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Abstract
Leptin is a 16-kd hormone that mediates a range of metabolic effects by using a transduction pathway
from the long form of the leptin receptor, OB-RL, through Janus kinase–signal transducer and
activator of transcription (Jak-Stat) signaling components. Leptin is produced by hepatic stellate cells
(HSCs) but only following their “activation.” Because activation of stellate cells is a central event
in the fibrotic response to liver injury, we hypothesized that leptin may directly stimulate fibrogenesis
in activated stellate cells via OB-RL. We analyzed leptin receptors and their signaling partners in a
stellate cell line (HSC-T6) as well as in primary stellate cell isolates. We also examined the effect
of leptin on stellate cell expression of α2(I) collagen messenger RNA (mRNA) levels by ribonuclease
protection analysis (RPA). Finally, we examined the role of leptin in in vivo fibrogenesis by inducing
a wounding response in ob/ob mice, which lack functional leptin. HSC-T6 and culture-activated
stellate cells expressed OB-RL. Scatchard analysis verified specific binding of leptin to HSCs, with
an association constant (Kd) equal to 660 ± 5.8 pmol/L. Exposure of HSCs to leptin resulted in
significant increases in α2(I) collagen mRNA expression. Transient transfection with a promoter
reporter construct showed a 3-fold increase in α2(I) collagen transgene activity. Leptin stimulated
activation of Stat3 in activated HSCs. Finally, lean animals, but not ob/ob littermates, had significant
fibrosis as assessed by picrosirius red staining and abundant α–smooth muscle actin staining. In
conclusion, these results indicate that leptin is profibrogenic in activated HSCs and can signal via
the Jak-Stat pathway. Up-regulation of leptin signaling in liver injury could contribute to enhanced
fibrogenesis, particularly in states in which leptin levels are high.

Leptin, a 16-kd peptide product of the ob gene,1 is a potent adipocyte-derived hormone that
plays a key role in the control of energy balance and food in-take.2–4 Leptin receptors, initially
found primarily in central nervous tissues such as the hypothalamus,5 have also been localized
to other tissues, including the liver.6 Leptin signaling is mediated by the leptin receptor (OB-
R), a member of the hematopoietin receptor family that is most closely related to the signal-
transducing subunits of the interleukin 6–type cytokine receptors.5,7,8 In humans and rodents,
at least 2 predominant forms of OB-R are detected. Both isoforms have identical extracellular
domains and ligand-binding affinity but differ in the intracellular domains, which represent
alternative splice products. The major OB-R short form (OB-RS), a 34–amino acid cytoplasmic
domain, is found in many organs. However, despite normal ligand-binding activity, OB-RS is
considered incapable of signaling.9,10 In contrast, the long form (OB-RL) is the signaling-
competent receptor isoform and contains a 302–amino acid cytoplasmic domain.9–11 Reverse-
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transcription polymerase chain reaction (RT-PCR) and ribonuclease protection analysis (RPA)
show that various peripheral organs, including the liver, have detectable levels of messenger
RNA (mRNA) encoding OB-RL,9 implying that leptin has the potential to stimulate liver cells.
Homozygous mutations resulting in leptin deficiency in mice (i.e., ob/ob mouse) and mutations
for leptin signaling (i.e., db/db mice) are both associated with obesity7,12 and provide useful
models to study the role of leptin insufficiency in vivo. However, the cellular sources and
targets of leptin outside the central nervous system and adipose tissue as well as the relative
distribution of long-form versus short-form receptor are not clearly established.

The homology of the OB-R to class I cytokine receptors implicates the Janus kinase–signal
transducer and activator of transcription (Jak-Stat) proteins as signal transducers for leptin
receptors.13,14 Typically, Jak proteins are associated constitutively with membrane-proximal
sequences of the receptor intracellular domain and phosphorylate the receptor on ligand
binding. The phosphorylated intracellular domain then provides a binding site for a Stat protein,
which is activated on binding the phosphorylated receptor intracellular domain. The activated
Stat proteins then translocate to the nucleus and stimulate transcription.15 Two published
reports show that Stat3 and Stat5 are stimulated in COS cells by OB-R.8,10 As observed for
Stat protein activation, the naturally occurring mouse OB-RS is incapable of stimulating
transcription.10

We previously explored the production of leptin by hepatic stellate cells (HSCs). This resident
perisinusoidal cell type is the primary storage site for vitamin A in normal liver but undergoes
a characteristic “activation” in liver injury, leading to increased proliferation, fibrogenesis, and
contractility.16 In liver injury, stellate cells are the primary source of extracellular matrix. We
previously showed that only activated rat HSCs but not quiescent or freshly isolated HSCs
expressed leptin protein and mRNA.17 Hepatocytes or Kupffer cells did not express leptin.
More recently, a role for leptin in accelerating wound healing has emerged.18 Further, leptin
levels are reportedly higher in patients with alcoholic cirrhosis regardless of body mass index.
19

In this study, our aims were to determine whether leptin has the capacity to augment fibrosis
by increasing α2(I) collagen gene expression and to determine whether HSCs have OB-R
signaling capabilities in response to leptin. By using CCl4, a well-described liver-injury model
in rodents known to produce liver fibrosis, we determined in ob/ob mice and their lean
littermates whether the absence of leptin prohibited the development of fibrosis when compared
with the wild-type lean littermates.

Materials and Methods
Materials

HSC-T6 cells, an immortalized rat HSC cell line, exhibits an activated HSC phenotype.20

Quiescent and activated HSC cell lysates were from isolated rat HSCs as described in detail
elsewhere.21,22 Dulbecco’s modified Eagle medium, fetal bovine serum, penicillin-
streptomycin, amphotericin B, trypsin/ethylenedia-minetetraacetic acid, β-mercaptoethanol,
acrylamide, molecular weight markers, LipofectaminePLUS, TRIzol reagent, and agarose
were purchased from Gibco-BRL (Rockville, MD). Plastic tissue culture ware was purchased
from Falcon Division, Becton Dickinson Co. (Mountain View, CA). Phenylmethylsulfonyl
fluoride, β-glycerophosphate, sodium orthovanadate, antipain, leupeptin, aprotinin,
chymostatin, pepstatin, and rat-recombinant leptin were purchased from Sigma Chemical Co.
(St. Louis, MO). Dimethyl sulfoxide was from Fisher Scientific (Pittsburgh, PA). Luciferase
reporter vectors were purchased from Promega (Madison, WI). The mouse α2(I) collagen
complementary DNA (cDNA) was provided by Dr. Benoit de Cromrugghe (M. D. Anderson
Hospital and Tumor Institute, Houston, TX). Horseradish peroxidase–labeled anti-goat, anti-
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rabbit, and anti-mouse immunoglobulin G; protein A and G agarose beads; and antibodies to
Stat3, phosphorylated Stat3 (pStat3), and leptin receptor antibody (OB-RL [H-300], OB-R
[K-20]) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 125I-Rat leptin
(specific activity, 135 μCi/μg) was purchased from Linco Research Inc. (St. Charles, MO). T7
RNA polymerase was purchased from Ambion (Austin, TX).

HSC Isolation
HSC-T6 and activated rat HSCs were cultured as described elsewhere.20–22 All rats received
humane care, and the Institutional Animal Care and Use Committees of the University of
Maryland, Duke University, and Mount Sinai School of Medicine approved the RSC isolation
protocol. In brief, after in situ perfusion of the liver with 20 mg/dL pronase (Boehringer
Mannheim, Indianapolis, IN) followed by collagenase (Crescent 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% stellate cells. Cells were placed in modified medium 199 OR
containing 20% serum (10% horse/10% calf) (Flow Laboratories, Naperville, IL). The purity
of stellate cells was assessed by immunolocalization of desmin 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 cultures used for study was
greater than 95%.

HSC Primary and Cell Line Culture and Treatment With Recombinant Leptin
Subconfluent cells in culture (75%) were washed twice with phosphate-buffered saline and
serum-starved for 16 hours with 0.1% fetal bovine serum and 1% penicillin-streptomycin in
Dulbecco’s modified Eagle medium. To determine the optimal concentration of rat-
recombinant leptin to be used in these experiments, dose-response and time-course studies
were initially performed with the following concentrations: 25, 50, 100, 150, and 300 ng/mL
added to cell cultures for 15, 30, 60, and 90 minutes and 3, 6, 9, 12, and 24 hours. Purchased
recombinant leptin was routinely tested for lipopolysaccharide contaminant levels with a
limulus lysate assay (Associated of Cape Cod, Fal-mouth, MA) and was found to contain less
than 0.02 pmol/L. The optimal concentration of recombinant leptin was determined to be 100
ng/mL; this concentration was used in all subsequent experiments. This concentration has been
used in other published work and is physiologically relevant in obesity.23–25

Analysis of α2(I) Collagen and OB-RL mRNA by RT-PCR
Total RNA was isolated from HSC-T6 cells and culture-activated HSCs as described by
Chomczynski and Sacchi.26 For each reaction, 2 μg of total RNA was reverse-transcribed to
cDNA using RETROscript First Strand Synthesis Kit for RT-PCR (Ambion) as recommended
by the manufacturer. The resulting cDNA was subsequently subjected to 30 cycles of PCR.
PCR products were quantitated to confirm that they were in the linear range of amplification.
PCR products were quantified by Quantum RNA 18S internal standards (Ambion). The primers
encoding the leptin receptor (common to both the long and short forms), yielding an amplified
fragment of 233 base pairs, consisted of a forward primer 5′
ATATGGAGCCATTACCTAAGAACC and a reverse primer 5′
GAAATCACAAGACGGGGTGT-GAGT3′ from mouse (#U46135). Primers encoding the
long form of the rat and murine OB-RL included a forward primer 5′
GATGATGGAATGAAGTGG-CTTAG3′ and a reverse primer 5′ GTAAAAAGATG-
CTCAAATGTTTC3′ (#D84550). A portion of the glyceraldehyde-3-phosphate
dehydrogenase cDNA encoding a region common to murine, rat, and human species was used
to normalize mRNA expression: 5′ AC-CACAGTCCATGCCATCAC′3 and 5′TCCACCA-
CCCTGTTGCTGTA3′ (#AF106860). The conditions for RT-PCR to detect OB-RL were as
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follows. cDNA synthesis and predenaturation were at 42°C for 60 minutes followed by 94°C
for 10 minutes. PCR amplification sequence was performed for 35 cycles at 94°C for 30
seconds, 55°C for 30 seconds, and 72°C for 1 minute. After amplification, each sample was
applied to 1.2% agarose/ethidium bromide gel. The resolved PCR products were photographed
under UV illumination.

Detection of α2(I) Collagen mRNA by RPA
A 533–base pair fragment of the α2(I) collagen gene with the T7 promoter was constructed by
RT-PCR. Subsequently, a 533-nucleotide antisense riboprobe was transcribed with T7 RNA
polymerase (MAXIscript kit; Ambion) by using [α32P]uridine triphosphate (specific activity,
800 Ci/mmol) (Amersham Pharmacia Biotech, Piscataway, NJ). RPAs were performed using
the RPAIII kit (Ambion). Gel-purified riboprobes (105 cpm for α2(I) collagen gene and 3 ×
104 cpm for β-actin) were hybridized with 10 μg total cellular RNA extracted from either HSC-
T6, primary cultured HSCs, or yeast transfer RNA at 42°C for 18 hours followed by
ribonuclease A/T1 digestion at 37°C for 30 minutes. Protected fragments were heat denatured
and separated on 3.5% denaturing urea/polyacrylamide gels. A rat β-actin antisense probe was
used as a control. Radioactive signals were recorded and quantitated by using the BioRad
Imaging System and Quantity One quantitation software (Life Sciences Group, Hercules, CA).
The experiments were performed 3 times; each experiment used newly prepared total RNA
from new tissue cultures. Each α2(I) collagen signal was normalized to the β-actin signal from
the same sample, and the normalized values were expressed relative to signals in the untreated
HSC-T6 or primary cultured HSC (control) cells, respectively.

α2(I) Collagen Gene Transactivation by Leptin in HSCs
The α2(I) collagen promoter containing −2,000 to +54 base pairs was subcloned into the pGL3
luciferase reporter vector (pGL3-1009).27 Transfections were performed with
LipofectaminePLUS according to manufacturer’s specifications. After serum starvation for 16
hours, 2 μg of the reporter construct was added to 80% confluent cell cultures along with 0.5
μg of the internal control plasmid pSV-βgal and the transfection reagents. The empty pGL3
vector served as a negative control; the pGL3 vector containing an SV40 enhancer served as
a positive control. After leptin exposure (100 ng/mL) for the designated times, cell lysate
luciferase activity was determined using a Monolight 3010 Luminometer (Analytical
Luminescence Laboratory, San Diego, CA). Preliminary transfection studies were also
performed with 25, 50, 75, 125, and 150 ng/mL leptin to determine the lowest effective
concentration. Results were expressed in relative light units per microgram protein quantitated
by the method of Lowry et al.28

Scatchard Analysis of Leptin Binding to HSCs
HSC cell monolayers in 6-well culture plates were incubated with 125I-leptin at 62.5 pmol/L
or saturating concentrations of unlabeled leptin (5 μmol/L) for 10, 20, 30, 40, 50, 60, 75, 90,
and 105 minutes and 2, 4, 8, 12, 24, 36, and 48 hours. Cells were incubated at 37°C in a
humidified atmosphere of 5% CO2/95% humidified air. Binding experiments were performed
24 to 48 hours after plating as follows. Cells were washed once with Krebs-Ringer medium
(pH 7.4) containing 20 mmol/L HEPES and 1% bovine serum albumin and then incubated in
duplicate at 25°C with 125I-labeled leptin in 300 μL of the same buffer. Controls for nonspecific
binding of labeled leptin contained unlabeled leptin at the times indicated previously.

Incubations were terminated by rapid removal of the incubation medium and addition of 500
μL ice-cold buffer. The cells were washed with 6 changes of buffer and then lysed in 1% Triton
X-100, 10% (vol/vol) glycerol, 25 mmol/L HEPES, pH 7.5, and 0.1% bovine serum albumin
at 4°C for 40 minutes. Cell-bound radioactivity was determined. Data are shown in Scatchard
plots29 according to analysis by a modified Gauss-Newton nonlinear least-square program
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using SigmaPlot (SPSS Science, Chicago, IL) computer software.30 Protein was measured by
the method of Lowry et al.,27 and specific binding is expressed per microgram of protein.

Stat3 Phosphorylation Assays
Cell lysates prepared from HSC-T6 or primary HSCs were treated with 100 ng/mL leptin in
0.1% serum-free media for 1, 3, 6, 9, 12, and 24 hours. Cells were washed twice with ice-cold
phosphate-buffered saline. Protein was extracted on ice in radioimmunoprecipitation assay
buffer that included 50 mmol/L Tris-HCl, pH 7.5, 1% Triton X-100, 10% glycerol, 137 mmol/
L NaCl, 2 mmol/L ethylenediaminetetraacetic acid, 25 mmol/L β-glycerophosphate, 1 mmol/
L sodium orthovanadate, and 1 mmol/L phenylmethylsulfonyl fluoride. Additional protease
inhibitors were included in all subsequent procedures in radioimmunoprecipitation assay
buffer. Cell extracts were passed through a 20-gauge sterile syringe and centrifuged at
6000g for 10 minutes and protein content assayed.28 Control studies were performed as
indicated except for the absence of leptin treatment. For each time point, un-phosphorylated
Stat3 protein was assayed as a control by immunoblot analysis as described subsequently.
Leptin-treated HSC lysate supernatants were subsequently treated with 1 μg of anti-pStat3
antibody and incubated for 90 minutes at 4°C. Immunoprecipitation was performed with
protein G agarose bead conjugate and incubated at 4°C for 16 hours. Agarose beads were
washed extensively with radioimmunoprecipitation assay buffer containing protease
inhibitors. The resultant beads were mixed in 20 μL Laemmli loading buffer and subjected to
10% sodium dodecyl sulfate/polyacrylamide gel electrophoresis.31 Transfer to nitrocellulose
membrane was performed at 4°C for 16 hours and reacted with secondary antibodies as
indicated in the figure legends. The immunocomplexes were visualized by enhanced
chemiluminescence reaction (Amersham, Arlington Heights, MA). All experiments were
performed in triplicate.

Immunoprecipitation of pStat3 and the Leptin Receptor, OB-R
Lysates, quiescent and culture-activated rat HSCs and HSC-T6 cells, were extracted,
quantitated, electrophoresed, and transblotted as previously described. Immunodetection of
OB-RL, OB-R, Stat3, and pStat3 was performed with polyclonal antibody for the respective
protein (H-300, K-20, Stat3, and pStat3 antibodies) at a dilution of 1:250 for OB-R antibodies
and 1:1,000 for Stat3 and pStat3, respectively. After subsequent washes, the blots were exposed
to 1:1,000 dilution of anti-rabbit immunoglobulin G peroxidase conjugate for 1 hour.
Immunocomplexes were also visualized by enhanced chemiluminescence (Amersham) and
performed in triplicate. pStat3 activity was compared with pStat3 activity in untreated HSCs
and quantitated using the BioRad Imaging System and Quantity One quantitation software.
All experiments were performed in triplicate.

CCl4 Treatment of ob/ob Mice and Their Lean Littermates and Histologic Analysis of Liver
Specimens

Male ob/ob mice and their lean littermates were purchased from Jackson Laboratories (Bar
Harbor, ME). All animals received humane care, and the experimental protocol was approved
by the Institutional Care and Use Committee of the University of Maryland. Mice were allowed
free access to a laboratory chow diet and were housed for 1 week before CCl4 injections. Mice
were given an intraperitoneal injection of 50% CCl4 (1 mL/kg) with olive oil twice weekly for
8 weeks. Control mice were also injected with 0.9% sterile saline and olive oil. All mice were
killed for histologic analysis. Liver tissues were fixed with 10% buffered formalin and
embedded with paraffin. Picrosirius red stain was used to detect collagen fibrils as described
elsewhere.32

To detect α–smooth muscle actin (SMA) in the liver sections, formalin-fixed and paraffin-
embedded tissue sections were deparaffinized and immunohistochemical staining using a
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mouse monoclonal anti-SMA antibody (American Research Products, Inc., Belmont, MA) was
performed. After rinsing the primary antibody, the sections were incubated with a biotinylated
mouse anti-mouse immunoglobulin G F(ab′) fragment, followed by incubation with the avidin-
biotin complex solution using a VECTOR Mouse on Mouse Immunodetection kit (Vector
Laboratories Inc., Burlingame, CA).

Statistical Analysis
Results are expressed as the mean ± SEM. Quantitative data from RPA, transfection analysis,
and Stat3 phosphorylation assays were subjected to an unpaired 2-tailed Student’s t test. The
differences were considered significant at P < .05. All experiments were performed in triplicate
on 3 separate occasions.

Results and Discussion
To determine whether leptin was fibrogenic toward stellate cells, we first examined its effect
on α2(I) collagen mRNA expression by RPAs as shown in Fig. 1. Data from primary cultured
HSCs (Fig. 1A) and HSC-T6 cells (Fig. 1B) confirm that leptin increased α2(I) collagen mRNA
when compared with untreated (control) cultures. A 4-fold increase in leptin-treated primary
HSC and HSC-T6 α2(I) collagen mRNA was observed, and this effect was significant at all
time points through 24 hours.

To further explore transcriptional activation of the α2(I) collagen gene by leptin, transient
transfection experiments were performed in HSC-T6 cells followed by treatment with leptin.
The results of this experiment are shown in Fig. 2. Addition of 100 ng/mL leptin resulted in a
6-fold increase in α2(I) collagen transgene activation at 6 to 9 hours in HSC-T6; however, this
effect was not observed with the empty vector pGL3 lacking the collagen promoter (Fig. 2B).
Compared with untreated transfected cells (Fig. 2, white bars), the α2(I) collagen transgene
activation was significantly increased (P < .05) for all time intervals for the leptin-treated cells
(Fig. 2, black bars).

The data in Figs. 1 and 2 strongly suggest that leptin elicits a biologic effect in stellate cells
and prompted us to characterize leptin binding and possible signaling via the leptin receptor.
To investigate whether saturable leptin binding occurs in stellate cells, binding assays were
performed in HSCs. Saturable, specific binding was documented (Fig. 3A) with an association
constant (Kd) for leptin-HSC binding calculated to be 660 ± 5.8 pmol/L (Fig. 3B). This Kd
value is comparable to other leptin-binding cells, including HepG2 human and rat hepatoma
cells.5,6,33 These analyses indicate that there are ~4,000 leptin-binding sites per cell.

Because OB-RS is abundant in nonneural tissues but OB-RL is required for signal transduction,
the data in Fig. 3 cannot discriminate whether leptin binds primarily to OB-RS or OB-RL or
both in HSCs. However, the binding assays presented raise the possibility of autocrine signaling
by leptin, a possibility made more likely because of extensive autocrine/cytokine signaling in
stellate cells by a large number of cytokines and growth factors.34 For example, transforming
growth factor β1 is both produced by activated HSCs and signals through transforming growth
factor β receptor isoforms.35

We performed immunoprecipitation and RT-PCR to identify the long-form leptin receptor,
OB-RL, in both primary cultured HSCs and HSC-T6 cells. As expected, antibodies against
OB-R, which detect sequences common to both OB-RL and OB-RS, show the presence of
receptor in all stellate cells studied (Fig. 4C). Because the antibody to detect all forms of OB-
R is aimed at the extracellular portion of the receptor, multiple isoforms, including a soluble
form OB-Re, may explain the multiple band forms detected in HSCs, representing the
differential expression of these receptors as seen in other tissues.36,37 Figure 4A and B show
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OB-RL protein and a corresponding 361–base pair cDNA by RT-PCR for both primary cultured
HSCs and HSC-T6 cells.

To determine whether stellate cell OB-RL signaling can occur via the Jak-Stat pathway in HSCs
as it does in other tissues, we examined whether leptin elicits an increase in phosphorylation
of Stat3, the major signal transducer of OB-RL. In both primary cultured HSCs (Fig. 5A) and
HSC-T6 cells (Fig. 5B), pStat3 was detectable over the same interval in which effects on
collagen gene expression were elicited. However, maximal phosphorylation of Stat3 occurred
between 1 and 6 hours before returning to control pStat3 levels. The quantity of total Stat3
available for phosphorylation as shown did not change in response to leptin. Although not
shown, Stat1 phosphorylation was also increased in HSCs exposed to leptin over the same time
intervals indicated here.

Histology of liver sections examined for collagen fibril deposition in which CCl4 was
administered to either ob/ob mice or their lean littermates is shown in Fig. 6. Figure 6A shows
significant fibrosis in the lean littermates of the ob/ob mice, which is noticeably absent in the
identically treated ob/ob animals (Fig. 6B). As anticipated, both the lean littermates and the
ob/ob mice treated with vehicle only (saline/olive oil) (Fig. 6C and D) also show no significant
picrosirius red staining, indicating a lack of type I collagen deposition outside of central and
portal blood vessels.

Figure 7 is a high-power photomicrograph of immunohistochemical staining for α-SMA of
liver sections as indicated in Fig. 6. α-SMA, an indicator of activated HSCs in liver, is strongly
detected in Fig. 7A, which shows liver sections stained from the lean littermates of the ob/ob
animals treated with CCl4. Neither the control animals (Fig. 7C and D) nor the CCl4-treated
ob/ob (Fig. 7B) mice show significant α-SMA–positive cells.

Several recent reports have implicated leptin as a critical hormone in the development of liver
fibrogenesis. Specifically in animal models with leptin deficiency, cirrhosis failed to develop
in response to liver injury due to either thioacetamide or methionine/choline deficiency.38,39

In these animal studies, leptin was shown to have only a permissive role in liver fibrosis, acting
primarily by enhancing transforming growth factor β1 activity. Importantly, these studies did
not establish a direct fibrogenic effect of leptin on stellate cells, instead postulating an indirect
effect through sinusoidal endothelial cells. Our data show a direct role of leptin in liver fibrosis.
A leptin-associated increase in α2(I) collagen gene expression was observed by RPA in vitro
in HSCs, as was leptin-increased α2(I) collagen gene promoter activity. Mature collagen in
liver sections of the ob/ob lean littermates (Fig. 6A) as detected by picrosirius red staining
confirmed the results of the in vitro data presented here. Moreover, the presence of α-SMA by
immunolocalization confirms the importance of leptin as a profibrogenic factor in liver fibrosis.
Without the presence of leptin, no α-SMA positive cells were detected (Fig. 7A) and no
significant picrosirius red staining was present in the ob/ob animals treated with CCl4 (Fig.
6B). Taken together, these data implicate a direct role for leptin on HSCs in the genesis of liver
fibrosis. The immunohistochemical studies, along with data suggesting increased leptin and
leptin receptor production during the stellate cell activation process, also raises speculation
that leptin may be involved in the activation of HSCs. Further work will be aimed at determining
whether leptin is directly involved in the activation of HSCs.

Our data do not exclude the possibility that leptin signaling leads to increased transforming
growth factor β1 but are consistent with a growing body of evidence from other organ systems
implicating leptin itself as a profibrogenic hormone. For example, wound healing in ob/ob
mice, which lack circulating leptin, has impaired surgical scar formation.18 Diabetic
ophthalmopathy and glomerulosclerosis, two conditions associated with longstanding diabetes
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mellitus, show that leptin can induce cell proliferation as well as augment collagen gene
expression.40

A direct role of leptin is further substantiated by our findings in both HSC-T6 cells and primary
cultured HSCs that the long-form of the leptin receptor, OB-RL, is expressed. The long form
of the receptor is widely implicated in leptin signal transduction, whereas very little evidence
is available implicating a role for the short form, OB-RS, in the action of leptin.23 Further work
regarding leptin signal transduction will need to be performed because Jak-Stat signaling
usually results in events within minutes41 and not hours. Alternatively, Stat phosphorylation
may result in the activation of other transcription factors responsible for the effect on collagen
gene expression observed here. These characteristics of Jak-Stat signal transduction may
account for the observation that collagen gene expression is still increasing at 12 and 24 hours
(Fig. 1), whereas pStat3 activity returns to basal levels after 6 hours (Fig. 5) in both primary
HSCs and the HSC-T6 cell line. Emerging evidence would suggest that leptin could act through
other signaling cascades, including the family of mitogen-activated protein kinases and the
stress-activated protein kinases.42,43 Mitogen-activated protein kinase or stress-activated
protein kinase signaling could explain the persistent increase in collagen gene activation and
expression by leptin in HSCs that we have observed here.

Our data provide convincing evidence, which provides novel mechanisms whereby leptin
affects liver fibrogenesis. Other genes associated with liver fibrosis (e.g., tissue inhibitors of
metalloproteinases) are currently being studied to determine whether leptin alters their
expression and in turn acts as a profibrogenic substance in the liver microenvironment. These
data have potential implications for clarifying mechanisms of fibrosis in diseases in which
circulating leptin levels are elevated such as nonalcoholic steatohepatitis, type 2 diabetes
mellitus, and alcoholic cirrhosis.19,44,45
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Abbreviations

OB-R leptin receptor

OB-RS short-form leptin receptor

OB-RL long-form leptin receptor

RT-PCR reverse-transcription polymerase chain reaction

RPA ribonuclease protection analysis

mRNA messenger RNA

Jak-Stat Janus kinase–signal transducer and activator of transcription

HSC hepatic stellate cell

cDNA complementary DNA

pStat3 phosphorylated Stat3

SMA smooth muscle actin

Kd association constant
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Fig. 1.
RPA of the α2(I) collagen mRNA from HSC-T6 cells and primary cultured HSCs. β-actin, 304
nucleotides; α2(I)COL (α2(I) collagen), 533 nucleotides. (A) Primary HSCs were isolated from
normal rats and allowed to grow in culture in standard serum-containing medium. After 3 days,
serum-containing medium was exchanged with serum-free medium; cells were exposed to 100
ng/mL leptin in SF medium, total cellular RNA was isolated at the indicated time points, and
RPA was performed as described in Materials and Methods. Results with primary cultured
HSCs include a representative histogram of densitometric analysis of autoradiography shown.
(B) A representative autoradiogram and histogram results from RPA from HSC-T6 cells. RPA
from primary cultured HSCs and HSC-T6 cells was performed separately in triplicate in 3
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independent experiments. Statistical analysis of RPA products was performed by Student’s t
test. All treatment data were compared with controls (untreated cells), *P < .05. Error bars
represent SEM.
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Fig. 2.
Transient transfection of the α2(I) collagen promoter in HSC-T6 cells exposed to leptin.
Transient transfections with HSC-T6 were performed with 2 μg of the α2(I) collagen promoter
(pGL3-1009) and 0.5 μg of pSV-βgal. Leptin treatment (100 ng/mL) is as in Fig. 1 and Materials
and Methods. Luciferase activity was determined and results shown as relative light units/
microgram protein. The pSV-βgal reporter gene was cotransfected to normalize for transfection
efficiency. Untreated pGL3-1009 (□) represents transgene activity of the α2(I) collagen
promoter in cells not exposed to leptin for each treatment time indicated. The transfected pGL3
empty vector (B) was used as a negative control; the pGL3-SV40 enhancer vector (P, ) served
as a positive control. All assays were performed in triplicate. Data shown represent the average
of 3 independent experiments ± SEM. Data analysis was performed by Student’s t test, where
*P < .05 was significant and compares collagen transgene expression between untreated cells
(□) and leptin-treated cells (■) normalized to total protein assessed by Lowry assay25 for each
time point indicated in hours.
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Fig. 3.
Specific binding of 125I-leptin to HSCs. (A) Time course showing leptin binding to HSCs.
Cells were cultured as monolayers and incubated with 62.5 pmol/L 125I-leptin for time
indicated in minutes (◆). To determine specific leptin-HSC binding, an identical assay was
performed with excess unlabeled leptin (5 μmol/L) (●). Bound radioactive ligand was measured
and standardized to microgram protein assayed.28 (B) Scatchard analysis.29 Incubation with
labeled leptin was performed for 2 hours with cell monolayers at 4°C. Cell-associated
radioactivity was determined by scintillation counting. Data for Kd are expressed as mean ±
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SEM. The plots represent duplicate experiments performed twice. The details of these studies
are described in Materials and Methods.
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Fig. 4.
Detection of OB-RL in HSC-T6 cells and primary, culture-activated rat HSCs by
immunoprecipitation and RT-PCR. (A) Immunoprecipitation of OB-RL. Whole-cell lysate was
prepared from primary HSCs in culture for 1 day (D1), 3 days (D3), and 7 days (D7). OB-
RL in HSC-T6 (T6) cells was detected by immunoprecipitation. An equal quantity of protein
was immunoprecipitated with antibody against the cytoplasmic domain of the leptin receptor.
Positive control was from mouse brain (+) and was supplied by Santa Cruz Biotechnology. (B)
RT-PCR detecting mRNA for OB-RL. Details of reactions and primer pairs are described in
Materials and Methods. Total RNA was isolated from primary HSCs and HSC-T6 in culture
at times identical to immunoprecipitation analysis as previously described. The expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. (C)
Immunoprecipitation of OB-R with antibody directed at the extracellular domain of the
receptor common to all OB-R isoforms. Molecular weight is on the left in kilodaltons.
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Fig. 5.
Immunoprecipitation of pStat3 in stellate cells exposed to leptin. One microgram of polyclonal
antibodies to pStat3 was added to (A) primary cultured HSCs or (B) HSC-T6 as described in
detail in Materials and Methods. Equal protein loading28 was confirmed based on expression
of total, unphosphorylated Stat3 (STAT3 in figures). Lanes 2 to 6 indicate leptin exposure for
the times indicated in hours for either primary HSCs (A) or cell culture model (B). The
corresponding histograms compare pStat3 from leptin-treated HSCs with untreated HSCs and
are from 3 independent experiments performed in triplicate. Data analysis comparing pStat3
in leptin-treated cells for each time point vs. untreated (Lane 1, control [C]) HSCs was by
Student’s t test. *P < .05.
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Fig. 6.
Histopathologic analysis for type I collagen in the liver after CCl4 administration in ob/ob mice
and their lean littermates. Representative photomicrographs of (A) CCl4-treated male lean
littermates of ob/ob mice and (B) CCl4-treated ob/ob mice. Simultaneous treatment with
vehicle (saline and olive oil) is also shown in C for the lean littermates and D for ob/ob mice.
These photomicrographs represent 3 independent studies in which 4 male mice were included
in each treatment group (picrosirius red stain, original magnification 100×).
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Fig. 7.
Expression of α-SMA in the liver after administration of CCl4 in ob/ob mice and their lean
littermates. The expression and localization of α-SMA were detected by immunohistochemical
staining as described in detail in Materials and Methods. Representative micrographs from 3
individual experiments are shown (original magnification 400×). (A) CCl4-treated lean
littermates showing α-SMA–positive cells (white arrows), (B) CCl4-treated ob/ob mice, (C)
vehicle-treated lean littermates, and (D) vehicle-treated ob/ob mice. Primary antibody dilution
was 1:400; the experimental design and resultant liver sections used for α-SMA staining were
as in Fig. 6.
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