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Although leptin is a key adipokine promoting liver
fibrosis, adiponectin may prevent liver injury. To de-
termine the role of these adipokines in liver fibrosis
and to understand their expression in vivo , fa/fa rats
and their lean littermates were subjected to bile duct
ligation (BDL). Histomorphometry for collagen and
�-smooth muscle actin (�-SMA) revealed that lean
rats, but not fa/fa littermates, had significant fibrosis
with abundant hepatic stellate cell (HSC) activation.
The lean-BDL rats had significantly higher leptin con-
centrations in the hepatic vein than lean sham-oper-
ated, fa/fa BDL, or fa/fa sham-operated rats. Co-lo-
calization of leptin and �-SMA in activated HSCs was
observed by immunohistochemistry. Real-time re-
verse transcriptase-polymerase chain reaction and
Western blot analysis confirmed the presence of lep-
tin and �-SMA in activated, but not quiescent, HSCs,
whereas only quiescent HSCs synthesized adiponec-
tin mRNA and protein. Adiponectin overexpression
in activated HSCs reduced proliferation, augmented
apoptosis, and reduced expression of �-SMA and pro-
liferating cell nuclear antigen. Adiponectin receptors
(AdipoR1 and AdipoR2) were detected in both acti-
vated and quiescent HSCs, but only activated HSCs
produced significant apoptosis after treatment with
either globular or full-length adiponectin. Adiponec-
tin may act to reverse HSC activation, maintain HSC
quiescence, or significantly, may have important
therapeutic implications in liver fibrosis. (Am J
Pathol 2005, 166:1655–1669)

Leptin, a 16-kd hormone, has an array of biological ef-
fects. Recently, leptin has been shown by several groups
to be critical in the development of hepatic fibrosis;1–4

however, in all of the previous work, hepatotoxic chemi-
cals, such as carbon tetrachloride (CCl4) and thioacet-
amide, have been used to demonstrate that the absence
of circulating leptin or appropriate leptin signal transduc-
tion prevents liver fibrosis. As has also been widely de-
scribed, a hypothesis for the development of nonalco-
holic fatty liver (NAFL), which can lead to nonalcoholic
steatohepatitis (NASH) and cirrhosis, rests on the up-
regulation of cytochrome P450 2E1 (CYP2E1) and 4A
(CYP4A).5,6 In vivo rodent models using hepatotoxins in-
troduce confounding variables because their actions re-
sult in increased CYP2E1 activity,7 which could be re-
sponsible for enhanced leptin production. It is also
unclear whether leptin production is increased in injured
liver, and if so by which liver cell population. Hepatic
leptin production would be novel because leptin synthe-
sis occurs primarily in omental fat and other adipose
tissue.8 We, and others, have demonstrated that leptin is
present in activated stellate cells.9,10

In the present study, we used Zucker (hereafter fa/fa)
rats and their lean littermates to determine whether an
impaired leptin signal transduction system would fail to
result in liver fibrosis in the bile duct liver injury model.11

The fa/fa rat represents a recessive obesity mutation12,13

rendering the animal diabetic and obese. The full expres-
sion of the fatty mutation is recessive, or fa/fa. The fa
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mutation results in a missense mutation in the extracellu-
lar domain of the leptin receptor (OB-R), which results in
a glutamine269 to proline269 amino acid substitution.14,15

At present there is not a clear hypothesis linking non-
alcoholic fatty liver disease (NAFLD) and liver fibrosis.
Reports indicate that circulating free leptin levels are
significantly higher in NASH patients.16,17 The pathogenic
relationship among obesity, the metabolic syndrome, and
NAFLD bears careful scrutiny and molecular mechanisms
to understand the role of adipokines—hormones normally
secreted by white adipose tissue—may not only play a role
in the metabolic complications of obesity, but may also be a
critical link in our understanding of the relationship between
the clinical conditions associated with metabolic syndrome,
NAFLD, NASH, and cirrhosis.18,19

A recent report demonstrated that adiponectin is protec-
tive against liver injury from alcoholic and nonalcoholic fatty
liver in part from a resultant increase in carnitine palmitoyl-
transferase I and fatty acid oxidation.20 A second report
revealed increased sensitivity to carbon tetrachloride-in-
duced liver fibrosis in adiponectin knockout mice, which
was prevented when injection of adenovirus-producing adi-
ponectin was given before carbon-tetrachloride.21 Adi-
ponectin is a relatively abundant 30-kd plasma protein that
until the present was felt to be secreted specifically from
adipose tissue. The protein circulates in multimeric com-
plexes at relatively high levels in healthy humans.22 In gen-
eral, adiponectin levels correlate negatively with percent
body fat, and fasting plasma insulin.23 Adiponectin exists in
the circulation as a full-length protein (fAd) as well as a
putative proteolytic cleavage fragment consisting of the
globular C-terminal domain (gAd), which may have en-
hanced potency.23,24

Two receptor forms have been cloned for adiponectin
that have unique distributions and affinities for the molecular
forms of the protein.25 AdipoR1 is a high-affinity receptor for
gAd with very low affinity for fAd and AdipoR2 has interme-
diate affinity for both forms of adiponectin.25 AdipoR1 is
abundantly expressed in skeletal muscle,26 whereas, Adi-
poR2 is predominantly expressed in whole liver. These find-
ings are consistent with the observation that fAd has a
greater effect on hepatic metabolic signaling.27

The present study, therefore, provides novel physiologi-
cal data linking metabolic syndrome, of which NAFLD and
NASH are accepted components,28 to cirrhosis. We also
demonstrate, for the first time, that adiponectin, an adipo-
kine thought to be exclusively secreted by adipocytes,29

may be critical to either maintaining the hepatic stellate cell
(HSC) quiescent phenotype or reverse hepatic fibrosis by
induction of activated HSC apoptosis. Taken together, our
data provide one mechanism to account for the recent data
in vivo demonstrating the exquisite sensitivity to carbon tet-
rachloride by adiponectin knockout mice.22 We also dem-
onstrate that AdipoR1 and AdipoR2 are detected in both
quiescent and activated HSCs by mRNA and protein and
that activated HSCs have the potential to respond to both
adiponectin isoforms because we demonstrate that funda-
mental biological properties of the activated HSC can be
altered by adiponectin exposure.

Materials and Methods

Materials

Super Frost Plus slides, hematoxylin stain, and mounting
media are from Fisher Scientific (Pittsburgh, PA). Anti-
smooth muscle �-actin antibodies (Oncogene Research
Products, San Diego, CA); anti-leptin antibodies (R&D
Systems, Minneapolis, MN); anti-proliferating cell nuclear
antigen (PCNA), anti-�-actin (Sigma Chemical Co., St.
Louis, MO); anti-adiponectin antibody (a gift from Dr.
Aimin Xu, University of Hong Kong, Hong Kong, China);
anti-FLAG (Sigma); normal donkey serum, biotin-SP-con-
jugated AffiniPure donkey anti-rabbit IgG, biotin-SP-con-
jugated AffiniPure donkey anti-mouse IgG, peroxidase-
conjugated streptavidin (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA); TSA Reagent Plus
Cyanine3 system, TSA Reagent Plus FITCH system (Per-
kin Elmer Life Sciences, Boston MA); avidin-biotin block-
ing kit, Elite kit, biotinylated anti-mouse or anti-rabbit IgG
(H�L), Nova Red substrate (Vector Laboratories, Burlin-
game, CA). Diaminobenzidine tetrahydrochloride, nickel
sulfate hexahydrate, sodium acetate, hydrogen peroxide
(30%), methanol, paraformaldehyde, and Sirius Red stain
(Sigma). Rat leptin endocrine immunoassay was pur-
chased as a service from Linco Research, St. Charles,
MO. Dulbecco’s modified Eagle’s medium, trypsin-ethyl-
enediamine tetraacetic acid, penicillin-streptomycin were
all purchased from Invitrogen (Carlsbad, CA). Fetal bo-
vine serum (FBS) was purchased from (HyClone, Logan,
UT). Antibodies to caspase 3, cleaved caspase 3, and
mitogen-activated protein kinase (MAPK) were all pur-
chased from Cell Signaling (Beverly, MA); antibodies to
adiponectin receptors 1 (AdipoR1) and 2 (AdipoR2) were
purchased from Alpha Diagnostic (San Antonio, TX).
Globular adiponectin (gAd) was purchased from Pepro-
tech (Rocky Hill, NJ); full-length adiponectin (fAd) was
purchased from Biovender (Candler, NC). Matrigel was
purchased from BD Biosciences (Bedford, MA).

Animal Model for in Vivo Studies

Four-week-old fa/fa rats and their lean littermates were
purchased from Charles River Laboratories (Wilmington,
MA). Animals were housed for 4 additional weeks in a
temperature-controlled environment (20 to 22°C) with a
12:12 hour light:dark cycle, and fed ad libitum with Purina
Laboratory Chow (Ralston Purina, St. Louis, MO) and
water. The bile duct ligation (BDL) protocol was ap-
proved by the Institutional Animal Care and Use Commit-
tee of Emory University. Rats were assigned to one of four
groups (n � 10): BDL (lean, or LLB), BDL (fa/fa, or FFB)
(n � 10), sham-operated (lean, LLN), and sham-operated
(fa/fa, or FFN). BDL or sham operation was performed as
described elsewhere.30

Twenty-one days after surgery, we anesthetized rats,
established intravenous access via the right atrium, and
also established portal venous access with a 16-gauge
intravenous catheter. To calculate concentration of leptin
for each rat, 1 ml of whole blood was collected from the
portal vein and 1 ml hepatic vein blood was collected
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from the right atrium after ligation of the vena cava. Total
hepatectomy was performed and the animal was exsan-
guinated. Livers harvested were weighed and a portion
was either snap-frozen in liquid nitrogen or placed in
formalin fixative and paraffin-embedded for staining and
immunohistochemical analysis. Serum from whole blood
was used to measure alkaline phosphatase, total biliru-
bin, alanine aminotransferase, and aspartate aminotrans-
ferase. Serum chemistry was performed with a serial
multichannel analyzer in the Department of Veterinary
Resources at Emory University.

Leptin and Adiponectin Immunoassay

Plasma was collected using ethylenediamine tetraacetic
acid as an anticoagulant. Controls, supplied by the man-
ufacturer, were run simultaneously with samples. All as-
says were run three times in duplicate with standards
from Linco Research (St. Charles, MO). The manufacturer
also assisted in these determinations.

Picrosirius Red Staining and
Immunohistochemical Staining for �-Smooth
Muscle Actin (�-SMA)

Picrosirius red staining was used to detect collagen fibrils
as described elsewhere.31 Paraffin-embedded tissues
were sectioned at 6 �m. Deparaffinized sections were
placed in 95% ethanol and rinsed thoroughly in double-
distilled water. Primary incubation with anti-�-SMA (1:
800) was performed for 36 to 48 hours at 4°C in a closed
humidity chamber.

Slides were viewed with a Nikon E1000M microscope
(Melville, NY), and photographed with a Cool Snap color
digital camera (Roper Scientific GmbH, Germany). Quan-
titative analysis of collagen in Picrosirius-stained or
�-SMA-stained liver sections was performed by morpho-
metric analysis. All images were quantified using Image-
ProPlus version 4.5, a commercially available software
package from Media Cybernetics (Silver Spring, MD).
Imaging tissue sections was automated using an Image-
Pro Plus macro calibrated for each microscope objective.

All sections were examined by the same person in
which 10 random areas of interest were examined per
liver section which was identified by computer-generated
field identification. The operator who performed the col-
lagen quantitation analyses was blinded to the identifica-
tion of the individual slides examined. At least 15 different
liver sections were examined for five individual animals
for each treatment group. The tissue section on the slide
was automatically scanned using a preselected thresh-
old such that captured bright-field images were digitized
into a series of picture elements (pixels). Areas of interest
were selected from a specific section on each slide with
the position of the tissue section recorded as counted
from the slide label. Similar sections were then analyzed
on each subsequent slide and the images saved for
analysis. Background images were stored and sub-
tracted from each capture area of interest. Data for both

collagen and �-SMA were expressed as the mean per-
centage of total hepatic area in the tissue sections: the
total area stained was divided by the total area of the
slide (�m2) and multiplied by 100 to give percentage of
area stained. This calculation resulted in the determina-
tion of the percent area staining positively for collagen
fibers providing a quantitative value on a continuous
scale. Identical image analysis was performed on 6-�m
sections in which staining with anti-�-SMA-antibody was
used.

Immunohistochemistry to Detect Leptin with
�-SMA-Positive Cells

Paraffin-embedded tissues were sectioned at 6 �m and
deparaffinized. Deparaffinized sections were placed in
95% ethanol and rinsed thoroughly in double- distilled
water. To detect leptin, slides were boiled in 10 mmol/L
sodium citrate (pH 6.0) for 5 minutes and then allowed to
cool for an additional 20 minutes. Three percent solution
of H2O2 prepared in KPBS (potassium-phosphate buff-
ered saline; Sigma) for slide incubation for 10 minutes
was used for subsequent washes. Slides were incubated
with avidin reagent for 15 minutes and subsequently
washed, followed by incubation with biotin for 15 minutes,
and washed again. Primary incubation with anti-�-SMA
(1:800) was for 36 to 48 hours at 4°C in a closed humidity
chamber.

Biotinylated secondary antibodies (1:600) were used
for 1 hour at room temperature, and slides were incu-
bated with either diaminobenzidine tetrahydrochloride
(DAB) alone or nickel sulfate-DAB (NiDAB) for 20 min-
utes. Slides were monitored for color precipitate and
anti-leptin (1:200) to stain tissues as described previously
for anti-�-SMA. In place of DAB or NiDAB substrate, Nova
Red substrate was used to detect leptin. Slides were
subsequently counterstained in hematoxylin, decolorized
in acid, and prepared for examination. Slides were
viewed with a Nikon E1000M microscope, and photo-
graphed with a Cool Snap color digital camera (Roper
Scientific). IPLab (Scanalytics, Fairfax, VA) was used for
image analysis.

Real-Time Quantitative Reverse Transcriptase-
Polymerase Chain Reactions (RT-qPCR) from
Whole Liver after BDL to Detect Collagen,
Leptin, and �-SMA

Total RNA from either whole liver or HSCs from BDL-
injured rats was obtained using Trizol reagent (Invitro-
gen). The cDNA template was prepared using oligo-dT
and random hexamer primers and Maloney murine leu-
kemia virus reverse transcriptase as previously de-
scribed in detail.32 After the reverse transcription reac-
tion, the cDNA template was amplified by polymerase
chain reaction with Taq polymerase (Invitrogen). The fol-
lowing genes as listed in Table 1 were subjected to
real-time RT-PCR analysis and their abundance was nor-
malized against 18srRNA. All nucleotide sequences de-
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signed and outlined in Table 1 spanned two introns to
prevent genomic DNA amplification.

For distinguishing the specific PCR product from non-
specific products and primer-dimers, melting curve anal-
yses were used.33,34 Because different DNA products
melt at different temperatures, it was possible to distin-
guish genuine products from primer dimers or nonspe-
cific products. Indeed, great care was taken to use PCR
primers, which yielded a single product, an empirical
process often requiring the design of several primer
pairs. All PCR products were verified by sequencing dye
termination technology; products were separated on 1%
agarose gels, stained with ethidium bromide, and photo-
graphed using ultraviolet illumination. For quantification,
we used real-time RT-PCR (LightCycler; Roche Molecular
Biochemicals, Mannheim, Germany) using SYBR green
as the fluorophore (Molecular Probes, Eugene, OR).

Isolation and Culture of Primary HSCs

Quiescent stellate cells were isolated as described in
detail elsewhere.35 Sprague-Dawley rats were pur-
chased from (Charles River, Boston, MA). All rats re-
ceived humane care, and the Institutional Animal Care
and Use Committee of Emory University approved the
HSC isolation protocol. In brief, in situ perfusion of the
liver with 20 mg/dl of Pronase (Boehringer Mannheim,
Indianapolis, IN) followed by collagenase (Cresecent
Chemical, Hauppauge, NY), dispersed cell suspensions
were layered on a discontinuous density gradient of 8.2%
and 15.6% Accudenz (Accurate Chemical and Scientific,
Westbury, NY). The resulting upper layer consisted of
more than 95% HSCs. Cells were placed in modified
medium 199 OR containing 20% FBS (Flow Laboratories,
Naperville, IL). The purity of cells was assessed by im-
munolocalization of �-SMA in the monolayer as well as by
intrinsic autofluorescence. The viability of all cells was
verified by phase-contrast microscopy as well as the
ability to exclude propidium iodide. Cell viability of cul-
tures used for experiments was greater than 95%. Sub-
confluent activated cells in culture (75%) 7 to 10 days

after isolation were washed twice with phosphate-buff-
ered saline (PBS) and serum-starved for 16 hours with
0.1% FBS and 1% penicillin-streptomycin in Dulbecco’s
modified Eagle’s medium.

Immunoblot Analysis for Leptin and Adiponectin
in Quiescent and Activated Stellate Cells

Culture-activated HSCs and quiescent HSCs, har-
vested immediately after liver perfusion, were washed
in PBS and resuspended in ice-cold RIPA buffer (10
�mol/L Tris-HCl, pH 8.0, 100 mmol/L NaCl, 1 mmol/L
ethylenediamine tetraacetic acid, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, and protease inhibitor cocktail, 10 �l/per ml;
Sigma) for 30 minutes on ice. HSC lysates were cen-
trifuged at 14,000 rpm for 30 minutes at 4°C. The
supernatant was harvested and protein concentrations
were determined using Bradford reagent (Sigma).36

Proteins were resolved on 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (50 �g/lane)
and transblotted to nitrocellulose membranes.37 Mem-
branes were stained with Ponceau S (0.1%) to verify
equal loading and transfer of proteins. After blocking
with 1% bovine serum albumin in TBS-Tween 20 (20
mmol/L Tris-Cl (pH 7.5), 137 mmol/L NaCl, 0.05%
Tween-20), membranes were incubated for 3 hours at
room temperature with primary antibodies. Specific an-
tibody binding was detected with corresponding
horseradish peroxidase-conjugated secondary anti-
bodies (1:5000) (Santa Cruz Biotechnology, Santa
Cruz, CA). Equal protein loading was controlled by
immunoblot of �-actin (dilution, 1:2000). To verify acti-
vation of HSCs with respect to quiescent phenotype,
immunoblot for �-SMA (dilution, 1:2000) was also per-
formed. To detect AdipoR1 and AdipoR2, immunoblot
analysis was performed exactly as described above
except that 100 �g/lane of protein was loaded on 12%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and subsequently transferred as previously

Table 1. Genes Used in Real-Time RT-PCR Analysis

Accession no. Gene Sequence 5� 3 3�

NM013076 Leptin (F) TTGTCACCAGGATCAATGACATTT
Leptin (R) GACAAACTCAGAATGGGGTGAAG

NM021578 TGF-�1 (F) TGCCCTCTACAACCAACACA
TGF-�1 (R) GTTGGACAACTGCTCCACCT

X06801 �-SMA (F) CCGAGATCTCACCGACTACC
�-SMA (R) TCCAGAGCGACATAGCACAG

XM213440 �1(1) collagen (F) GAGTGAGGCCACGCATGA
�1(1) collagen (R) AGCCGGAGGTCCACAAAG

XM66209 �2(1) collagen (F) TGATACCTCCGCTGGTGACC
�2(1) collagen (R) TAGGCACGACGTTACTGCAA

AY033885 Adiponectin (F) AATCCTGCCCAGTCATGAAG
Adiponectin (R) TCTCCAGGAGTGCCATCTCT

BC061838 Adiponectin receptor 1 (F) GGACTTGGCTTGAGTGGTGT
Adiponectin receptor 1 (R) AGGAATCCGAGCAGCATAAA

XM232323 Adiponectin receptor 2 (F) GGCAGATAGGCTGGCTAATG
Adiponectin receptor 2 (R) CACCAGCAACCACAAAGATG

F, forward primer; R, reverse primer.
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described.37 Immunoreactive proteins were revealed
with the SuperSignal West Pico chemiluminescent sub-
strate kit (Pierce, Rockford, IL) and then exposed to
X-ray film (Kodak, Rochester, NY).

Transfection of HSCs with a Mammalian
Expression Vector that Expresses FLAG-
Tagged Full-Length Adiponectin (fAd)

The expression vector pcDNA-Ad-F, a kind gift from Dr.
Aimin Xu (University of Hong Kong, Hong Kong, China),
which encodes full-length adiponectin with a FLAG
epitope tag at its C terminus was transfected into HSCs
and COS-7 (used as a positive control for adiponectin
production as described elsewhere29) using Lipo-
fectAMINE Plus (Invitrogen). Approximately 60% conflu-
ent HSCs were transfected with 4 �g of plasmid DNA.
Cells were observed to secrete adiponectin into serum-
free medium (SF) after 48 hours. Culture media were
harvested from transfected cell cultures for co-immuno-
precipitation. Culture media were incubated with 4 �l of
anti-FLAG, and the mixture rotated at 4°C for 8 hours
followed by addition of 20 �l (packed volume) of anti-
FLAG-M2-Agarose beads incubated at 4°C overnight.
The beads were collected by centrifugation and washed
twice with 1.5 ml of ice-cold RIPA buffer with a commer-
cially available protease inhibitor cocktail. The identity of
the protein was confirmed by immunoblot as described
previously.

Quantification of DNA/Cell Proliferation by
Bromodeoxyuridine (BrdU) Incorporation in
Presence of Adiponectin and Expression of �-
SMA and PCNA in Presence of Adiponectin by
Immunoblot

BrdU incorporation analysis was performed using an en-
zyme-linked immunosorbent assay (BrdU Cell Prolifera-
tion Assay; Calbiochem, San Diego, CA). Approximately
5 � 102 HSCs were cultured in 96-well plates, and 0.1
�g/well of plasmid DNA (pcmAdF or pcDNA3.1 as vector
control) was transfected for 3 hours. HSCs were allowed
to grow in complete media (containing 10% FBS) for 24
hours. After 24 hours of growth, HSCs were subjected to
serum starvation (SF media, 0.1% FBS), which served as
a negative control for proliferation. Some HSCs were
treated with serum (complete medium with 10% FBS)
which served as positive control for proliferation. BrdU
was added and was immunodetected using anti-BrdU
antibody provided by the manufacturer. Resultant im-
mune complexes were quantified by spectrophotometry
(AD340, Beckman Coulter). The color intensity was stan-
dardized to the number of proliferating cells. Identical
experiments were performed to obtain additional HSC
lysates from 100-mm3 plates for immunodetection of both
PCNA and �-SMA.

Immunocytochemical Study to Measure the
Extent of Adiponectin-Induced HSC Apoptosis

Culture-activated HSCs were grown at a density of 2 �
103, and transfected with 1.0 �g of pcmAdF or
pcDNA3.1 or pEGFP-N1 (to assess transfection effi-
ciency and viable HSCs for vector control). HSCs were
grown for 48 hours in complete media followed by HSC
fixation. Fixed HSCs were blocked with 10% normal
donkey serum in Tris-buffered saline (TBS) with 0.2%
Triton X-100 for 1 hour at 25°C. Slides were subse-
quently incubated with anti-FLAG (adiponectin is
tagged with FLAG), a rabbit polyclonal antibody at
1:200 in 1% normal donkey serum in TBS with Tween
(TBST), or anti-�-SMA (1:200 mouse monoclonal) over-
night at 4°C. After secondary antibody treatment and
incubation with streptavidin-horseradish peroxidase
(1:500) for 1 hour at 25°C, the FLAG-tagged slides
were incubated with Tyramide signal amplification
(TSA)-Plus reagent tagged with Cyanine3 (red stain)
system; and, �-SMA-tagged slides were incubated
with TSA-Plus reagent tagged with fluorescein (green
stain) as per the manufacturer’s instructions for 15
minutes at 25°C. Finally, slides were stained with
Hoechst (2.5 mg/ml) for 3 minutes at 25°C,38 mounted,
and examined under fluorescence microscopy. Cell
viability or percent apoptosis was scored for all trans-
fected cells using Hoechst and number of green fluo-
rescent (GFP-positive) cells for vector control and red
fluorescent (FLAG-positive) cells for pcmAdF. The
transfection efficiency was calculated using data from
10 microfields per transfection sample and was found
to be 18 � 1.2% in three independent determinations.
FLAG-positive HSCs were co-localized with apoptotic
(Hoechst-positive) cells from 10 microfields to calcu-
late the rate of apoptosis, as well as to visualize
�-SMA-positive staining.

Maintenance of HSC Quiescence on Matrigel
and Treatment of HSCs with Full-Length
Adiponectin (fAd) and Globular Adiponectin
(gAd)

Freshly isolated HSCs were first activated by culture on
plastic for 2 days to 1 week and then were resuspended
after trypsinization. Cell were recovered by centrifuga-
tion, washed twice in Dulbecco’s modified Eagle’s me-
dium with 10% FBS, and plated on growth factor-reduced
Matrigel (Becton Dickinson, Mountain View, CA) as de-
scribed in detail elsewhere39 at an initial density of 1 �
106/ml and maintained at 37°C. Quiescent HSCs, main-
tained on Matrigel, as well as culture-activated HSCs on
plastic, were cultured for 3 days. Cells were growth-
arrested by incubation for 16 hours in SF-Dulbecco’s
modified Eagle’s medium. Serum-starved quiescent and
activated HSCs were treated with recombinant fAd or
gAd at 10 �g/ml for 48 hours.
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Immunoblot Analysis for Caspase 3 and
Cleaved Caspase 3 (p19)

HSCs were grown on Matrigel or plastic, serum-starved
for 16 hours in serum-free (SF) media, followed by adi-
ponectin or serum treatment as described above. HSCs
from Matrigel were recovered by disrupting the cell
monolayer with a rubber cell scraper followed by treat-
ment with Dispase (10 mg/ml, Sigma for 15 minutes at
37°C. Recovered HSCs were resuspended in 100 �l of
cell lysis buffer (Cell Signaling, Beverly, MA) containing
a commercially available protease inhibitor cocktail
(Sigma). An equal amount of HSC protein lysate from
various treatments (100 �g/lane) was subjected to elec-
trophoresis and transblotted as described previously. Im-
munoblot was performed using polyclonal antibodies
against caspase 3 and cleaved caspase 3 (1:1000) and
immunodetection was as described previously in the
article.

Cell Viability Assay in Presence of Either
gAd or fAd

Cell viability analysis was also performed by estimating
reduction of XTT [2,3-bis(2-methoxy-4-nitro-5-sulfophe-
nyl)-2H-tetrazolium-5-carboxyanilide], using commer-
cially available reagents (Roche) and executed accord-
ing to the manufacturer’s instructions. Three-day-old
HSCs grown on plastic as well as culture-activated pri-
mary HSCs (second generation from the time of isolation)
were plated at either plastic or Matrigel—to maintain
quiescence—at an initial density of 2 � 103 cells/well,
serum-starved overnight, followed by treatment under
SF-conditions alone, 10% FBS, gAd or fAd (10 �g/ml) in
SF media for 48 hours. XTT labeling reagent was added
to each culture well to attain a final concentration of 0.3
mg/ml. After 4 hours exposure at 37°C, absorbance was
measured at 450 and 690 nm using a 96-well plate reader
(PowerwaveX 340; Bio-Tek Instruments, Summit, NJ). Pi-
lot experiments verified that the cell densities used in all
experiments performed were within the linear range of the
XTT assay. A standard curve was prepared using cell
densities from 1 � 103 to 1 � 106, and the results were
calculated with respect to the number of cells.

Statistical Analysis

Animal experiments were performed with 8 to 10 animals
in each treatment and control group. All data are ex-
pressed as means � SE. Real-time RT-PCR analysis of
whole liver tissue was with three random samples for
each liver from all treatment groups and performed in
triplicate. Immunoblot and HSC real-time analysis was
performed with separate samples in triplicate. Signifi-
cance between groups was determined by Student’s
t-test, two-tailed, with appropriate posthoc analysis. In all
comparisons, a P value less than 0.05 was used to indi-
cate a significant difference.

Results

Biochemical Parameters Indicate Effective BDL
in Both fa/fa and Wild-Type Animals

Regardless of phenotype (fa/fa or lean littermate) total
alkaline phosphatase and serum bilirubin were signifi-
cantly higher in both groups subjected to BDL, but not in
animals undergoing sham operation. Mean ALP was
372 � 85.8 IU/L for BDL-treated fa/fa rats, and 237 � 55.8
IU/L in lean BDL animals. These values were not signifi-
cantly different (P � 0.06). Mean serum total bilirubin for
BDL-treated fa/fa rats was 4.4 � 1.2 mg/dl; and for BDL-
lean rats was 5.2 � 1.2 mg/dl. These values were based
on 10 different animals in each group subjected to BDL.
By contrast, serum alanine aminotransferase levels were
not affected by treatment, but were significantly different
with respect to phenotype. Mean alanine aminotransfer-
ase values (ALT) in sham-operated fa/fa rats was 74.3 �
14.4 U/L, and was 79.3 � 11.4 U/L in BDL-treated fa/fa
rats. In lean animals ALT values were as follows: sham-
operated lean animals, 27.0 � 9.5 U/L and in BDL-treated
lean rats, 35.3 � 6.8 U/L. The serum ALT values were not
significantly different when comparisons were made be-
tween BDL and sham operations; rather, ALT values were
statistically higher when comparing genotypic differ-
ences (fa/fa versus lean rats). These data are in keeping
with what has been reported previously about the asso-
ciation between hepatic steatosis in fa/fa rats and serum
ALT values.40,41

Lean Animals, but Not fa/fa Rats, Have
Extensive Collagen Fibers and Bridging Fibrosis
when Subjected to BDL

Figure 1 demonstrates Sirius red staining of representa-
tive liver sections after the 21-day BDL period. As ex-
pected, sham-operated controls had collagen fibers con-
fined to either the portal triads or central veins (Figure 1,
A and B; black arrows). Similar findings in BDL-operated
fa/fa rats are shown in Figure 1C. In contrast, lean rats
that underwent BDL have significant fibrosis (Figure 1D),
including portal-portal bridging (Figure 1D, blue arrow) in
transition to cirrhosis, with the development of nodules as
displayed in this representative image. These data are
representative of 10 animals per group in which five
animals in each treatment group were examined in a
single series of experiments for quantitative histomor-
phometry shown in the histogram in Figure 1E.

Immunohistochemistry from BDL-Operated
Lean, but Not fa/fa Liver Sections, Reveals
Significant �-SMA Staining

Figure 2, A, B, C, and E, reveal minimal �-SMA staining,
which is, as expected, confined to supporting structures
of the hepatic vasculature. Figure 2, at low power (Figure
2D) and at high power (Figure 2F), reveals an abundance
of �-SMA in the liver lobules in a pattern similar to that
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shown in Figure 1D where significant bridging fibrosis is
present. Figure 2G is a representative histogram of quan-
titative histomorphometry performed for �-SMA immuno-
staining of liver sections from respective treatment
groups which confirm a significant increase in �-SMA
compared to all other treatment groups.

Leptin, but Not Adiponectin, Is Elevated in the
Hepatic Vein of BDL-Operated Lean Rats

Figure 3 are the results of serum enzyme-linked immunosor-
bent assays taken from BDL-operated lean and fa/fa rats for
mean leptin (Figure 3A) and adiponectin (Figure 3B) con-
centrations in the hepatic veins (HV) and portal veins (PV) of

all examined animals before sacrifice. The data presented
in Figure 3A indicate that the source of leptin in BDL-in-
duced liver fibrosis is the injured liver. Mean circulating
leptin concentrations were calculated to exclude artificially
high concentrations of leptin from the portal venous circu-
lation so as to determine whether or not the liver itself, when
exposed to chronic injury, may produce leptin. Although it
was anticipated that fa/fa rats, which have disrupted signal
transducing ability, would also have high circulating leptin
from peripheral adipose production, we failed to detect
significantly higher leptin levels in the hepatic veins of BDL-
operated fa/fa rats when compared to the mean concentra-
tion of leptin in the portal circulation. However, the mean
leptin concentration measured from the hepatic veins of

Figure 2. Low- and high-power magnification of im-
munohistochemical analysis for �-SMA in lean and
fa/fa rats subjected to BDL. A and B: Representative
photomicrographs of sham-operated fa/fa and lean
littermates reveal �-SMA staining near supporting
structures of vessels. C and E: Representative photomi-
crographs of BDL-operated fa/fa rats at low magnifi-
cation (C) and high magnification (E) reveal similar
staining pattern as in either fa/fa treatment group. D
and F: Representative photomicrographs of immuno-
histochemical staining of BDL-operated lean animals.
Low power (D) and high power (F) reveal significant
lobular staining for �-SMA. G: Mean percent quantita-
tion of �-SMA-positive cells/total slide area scanned in
�m2� SEM for respective animal groups, as described
in Materials and Methods. *P � 0.05, compares lean
BDL versus sham-operated or fa/fa BDL animals. Orig-
inal magnifications: �10 (A–D); �20 (E, F).

Figure 1. Picrosirius red stain for mature collagen
reveals significant deposition in lean, but not fa/fa, rats
subjected to BDL. Picrosirius red stain demonstrating
collagen deposition principally found around support-
ing structures (A–C, black arrows). D: Representa-
tive image revealing collagen deposition (black ar-
rows) as well as extensive bridging fibrosis (blue
arrow) in transition to cirrhosis. E: Histogram repre-
senting image quantitation of the mean percent colla-
gen fibers/total slide area scanned in �m2� SEM de-
termined as described in Materials and Methods. *P �
0.05, compares lean BDL versus sham-operated or
fa/fa BDL rats. Original magnification, �10 (D).
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lean BDL operated rats was significantly higher when com-
pared to the mean leptin concentration of the portal vein of
the lean BDL cohort. Lean animals in the BDL group had a
1.5-fold increase in leptin in the hepatic vein when com-
pared to portal vein concentrations (*P � 0.05). There was
no significant difference in either circulating leptin or adi-
ponectin concentrations in lean or fa/fa sham-operated an-
imals (data not shown). There was also no significant differ-
ence in the hepatic vein adiponectin concentration in the
lean BDL rats compared to the mean adiponectin concen-
tration in the portal vein of these rats (Figure 3B). Although
fa/fa BDL-operated adiponectin hepatic vein concentrations
appeared to be increased over the portal vein, these data
did not achieve statistical significance (P � 0.06, Figure
3B). These data suggest that the liver may be a significant
source of leptin production in liver injury and these data are
corroborated with Figures 4 and 5.

Leptin and �-SMA Co-Localize in the Lean
Littermates of fa/fa Rats Subjected to BDL

Results of immunohistochemistry to determine whether
leptin and �-SMA would co-localize to the same cells
are shown in Figure 4. Alone, �-SMA stains black, and
as can be seen in Figure 4, A, B, and C, is confined to
supporting vascular structures. By contrast, leptin
which stains red is absent in either sham-operated
groups or in fa/fa BDL-operated rats. These photomi-
crographs are representative liver sections from sham-
operated lean, fa/fa sham-operated, and fa/fa BDL-
operated rats, respectively, indicating limited �-SMA

Figure 3. Percent increase of leptin but not adiponectin release in hepatic vein
after BDL operations in fa/fa and their lean littermates. Leptin and adiponectin
measurements were made by radioimmunoassay as described in Materials and
Methods. Measurements were taken from both the portal (PV) and hepatic vein
(HV) before sacrifice, and the mean differences were calculated to assess the
mean circulating leptin and adiponectin concentration. Shown here is the per-
cent fold increase of leptin and adiponectin concentrations in hepatic vein with
respect to leptin or adiponectin levels in portal vein taken as 100%. Only lean
littermates that underwent BDL showed a significant 1.5-fold increase of leptin
levels in HV as compared to PV (*P � 0.01). This difference in leptin concen-
tration from HV and PV was not observed in the fa/fa BDL group of rats. The
same was true for adiponectin also and as shown in Figure 4B, no statistically
significant difference of adiponectin was observed in HV and PV of lean BDL
and fa/fa BDL group of rats (P � 0.06; n � 10 per treatment group, leptin
concentrations in ng/ml). All of the rats from either the fa/fa or lean groups
underwent sham operation without differences, in HV versus PV, for both leptin
and adiponectin (data not shown here).

Figure 4. Immuno-co-localization of leptin and �-SMA by immunohisto-
chemistry. Immuno-co-localization of leptin and �-SMA using double-label-
ing technique as described in Materials and Methods. �-SMA (labeled “actin”
in photomicrographs) appears black (nickel diaminobenzidine substrate)
and leptin appears brick red (Nova Red). Counter stain (azure blue) with
hematoxylin. Figures with subtitles of experimental conditions as described
with representative magnification: FFN, fa/fa sham-operated (A); FFB, fa/fa
bile-duct ligated (B); LLN, lean sham-operated (C); LLB, lean bile-duct
ligated (D–E). E demonstrates (red arrows, leptin; blue arrows, �-SMA)
co-localization of leptin with �-SMA cells, corroborated in Figure 5 with
real-time RT-PCR and Figure 3A, enzyme-linked immunosorbent assay for
leptin (see text). G and H: Biotinylated secondary antibody without primary
antibody from liver sections of LLB and LLN, respectively. Original magnifi-
cations, �40 (G, H).
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staining without leptin staining (indicated in red). Fig-
ure 4, D and E, includes representative photomicro-
graphs from lean animals at low (�100, Figure 4D) and
high power (�400, Figure 4E) magnification. In Figure
4E (�400) leptin staining and �-SMA staining appear
to co-localize to the same cells, which is corroborated
by RT-qPCR in Figure 5 and also supports data pre-
sented in Figure 2 that demonstrate abundant acti-
vated HSCs as a potential source for not only collagen
production but increased leptin production as mea-
sured in the hepatic vein of BDL-operated lean rats.
Figure 4, G and H, represents biotinylated secondary
antibody, without primary antibody for either leptin or
actin are controls at low power demonstrating lack of
brick red or azure blue staining, respectively.

RT-qPCR Demonstrates Up-Regulation of
Genes Associated with HSC Activation and
Liver Fibrosis

Figure 5 represents RT-qPCR data for genes including
�1(I) collagen, �2(I) collagen, �-SMA, transforming
growth factor (TGF)-�1, and leptin from cDNA synthe-
sized from whole liver RNA for each of the four treat-
ment conditions previously described. Data were ob-
tained from three samples for each of three whole livers
for each of the four treatment conditions. RT-qPCR
analysis of liver from lean BDL-operated animals indi-
cated a 2.5-fold increase in �2(I) collagen gene ex-
pression, a 3.5-fold increase in �1(I) collagen gene
expression, a 1.5-fold increase in �-SMA gene expres-
sion, and a 1.4-fold increase in leptin gene expression,
with respect to lean sham-operated rats. All other treat-
ment groups failed to have significantly increased ex-
pression of these molecules when compared to the
lean sham-operated controls. Despite the importance
of TGF-�1 in the development of liver fibrosis,42 we
could not detect a significant increase in TGF-�1
mRNA expression in the lean BDL-operated animals;

and, TGF-�1 expression did not differ significantly
among all four treatment groups.

Adiponectin and Leptin Expression and
Expression Levels of Adiponectin Receptors in
Quiescent and Culture-Activated HSCs Reveal
Differential Patterns of Expression

We reasoned that if HSCs, as fat-storing cells, produced
leptin on injury, or culture activation, then in quiescence,
such cells would not only fail to do so but may produce
adiponectin, which could promote, or maintain, HSC qui-
escence. In fact, as can be seen in Figure 6A adiponectin
mRNA expression is markedly suppressed in HSCs from
culture activation, but adiponectin is abundantly present
in the quiescent phenotype. Even more striking is the
absence of adiponectin in activated HSCs as assessed
by immunoblot (Figure 6B). Figure 6A represents RT-
qPCR analysis for leptin, adiponectin, and �-SMA ex-
pression in quiescent and culture-activated HSCs. Both
leptin and �-SMA were increased 19-fold and 55-fold,
respectively, in activated HSCs as compared to quies-
cent HSCs. On the other hand, the activated HSC phe-
notype resulted in significantly lower adiponectin mRNA
than quiescent cells. Immunoblot studies revealed that
leptin and �-SMA were present in activated, but not in
quiescent HSCs as anticipated; whereas adiponectin ap-
peared to be present only in quiescent HSCs (Figure 6B).

Figure 5. RT-qPCR analysis of �1(1) collagen, �2(1) collagen, �-SMA, TGF-
�1, and leptin expression in whole livers from the four treatment groups.
Expression of critical genes associated with liver fibrosis in each of the four
treatment groups as outlined in the bar graph. Total RNA extracted from liver
tissues was used to determine mRNA expression as described in Materials
and Methods for �1(1) collagen, �2(1) collagen, �-SMA, TGF-�1, and leptin
by real-time RT-PCR. Level of mRNA expression, observed in lean littermates
sham-operated, was set as 100% of control. Results are means � SE and
represent 12 reactions for each treatment condition per gene analyzed. *P �
0.05 compared with lean sham-operated (control) values.

Figure 6. Adiponectin, �-SMA, and leptin mRNA expression and respective
protein production reveal differential expression in quiescent and culture-
activated HSCs. A: RT-qPCR was performed as described in the text. The level
of mRNA expression observed in quiescent HSCs was set as control. Results
are means � SE and represent six reactions for both stellate cell phenotype
and gene analyzed. *P � 0.05 compared with quiescent HSCs under corre-
sponding conditions. B: Immunoblot analysis for adiponectin, �-SMA, and
leptin in quiescent and activated HSCs. Freshly isolated quiescent and cul-
ture-activated HSCs were used to prepare lysate and were subjected to
immunoblot for adiponectin, �-SMA, and leptin. �-Actin served as a loading
control. These data are representative of multiple independent experiments.
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Hence, although activated HSCs synthesize leptin, inter-
estingly, quiescent HSCs, but not activated ones, synthe-
size adiponectin.

Both the receptors for adiponectin, AdipoR1 and Adi-
poR2, were present in quiescent as well as culture-acti-
vated HSCs, however RT-qPCR revealed, mRNA expres-
sion of AR1 in activated HSCs was reduced by nearly
50% compared to quiescent HSCs (Figure 7A). The ex-
pression of AdipoR2 did not change (Figure 7A) in both
HSC phenotypes. Immunoblot for both AdipoR1 and Adi-
poR2 demonstrated the presence of both receptor iso-
forms in both quiescent and activated HSCs (Figure 7B).
These results are in keeping with the ability of HSCs to
respond to both gAd and fAd.25

Adiponectin Results in Reduction of Culture-
Activated HSC-BrdU Incorporation and PCNA
Expression as Well as Reduction in �-SMA

To determine whether adiponectin could interfere with
activated HSC viability, we first determined whether adi-
ponectin expression in activated HSCs was adequate by
transfection of pcmAdF, Figure 8 is a representative im-
munoblot indicating that both HSC lysate and secreted
adiponectin resulted from the transfection of pcmAdF in
SF media (pcmAdF-U). Neither transfection of the control
vector in SF conditions (pcDNA3.1-U) nor the presence
of the control vector with 10% FBS resulted in significant
adiponectin production in HSC lysate or culture media. A
small amount of adiponectin was present in the culture
media when HSCs transfected with pcDNA3.1 was ex-
posed to 10% FBS, however, this could be attributed to
presence of some adiponectin in serum. The adiponectin

present in HSC lysate under the same conditions, how-
ever, was absent.

Given effective adiponectin overexpression detected
by pcmAdF transfection, we used the same experimental
design to determine whether adiponectin expression
would alter BrdU incorporation, the results of which are
shown in Figure 9A. Overexpression of adiponectin in
activated HSCs in SF conditions (pcmAdF-U) resulted
in a significant decrease in HSC proliferation when
compared to HSC transfection with vector control
(pcDNA3.1-U) alone. Adiponectin overexpression mark-
edly attenuated HSC proliferation to 10%, whereas the
proliferation rate of HSCs transfected with vector control
in the presence of 10% FBS (pcDNA3.1-S), was seven-
fold higher (Figure 9A). PCNA, another marker of cell
proliferation was significantly reduced by pcmAdF trans-
fection of activated HSCs, as was the expression of
�-SMA (Figure 9B); the later being an important marker of
HSC activation. The absence of serum in transfected
control HSCs did result in a reduction of both PCNA and
�-SMA, but failed to achieve the marked reduction in-
duced by adiponectin transfection.

Adiponectin Not Only Reduces the Expression
of �-SMA, It Also Induces Apoptosis in HSCs
as Assessed by Immunocytochemistry and
Hoechst Staining

We also examined whether adiponectin overexpression
would result in activated HSC apoptosis. Fluorescence
microscopy of immunologically stained FLAG-tagged
HSCs (transfected with pcmAdF for adiponectin) (Figure

Figure 7. AdipoR1 and AdipoR2 are both expressed in quiescent and acti-
vated HSCs. A: RT-qPCR was performed as described in the Materials and
Methods section. AdipoR2 did not display a differential level of expression
when compared to quiescent cells by mRNA. B: Immunoblot analysis for
AdipoR1 and AdipoR2 confirmed that protein for the respective isoforms
were present in both quiescent (Q) and activated HSCs (A). All studies were
performed three times in triplicate using separate HSC lysates. �-Actin served
as a loading control.

Figure 8. Transfection of the adiponectin expression vector (pcmAdF) re-
sults in HSC production of adiponectin. Control experiment demonstrating
the consequence of adiponectin overexpression and respective controls with
one of three vectors: pcmAdF (epitope encoding full-length adiponectin),
pcDNA3.1-U (empty vector in SF conditions, 0.1%), and pcDNA3.1-S (empty
vector in the presence of 10% FBS. The vectors and experimental conditions
and nomenclature are also used in subsequent studies shown in Figure 9.
Adiponectin expression in HSCs and culture media was assayed by immu-
noblot to assure HSC expression and secretion of adiponectin, which is
shown in lane 1. In HSCs overexpressing pcDNA3.1-U in the absence of
serum (lane 2) no adiponectin was detected in the cells nor the culture
media, while very low adiponectin expression, after HSC transfection with
pcDNA3.1 in the presence of 10% FBS (lane 3). Respective densitometry is
shown for three independent experiments performed in triplicate; �-actin
served as a loading control.
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10A), when subject to Hoechst staining revealed that
adiponectin overexpression resulted in apoptosis (Figure
10, B and C). These data were quantitated (Figure 10E)
as percent HSC apoptosis divided by the total number of
transfected HSCs from multiple microfields. A represen-
tative image (Figure 10D) demonstrates co-localization
of �-SMA-positive and FLAG-tagged HSCs. The photo-
micrographs, from the same microfield, are representa-
tive of three independent experiments in which 10 mi-

crofields per experiment were used for quantitative
determinations.

Adiponectin Also Induces Apoptosis of
Activated HSCs but Fails to Do So in the
Quiescent Phenotype and This Effect Is
Mediated by Caspase 3

To determine whether or not adiponectin would induce
quiescent HSC apoptosis, freshly isolated cells were
grown and transferred to Matrigel to maintain quiescence
as described in detail in Materials and Methods. Three-
day-old activated HSCs or second generation (fully acti-
vated) HSCs, were grown on plastic chamber slides; all
cell types were monitored for �-SMA to gauge respective
states of activation. After serum starvation, cells were
treated with either gAd or fAd as described. Hoescht
staining (Figure 11A) of activated HSCs exposed to gAd
or fAd revealed significantly increased apoptosis com-
pared to quiescent HSCs grown on Matrigel. These re-
sults corroborate the findings illustrated in Figure 10 in
which adiponectin was overexpressed in activated
HSCs. Immunoblot analysis to probe for cleaved caspase
3 (p19) (Figure 11B) clearly demonstrated the presence
of cleaved caspase 3 in gAd-treated activated HSCs;
whereas cleaved enzyme was undetectable in either
gAd-treated or fAd-treated quiescent cells. There was no
effect of either gAd or fAd on MAPK phosphorylation in
either HSC phenotype (data not shown). Finally, as
shown in Figure 11C by XTT reduction, both gAd or fAd
significantly reduced cell viability in activated HSCs (3
days and primary passaged second generation HSCs)
but failed to do so in quiescent HSCs grown on Matrigel.
These data corroborate that either gAd or fAd induced
apoptosis in the activated HSC phenotype but not in
quiescent cells. In fact, apoptosis or growth of the quies-
cent HSC was not affected by the presence of any treat-
ment condition, including the presence of serum or se-
rum starvation.

Discussion

Recent studies from several laboratories have demon-
strated that leptin is a key adipokine in promoting liver
fibrosis. In sharp contrast to most adipokines, adiponec-
tin expression and serum concentrations are not in-
creased,43 but reduced in a variety of obese and insulin-
resistant states including the metabolic syndrome which
includes NAFLD. Like leptin, adiponectin has important
physiological effects, including anti-atherogenic proper-
ties;44 and, hypoadiponectinemia has been shown to be
associated with coronary artery disease in humans.45

Adiponectin may have anti-tumor effects by acting as a
negative regulator of angiogenesis by inducing caspase-
mediated endothelial cell apoptosis; this effect appears
to be independent of AMP kinase-mediated signaling.46

The present study provides clear physiological evidence
for the role of the leptin-signaling axis in an in vivo model
of cholestatic liver injury, and strengthens the hypothesis

Figure 9. Adiponectin overexpression in activated HSCs markedly dimin-
ishes activated HSC proliferation and �-SMA content. A: The adiponectin
expression vector, pcmAdF (epitope encoding full-length adiponectin), was
transfected as described in Figure 8 and found to reduce activated HSC BrdU
incorporation. HSCs were cultured in a 96-well plate, 0.1 �g per well of
plasmid DNA was transfected: pcmAdF (epitope encoding full-length adi-
ponectin), pcDNA3.1-U (empty vector under SF conditions), or pcDNA3.1-S
(empty vector in the presence of 10% FBS). BrdU was added after 24 hours
of transfection and HSCs were allowed to grow for another 48 hours in the
presence or absence of serum. Incorporation of BrdU into newly synthesized
DNA was immunodetected as described in Materials and Methods and in-
tensity of color complex was assayed spectrophotometrically. Calorimetric
results were standardized to number of cells and plotted here as mean � SE
of three independent experiments performed in triplicate. Adiponectin over-
expression markedly attenuated HSC proliferation to 10%, whereas the pro-
liferation rate of HSCs transfected with vector control in the presence of 10%
FBS (pcDNA3.1-S), was significantly higher. *P � 0.01, compared to un-
treated HSCs transfected with control vector (pcDNA3.1-U). B: Adiponectin
vector transfection in SF-conditions (pcmAdF-U) in HSCs reduced protein
expression levels of �-SMA and PCNA. To determine the effect of adiponec-
tin on expression of �-SMA and PCNA, proliferation markers for HSCs, 4 �g
of plasmid DNA, pcmAdF (epitope encoding full-length adiponectin), or
pcDNA3.1 (vector control) were transfected into HSCs in 100-mm3 plates.
After 48 hours, HSC lysates were prepared, total protein was quantified and
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, fol-
lowed by immunoblot analysis with antibodies against �-SMA and PCNA.
�-Actin served as a loading control. Shown is a representative immunoblot
for the same along with densitometric analysis of the results.
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that leptin is a key adipokine in promoting liver fibrosis.
We also report, for the first time, that quiescent HSCs
synthesize adiponectin; but adiponectin can induce ac-
tivated HSC apoptosis by caspase activation and inhibit
proliferation, failing to do so in quiescent HSCs. To our
knowledge this is the first report of a potential mechanism
whereby adiponectin is a potential anti-fibrotic therapy in
chronic liver disease, particularly as it relates to nonalco-
holic steatohepatitis.

As stated previously, a number of workers have shown
that chemically induced acute and chronic liver injury, or
the use of the methione-choline deficiency diet, require
functioning leptin and leptin receptors for the develop-
ment of liver fibrosis to ensue.1–4 This study is the first to
demonstrate, by using the bile-duct ligation injury model,
in either Zucker (fa/fa) rats, or their lean littermates, that
leptin and its signaling apparatus are an absolute re-
quirement for extensive liver fibrosis and that such re-
quirement is not an artifact of chemical injury in rodents.
Both the fa/fa and lean animals subjected to BDL had
significantly elevated serum total bilirubin and alkaline
phosphatase, when compared to identical animals that
underwent sham operation. Although both BDL-operated
groups had significant cholestasis, only the lean animals
developed significant fibrosis. Activation of HSCs results
in the production of smooth muscle proteins in the cy-
toskeleton and is central to the development of hepatic
fibrosis in chronic liver injury. Liver fibrosis, clearly dem-
onstrated by Picrosirius red stain in Figure 1, is also

substantiated by the presence of �-SMA (Figure 2). Ac-
tivated HSCs are strikingly abundant in the BDL-treated
lean littermates and beyond the portal structures where
portal myofibroblasts are typically found.

The source of leptin that is responsible for ongoing
liver injury is subject to dispute. We, and others, have
already demonstrated that leptin mRNA and protein is
present in activated, but not quiescent HSCs in vitro, and
did not detect leptin production in Kupffer cells and
hepatocytes.9 These data are important because depot-
related leptin expression varies in humans and is greater
in subcutaneous adipocytes than in omental adipo-
cytes;47 however, because rat omental adipocyte ex-
pression may be altered,48 we attempted to eliminate this
potential source of leptin that may have been increased
by BDL by measuring serum leptin concentrations in both
the portal vein and the hepatic vein of all treated animals.
Although we cannot entirely exclude that hepatic cells
other than activated HSCs are responsible for this in-
crease our data in Figure 3 reveal, at high magnification,
that leptin co-localizes with �-SMA-positive cells. These
microscopic findings were not present in any other treat-
ment condition. We also cannot discount that leptin pro-
duction from extrahepatic sources might be contributing
to liver fibrosis, particularly in NASH; or that leptin release
from hepatic stores may play a role because leptin bound
to OB-Re, a circulating leptin-binding protein could po-
tentially release free leptin in the liver,49 our data con-
vincingly show that a significant component of leptin in

Figure 10. Adiponectin overexpression induces HSC apoptosis in �-SMA-positive cells. Culture-activated HSCs were grown onto chamber slides as described in
the text, and transfected as described previously in Figures 8 and 9. pcmAdF, epitope encoding full length adiponectin; pcDNA3.1, vector control. A: HSCs were
visualized by fluorescence microscopy to identify adiponectin and �-SMA-positive cells; apoptosis was analyzed by Hoechst staining.38 B: Representative
fluorescent photomicrograph of HSCs demonstrates presence of adiponectin-positive cells and the transfection efficiency for pcmAdF was 18 � 1.2%; Hoechst
staining demonstrates HSC apoptotic bodies. C: Co-localization of adiponectin-positive HSCs with Hoechst-positive HSCs. D: FLAG-tagged adiponectin-positive
cells also co-localized with �-SMA-positive cells. All panels shown are from the same microfield and the same cells (white arrows). The percentage of apoptotic
HSCs, shown in the bar graph was calculated as the number of apoptotic cells/the total number of FLAG-tagged adiponectin-positive cells and are compared to
the number of apoptotic cells/HSCs successfully transfected with the vector control (9.4%) (*P � 0.01). The percentage of apoptotic HSCs represents the means �
SE of 10 high-power fields of three independent experiments performed in triplicate. Original magnification, �400 (A).

1666 Ding et al
AJP June 2005, Vol. 166, No. 6



liver injury arises from activation of HSCs; and that acti-
vated HSCs are a major source of leptin in the develop-
ment of liver fibrosis. Although the absolute increase in
leptin in the lean BDL-operated animals appears nominal,
to our knowledge this is the first report of quantitative
measurements related to an in vivo experiment, and future
studies will need to be performed to define leptin con-
centrations that are physiologically necessary for profi-
brogenic actions. We also did not detect that leptin en-
hanced mRNA for TGF-�1 by RT-qPCR (Figure 5) in our
ex vivo analysis for key genes associated with enhanced
extracellular liver matrix. One explanation for this finding
may be due to the fact that leptin is necessary for induc-
tion of bioactive TGF-�1 protein, however, and not nas-
cent mRNA expression.3 An alternative explanation may
be that leptin increases TGF-� type II receptor expres-
sion as was previously demonstrated in mesangial cells
from db/db mice.50 Although the data presented suggest

that leptin has the potential to act independent of TGF-�1,
additional experiments to elucidate signal crosstalk be-
tween leptin and TGF-�1 may provide a more definitive
explanation.

Leptin is one of six adipocytokines, including adi-
ponectin that are thought to play a dynamic role in the
development and maintenance of insulin resistance.51

Because insulin resistance is central to the development
of NASH, and as yet no direct link for insulin resistance
has been established in development of liver fibrosis, we
examined whether or not adiponectin expression was
altered in HSCs either ex vivo or with the culture-activated
in vitro model. Our rationale was based on two recently
published reports20,21 that indicate that adiponectin in
vivo may be protective in liver injury because carbon-
tetrachloride-induced liver fibrosis in adiponectin knock-
out mice was increased.21

The discrepancy between the absence of adiponectin
protein and extremely low adiponectin mRNA expression
in HSCs may be due to posttranscriptional or posttrans-
lational modification involved in the synthesis and pack-
aging of secreted adiponectin, and are consistent with a
recent report concerning the expression of adiponec-
tin.52 Since this is the first report of HSC production of
adiponectin, and our understanding of the regulation of
adiponectin is rapidly developing, control of adiponectin
gene regulation and synthesis in HSCs will need to be
addressed in the near future.

Because adiponectin functions as a secreted protein,
we further examined whether the presence of adiponec-
tin receptors in HSCs existed. AdipoR2 is primarily found
in liver whereas AdipoR1 has been reported to be found
primarily in skeletal muscle. AdipoR1 as well as AdipoR2
were found to be present in both quiescent and culture-
activated HSCs; however mRNA expression of AdipoR1
was reduced by 50% in activated HSCs as compared to
quiescent HSCs (Figure 7A). Immunoblot confirmed the
presence of both receptors in both quiescent and acti-
vated HSCs (Figure 7B). This would be consistent with
the fact that we obtained similar results when activated
HSCs were exposed to either gAd or fAd. Importantly,
such treatment failed to induce quiescent HSC apoptosis
or inhibit mitogenesis; whereas gAd or fAd had profound
effects on activated HSCs, inhibiting mitosis and induc-
ing caspase-mediated apoptosis. These data compli-
ment the data obtained by overexpression of fAd in HSCs
(Figure 10) and strongly support the proapoptotic action
of adiponectin in activated, but not quiescent, HSCs (Fig-
ure 11). To our knowledge, this is the first report identi-
fying both protein receptor isoforms in isolated HSCs.
Expression of AdipoR1 and AdipoR2 serve as receptors
for globular and full-length adiponectin, respectively, and
traditionally are thought to mediate effect by enhanced
AMP kinase activity,53,54 PPAR-� ligand activities55 as
well as fatty-acid oxidation, and glucose uptake by
adiponectin.25

Although additional molecular details need to be ex-
amined, this is the first report, providing a direct link
between NASH, insulin resistance, and the metabolic
syndrome on the one hand and liver fibrosis on the other.
We have demonstrated by examining key cellular mech-

Figure 11. Adiponectin fails to induce apoptosis in quiescent HSCs but does
in activated HSCs. A: After isolation of HSCs, cells were grown on Matrigel to
maintain quiescence or on plastic as described in Materials and Methods.
HSCs, exposed to gAd or fAd were analyzed for apoptosis by Hoechst
staining. Both gAd and fAd significantly induced apoptosis in activated HSCs
(*P � 0.01). B: To determine whether or not caspase 3 played a role in
activated HSC apoptosis, immunoblot analysis, shown here, revealed that
adiponectin-treated activated HSCs resulted in increased cleaved caspase 3
(p19), which was not detected from quiescent HSC lysates. This experiment
was performed with three different lysates. C: XTT analysis of HSC viability
in the face of either gAd or fAd indicates that neither gAd or fAd or serum
altered the viability of quiescent HSCs grown on Matrigel as described in
detail in the text. In response to either form of adiponectin, however, either
the 3-day-old primary cells or second generation passaged HSCs a marked
reduction in cell viability was exhibited (*P � 0.01, when compared to
respective HSCs grown in the presence of 10% FBS; #P � 0.05, 3-day-old
HSCs compared to respective cells grown in 10% FBS). The results are
representative of multiple independent experiments.
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anisms—proliferation and apoptosis—a potential thera-
peutic mechanism whereby leptin, known to be associ-
ated with fibrosis, has an adipokine counterpart,
adiponectin, that protects against liver fibrosis by induc-
tion of caspase-mediated apoptosis of activated HSCs.
Hence adiponectin may have a positive and direct effect
in the resolution of liver fibrosis. At this time we cannot
determine which receptor isoform is more susceptible to
adiponectin. Nonetheless, our findings provide a novel
cellular and molecular explanation for the in vivo work
published previously, demonstrating that adiponectin is
protective against liver injury in NASH and is anti-fibrot-
ic.21,22 Importantly, this work lends data to confirm that
one biological property of leptin is to enhance liver fibro-
sis, while establishing that adiponectin may have a novel
and opposite effect.
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