell responses,11-15 failure to
produce critical cytokines,16-18 and possibly failure of
dendritic cells.19 There is a relative paucity of literature
regarding the innate immune response and the intrahe-
patic immune response in acute disease. The role of im-
mune responses once chronic disease is established is more
controversial. On the basis of classic adoptive transfer
experiments in transgenic mice, it would appear that
HCV-specific CD8� T cells are necessary for inflamma-
tion in the liver. In clinical cohorts, however, the associ-
ation of CD8 responses with liver fibrosis has not been
shown. Although it would be logical that patients with
depressed cellular immunity would have slower HCV dis-
ease progression, this is clearly not true. More recent ex-
periments in several cohorts, including those HIV-
coinfected, have demonstrated that HCV-specific CD4
cells are associated with protection from liver disease pro-
gression.20,21 In multivariable modeling in 1 cohort of
HIV-positive subjects, HCV-specific immune responses
were the strongest predictor of liver fibrosis in comparison
with other clinical factors.20 Similarly, HCV-specific
CD4 responses are strongly associated with sustained vi-
rologic response to interferon-based treatment.22 How-
ever, CD4 function is not always associated with the CD4
count. One item of discussion was whether or not the
earlier initiation of HAART would be beneficial to pa-
tients with coinfection, both in preventing liver disease
progression and in enhancing the likelihood of response
to HCV treatment. Most research on the pathogenesis of
viral hepatitis in HIV has focused on HCV rather than
HBV, and this has also been identified as an area needing
additional research. Recent data were presented demon-
strating an increase in HBV precore/core mutations in
those with HBV/HIV coinfection that might affect T cell
recognition.23

There was also a discussion of the interaction of the 2
viruses in disease pathogenesis. Most of the literature has
focused on the influence that HIV has on HCV-specific
immune responses. Until recently, it was not possible to
culture HCV, and it was impossible to determine whether
or not the 2 viruses might interact. Recent studies have
demonstrated the induction of hepatocyte apoptosis by
both HIV and HCV envelope proteins24 through the in-
duction of signal transducer and activator of transcription
factors 1.25 Recent data discussed at this meeting also
included the induction of apoptosis in hepatocytes
through HIV binding to the HIV coreceptor Cys-X-Cys
receptor 4, which is expressed on hepatocytes26; this
might sensitize hepatocytes to tumor necrosis factor ap-
optosis-inducing ligand–mediated apoptosis. None of
these studies required HIV entry or infection of hepato-
cytes, however. Data presented at the meeting also dem-
onstrated that HCV-permissive cell lines express the
necessary coreceptors for HIV entry and that HIV can
enter these permissive cell lines. This will be an important
area of future research in understanding the interaction of
HCV and HIV in promoting liver disease.

An alternative mechanism of liver injury is related to
the potential for antiretroviral agents to cause hepatotox-
icity through several different mechanistic pathways.
Common class effects are discussed in more detail later.
However, a number of broad mechanisms have been im-
plicated. In animal models, the administration of stavu-
dine led to pronounced mitochondrial DNA depletion in
the liver but not in skeletal muscle.27 In fact, there are
multiple effects of both HIV and antiretrovirals on mito-
chondria, including effects on DNA polymerase gamma,
uncoupling functions, and oxidative stress.28,29 Reactive
oxygen species play a key role in the induction of apopto-
sis, inflammation, and activation of the stellate cells.30

The intersection of HCV infection and altered lipid me-
tabolism in the setting of HIV was identified as an area
needing additional research, but it is a difficult one, given

Fig. 1. Diagram showing factors associated
with hepatic injury in HIV-infected patients.
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the lack of appropriate models. For example, the interac-
tion of HCV and steatosis is poorly understood, but it is
clear that HCV infection may directly alter lipid metab-
olism,31,32 and there are changes in the peroxisome pro-
liferator-activated receptors in both HCV and HIV.33,34

Recent data reported at the meeting included the effect of
HCV on mitochondrial DNA depletion35 and whether
the treatment of HCV modifies mitochondrial DNA lev-
els back to pretreatment baselines.

Evaluation and Treatment of Viral
Coinfections
Evaluation (McGovern, Benhamou, Goodman,
Barreiro, Revill, and Tien)

Numerous guidelines now recommend formal screen-
ing for HBV and HCV among patients with HIV infec-
tions.36,37 This recommendation is independent of the
presence or absence of liver enzyme abnormalities and is
linked to the recognition that treatment decisions may be
affected by the presence of 1 or more viral coinfections.
Although the recommendation for HCV screening is the
initial use of a third-generation enzyme-linked immu-
nosorbent assay, with confirmation provided by HCV
RNA testing, this strategy may not be optimal in the
coinfected population. False-negative enzyme-linked im-
munosorbent assay testing has been reported, and screen-
ing with HCV RNA may be considered when CD4�
counts are low (�200) or when otherwise unexplained
liver enzyme abnormalities are present.38-40 Seroreversion
or the return of either a positive or negative antibody state
has been described in patients undergoing immune recon-
stitution or those with dropping CD4� levels.41 Patients
with active IDU may not have positive HCV serologies
following acute infection. Optimal timing for repeat
screening among IDU and other patients with continued
risk exposures has not been determined and represents a
key epidemiological research question.

High HCV viral loads are present in a significant pro-
portion of patients with HIV coinfection, and some assays
provide limited ability for quantitative measurement at
the upper end of the scale.42-44 Several studies now docu-
ment a paradoxical increase in HCV following the initia-
tion of HAART.45-47 This effect is most pronounced
among those with low CD4 counts at the initiation of
antiretroviral therapy (ART). The mechanism for this rise
is unclear, but it may be associated with transient increases
in serum aminotransferases that may be misinterpreted as
direct drug hepatotoxicity. HCV genotyping before the
initiation of therapy for HCV remains critically impor-
tant, although clear genotype-specific treatment para-

digms are less well developed for HCV/HIV-coinfected
patients than for the HCV-monoinfected group.

The adequate assessment of HBV status is important
in this patient population because of the dual HBV activ-
ity of several agents used for the treatment of HIV. Hep-
atitis B testing should include serologic evaluation with
hepatitis B surface antigen (HBsAg), hepatitis B e antigen,
anti–hepatitis B core antigen immunoglobulin G, and
anti–hepatitis B surface antigen. All patients with HBsAg
should undergo subsequent HBV DNA testing to deter-
mine the need for treatment intervention and as part of
the HAART decision process. Patients who are HBsAg-
negative and who do not have anti–hepatitis B surface
antigen antibodies should be vaccinated for HBV. Stan-
dard vaccination protocols are less effective among those
with HIV than in the general population, particularly
among patients with low CD4 counts.48,49 There is active
research interest in altered regimens of vaccine dose and
timing and in the use of adjuvant vaccine agents to en-
hance vaccine efficacy. Some patients who fail to respond
to the vaccine may have anti–hepatitis B core antigen
immunoglobulin G alone and have been shown in some
cases to have detectable HBV DNA in serum and in the
liver. These occult HBV infections appear to be more
common in HIV-infected patients than in the general
population.50-54 The clinical significance, however, re-
mains unknown, and research in this area was encour-
aged.

Liver biopsy remains an important tool in the assess-
ment of liver fibrosis and in the evaluation of inflamma-
tory activity. Recent studies have demonstrated
significant changes in liver fibrosis among HCV/HIV-
coinfected patients in timeframes of under 3 years.55 A
highly active area of research is the use of noninvasive
markers to assess the degree of fibrosis. There was consid-
erable discussion regarding various evaluative algorithms
for the assessment of the fibrosis stage. Although encour-
aging results have been reported, few appear to withstand
external validation in cohorts with HCV/HIV-coinfected
subjects. Furthermore, there is poor discrimination be-
tween fibrosis stages, limiting interpretation to the de-
scription of the extremes (e.g., minimal fibrosis versus
cirrhosis). However, data were presented suggesting that
transient elastometry is a promising modality that war-
rants further evaluation.56-58

Treatment of HIV
(Feinberg)

There has been a sea of change in thinking about the
management of HIV since 1996, from a terminal disease
at presentation to a chronic medical illness with a good
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prognosis. As a result of improvements in management,
the US Department of Health and Human Services re-
cently issued guidelines calling for opt-out testing rather
than opt-in testing for HIV. The goal of this strategy is to
identify the estimated 300,000 individuals in the United
States infected with HIV who are unaware of their sta-
tus.59,60 These guidelines would make HIV testing part of
routine care for all individuals between the ages of 13 and
64, with the consent for such testing part of the general
consent to treatment (similar to cholesterol testing), with-
out the requirement for specific consent. However, legal
statutes regarding consent for HIV testing vary by state,
and this issue has not been fully resolved. Certainly, for
hepatologists seeing patients with viral hepatitis, aware-
ness of the shared modes of transmission should prompt
HIV testing in most patients.

The initiation of treatment for HIV with ART is cur-
rently based principally on the CD4 count, along with the
presence of any AIDS-defining illness or symptoms attrib-
utable to HIV.61,62 These guidelines are based on current
knowledge of the long-term benefits of treatment bal-
anced against the potential side effects, including an
apparent increase in cardiovascular disease and dyslipide-
mia. All individuals with CD4 counts of less than 200/
mm3 should be treated, as well as those with AIDS-
defining illnesses or symptoms, regardless of the viral
load. Individuals with CD4 counts between 200 and 350/
mm3 may be offered treatment; the decision to treat in
this range can be individualized on the basis of the rate of
decline of the CD4, the presence of any symptoms, and
the patient’s willingness to initiate treatment. Most indi-
viduals with a CD4 count greater than 350/mm3 do not
currently start ART unless there are symptoms felt to be
due to HIV or very high sustained levels of viremia. How-
ever, guidelines concerning the timing of ART may
change as more data emerge suggesting that initiation at a
higher CD4 count may result in improved immune re-
constitution.63

ART regimens are complex, but the basic principal
remains that combination therapy is required with drugs
active against multiple steps in the viral life cycle or with
binding predilection toward different sites of virally en-
coded genes. The choice of regimens varies somewhat
according to patient preference, the toxicities of the
agents, other coexisting medical problems, and the poten-
tial for interactions with other medications, with guid-
ance provided by various expert consensus groups.
Regimens for persons naive to ART include either a pro-
tease inhibitor (PI) boosted with low doses of ritonavir to
enhance its pharmacokinetic properties or a nonnucleo-
side reverse transcriptase inhibitor (NNRTI) such as efa-
virenz; either is given in combination with 2 nucleoside/

nucleotide reverse transcriptase inhibitors (NRTIs; see
Table 1). The choices of such agents include an assess-
ment of potential tolerability by the individual patient
balanced against convenience. For example, efavirenz-
based regimens can be administered as a single daily
dose and are often well tolerated, but persons with
underlying psychiatric disease may have significant
neuropsychiatric toxicity, and efavirenz should not be
administered to women who may become pregnant
because of its teratogenicity. The goal of all treatments
is to suppress HIV to levels below the limits of detec-
tion by conventional assays and to achieve stabilization
or improvement in immune function, usually mea-
sured by an increasing CD4 cell count. If the treatment
can be maintained, there is a 95% chance of maintain-
ing HIV suppression.64

Treatment of HCV
(Chung, Barreiro, Edlin, Shire, and Soriano).

There have been 3 multicenter randomized clinical
trials and several other single-center studies that have
evaluated the role of pegylated interferon (PEG IFN)
alphas for their ability to achieve sustained clearance of
the HCV virus in HCV/HIV-coinfected patients.
These studies clearly demonstrate that PEG IFN with
ribavirin is superior to older standard interferon regi-

Table 1. Antiretroviral Classes and Agents (Approved as of
January 2007)

Drug Class Generic Name
Brand
Name

Nonnucleoside reverse
transcriptase inhibitors

Nevirapine Viramune
Efavirenz Sustiva
Delavirdine Rescriptor

Entry (fusion) inhibitors Enfuvirtide (T-20) Fuzeon
Nucleoside/nucleotide

analogs
Emtricitabine (FTC) Emtriva
Tenofovir Viread
Abacavir/lamivudine/zidovudine Trizivir
Tenofovir/emtricitabine Truvada
Lamivudine/zidovudine Combivir
Lamivudine (3TC) Epivir
Stavudine (d4T) Zerit
Abacavir Ziagen
Zalcitabine (ddC) Hivid
Didanosine (ddI) Videx
Zidovudine (ZDV or AZT) Retrovir

Protease inhibitors Atazanavir Reyataz
Lopinavir/ritonavir Kaletra
Indinavir Crixivan
Nelfinavir Viracept
Ritonavir Norvir
Fosamprenavir Lexiva
Saquinavir Invirase
Darunavir Prezista
Tipranavir Aptivus

Combined class drugs Efavirenz/tenofovir/emtricitabine Atripla
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mens. However, the response rates have been consis-
tently lower than those for HCV-monoinfected
subjects.65-67 Although several factors may contribute
to the low response rates, 2 factors appear to stand out.
First, patients with HCV/HIV coinfection have very
high viral loads compared with HCV-monoinfected
subjects.68 Additionally, in the key pivotal trials, lower
doses of ribavirin were generally used (800 mg/day or a
600-1000 mg/day escalating dosage). The overall re-
sponse rates ranged from 27%-40% for a sustained
viral response. A complex metaregression model that
was presented suggested that differences between the
study outcomes could not be attributed to differences
in age, race, CD4 count, degree of fibrosis, or other
identifiable factors. Therefore, it is unclear what
specific selection criteria other than genotype could be
used to enhance the treatment response. Data from
the Peginterferon Ribavirina España Confección
[PRESCO] trial were presented and suggested that bet-
ter responses might be achieved with higher doses of
weight-based ribavirin, but because active controls are
lacking, only historical response comparisons are avail-
able.69 In terms of treatment tolerability and side ef-
fects, the general consensus is that treatment with
interferon-based therapies remains difficult but achiev-
able among those with HCV/HIV coinfection. The
avoidance of azido-thymidine (zidovudine) is desirable
because it reduces the severity of ribavirin-associated
anemia.70 Growth factors are often required to main-
tain adequate levels of hemoglobin and limit leucope-
nia in this population. Specific issues related to drug
interactions and hepatotoxicity are noted later.

There is growing evidence that intravenous drug users,
which represent a key reservoir for HCV and HIV infec-
tion, can be identified, evaluated, and managed in terms
of HCV treatment intervention. There was considerable
discussion regarding recurrent disease following success-
ful therapy among patients at risk for continued IDU.
Early data suggest a low but clearly important subset of
patients who do become reinfected.71 The role of multi-
disciplinary care programs for patients with active IDU
was recognized.72

The role of maintenance therapy remains unclear.
AIDS Clinical Trial Group (ACTG) 5071 demonstrated
histological improvement among HCV/HIV subjects
who failed to clear HCV by 24 weeks of treatment.65 A
large, multicenter trial of maintenance therapy (SLAM-C
[Suppressive Long-term Antiviral Management of Hepa-
titis C]) is currently underway in the ACTG at more than
30 US sites, and large trials in HCV-monoinfected pa-
tients should be completed in the near future.

Treatment of HBV
(Benhamou)

There are a number of treatment options and strategies
relevant to HBV management in HIV-infected patients.
These include agents licensed and approved by regulatory
bodies for the treatment of HBV (lamivudine, adefovir,
entecavir, telbivudine, interferon, and PEG IFN) and
those with HBV activity that are approved only for HIV
treatment (tenofovir and emtricitabine). Among coin-
fected patients, however, there are limited data available
in comparison with HBV-monoinfected populations. A
metaanalysis of interferon utility in HBV/HIV-coin-
fected patients showed limited efficacy in comparison
with a placebo.73 There are no published data regarding
PEG IFN use in coinfected subjects, and many agreed
that trials in HBV/HIV-coinfected subjects with pre-
served CD4 counts are indicated, particularly for patients
with high CD4 counts who would not typically be placed
on ART.

Among the nucleoside/nucleotide analogues, data were
presented for lamivudine, adefovir, entecavir, and tenofo-
vir. All appear to have viral suppressive activity on HBV
DNA with variations in the potency and treatment re-
sponse. Among lamivudine-resistant patients, both adefo-
vir and tenofovir appear to be effective treatment
regimens, although 1 study from Peters et al.74 suggests a
trend toward tenofovir superiority versus adefovir in an
ACTG treatment cohort. Combination therapy is now
routine in coinfected patients (e.g., using Truvada, which
in a single pill combines tenofovir plus emtricitabine),
although the optimal combination to maintain long-term
virologic suppression is not known. Viral mutation and
drug resistance are key themes of scientific interest. Inter-
mittent and frequent exposure to lamivudine and infec-
tion with preexisting lamivudine mutants leads to
significant concerns regarding drug choice and the use of
single-agent therapy among those with HIV infection.
Unique HBV core deletion mutants were described, and
the question of whether such mutations might be associ-
ated with increased liver fibrosis and disease severity was
entertained. It is clear that detailed sequence analysis of
HBV in those with HIV may lead to important findings
related to disease progression, and more research work in
this area was encouraged.

New Drug Development
(Brown, Perelson, and Murray)

The development of new agents for the treatment of
viral hepatitis in the setting of HIV infection was a key
topic for discussion. Although all agree that the signifi-
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cance of HBV and HCV was high in this patient popula-
tion, multiple problems exist for those involved with drug
development. First, patients with HIV have multiple
sources for hepatic injury, which complicates the evalua-
tion of a putative drug treating a single disease process.
Drug tolerability tends to be lower, and this limits com-
pliance with the treatment regimen and creates difficulty
in adverse event attribution. This is well demonstrated in
several pivotal HCV treatment trials in coinfected sub-
jects in which high patient dropout rates were ob-
served.66,67 Another example is the attribution of renal
toxicity in subjects who are also at risk of primary HIV-
associated nephropathy. The potential for drug-drug in-
teractions is significantly increased in a setting in which
patients may be on multiple agents, thus requiring signif-
icant evaluation of pharmacokinetics before drug ap-
proval. For example, a new agent that interacts with
cytochrome P450 may either increase or decrease HIV PIs
or NNRTI levels, resulting in HIV treatment failure or
toxicity. Finally, there is significant risk of dichotomous
outcomes based on the stage of HIV disease. Those with
early HIV have a different cytokine milieu than those
with advanced HIV disease. On the other hand, patients
with advanced liver disease will metabolize medications
differently than those with minimal fibrosis.

An important tool to evaluate many of these issues in
limited subcohorts of patients and over shorter time peri-
ods is viral kinetic modeling. Within just a few weeks,
complex viral decline models, coupled with pharmacoki-
netic sampling, may yield important information that will
guide the development of larger trials. Talal et al.75 de-
scribed the relationship between the interferon concentra-
tion and HCV decline during the first 2 weeks of therapy.
This approach appears to be informative and has wide
application as protease and polymerase inhibitors are de-
veloped for HCV treatment. The group achieved consen-
sus in terms of the need to begin trials of new agents
among HCV/HIV-infected and HBV/HIV-infected pa-
tients early in the drug development process.

ART Hepatoxicity
(Murray, Sulkowski, Gerschenson, Barreiro)

Drug-associated hepatotoxicity is a major primary fac-
tor in the development of liver injury among those with
HIV infection and a significant cofactor among those
with other concomitant sources of liver injury (e.g.,
HCV, HBV, and alcohol). There is a wide spectrum of
disease presentation. The most dramatic but rarest form
of injury is manifest as fulminant hepatic failure. In con-
trast, subacute toxicity associated with liver enzyme ab-
normalities is extremely common. An analysis of data

from a community-based AIDS treatment program, the
Community Programs for Clinical Research on AIDS,
demonstrated that the incidence of grade 4 liver amino-
transferase abnormalities (values greater than 10 � ULN
[upper limit of normal]) was significantly more common
than other forms of drug-associated toxicities.76

There are 4 primary mechanisms of ART-associated
hepatotoxicity. Broadly, these may be viewed as class ef-
fects, although significant variability exists within classes
when specific agents are evaluated. Table 1 lists the classes
of antiretroviral agents and the agents within that class. In
general, NRTIs may cause liver injury through the inhi-
bition of polymerase gamma within the mitochondria of
hepatocytes. Polymerase gamma inhibition leads to the
development of steatosis, lactic acidosis, and, in extreme
cases, liver failure.77 This process may be exacerbated by
the presence of preexisting hepatic steatosis, fibrosis, or
concomitant use of other drugs that may alter the metab-
olism of NRTIs.78 The most dramatic example of this is
the interaction between ribavirin and didanosine (ddI),
which has been associated with multiple cases of fulmi-
nant hepatic failure in the context of pivotal trials of HCV
treatment.79

Direct hepatocellular toxicity is most commonly, but
not exclusively, associated with the PI class. The mecha-
nism for this type of injury remains unclear but is proba-
bly associated with the development of toxic metabolites
leading to an idiosyncratic injury. In a cohort followed at
Johns Hopkins University, slightly more than 10% of
subjects demonstrated liver enzyme evidence of PI hepa-
totoxicity.80 However, certain agents, notably ritonavir,
were associated with a significantly higher rate of amino-
transferase elevation.80 This risk is reduced when low-
dose ritonavir is used as a boosting agent for other PIs
rather than as the primary antiretroviral agent.81 Dose-
dependent hepatotoxicity has been described for tiprana-
vir, a newer PI that has a key role in the management of
multidrug-resistant HIV. Therefore, clinicians are often
faced with difficult decisions regarding PI use, weighing
the risk of toxicity versus effective HIV therapy. Similar
injury patterns were observed with aplaviroc, a represen-
tative of a new class of antiretroviral drugs in phase 2
testing, the chemokine receptor 5 inhibitors.82 The devel-
opment of aplaviroc was discontinued in late 2005 be-
cause of hepatotoxicity.

Hypersensitivity reactions leading to liver injury have
been reported across classes, with well-defined cases asso-
ciated with either nevirapine, an NNRTI in widespread
use in developing countries because of its low cost, and
abacavir, an NRTI. The hypersensitivity syndrome, man-
ifested by eosinophilia, rash, and fever, most commonly
occurs during the first 3 months of therapy.83
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Immune reconstitution injury occurs when effective
ART leads to immune-mediated clearance of hepatocytes
following CD4 rebound. The most common scenario in-
volves patients with underlying chronic HBV infection.
This immune-mediated disease does not seem to be asso-
ciated with significant hepatocellular injury when CD4
counts are low. Following effective HAART, however,
the patient may develop evidence of active HBV infection
occasionally leading to jaundice and even death.84 For this
reason, the identification of concomitant HBV infection
is critical when an antiretroviral regimen is selected so that
HBV active agents may be incorporated into the treat-
ment plan.

The evaluation of risk versus benefit for a particular
agent remains a vexing problem for regulatory agencies
such as the US Food and Drug Administration (FDA). In
general, the FDA uses aminotransferase levels greater than
3 times the upper limit of normal and/or bilirubin levels
greater than twice normal to define the presence of hepa-
totoxicity. However, this is not absolute evidence that a
particular drug should not be approved because the risk/
benefit ratio must be individually weighed. The need for
other biomarkers was widely discussed, and the FDA is
very supportive of additional research efforts in this area.

Liver Transplantation in HIV
(Peters and Stock)

Until recently, individuals infected with HIV had been
denied access to transplantation because of concerns that
immunosuppression would worsen their HIV infection
and the uncertainties about the long-term prognosis of
HIV. However, over the last decade, with overall im-
proved survival and increased morbidity and mortality
from end-stage liver disease in HIV, there has been a
reassessment of liver transplantation for HIV-infected pa-
tients. In addition, immunosuppressives such as siroli-
mus, cyclosporine, and mycophenolate mofetil have been
shown to have anti-HIV activity.85-87

Hepatitis C is the most common reason for orthotopic
liver transplantation (OLT) in this population, followed
by chronic hepatitis B and alcoholic liver disease. Hepa-
titis B can often be controlled with current therapies, but
the recurrence of HCV viremia is universal in the post-
transplantation setting.88,89 In those HIV-coinfected pa-
tients who do develop severe hepatitis, disease progression
appears to be more rapid after transplantation.90 Therapy
is difficult in coinfected decompensated subjects, as many
have very limited tolerability to antiviral therapy with
PEG IFN plus ribavirin, which has been reported to result
in clinical improvement in some monoinfected subjects.91

HCV therapy cannot be undertaken with severe decom-

pensation (model for end-stage liver disease [MELD]
score greater than 20), and interferon-based therapy can
be used only after the patient is listed for liver transplan-
tation.

The complications of liver disease in HIV-infected pa-
tients are similar to those in HIV-negative subjects. How-
ever, the evaluation of patients with decompensated liver
disease and HIV suggests that survival times are shortened
following decompensation. This may be manifested as
patients presenting with MELD scores that do not predict
survival outcome correctly in comparison with non–
HIV-infected populations.92 Patients with cirrhosis re-
quire upper endoscopy, and if they have varices or portal
gastropathy, they should be given beta blockers. If they
have ascites, they require diuretics and paracentesis, and if
they are diuretic-resistant, they should be referred for a
transjugular portosystemic shunt. Patients with signifi-
cant ascites should receive prophylaxis for spontaneous
bacterial peritonitis (SBP) with weekly ciprofloxacin. In
addition, all patients with cirrhosis should be evaluated
for HCC with liver imaging and alpha fetoprotein every 6
months. HCC may appear in a shorter time period and
with increased frequency in patients with HIV.93-95

MELD has been shown to be a poor predictor of sur-
vival, with increased death among patients awaiting a
transplant.96,97 It has been observed that the percentage of
listed patients who die before transplantation is higher
than for those without HIV. It is possible that key labo-
ratory characteristics that define the MELD score are al-
tered among HIV-infected patients. Bilirubin levels may
be increased because of the development of unconjugated
hyperbilirubinemia, which arises from the inhibition of
uridine diphosphate [UDP]-glucuronyl transferase. Bili-
rubin elevations are common when the PIs indinavir and
atazanavir are used.98,99 MELD is also affected by the
creatinine level, and several studies suggest that creatinine
and creatinine clearance are altered among those with
HIV, so common formulas used to estimate creatinine
clearance overestimate true renal function.100 There was
considerable discussion regarding the utility of MELD in
HIV-infected patients, and further studies assessing the
accuracy of MELD criteria as a predictor of survival
among HIV-infected patients were recommended.

If and when patients with HIV develop any hepatic
decompensation, they should be considered for liver
transplant at centers with appropriate expertise, at least
some of which are listed at https://web.emmes.com/
study/htr. It is imperative not to wait until the patient is
moribund because successful transplantation cannot be
undertaken at that time. Criteria for transplant listing are
similar to those for non-HIV patients and include decom-
pensated liver disease without extrahepatic tumor or in-
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fection, good social support, and abstinence from drug
and alcohol use. In addition, the HIV exclusion criteria
include untreatable opportunistic infections or tumor
progressive multifocal leukoencephalopathy, cryptococ-
cal infection, multidrug-resistant fungal infection, lym-
phoma, and noncutaneous Kaposi’s sarcoma. Patients
must have a relatively preserved immune function with
CD4 cell counts greater than 100 cells/mm3 documented
before their liver decompensation and serum HIV-1 RNA
undetectable under HAART or, if detectable, with post-
OLT suppression predicted.101

Successful outcomes depend on a multidisciplinary
approach including input from surgeons, hepatolo-
gists, infectious disease specialists, and pharmacolo-
gists. Drug-drug interactions are of major importance
after OLT because of the inhibition of cytochrome
P450 metabolism. There are significant interactions
between immunosuppressants (e.g., calcineurin inhib-
itors) and antiretroviral PIs resulting in lower doses of
immunosuppressants. In contrast, efavirenz induces
P450, leading to higher levels of immunosuppressants.
Because of interactions between drugs that use the cy-
tochrome P450 system, great caution should be taken
when we consider ART, immunosuppressive agents,
and also antibiotics, antifungals, and antituberculous
agents in the transplant setting, and increased moni-
toring is warranted.101

Summary
A number of areas have been identified as needing

further research. In terms of pathogenesis, a better under-
standing of the complex mechanisms involved in liver
injury in coinfection is needed. Better models are needed
to define viral and drug interactions. Until then, close
cooperation between clinicians and researchers is required
to ensure high-quality translational research. A better un-
derstanding of the natural history of coinfection in the era
of HAART will be necessary. New tools to assess liver
disease progression without the need for frequent biopsies
will move the field forward and improve the likelihood of
establishing the role of long-term suppression (in the case
of HBV) or cure (in the case of HCV). In the United
States and elsewhere, the National Institutes of Health are
supportive of research endeavors seeking to answer key
questions posed in this forum. Slide presentations from
this forum are available for viewing at http://www.hiv-
liverdisease.com.
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Abstract
Although cancer arises from a combination of mutations in

oncogenes and tumour suppressor genes, the extent to which tu-
mour suppressor gene loss is required for maintaining established
tumours is poorly understood. p53 is an important tumour sup-
pressor that acts to restrict proliferation in response to DNA dam-
age or deregulation of mitogenic oncogenes, by leading to the
induction of various cell cycle checkpoints, apoptosis or cellular
senescence. Consequently, p53 mutations increase cell prolifera-
tion and survival, and in some settings promote genomic instabil-
ity and resistance to certain chemotherapies. To determine the
consequences of reactivating the p53 pathway in tumours, we used
RNA interference (RNAi) to conditionally regulate endogenous
p53 expression in a mosaic mouse model of liver carcinoma. We
show that even brief reactivation of endogenous p53 in p53-defi-
cient tumours can produce complete tumour regressions. The pri-
mary response to p53 was not apoptosis, but instead involved the
induction of a cellular senescence program that was associated
with differentiation and the upregulation of inflammatory cyto-
kines. This program, although producing only cell cycle arrest in
vitro, also triggered an innate immune response that targeted the
tumour cells in vivo, thereby contributing to tumour clearance.
Our study indicates that p53 loss can be required for the mainte-
nance of aggressive carcinomas, and illustrates how the cellular
senescence program can act together with the innate immune sys-
tem to potently limit tumour growth.

Comment
The transcription factor p53 is one of the main tumor

suppressor proteins known to date. Upon a wide variety
of cellular stress stimuli, p53 undergoes nuclear accumu-
lation and activation that implicates posttranscriptional
modifications, increased genomic stability, transcrip-
tional activity, and protein-protein interaction with other
molecules.1 Activation of p53 induces cell growth arrest,
cellular senescence, differentiation, DNA repair, or apo-
ptosis (Fig. 1) in order to prevent damaged cells from
proliferating or undergoing oncogenic transformation.1,2

Inactivation or mutation of p53 results in loss of apopto-
tic function and impairment of DNA-binding ability that

derive in tumorigenic transformation and increased ge-
netic instability (Fig. 1).3-5 Additionally, maintenance of a
certain p53 expression level (gene dosage) is essential to
preserve its tumor repressor function.6

Along with p53 inactivation, ras and p16 mutations
are highly prevalent in human tumor development. Ser-
rano et al. described how retroviral transfection with an
activated ras allele (HrasV12) induced cell cycle arrest
characterized by cellular senescence in the presence of
abundant p53 expression. However, disruption of p53
activation favored ras-induced cell transformation, be-
cause they could efficiently escape from p53-induced cell
cycle arrest.7

From this line of evidence, the recent study by Xue et
al.8 efficiently showed tumor regression upon p53 resto-
ration. They transplanted embryonic liver progenitor cells
(hepatoblasts) transduced with oncogenic Ras and with a
tet-responsive (tet-off system) p53 short hairpin RNA
(shp53mir) in athymic nude mice. Through this ap-
proach, they induced rapid development of ras-expressing
hepatocellular carcinomas. This was performed in the ab-
sence of doxycycline (Dox), which resulted in a lack of
wild-type (wt) p53 expression. After Dox treatment, ras-
tumors exhibited a complete regression as endogenous
p53 expression was restored by tet-off–induced shp53mir
silencing.

Tumor regression mediated by p53 did not involve
apoptosis or necrosis but cellular senescence and activa-
tion of the innate immune response. The authors ob-
served a strong production of proinflammatory cytokines
which triggers neutrophil, macrophage, and natural killer
cell infiltration in the peritumor and tumor areas after p53
restoration. This observation was associated with a strong
expression of cellular senescence markers in tumors
shortly after p53 restoration. Senescent cells express in-
flammatory cytokines, chemoattractants, and adhesion
molecules9,10 in order to facilitate recruitment and tumor
targeting of immune cells.

These data suggest that p53 expression coordinates the
link between cellular senescence and the innate immune
response in order to eliminate tumor cells by phagocytosis
and cytotoxic mechanisms. This finding was further
strengthened by the observation that depletion of macro-
phages, neutrophils, or natural killer cells by gadolinium
or neutralizing antibodies delayed tumor clearance after
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p53 restoration. Additionally, in NOD/SCID (nonobese
diabetic, severe combined immunodeficient) mice, no tu-
mor regression upon p53 reactivation was observed al-
though cellular senescence was induced. These results
confirm the tight coordination between the senescence
cell program and the innate immune system in eliminat-
ing ras-induced tumors. Interestingly, only transient p53
restoration was sufficient to irreversibly activate the cellu-
lar senescence program.

In a second study published in the same issue of Na-
ture, Ventura et al.11 also demonstrate that p53 restora-
tion results in tumor regression. However, in their work,
induction of programmed cell death (apoptosis) was es-
sential to trigger tumor clearance. The different p53-de-
pendent mechanisms observed in these 2 studies might be
best explained by the different nature of the applied tu-
mor models and potential tissue-specific differences. Xue
et al.8 induced hepatocellular carcinomas via oncogenic
ras, whereas Ventura et al.11 accelerated autochthonous
lymphoma and sarcoma formation, characteristic for p53
null mice after radiation shortly after birth. In their study,
tumor regression was tissue dependent. Restoration of
p53 in lymphomas triggered apoptosis, whereas in sarco-
mas cell cycle arrest was induced.11

These 2 reports highlight the critical role of wt p53 in
regulating both apoptosis and cellular senescence during
tumor regression, suggesting p53 restoration in tumor
cells as a potential therapeutic target. However, before
directly addressing this approach in humans it has to be
stressed that both experimental models are artificial. In
many human tumors, p53 expression is not deleted and
mutant p53 versions are expressed, especially in hepato-
cellular carcinomas. At present, it is unclear if wt p53
expression in these tumors would really lead to senescence
and activation of the innate immune response in order to
trigger tumor regression. Therefore, the data presented in
both studies are very promising for development of new
treatment options, because transient activation of a single

gene can reverse tumor growth by different cellular mech-
anisms. However, future studies are essential to test if this
concept can be applied to a broader spectrum of tumors
also in humans.

NAIARA BERAZA

CHRISTIAN TRAUTWEIN

Department of Internal Medicine III, University Hospital
Aachen (RWTH)

Aachen, Germany
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Fig. 1. Cellular stress induces nu-
clear accumulation of wild-type (wt)
p53. Activation of wt p53 triggers cell
cycle arrest, cellular senescence, or ap-
optosis in an attempt to either repair the
damaged cell or to avoid its oncogenic
transformation. In contrast, cells with
inactivated p53 (mutated or not ex-
pressed) undergo oncogenic transfor-
mation as cellular proliferation and
immortalization is exacerbated, resulting
in tumor development.
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T Cells in the Liver: There Is Life Beyond
the Graveyard

Keating R, Yue W, Rutigliano JA, So J, Olivas E, Thomas
PG, Doherty P. Virus specific CD8� T cells in the liver:
armed and ready to kill. J Immunol 2007;178:2737-
2745. (Reproduced by permission)

Abstract
Influenza A virus infection of C57BL/6 mice is a well-charac-

terized model for studying CD8� T cell-mediated immunity.
Analysis of primary and secondary responses showed that the liver
is highly enriched for CD8� T cells specific for the immunodom-
inant H2DbNP366-374 (DbNP366) epitope. Functional analysis es-
tablished that these liver-derived virus-specific CD8� T cells are
fully competent cytotoxic effectors and IFN-gamma secretors. In
addition, flow cytometric analysis of early apoptotic cells showed
that these influenza-specific CD8� T cells from liver are as viable
as those in the spleen, bronchoalveolar lavage, mediastinal lymph
nodes, or lung. Moreover, cytokine profiles of the influenza-spe-
cific CD8� T cells recovered from different sites were consistent
with the bronchoalveolar lavage, rather than liver population, be-
ing the most susceptible to activation-induced cell death. Impor-
tantly, adoptively transferred influenza virus-specific CD8� T cells
from the liver survived and were readily recalled after virus chal-
lenge. Together, these results show clearly that the liver is not a
“graveyard” for influenza virus-specific CD8� T cells.

Comment
For a long time, the liver was thought to play a passive

role during an immune response to extrahepatic patho-
gens. This view shifted in 1994 when Nick Crispe and his
colleagues suggested that this organ might be a disposal
site for CD8� T cells activated in peripheral lymphoid
tissues (lymph nodes and spleen).1 This hypothesis,
known as the graveyard model, a term reminiscent of
African elephants going to die in a defined spot in the
jungle, was based on observations made with transgenic
mouse models: when T cell receptor (TCR) transgenic
mice were injected with the antigenic peptide triggering
TCR activation, T cells were activated and massively ac-
cumulated within the liver, in which a high proportion of
them underwent apoptosis.1 The presence of high num-
bers of apoptotic lymphocytes in the liver was also ob-
served in many experimental and clinical settings, and this
increased the credibility of the hypothesis.2 The graveyard
model has received major attention from immunologists,
because it might explain some of the unique tolerogenic
properties of the liver in transplantation and viral hepati-
tis. However, from its conception, this model did not
adequately explain the liver tolerance effect. Even if the
liver was able to dispose of T cells at the end of their life or,
as proposed later, to actively kill effector T cells, recogniz-
ing their antigen in the liver,3 it did not explain why

effector and memory T cells generated during viral infec-
tions are sometimes capable of clearing infection.

Recent data appear to presage the death of the grave-
yard model as a mechanism to explain liver-induced tol-
erance. The first set of evidence comes from the
developers of the hypothesis themselves, who recently
demonstrated the presence of full effector T cells in a
transplanted mouse liver and concluded that their model
needs revision.4 This recent article by Keating et al.5 rein-
forces this view. By following the immune response spe-
cific for an immunodominant influenza epitope in
experimentally infected mice using major histocompati-
bility complex class I tetrameric complexes, the authors of
this article demonstrated that the liver contains a low but
significant number of influenza-specific T cells following
primary and secondary immune responses. Most impor-
tantly, they show that these cells are not undergoing apo-
ptosis but rather are fully functional effector cells able to
secrete high levels of interferon-� (IFN-�), interleukin-2,
and tumor necrosis factor � (TNF-�) and capable of kill-
ing target cells expressing the relevant epitope. Interest-
ingly, influenza-specific T cells isolated from the liver are
less sensitive to peptide stimulation than those isolated
from bronchoalveolar lavage, and this indicates that they
exhibit reduced functional avidity, a concept that is con-
sistent with a tolerogenic role for the liver. Because low-
avidity T cells are less susceptible to activation-induced
cell death, the authors suggested that the liver might ac-
tually preserve antigen-specific effector T cells and act as a
reservoir of early response cells for rapid mobilization.
Their low functional avidity would protect or limit dam-
age induced by these T cells to other organs and to the
liver itself. The presence of low-avidity T cells in the liver,
however, might have profound implications for hepatitis
B virus or hepatitis C virus (HCV) infections. HCV-
specific CD8� T cells detected in patients developing
persistent infection generally display impaired function
characterized by reduced IFN-� production, prolifera-
tion, and cytotoxic T lymphocyte activity,6 an anergic
phenotype also characteristic of low-avidity T cells.7 Low-
avidity cells might be efficient enough to induce liver
damage but be ineffective in clearing the virus.8 This
might contribute, in particular, to the pathology of
chronic HCV infections. Future studies investigating the
avidity of HCV-specific T cells are required to address the
validity of this hypothesis.

Another important aspect of Keating et al.’s article is
the confirmation that virus-specific T cells may be re-
tained in the liver even when the virus is not known to
infect this organ.9-11 This retention might reflect sluggish
transit through this organ due to slow intrasinusoidal
blood flow, rather than cells taking up permanent intra-
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hepatic residence.12 What is the result of the retention of
effector T cells in the liver? Several studies have demon-
strated that this retention may not always be innocuous
and that these T cells might cause liver damage even when
hepatocytes do not express the antigen recognized by the
T cells13-15 (Fig. 1). Although the influenza virus is not
hepatotropic, it is possible that influenza-specific T cells
are activated within the liver by hepatic cells cross-pre-
senting viral proteins. Indeed, hepatic cells such as liver
sinusoidal endothelial cells16 and, more recently, hepatic
stellate cells17 have been shown to be able to cross-present
antigens. Such intra-hepatic presentation of antigens de-
rived from a nonhepatotropic agent could lead to the
activation of pathogen-specific T cells within the liver,
with a resultant bystander hepatitis mediated through the
release of cytokines such as IFN-� and TNF-�.15 This
phenomenon would appear to have clinical relevance as it
has been reported during influenza infection when the
virus was not detectable within the liver.18 More signifi-
cantly, it might explain the relatively common occurrence
of hepatitis in individuals infected with the Epstein-Barr
virus, which is not thought to infect hepatocytes.19

In conclusion, this article suggests that there are at
least 2 outcomes from intrahepatic T cell activation
that may damage the liver rather than result in the
graveyard death of cells and tolerance. First, the liver
may preferentially induce low-avidity T cells that allow
the persistence of viral infections resulting in antigen-
specific chronic hepatitis. Second, T cell activation
may result in a non-antigen-specific hepatitis through
cytokine release, a not uncommon event in non-hepa-
totropic viral infections. Thus, these studies add new
dimensions to understanding the role of the liver in the

balance between tolerance and immunity during im-
mune responses.

PATRICK BERTOLINO
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CORRESPONDENCE

Anti-gp210 Antibody Mirrors Disease Severity in Primary Biliary Cirrhosis

To the Editor:

We read with interest the article by Nakamura et al.1 reporting
clinical and prognostic significance of autoantibodies to nuclear
pore gp210 antigen and centromere in primary biliary cirrhosis
(PBC). By studying 276 Japanese patients, the authors found that
anti-gp210 antibody positivity was a risk factor for progression to
end-stage hepatic failure and related to disease severity whereas
anti-centromere antibody positivity predicted progression to com-
plications of portal hypertension, such as esophageal varices, in the
absence of jaundice.

We tested 332 PBC patients including 170 from Barcelona,
Spain and 162 from Larissa, Greece for gp210 and centromere
autoantibody reactivity, using the same commercial enzyme-linked
immunosorbent assay kits used by Nakamura et al.1 Biochemical,
clinical, and immunological data were obtained at presentation and
during follow-up.

Compared to the Japanese study, which reported a prevalence of
26% for both autoantibodies, we found this to be much lower in our
cohort with anti-gp210 being present in 38 of 362 (10.4%) and anti-
centromere in 39 of 362 patients (10.8%). There was no difference
between Spanish and Greek patients.

Compared to seronegative patients, those who were positive for
anti-gp210 had higher baseline (895 � 340 versus 612 � 423, P �
0.006) and 12-month (573 � 213 versus 359 � 292, P � 0.01)
alkaline phosphatase levels, higher baseline bilirubin levels (1.4 �
0.7 versus 0.78 � 0.4, P � 0.001), and higher Mayo risk score
(5.2 � 1 versus 4.2 � 0.7, P � 0.012). Anti-gp210 positivity
neither predicted outcome (survival, transplantation, liver-related
death) nor defined histologic disease severity. Anti-centromere se-
ropositivity predicted neither clinical or biochemical disease sever-
ity nor outcome. Akin to Nakamura et al.,1 we found that fewer
than 15% anti-gp210 –seropositive patients progress to hepatic fail-
ure, but at variance with them, we are hesitant at attributing prog-
nostic value to what appears to be a relatively weak association.

In summary, our data highlight 3 points. They show that anti-
gp210 is a biomarker of disease severity in PBC,2-5 partially concurring
with the findings from Japan. They also show that the autoantibody
prevalence is much lower—less than half—in Mediterranean popula-
tions, in whom it also fails to act as a prognostic marker. Differences in
results between the 2 studies are likely to derive from ethnic/geograph-
ical variations, because the methodological approach was identical. To
define more confidently which characteristics of anti-gp210 are uni-
versal and which are ethnically/geographically determined, further
studies on large PBC cohorts are needed.
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Reply:

We are pleased that Bogdanos and colleagues have undertaken an
analysis of gp210 and centromere autoantibodies in their combined
cohort of 332 patients with primary biliary cirrhosis (PBC) from Spain
and Greece.

The authors stated they used the same commercial anti-gp210 and
anti-centromere enzyme-linked immunosorbent assay (ELISA) kits
used by us. This is incorrect. We used the same commercial anti-
centromere ELISA kits (INOVA Diagnostics Inc.), but we used an
in-house anti-gp210 kit as described in Nakamura et al.2.

We found, however, that the sensitivity and specificity of these 2
anti-gp210 kits are very similar (unpublished data). Therefore, we do
not believe that the magnitude of the difference in seropositivity for
anti-gp210 between the Japanese and Mediterranean cohorts is a result
of the differences between the ELISAs employed in each study.

We realize that in a short communication, Bogdanos et al. may not
be able to present in detail the design of their clinical study nor the
demographic features of patients with PBC, including sex, age, fol-
low-up period, histological stage at the time of initial diagnosis, and the
histological and/or clinical stage at the end of observation. This may
reduce the quality of their cohort study. Furthermore, the majority of
data were presented by way of a case-control study. The predictive
values (odds ratio and/or hazard ratio) of anti-gp210 or anti-centro-
mere were not presented. This may markedly reduce the strength of
their conclusions.

The seropositivity for anti-gp210 and anti-centromere antibodies
in their study is much lower compared to our study in Japan. There are
several possible explanations of this observation: (1) patients with PBC
in their study involved more numbers of early-stage patients than our
study, (2) the presence of ethnic/geographical variations or the differ-
ent etiology between Mediterranean and Japanese populations, and (3)
differences in the precise diagnostic criteria of PBC.

We agree with Bogdanos et al. that further studies on large PBC
cohorts from different ethnic and geographic regions are needed to
clarify the universality of our observations using the same ELISA kits
and look forward to the results of these studies.

MINORU NAKAMURA, M.D., PH.D.
Clinical Research Center, National Hospital Organization (NHO)
Nagasaki Medical Center and Department of Hepatology
Nagasaki University Graduate School of Medical Sciences
Omura, Nagasaki, Japan
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Which Gene, Reg2 or Reg3�, Was Targeted that Affected Liver Regeneration?

To the Editor:

In a recent report, H-T Lieu et al.1 created a Reg2/RegIII� gene
deficiency (marked as Reg2�/�) through homologous recombina-
tion. The knockout mice were normal except for impaired hepato-
cyte survival and regeneration when challenged by induced
hepatitis or hepatectomy. Thus, in response to Fas-induced acute
hepatitis, Reg2�/� mice had decreased survival; after a two-thirds
hepatectomy, they exhibited increased mortality, delayed liver mass

restoration, and decreased bromodeoxyuridine incorporation into
their DNA. The authors even presented evidence that endogenous
Reg2 gene expression and protein production were induced during
liver regeneration. It was concluded that Reg2/HIP/PAP is a critical
mitogenic and antiapoptotic factor for the liver. Although we wel-
come the data and interpretation, it is totally unclear on which
gene, Reg2 or Reg3�, was actually targeted that affected liver re-
generation.

According to the article, “Reg2, also called RegIII�, is the mouse
homolog of human hepatocarcinoma-intestine-pancreas/pancreatic-
associated protein (HIP/PAP), whose cDNA has been cloned in
different species under different names: human HIP/PAP or
Reg3A; rat Reg2, PAPI, or peptide 23; mouse Reg2/RegIII�; and
hamster islet neogenesis associated protein or INGAP, respec-
tively”, and the target gene to these underlined proteins could be
Reg2, Reg3�, Reg3�, or INGAP,1 respectively. This is impossible
because they represent independent genes encoding unique pro-
teins, assuming only one gene was targeted. Similar confusing ter-
minology has been used in another article from the same laboratory
where HIP/PAP was referred to as human Reg-2, in the abstract,
but Reg2 has only been found in mice so far.2

We have reason to believe that the actual target was mouse
Reg3� (also known as Reg III�; or PAP, PAP1 and HIP in other
species).3-5 As shown in Fig. 1, the polymerase chain reaction
(PCR) primers used to genotype the knockout offspring were
perfectly matched to the genomic sequence of mouse Reg3�
gene (access number D63360), which would generate a product of
687 base pairs, similar to the 600 base pairs reported.1 The
primer sequences were also found in the mouse Reg3�
cDNA (NM_011036) at nucleotide positions 295-315 and
376-395, respectively. Moreover, the same genomic DNA
(D63360) has a unique EcoR V site at position 2175-2180 of the
intron 2, exactly as illustrated in figure 1A of the article.1 The
antibody used to detect Reg2 using immunohistochemistry was
raised against human HIP/PAP which should correspond to mouse
Reg3�.1,2

Fig. 1. Partial genomic sequence of mouse Reg3� showing the EcoR
V site and locations of the PCR primers. The sequence was retrieved from
the GenBank using access number D63360.5 The 3 underlined regions,
from top to bottom, illustrate EcoR V (nt position 2175-2180), Reg2
sense (2909-2929), and Reg2 anti-sense (3576-3595, in complement
strand) primers.

Table 1. Presence of EcoR V Sites in Loci of the Reg Family
Genes

Gene
(Reference)

Access
No.

Size
in
kb

Number of
EcoR V Position Location

Reg2 (7) D14011 3.9 0 N/A N/A
Reg3� (5) D63358 4.3 1 3352 Intron 4
Reg3� (5) D63360 4.3 1 2175 Intron 2
Reg3� (8) AB035205 4.5 1 1805 Intron 1

NOTE. The EcoR V sequence GATATC was searched against the published
sequences of genomic DNA.
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We also have evidence to exclude other Reg genes as the target.
The mouse genome has been sequenced and much information is
available from Web sites such as www.ncbi.nlm.nih.gov or www.in-
formatics.jax.org. In addition to Reg3�, we explored 3 other pos-
sible candidates, as listed in Table 1. The PCR primers were not
matched to any other genomic or cDNA sequences (by access num-
bers in Table 2). The Reg2 locus has no EcoR V site, Reg2 ispre-
dominately expressed in the pancreatic islets,6 and a homologous
Reg2 gene has not been found in human or rats. The Reg3� locus
has an EcoR V site in intron 4, instead of intron 2 as reported;1 the
Reg3� gene (mouse homolog of INGAP, also known as INGAP-rp)
has an EcoR V site in intron 1, instead of intron 2.

The current terminology used for mammalian Reg family genes/pro-
teins is very confusing and should be unified through debates. According
to our search, there seem to be 7 Reg family genes in the mouse (Table 2).
Similar and more detailed classifications need to be done for human and
rat in the future. Thus, unless the authors provide further evidence, we
urge appropriate corrections to be made to this and the previous articles,
where Reg2 and HIP/PAP should be referred to as Reg3�.

JUN-LI LIU

WEI CUI

Fraser Laboratories for Diabetes Research
McGill University Health Centre
Montreal, Canada
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Reply:

In a recent letter, Drs. Liu and Cui state that “The current termi-
nology used for mammalian Reg family genes/proteins is very confus-
ing and should be unified with debates.”

Moreover they comment that:

According to the article, Reg2, also called RegIIIb, is the
mouse homolog of human hepatocarcinoma-intestine-
pancreas/pancreatic associated protein (HIP/PAP),

Table 2. Members of the Mouse Reg Family Genes

Mouse Gene
(Reference) Orthology

Amino
Acids GenBank Access Numbers

Chromosome
Location

Reg1 (7, 11, 12) Reg, PTP, PSP 165 D14010, NM_009042, P43137 6, Cytoband C-D
Reg2 (7) PTP2, PSP2, lithostathine2 173 D14011, NM_009043, Q08731 6, Cytoband C
Reg3� (5) PAP2 175 D63358, NM_011259, O09037 6, Cytoband C
Reg3� (3-5) PAP, PAP1, HIP 175 D63360, NM_011036, P35230 6, Cytoband C
Reg3� (5) PAP3 174 D63362, NM_011260, O09049 6, Cytoband C
Reg3� (8, 13) INGAP-rp, INGAP 175 AB035205, NM_013893, Q9QUS9 6, Syntenic
Reg4 (14-16) RELP 157 67709, NM_026328, Q9D8G5 3, Cytoband F3

NOTE. All the genes have 6 exons and map to a 75-kb region of chromosome 6C, except Reg4.5,8-10 The literature has used other names, especially when referring
to other species, such as HIP, gene expressed in hepatocellular carcinoma/intestine/pancreas; PAP, pancreatitis-associated protein; PSP, pancreatic stone protein; PTP,
pancreatic thread protein; and RELP, regenerating protein–like protein. The GenBank access numbers refer to genomic, cDNA, and protein sequences, respectively.
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whose cDNA has been cloned in different species under
different names: human HIP/PAP or Reg3A; rat Reg2,
PAPI, or peptide 23; mouse Reg2/RegIIIb; and hamster
islet neogenesis associated protein or INGAP. The target
gene could be, respectively, Reg2, Reg3a, Reg3b or IN-
GAP.1 This is impossible because they represent inde-
pendent genes encoding unique proteins, assuming only
one gene was targeted.

We recognize the confusing terminology but can confirm that the
gene we cloned and sequenced from the mouse genomic library and
therefore subsequently knocked out is definitely RegIIIbeta, which we
also name as Reg-2 because it is the homolog of rat Reg-2.

To clarify the terminology, Table 1 compares the nomenclature
and clarifies the homologies of the various members of the Reg family.
We believe that the confusion is due to the mixed usage of Arabic
numerals (2 and 3) and Roman numerals (I, II, and III) adopted in

previous papers. The table by Liu and Cui uses Arabic numerals, but in
original articles, the usages are a mixture of Arabic and Roman. In any
event, we agree the terminology is inconvenient (see Namikawa et al.2
and Namikawa et al.3).
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APRI-M6 for Predicting Long-Term Outcome of Chronic Hepatitis C Patients After Interferon-Based
Therapy: More Questions than Answers

To the Editor:

We read with interest the article by Yu et al. in which they claim
that aspartate aminotransferase-to-platelet ratio index 6 months after
end of treatment (APRI-M6) can accurately predict the long-term
outcome of patients subjected to interferon-based therapy.1 Although
the application of APRI-M6 seems simple and potentially useful in our
daily clinical practice, several issues should be considered before draw-
ing definite conclusions.

First, the enrolled population was heterogeneous in both study
and control groups. For example, in the study group, one-third of
patients received IFN monotherapy and the rest of them received
combination therapy of IFN plus ribavirin. It is known that the
chronic hepatitis C patients having different treatments vary in
terms of compliance, virological response,2 and potential long-term
outcome.3 In addition, one-fourth of study patients were excluded
for further analysis because of unavailable data. However, the au-
thor failed to analyze the reasons of unavailability such as early
dropout due to IFN intolerance, poor response, or even early death,
which may contribute to the adverse long-term outcomes. The
control patients were significantly younger and had less cirrhosis
than did the study patients. In addition, their baseline health status
and fibrotic stages were also lacking. It is generally conceivable that
age and advanced fibrosis are 2 major predictors for the progression
of liver disease and response to IFN-based therapy.4

Second, selection bias existed because of the retrospective and
prospective study design. Different and unmatched enrollment pe-
riods (1985-1999 for the control group and 1992-2002 for the
study group) may lead to the incomparable willingness to receive
IFN-based therapy because of different treatment standards or in-
formation of hepatitis C. Accordingly, unmatched study and con-
trol groups had variable follow-up periods that may be problematic
in evaluating long-term outcomes. For example, compared to IFN-
treated patients with preexisting cirrhosis, untreated controls sur-
vived more if the follow-up years were set at 9.5 years (79.8% versus
92.4%) (Appendix 2 and 3). Similarly, the liver-related mortality
was also better in untreated controls (10 of 562 patients in 5.15
years of the untreated group versus 14 of 776 patients in 4.75 years
of the treated group). Concerning HCC development, it is obvious
that more HCC developed in the untreated group than the treated
group (54 of 562 patients versus 41 of 776 patients); however, it is
hard to explain why HCC patients in the untreated group survived
more than those in the treated group at the end of follow-up (48 of
54 patients versus 29 of 41 patients) if all HCC patients were at the
same tumor stage and received standard therapies.

Third, the limited value of APRI-M6 on patients with cirrhosis and
those with SVR for survival discrimination may restrict its application in
special patient groups for whom prediction of long-term outcome is im-
portant. In clinical practice, we commonly use preexisting fibrosis stage
and SVR after antiviral therapy to predict HCC development and survival
in both treated and untreated chronic hepatitis C patients.5,6 Although

Table 1. Reg Gene Family Members

Human Mouse Rat Hamster Bovine

Reg I �
I (PSP/Lithostatin/PTP) Reg I Reg I

Reg I �

II Reg II

Reg III Reg III � Reg III /PAP II
III PAP/HIP Reg III � PAP I/Reg-2 INGAP PTP

Reg III � PAP III
Reg III �

IV Reg IV Reg IV Reg IV
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APRI has been shown to identify patients with chronic hepatitis C who
have significant fibrosis and cirrhosis before IFN-based therapy,7 whether
reduction of APRI correlates with improvement of fibrosis stage after
IFN-based therapy remains unclear. It has been reported that fibrosis stage
may not significantly change within 6 months after IFN therapy.8 Thus,
APRI-M6 does not seem to be a good indicator for fibrosis regression, and
may merely reflect SVR and biochemical response to IFN-based therapy.
Taken together, these lines of evidence suggest that APRI-M6 may corre-
late well with SVR, and SVR itself rather than APRI-M6 can predict
long-term outcomes of chronic hepatitis C patients after IFN-based ther-
apy. Therefore, do we really need APRI-M6 in our daily practice? The
APRI-M6 may remain useful in patients who refuse liver biopsy or have
unknown virological response to antiviral treatment. Does APRI-M6
change our follow-up policy? For low-risk groups (patients without cir-
rhosis and sustained responders), regular follow-up is recommended be-
cause HCC or liver-related death still occurs, albeit rarely. Nevertheless,
there are no convincing data to suggest a closer follow-up for high-risk
groups (patients with cirrhosis and nonsustained responders) is of benefit.

In summary, the existing data indeed point out new directions for
the prediction of long-term outcomes of chronic hepatitis C patients
after IFN-based therapy by using simple noninvasive tests. However,
more studies are needed to clarify the clinical usefulness of serial APRI
or other tests.9

TUNG-HUNG SU, M.D.2

JIA-HORNG KAO, M.D., PH.D.1-4

DING-SHINN CHEN, M.D.2-3
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Reply:

We appreciate the insightful comments from Dr. Su and his col-
leagues. The age, distribution of sex, hepatitis C virus genotype, and
cirrhosis status did not differ between patients who were enrolled for
analysis of aspartate aminotransferase-to-platelet ratio index (APRI) at
6 months after end-of-treatment (M6) and those who were excluded
because of no APRI data available at M6.1

The benefits of preventing disease progression in chronic hepatitis C
(CHC) patients who did not respond to interferon, as observed in earlier
studies,2 no longer existed in a longer observation period.3 Achievement of
a sustained virologic response (SVR) could reduce risk of hepatic compli-
cations, regardless of treatment regimen.4,5 Thus, the heterogeneity of
treatment population would not influence the results of our study. Be-
cause we looked at the therapeutic effect of interferon-based therapy for
CHC on long-term outcome, per-protocol population was selected for
analysis. Patients who terminated early from prescribed interferon-based
therapy usually are grouped into nonresponders in intention-to-treat anal-
ysis. Nevertheless, an SVR might be achieved in patients who terminated
early from 24 weeks of peginterferon/ribavirin therapy.6 The long-term
outcome of the subgroup needs further evaluation.

The major limitation of the current study was the nonrandomized
controlled, retrospective-prospective design. However, it would be uneth-
ical to withhold antiviral therapy from CHC patients. Thus, definitive
proof of the effectiveness of antiviral therapy in preventing disease progres-
sion is unlikely to come from prospective controlled trials. Our treated
group was older and had a higher proportion of patients with cirrhosis
than the untreated group did. Because age and cirrhosis are 2 major risk
factors for liver disease progression,4 the effect of antiviral treatment in
reducing hepatic complications would not be overestimated in this study.
Using Cox proportional hazards regression analysis, we could control the
confounding factors and reduce the potential bias between the 2 groups.

The annual incidence of mortality and cumulative survival rate were
similar between untreated and interferon-treated patients with a 15-year
follow-up, even considering that the interferon-treated patients were
much older and more cirrhotic than the untreated ones.1,4 However, the
cumulative survival rate was significantly higher in sustained responders
than in nonresponders and untreated patients, but did not differ between
nonresponders and untreated patients.4 Preexisting cirrhosis and treat-
ment failure, instead of antiviral therapy, were independent predictors for
patient death. The results further emphasized the importance of achieving
an SVR in reducing risk of hepatic complication.

There were 2 reasons why patients with hepatocellular carcinoma
(HCC) in the untreated group survived more than those in the treated
group at the end of follow-up. First, the outcomes of patients were deter-
mined based on the occurrence of hepatic complications at the last visit
before the time of analysis in both cohorts. Search for death registry was
not performed for patients lost to follow-up. Second, in the untreated
controls, 2 of the 4 patients who died of hepatic decompensation were
concomitant with small HCC development. Thus, we assigned their cause
of death as hepatic decompensation instead of HCC.

Because regression of hepatic fibrosis was estimated about 0.28 units
per year in sustained responders,7,8 it is not surprising that fibrosis stage
may not significantly change at M6 when using the scoring systems of
semiquantitative assessment with the proposed numeric unit of 5-7
scales.9-11 It is hard to discriminate relatively small but significant differ-
ences of hepatic fibrosis by using current scoring systems. Among our
sustained responders, the platelet count rose significantly from baseline to
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M6 (182 � 58 � 109/l versus 187 � 60 � 109/l, P � 0.0001, paired t
test). By contrast, the platelet counts at baseline and M6 were similar
(166 � 64 � 109/l versus 165 � 62 � 109/l) among nonresponders.
Thus, the platelet component of APRI may more closely reflect the ongo-
ing change in hepatic fibrosis after interferon-based therapy than the
present proposed scoring systems. Taken together, the APRI determined
after interferon-based therapy may not only correlate well with SVR and
sustained biochemical response, but also with the slow, but significant
regression of hepatic fibrosis. All the factors have been important factors
associated with long-term outcome of liver disease.4,7

Because patients with cirrhosis with and without an SVR are at risk
of HCC, universal close follow-up is recommended in clinical practice
and may overcome the limitation of APRI-M6 prediction for the sub-
group. Nevertheless, with optimized cut-off values of APRI-M6, we
could identify patients at risk for HCC development in low-risk
groups (sustained responders and patients without cirrhosis). These
results could provide decision-making information for scheduling fol-
low-up intervals to detect HCC early.
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Neutrophil Depletion Protects Against Murine Acetaminophen Hepatotoxicity: Another Perspective

To the Editor:

In a recent issue of HEPATOLOGY, Liu et al. reported that a neutrope-
nia-inducing monoclonal antibody protected against acetaminophen
(APAP)-induced liver injury.1 This study,1 together with an independent
paper published by Japanese authors at the same time,2 strongly suggests
that a neutrophilic inflammatory component is critical for the overall liver
injury and survival in these animals. Although the study is well designed
and the conclusions appear to be justified by the presented data, some
doubts remain. First, as discussed previously, there is a substantial body of
experimental evidence published, which argues against a critical role of
neutrophils in this particular model of drug-induced hepatotoxicity.3,4

Second, when we treated animals with the same anti-Gr-1 antibody several
hours after APAP administration but before neutrophil accumulation in
the liver, we did not find any protection.5 These contradictory findings
raised the important question: Why is the same antibody effective as a
pretreatment for 24 hours1,2 but not as a posttreatment after the metabolic
activation of APAP?5

The most obvious explanation, i.e., inhibition of metabolic activation,
was convincingly ruled out by Liu et al.1 The authors also demonstrated
that the responsiveness of Kupffer cells to endotoxin was not significantly
altered 24 hours after treatment of mice with the neutropenia antibody.1

However, another possible explanation remains unexplored. It is well
known that after treatment with a neutropenia-inducing antibody, most

antibody-tagged neutrophils end up in hepatic sinusoids and are eventu-
ally removed by Kupffer cells.6 This leads to at least a temporary activation
of these tissue macrophages.6 Therefore, we hypothesized that during this
early phagocytosis of tagged neutrophils, inflammatory mediators may
have been generated, which triggered the induction of protective genes.3
To address this issue, we treated C57BL/6 mice (The Jackson Laboratory,
Bar Harbor, ME) intraperitoneally with a dose of 250 �g and 100 �g per
mouse with the anti-Gr-1 antibody (RB6-8C5; BD Biosciences, San Di-
ego) at 24 hours and 4 hours before killing the animals. Controls received
either identical doses of an isotype-matched rat IgG2b or saline (200 �l per
mouse). The protocol was identical to the one described by Liu et al.1
Although there was no evidence of liver cell damage based on plasma ALT
values, using real-time PCR as described,5 we found a moderate increase
(200%-300% of baseline) of several cytokines and chemokines in the liver
(data not shown) but also of heme oxygenase-1 (HO-1) (173 � 24% of
baseline; P � 0.05). However, most striking was the 14-fold and 35-fold
increase of metallothionein 1 (MT-1) and MT-2 mRNA, respectively, in
the anti-Gr-1–treated mice (Fig. 1A). Using a cadmium saturation assay,7
we confirmed that the increased mRNA levels translated into 18-fold
higher MT protein levels in these livers (Fig. 1B).

Because a previous report from one of us7 demonstrated a substantial
aggravation of liver injury within 24 hours after APAP in MT-1/MT-2
knockout mice and a protection with prior induction of MT, our data
raise the possibility that MT induction could have been involved in the
mechanism of protection by the anti-Gr-1 antibody treatment. MT can
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act as powerful scavenger of reactive oxygen or nitrogen species,7 which are
critical mediators of APAP-induced cell death.8 This conclusion does not
preclude the additional involvement of HO-1 or other yet unidentified
protective genes. Thus, our new data suggest that besides neutropenia, the
induction of MT and other stress-response genes may have been contrib-
uting factors in the effect of anti-Gr-1 pretreatment for 24 hours. More
detailed mechanistic studies are required to evaluate the contribution of
neutrophils and of each individual gene in the pathophysiology. Our data
also suggest that even beyond the recently published APAP studies1,2 other
conclusions based solely on anti-Gr-1 treatment, especially when neutro-
penia was induced 24 hours before the experiment, may not be as solid as
previously assumed.9
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Reply:

We appreciate the interest of Dr. Jaeschke and Dr. Liu in our previous
work1 and their new findings that present evidence for the occurrence of
protective gene expression after treatment with anti-Gr-1, which they
concluded probably reflects altered cytokine expression in response to
monoclonal antibody–induced hepatic neutrophil sequestration and acti-
vation of Kupffer cells. However, although we have not yet had the op-
portunity to ensure that these new findings can be confirmed in our hands,
we did not observe an effect of the anti-Gr-1 treatment (without acet-
aminophen[N-acetyl-p-aminophenol, or APAP]) on Kupffer cell function
or response to lipopolysaccharide, and in agreement with previous re-
ports,2-5 we did not observe neutrophil sequestration in the liver after
anti-Gr-1 treatment; rather, there was a virtually complete absence of
neutrophils in the liver. Thus, assuming Jaeschke and Liu’s findings are
correct, we are left with 2 consequences of anti-Gr-1 treatment, the induc-
tion of protective genes and the elimination of neutrophils, either or both
of which may contribute to protection from APAP. In our hands, there is
a rapid and marked early accumulation of neutrophils in the liver that does
not occur in the various models that we have employed to abrogate com-
ponents of the innate immune system upstream of neutrophils. However,
we agree that further work will be required to unambiguously address the
specific role of neutrophils as one of the key downstream effectors of innate
immune system–mediated liver injury from APAP. We believe that this
still remains quite plausible, but other distal effector mechanisms un-
doubtedly must also participate.
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Fig. 1. Metallothionein (MT) mRNA (A) and protein (B) expression in
livers of C57BL/6 mice after treatment with the anti-Gr-1 antibody
(doses: 250 �g and 100 �g per mouse) at 24 h and 4 h before
sacrificing the animals. Controls received either identical doses of an
isotype-matched rat IgG2b or saline (200 �l per mouse). The mRNA
levels of MT-1 and MT-2 were determined by real-time RT-PCR and
normalized to RNA levels of �-actin. The MT-to-actin ratio of saline
treated animals was set as 100%. Hepatic MT protein levels were
determined with the cadmium saturation assay and expressed as �g
MT/g liver weight. All data represent means � SE of n � 3 animals per
group. *P � 0.05 (compared to the saline or IgG group)
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CORRECTION
In the March 2007 article “Vaccine-induced early control of hepatitis C virus infection in chimpanzees fails to

impact on hepatic PD-1 and chronicity” by Rollier et al. (Volume 45, pages 602-613), several references to citations
were numbered incorrectly.

The correct numbered references are listed as follows:
Page 602, Abstract, lines 12-13; the correct sentence reads as:
However, expression of IDO, CTLA-4 and PD-1 levels in liver correlated with clearance or chronicity.
Page 603, left column, penultimate line; the correct sentence reads as:
The NS3 encoding plasmid was described previously.24

Page 603, right column, lines 13-15; the correct sentence reads as:
Recombinant viruses were amplified and purified by ultracentrifugation through sucrose.28

Page 604, left column, lines 8-13; the correct sentence reads as:
ELISA was performed as described previously (Komurian-Pradel et al., in press). The capacity of the chimpanzee

sera to neutralize HCV was analyzed using HCV pseudo-particles in infection assays on HuH-7 target cells as
described.30 HCV pseudoparticles were generated as described using expression vectors encoding the viral components
including E1E2 glycoproteins of strain CG1b.31

Page 604, left column, lines 20-25; the correct sentence reads as:
Quantification of specific cytokine secreting cells was performed using IFN-�, interleukin 2 (IL-2) and IL-4

enzyme-linked immunospot (ELISPOT) assays according to the manufacturer’s instructions (U-Cytech, Utrecht,
Netherlands) and as described,17

Page 604, left column, last three lines from bottom; the correct sentence reads as:
Sera were tested for a quantitative HCV RNA by real-time PCR of the 5� HCV noncoding region.34,35

Page 604, right column, lines 22-24; the correct sentence reads as:
Expression of PD-1, Foxp3, CTLA-4, IDO and Cox2 mRNA in liver was quantified as described.37

Page 611, right column, lines 2-5: the correct sentence reads as:
For this study, we used a heterologous HCV 1b J4 isolate that has previously established chronic infection in all 7

naı̈ve chimpanzees in which it had been used.17, 39-41

Page 611, right column, lines 10-12: the correct sentence reads as:
Similar results were observed recently with a T cell–based vaccine against an HCV 1a challenge.7

Page 611, right column, lines 17-19: the correct sentence reads as:
Early peak viral titers are a characteristic of this inoculum, occurring between 1 to 2.5 weeks after exposure.17,39,40

Page 612, left column, lines 13-16: the correct sentence reads as:
Findings of elevated levels of IDO and CTLA-4 expression from the same biopsies provided additional insights into

underlying mechanisms for this impaired immune function.37

In addition, the full names of Dr. Adams and Dr. Lasarte are corrected as follows: Victoria C. Adams Juan J. Lasarte
Please note that this study was also supported by grants from UTE project CIMA.
Address reprint requests to: Jonathan L. Heeney. E-mail: jhl66@cam.ac.uk.

The Publisher regrets the errors.
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