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Leptin Promotes the Myofibroblastic Phenotype in Hepatic
Stellate Cells by Activating the Hedgehog Pathway*
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Trans-differentiation of quiescent hepatic stellate cells (Q-
HSCs), which exhibit epithelial and adipocytic features, into
myofibroblastic-HSC (MF-HSCs) is a key event in liver fibrosis.
Culture models demonstrated that Hedgehog (Hh) pathway
activation is required for transition of epithelioid/adipocytic
Q-HSCs into MF-HSCs. Hh signaling inhibits adiposity and pro-
motes epithelial-to-mesenchymal transitions (EMTs). Leptin
(anti-adipogenic, pro-EMT factor) promotes HSC trans-differ-
entiation and liver fibrosis, suggesting that the pathways may
interact to modulate cell fate. This study aimed to determine
whether leptin activates Hh signaling and whether this is
required for the fibrogenic effects of leptin. Cultures of primary
HSCs from lean and fa/fa rats with an inherited ObRb defect
were examined. Inhibitors of PI3K/Akt, JAK/STAT, and Hh
signaling were used to delineate how ObRb activation influ-
enced Hh signaling and HSC trans-differentiation. Fibrogen-
esis was compared in wild type and db/db mice (impaired
ODbRD function) to assess the profibrotic role of leptin. The
results demonstrate that leptin-ObR interactions activate Hh
signaling with the latter necessary to promote trans-differen-
tiation. Leptin-related increases in Hh signaling required ObR
induction of PI3K/Akt, which was sufficient for leptin to repress
the epithelioid/adipocytic program. Leptin-mediated induction
of JAK/STAT was required for mesenchymal gene expression.
Leptin-ObRb interactions were not necessary for HSC trans-
differentiation to occur iz vitro or in vivo but are important
because liver fibrogenesis was attenuated in db/db mice. These
findings reveal that leptin activates Hh signaling to alter gene
expression programs that control cell fate and have important
implications for liver fibrosis and other leptin-regulated pro-
cesses involving EMTs, including development, obesity, and
cancer metastasis.

Stromal remodeling occurs routinely during embryogenesis
and is a component of tissue reconstruction after injury in many
adult organs, including liver (1). Myofibroblastic cells (MFs)* are
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key mediators of stromal remodeling because they are major pro-
ducers of both matrix proteins and factors that degrade matrix.
Hence, MF populations generally expand during this phase of
tissue repair (2). Various sources contribute MFs to wound-
healing efforts, depending on the severity and duration of injury
and the tissue involved. Transition of quiescent, adipocytic
hepatic stellate cells (Q-HSCs) to MFs and the subsequent
growth of these newly generated MFs are major mechanisms
for enriching damaged livers with MFs (3). Therefore, it is
important to characterize the signal transduction pathways
that regulate these processes.

Several factors that increase during liver injury facilitate the
formation of MFs from Q-HSCs and/or promote the survival
and proliferation of the newly generated MFs, including trans-
forming growth factor B (TGF-B), connective tissue growth
factor, ligands for Toll-like receptors 2 and 9, certain proin-
flammatory cytokines, platelet-derived growth factor (PDGF),
and leptin. Presumably, these factors are somewhat redundant,
however, because knocking down any one of them in experi-
mental animals has not been sufficient to abrogate either fibro-
genesis or fibrinolysis entirely (2). Apoptotic liver cells them-
selves are also known to promote activation of HSCs to a MF
phenotype. This occurs when HSCs phagocytose apoptotic
liver cells (4). In addition, dying liver epithelial cells produce
and release Hedgehog (Hh) ligands which operate as paracrine
signals to activate Hh-dependent mechanisms that are required
for Q-HSCs to become MFs (5). Hh ligands are also necessary
for MFs to retain their fibroblastic phenotype, proliferate in
response to mitogens, and survive during standard culture con-
ditions (6).

Because Hh signaling mediates both the formation of MFs
from Q-HSCs, and the growth of the newly generated MF pop-
ulations, the Hh pathway may play a pivotal role in controlling
HSC fate. If true, this hypothesis implies that the Hh pathway
modulates signals that are initiated when other profibrogenic
factors interact with their receptors on HSCs. To evaluate this
possibility further, we examined how manipulating Hh signal-
ing altered HSC responses to leptin.

We selected leptin for scrutiny because there is already an
extensive body of literature detailing mechanisms by which lep-

hepatic stellate cell; MCD, methionine choline-deficient; MF-HSC, myofi-
broblastic HSC; PPARYy, peroxisome proliferator-activated receptor v; Ptc,
patched; Q-HSC, quiescent HSC; gRT-PCR, quantitative RT-PCR; sFRP1, sol-
uble frizzled-related peptide 1; Shh, Sonic hedgehog.
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tin promotes myofibroblastic transition and proliferation of
HSCs (7-16). That work demonstrated that activation of the
long form of the leptin receptor, ObRb, and consequent activa-
tion of PI3K/Akt and JAK2/STAT3 signaling played critical
roles in mediating the leptin effects. Q-HSCs are also adipo-
cyte-like cells, and both leptin and Hh have been demonstrated
to regulate the fate of adipocytes. In preadipocytes (which are
fibroblastic cells), the Hh pathway is active. As the preadipo-
cytes differentiate to become adipocytes, the Hh pathway is
progressively silenced, and leptin gene expression is gradually
induced (17). Leptin, in turn, prevents further adipocytic differ-
entiation, thereby controlling the net mass of adipose tissue
(18). Like leptin, Hh ligands are also potent inhibitors of adipo-
genesis. A recent genome-wide screen of factors that control
adipose mass in Drosophila identified the Hh pathway as the
major negative regulator of fat mass in flies (19). Similarly,
transgenic mice with adipocyte-targeted disruption of SuFu, a
major inhibitor of Hh signaling, exhibited excessive Hh signal-
ing, aborted differentiation of adipocyte precursors, and failure
to develop adipose depots (19). Evidence suggested that Hh
acted upstream of peroxisome proliferator-activated receptor
(PPAR) vy to block adipocytic differentiation by inhibiting
the induction of this key adipogenic transcription factor and
thereby, maintaining the typical fibroblastic preadipocyte
phenotype.

Similar to mature adipocytes, Q-HSCs are lipid-laden and
express PPARYy. PPARvy is down-regulated as Q-HSCs transi-
tion to become MFs, and agents that activate PPARy both block
the generation of MFs from Q-HSCs and cause MF-HSCs to
revert back to their quiescent, adipocytic phenotype (20). Hh
pathway activity increases as Q-HSCs repress PPARy and tran-
sition to become MF-HSCs. Thus, PPARY activity is low, and
Hh pathway activity is high, in MF-HSCs. Treating MF-HSCs
with Hh inhibitors permits PPARy expression to reemerge and
causes the cells to lose myofibroblastic characteristics (21).
Thus, the Hh pathway acts upstream of PPARYy to inhibit
PPARvy induction and maintain the fibroblastic phenotype of
both preadipocytes and MF-HSCs.

In cultured HSCs, the transition from Q-HSCs (which have
high levels of PPARy but little Hh activity) to MF-HSCs (which
have low PPAR+y but high Hh activity) is associated with down-
regulation of BMP7, Id2, desmoplakin, and E-cadherin expres-
sion, and concomitant up-regulation of TGF-, snail, vimentin,
fibronectin, a-smooth muscle actin (a-SMA), matrix metallo-
proteinases, and type 1 collagen (Coll«I). Similar changes in
gene expression are known to occur as epithelial (or endothe-
lial) cells acquire mesenchymal characteristics, suggesting that
the generation of MF-HSCs from adipocytic precursors in-
volves a process that resembles epithelial/endothelial-to-mes-
enchymal transition (EMT). Blocking Hh pathway activation
prevents/reverses this EMT-like process and inhibits HSCs
from becoming/remaining myofibroblastic (21). Interestingly,
recent studies of endocardial cushion remodeling in the devel-
oping heart, as well as certain types of adult epithelial tumors,
demonstrate that leptin is also capable of promoting EMT (22—
24). To our knowledge, however, the possibility that leptin
might interact with Hh to modulate EMT during development,
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TABLE 1
RT-PCR Primers for Analysis
Gene GenBank Direction Sequence

aSMA X06801 Forward GTGGATCACCAAGCAGGAGGAGT
Reverse =~ CATAGCACGATGGTCGATTG

Collal XM_213440 Forward CTGCATACACAATGGCCTAA
Reverse GGGTCCCTCGACTCCTA

Fibronectin NM_019143 Forward GTGGCTGCCTTCAACTTCTC
Reverse =~ GTGGGTTGCAAACCTTCAAT

PPARYy NM_013124 Forward CCCTGGCAAAGCATTTGTAT
Reverse ACTGGCACCCTTGAAAAATG

GFAP NM_017009 Forward GGGAGTCGGCCAGTTACCAG
Reverse =~ CCCGCATCTCCACCGTCT

S100A4 NM_012618 Forward ATACTCAGGCAACGAGGGTG
Reverse CTTCCGGGGCTCCTTATC

BMP7 XM_342591 Forward GTGGTCAACCCTCGGCACA
Reverse ~ GGCGTCTTGGAGCGATTCTG

Desmoplakin - XM_001058477  Forward GGAAGTCAGCCAAGCAAAAC
Reverse GGCTCTCCTTTTCACACTGC

E-cadherin NM_009864 Forward ACCTCTGGGCTGGACCGA
Reverse ~ CCTGATACGTGCTTGGGTTGAA

Shh NM_017221 Forward ACAAGAAACTCCGAACGATT
Reverse GCCCTCAGTCACTCGAAG

Gli2 XM_222557 Forward ATAAGCGGAGCAAGGTCAAG
Reverse ~ CAGTGGCAGTTGGTCTCGTA

S9 NM_029767 Forward GACTCCGGAACAAACGTGAGGT
Reverse CTTCATCTTGCCCTCGTCCA

tumor metastasis, or the (trans)-differentiation of adipocytic
cells has not been investigated.

Given the apparent overlap between the actions of leptin
and Hh in several types of stromal cells, including HSCs, the
present study evaluated the hypothesis that leptin activates the
Hh pathway to promote HSC acquisition/maintenance of a
myofibroblastic phenotype. These results confirm this hypoth-
esis and thereby advance fundamental knowledge about the
mechanisms underlying the leptin actions in HSCs. Moreover,
the findings extend earlier evidence which suggested that Hh
pathway activation is a conserved target of profibrogenic fac-
tors. This concept, in turn, has important implications for a
broad spectrum of clinical disorders that involve deregulated
stromal cells, including cirrhosis, metastatic cancers, certain
congenital cardiac abnormalities, and obesity.

EXPERIMENTAL PROCEDURES

Animal Care—Adult, male Sprague-Dawley rats were ob-
tained from Charles River Laboratories (Wilmington, MA).
Zucker-Lepr™ and Zucker-Lepr™ were obtained from Harlan
Laboratories (Indianapolis, IN). Obese, diabetic db/db mice
were obtained from Jackson Laboratories (Bar Harbor, ME). To
induce liver injury and fibrosis, six db/db and five lean control
mice were fed methionine choline-deficient (MCD) diets (MP
Biomedicals, Solon, OH) for a total of 8 weeks. Control db/db
and WT mice were permitted ad libitum consumption of water
and standard rodent food. Upon completion of 8 weeks of treat-
ment, mice were killed. Livers were harvested and either forma-
lin-fixed or snap frozen. Animal experiments fulfilled National
Institutes of Health and Duke University IACUC requirements
for humane animal care.

Cell Isolation and Culture—Primary HSCs were isolated
from Sprague-Dawley, Zucker-Lepr™ and Zucker-Lepr™ rats,
assessed for purity and viability, and seeded at a density of 3 X
10? cells/mm? in DMEM supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin as described previ-
ously (6, 21). For studies that involved treatments with leptin,
adenoviral vectors and/or various pharmacologic inhibitors,
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FIGURE 1. Effects of stellate cell trans-differentiation on expression of leptin and its receptors. Primary
HSCs were isolated from healthy adult male Sprague-Dawley rats, pooled, and cultured on plastic dishes in
serum-containing medium. RNA was isolated at different time points and changes in gene expression were
evaluated by gqRT-PCR. top, leptin, ObRa, and ObRb. Results are representative of triplicate experiments. Results
are mean = S.E. (error bars) of triplicate experiments. *, p < 0.05; 1, p < 0.005. bottom, protein harvested from

these primary rat HSCs and analyzed by Western blotting.
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FIGURE 2. Effects of leptin on stellate cell gene expression. Primary rat
HSCs were cultured in serum-containing medium and treated with leptin (L;
100 ng/ml) or vehicle (V). RNA was isolated, and changes in gene expression
were evaluated by qRT-PCR. top, myofibroblastic/mesenchymal markers:
a-SMA, Col1a1, fibronectin (Fn1), S100A4, vimentin (Vim), desmin (Des), Msx2,
WT1, and snail. bottom, epithelial markers: BMP7, Id2, desmoplakin (Dsp),
E-cadherin (CdhT), and markers of quiescent HSCs: PPARy and GFAP. Results
are mean = S.E. (error bars) of triplicate experiments. ¥, p < 0.05; **, p < 0.01;
t,p < 0.005.

day 7 HSC cultures were cultured overnight in serum-depleted
medium (0.1% FBS) before treatments were initiated.
Adenoviral Transduction of HSCs—Ad5GFP, which contains
the GFP gene driven by the cytomegalovirus promoter, was
used as a control virus. The Ad5dnAkt virus expresses the dom-
inant negative forms of Akt. Pilot studies demonstrated that
maximally efficient transduction occurred at a multiplicity of
infection of 100. Subsequent experiments were carried out with
this multiplicity of infection for 24 h, then virus-containing
medium was aspirated and replaced with fresh medium (6).
Pharmacological Treatment of HSCs—Primary MF-HSCs
were treated with cyclopamine (5 uMm; Toronto Research
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Chemicals, Toronto, Canada) or a
catalytically inactive analog tomati-
dine (5 um) for 24 h to inhibit Hh
signaling (21), LY294002 (25 um;
Cell Signaling Technology, Dan-
vers, MA) for 30 min to inhibit PI3K
signaling (6), and AG490 (50 um;
Tocris Biosciences, Ellisville, MO)
for 30 min to inhibit JAK signaling
(13) prior to treatment with leptin
(100 ng/ml; R&D Systems, Minne-
apolis, MN) or vehicle control. This
dose of leptin was selected based on
evidence that it optimally induced
transcriptional activation of the
type 1 collagen gene (7) and stimu-
lated downstream kinase activity
and proliferation in cultured rodent
and human HSCs (13-15).

mRNA Quantification by Real-time Reverse Transcription-
PCR (RT-PCR)—Total RNA was extracted with TRIzol (In-
vitrogen), reverse-transcribed using Superscript reverse
transcriptase (Invitrogen) as described (21). For primers, see
Table 1.

Western Blotting—Western blotting was to demonstrate
changes in relevant proteins; results were normalized to B-actin
expression (21).

Morphometry—To quantify liver fibrosis, 5-um sections
were stained with Picrosirius red (Sigma) with the proportion
of Picrosirius red-stained tissue assessed for morphometric
analysis as described previously (25).

Hepatic Hydroxyproline Quantification—Hydroxyproline
content in whole liver specimens was quantified colorimetri-
cally with results expressed relative to WT controls as
described previously (25).

Statistical Analysis—Results are expressed as means = S.E.
Comparisons between groups were performed using the non-
parametric Wilcoxon-Rank-Sums test using SAS version 9.1
software (SAS Institute, Cary, NC). p values are two-tailed; sig-
nificance was accepted at the 5% level.
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RESULTS

Leptin (Ob)/Ob Receptor Interactions Differentially Modu-
late Expression of Mesenchymal and Epithelial Genes in HSCs—
HSCs are known to express both leptin and leptin receptors.
Quantitative RT-PCR (qRT-PCR) and Western blot analysis
were used to characterize changes in the expression of these
factors during culture-related activation of primary rat
Q-HSCs into MF-HSCs. Although culture strongly re-
pressed mRNA expression of both ObRa and ObRb, leptin
mRNAs were rapidly induced, leading to progressive accu-
mulation of leptin protein as HSCs became myofibroblastic
(Fig. 1). These findings are consistent with findings that have
been reported by other groups (8, 26, 27) and suggest that
leptin signaling activity might increase during HSC trans-
differentiation, despite associated repression of leptin recep-
tor mRNAs. To further evaluate leptin receptor function in
ME-HSCs, day 7 cultures of MF-HSCs were treated with
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FIGURE 3. Some effects of leptin are mediated via interaction with ObRb. Primary HSCs were isolated from obese fa/fa rats and their lean littermates,
pooled, and cultured on plastic dishes in serum-containing medium. Culture-activated HSCs were treated with leptin as described in Fig. 2. RNA was isolated,
and changes in gene expression were evaluated by qRT-PCR. A, myofibroblastic/mesenchymal markers: a-SMA, Col1a1, fibronectin (Fn1), and ST00A4.
B, PPARy (quiescence marker) and epithelial markers: BMP7, 1d2, and desmoplakin. C, Hedgehog pathway genes: Shh, Gli1, Gli2, and sFRP1. Results are mean =

S.E. (error bars) of triplicate experiments. *, p < 0.05; **, p < 0.01; t, p < 0.005.

exogenous leptin, and effects on HSC gene expression were
assessed by qRT-PCR. Leptin treatment enhanced expres-
sion of various myofibroblast-related genes (e.g. a-SMA,
Collal, fibronectin, vimentin, S100A4, and desmin) and
increased mRNA expression of prototypical mesenchymal
transcription factors (e.g msx2, wtl, and snail), while
repressing expression of markers of Q-HSCs (e.g. PPARy and
gfap) and epithelial cells (e.g. BMP7, Id2, desmoplakin,
E-cadherin) (Fig. 2). Some, but not all, of the effects of leptin
were lost when leptin was added to cultures of primary HSCs
from fa/fa rats, which have an inherited defect in ObRb that
reduces its function. ObRb-defective HSCs were unable to up-
regulate expression of mesenchymal/myofibroblastic genes
further when treated with exogenous leptin, but retained lep-
tin-related repression of epithelial/quiescence markers (Fig. 3).
Together, these results demonstrate that leptin must engage
ODbRDb, the long form of its receptor, to increase HSC expression
of mesenchymal myofibroblastic genes. However, distinct lep-
tin receptors and/or residual functional components of the
mutant ObRb transduce signals that permit leptin to repress
expression of genes that mediate epithelial characteristics.
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PI3K/Akt Signaling Globally Mediates Effects of Leptin-ObRb
on HSC Trans-differentiation—All leptin receptors couple with
PI3K and result in activation of Akt, whereas only ObRb acti-
vates JAK-STAT signaling (8, 28). To determine the role of
PI3K in leptin-mediated trans-differentiation of HSCs, pri-
mary rat HSCs were treated with leptin in the absence or
presence of the PI3K inhibitor, LY294002. LY294002
reversed all of the effects of leptin, blocking its ability to
increase mRNA expression of various mesenchymal/myofi-
broblastic genes, as well as leptin-related repression of dif-
ferent epithelial/quiescence-associated mRNAs (Fig. 4).
LY294002 effects on mRNA expression were paralleled by
comparable changes in the respective proteins (Fig. 5). Adeno-
virally mediated transfer of dominant negative Akt (dnAkt)
similarly inhibited leptin-mediated changes in mRNA and pro-
tein expression, whereas infection with mock adenoviral vec-
tors (Ad5GFP) did not alter leptin actions (Fig. 5 and supple-
mental Fig. 1). These data demonstrate that leptin-leptin
receptor interactions that result in activation of PI3K/Akt sig-
naling are required for leptin to induce expression of myofibro-
blastic/mesenchymal genes as well as to repress expression of

AV DN
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FIGURE 4. Effect of PI3K inhibition on leptin signaling in primary HSCs. Primary rat HSCs were cultured in serum-containing medium and pretreated with
the PI3K antagonist, LY294003 (25 um) for 30 min prior to the addition of leptin (L; 100 ng/ml) or vehicle (V). RNA was isolated, and changes in gene expression
were evaluated by qRT-PCR. A, myofibroblastic/mesenchymal markers: aSMA, Col1a1, fibronectin (Fn1), S1T00A4, vimentin (Vim), desmin (Des), Msx2, WT1, and
snail. B, epithelial markers: BMP7, 1d2, desmoplakin (Dsp), and E-cadherin (Cdh1) and markers of quiescent HSCs: PPARy and GFAP. C, Hh pathway genes: Shh,
Gli1, Gli2, and sFRP1. Results are mean = S.E. (error bars) of triplicate experiments. *, p < 0.05; **, p < 0.01; 1, p < 0.005.

epithelial and quiescence markers. Because the former, but not
the latter, also require signaling that is uniquely triggered by
ODbRb, the PI3K/Akt pathway likely interacts with the JAK/
STAT pathway to mediate the full effects of leptin on HSC
trans-differentiation.

JAK/STAT Pathway Engagement Required for Some of the
Downstream Consequences of ObRb Activation during HSC
Trans-differentiation—To clarify the role of JAK/STAT signal-
ing in the ability of leptin to influence myofibroblastic trans-
differentiation of HSCs, HSCs were treated with leptin in the
absence or presence of AG490, an inhibitor of JAK signaling.
Pretreatment with AG490 inhibited leptin-mediated induction
of various myofibroblastic genes, including a-SMA, Collal,
fibronectin, vimentin, S100A4, and desmin, without appreciably
down-regulating levels of snail transcripts (Fig. 6A). These find-
ings confirm that leptin-related induction of myofibroblastic
genes requires JAK/STAT signaling (7) and suggest that the
latter operates downstream of snail transcription to modulate
myofibroblastic trans-differentiation. Interestingly, however,
such ObRb-deficient HSCs remained capable of down-regulat-
ing various epithelial markers (BMP7, 1d2, desmoplakin, E-cad-

NOVEMBER 19, 2010+ VOLUME 285+NUMBER 47

herin) and PPARYy, a classical marker of Q-HSCs, when treated
with leptin (Fig. 6B). The latter findings demonstrate that in
HSCs, as in other cell types (29, 30), mechanisms that mediate
acquisition of the myofibroblastic phenotype are somewhat
distinct from those that promote loss of epithelial characteris-
tics during EMT.

Activation of the Hh Pathway Is Conserved Requirement for
Leptin-mediated Induction of HSC Trans-differentiation—Like
leptin signaling, activation of the Hh pathway also exerts global
effects on HSC gene expression, increasing expression of myo-
fibroblastic/mesenchymal genes while repressing expression of
quiescence/epithelial markers (6, 21). To determine whether or
not leptin interacts with the Hh pathway to alter the phenotype
of HSCs, qRT-PCR was used to evaluate the effects of leptin
on HSC expression of Hh ligands and target genes. Leptin
increased expression of Sonic hedgehog (Shh) ligand, its recep-
tor, patched (Ptc), the Hh-regulated transcription factors, Glil
and Gli2, and the Gli-target gene, soluble frizzled-related pep-
tide (sFRP)1, demonstrating that leptin increases production of
Shh and activates the Hh pathway (Figs. 5 and 7). Moreover,
adding cyclopamine (a specific Hh pathway inhibitor) to leptin
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FIGURE 5. Effects of PI3K and AKT inhibition on leptin signaling in HSCs. Primary rat HSCs were cultured in
serum-containing medium as described in Fig. 2. HSCs were pretreated with LY294003 (25 um) or vehicle
(dimethyl sulfoxide) for 30 min (to inhibit PI3K), Ad5dnAkt (multiplicity of infection 100) or Ad5GFP (multiplicity
of infection 100) for 24 h (to inhibit Akt), or cyclopamine (5 um) or tomatidine (5 um) for 24 h (to inhibit Hh
pathway signaling) prior to the addition of leptin (100 ng/ml) or vehicle. To inhibit AKT, HSCs were treated with
Ad5dnAkt prior to treatment with leptin(100 ng/ml) or vehicle. A, protein was harvested, and changes in gene
expression were confirmed by Western blot analysis. Results are representative of triplicate experiments.
B, densitometry was performed on all treatment groups. Leptin-treated groups are demonstrated as mean *
S.D. (error bars) of triplicate experiments. *, p < 0.05; **, p < 0.01; 1, p < 0.005.

completely blocked all of the actions of leptin, whereas the
tomatidine (the inactive cyclopamine analog) had no effect.
These results prove that leptin requires the Hh pathway to exert
its effects on HSC trans-differentiation.

Cross-talk among PI3K/Akt, JAK/STAT, and Hh Signal-
ing Pathways Modulates Mesenchymal and Epithelial Gene
Expression Profiles during HSC Trans-differentiation—Studies
in fa/fa HSCs with defective ObRb showed that the long form of
the leptin receptor was not necessary for leptin to increase Shh,
but it was required for leptin to promote downstream Hh sig-
naling because leptin failed to up-regulate expression of Glil,
Gli2, or sFRPI in HSCs from fa/fa rats (Fig. 3). Previous work
from our group and others indicated that activation of PI3K/
Akt signaling stimulates expression of Shhin cells that are capa-
ble of producing Hh ligands (6). Therefore, we evaluated the
effects of LY294002 and dnAkt on leptin-mediated induction of
Shh mRNA and protein. Both LY294002 and dnAkt abrogated
leptin-mediated induction of Shh (Figs. 4 and 5 and supplemen-
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tal Fig. 1). The treatments also
reversed all of the other actions of
leptin on HSC gene expression
(Figs. 4 and 5 and supplemental Fig.
& 1). Interestingly, inhibiting JAK/
STAT signaling with AG490 par-
tially inhibited leptin-mediated in-
duction of Shh and abrogated
up-regulation of Glil, but did not
significantly impact leptin-related
induction of Gli2 or Ptc (Fig. 6C).
These data suggest that the previ-
ously demonstrated effects of leptin
on mesenchymal gene expression in
HSCs (Figs. 2 and 3) involves ObRb-
dependent effects on JAK/STAT
signaling that modulate Shh induc-
tion of Glil. The role of Gli2 in this
process is less clear because JAK/
STAT inhibition (Fig. 6C) did not
reproduce the effects of mutant
ObRDb on Gli2 expression (Fig. 3). In
any case, the aggregate findings sug-

OaSMA gest a model in which leptin-related
ovimentin|  changes in HSC gene expression are
BBMP-7 dependent upon PI3K/Akt-depen-
:2:27 dent signals that induce HSC ex-
WEHR pression of Shh ligand. Shh ligand-

initiated signals, in turn, activate Hh
signaling and culminate in auto-
crine induction of a myofibroblas-
tic/mesenchymal phenotype once
the JAK/STAT pathway has been
activated, but do not require JAK/
STAT pathway activation to repress
HSC expression of quiescence/epi-
thelial genes.

Leptin-ObRb Signaling Is Impor-
tant, but Not Absolutely Required,
for HSC Trans-differentiation—Al-
though leptin is only one of the factors that stimulate HSCs to
become myofibroblastic, 0b/ob mice that are genetically defi-
cient in leptin and fa/fa rats that have inherited deficiencies in
ObRb have been reported to be protected from liver fibrosis
induced by either carbon tetrachloride or thioacetamide (26).
ODbRD is also defective in db/db mice (31), but this strain is
capable of developing considerable liver fibrosis during fatty
liver damage (32). Therefore, we examined responses to fatty
liver damage caused by feeding MCD diets to db/db mice and
WT littermate controls to verify the relative significance of lep-
tin signaling in liver fibrogenesis. Compared with MCD diet-
fed WT mice, MCD diet-fed db/db mice had inhibited induc-
tion of the myofibroblast marker, a-SMA, and developed
significantly less liver fibrosis as assessed both by Picrosirius red
staining and by hepatic hydroxyproline assays (Fig. 8, A and B).
These findings validate earlier evidence of impaired hepatic
fibrogenesis in other rodent strains with defective leptin signal-
ing (7, 10, 33) and together suggest that leptin interactions with
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ObRb play a dominant role in gating myofibroblastic responses
that occur in HSCs after Hh pathway activation. To evaluate
this concept more directly, culture-related changes in HSC
gene expression were compared in parallel cultures of primary
HSCs obtained from fa/fa rats and from the parental wild type
strain (Fa/Fa). fa/fa HSCs with defective ObRb activated fully
during culture, exhibiting normal activation of Hh signaling,
induction of myofibroblastic/mesenchymal genes, and repres-
sion of epithelial/quiescence genes (Fig. 8E). These findings
demonstrate that other factors present in the culture system
were able to compensate for defective leptin-ObRb signaling
while supporting the concept that leptin plays a major role in
promoting HSC trans-differentiation in injured livers because
liver fibrosis is reduced significantly in leptin-deficient (33) and
leptin-resistant rodents (Fig. 8, A and B), despite the presence of

Evidence that leptin deficiency and leptin receptor defects
significantly protect rodents from experimentally induced
liver fibrosis (7, 10) stimulated extensive efforts to charac-
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FIGURE 6. Effects of JAK/STAT inhibition on HSC response to leptin. Pri-
mary rat HSCs were cultured in serum-containing medium as described in Fig.
2.HSCs were treated with the JAK inhibitor, AG490 (25 M), for 30 min prior to
treatment with leptin (100 ng/ml). RNA was isolated and changes in gene
expression were evaluated by qRT-PCR. A, myofibroblastic/mesenchymal
markers: a-SMA, Collal, fibronectin (Fn1), ST00A4, vimentin (Vim), desmin
(Des), and snail. B, epithelial markers: BMP7, 1d2, desmoplakin (Dsp), E-cadherin
(CdhT) and the marker of quiescent HSCs, PPARY. C, Hh pathway genes: Shh,
Gli1,Gli2,and Ptc.Results are mean = S.E. (error bars) of triplicate experiments.
* p < 0.05;* p <0.01;1,p < 0.005.

terize the effects of leptin on HSCs, the major source of
fibrous matrix in injured livers. That work showed that HSCs
express several leptin receptor isoforms (ObRa, ObRb, and
ObRe) (15) and generally demonstrated a requirement for
leptin interaction with ObRb, the long form of its receptor,
to activate the downstream kinases, PI3K/Akt and JAK2/
STAT3 (8, 12, 13). One or both of the kinase-dependent
signaling pathways, in turn, were proven to mediate subsequent
induction of profibrogenic genes (8, 12, 13), phagocytic activity
(14), and proliferation (11) while inhibiting apoptosis (8). HSCs
were also shown to produce leptin, suggesting a possible auto-

crine role for leptin in HSC fibro-
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FIGURE 7. Effects of leptin on the Hh pathway in HSCs. Primary rat HSCs were cultured in serum-containing
medium. A, primary MF-HSCs were treated with leptin (L; 100 ng/ml) or vehicle (V). RNA was isolated, and changes in
Hh pathway gene expression (Shh, Gli1, Gli2, Ptc, and sFRPT) were evaluated by qRT-PCR. The effects of Hh pathway
inhibition were demonstrated by treating primary HSCs with cyclopamine (C) (5 um) or its biologically inactive
analog, tomatidine (T) (5 um), for 2 h prior to treatment with leptin (L) (100 ng/ml). RNA was isolated and changes in
myofibroblastic gene expression (a-SMA, Col1al, fibronectin, vimentin, ST00A4, desmin, snail, and Msx2) were eval-
uated by qRT-PCR. Results are mean = S.E. (error bars) of triplicate experiments. *, p < 0.05; **, p < 0.01; 1, p < 0.005.
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myofibroblastic transition in HSCs.
The results demonstrate that leptin-
mediated induction of Hh signaling
requires interaction of leptin with
its receptors and resultant activa-
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FIGURE 8. Effects of defective ObRb function on fibrogenic repair of liver damage and stellate cell trans-differentiation. Obese diabetic db/db mice and
wild type (WT) controls were treated with MCD or control diets for 8 weeks to induce liver injury and fibrosis. A, representative sections of Picrosirius red-stained
livers from db/db and WT mice (magnification, X 1,000,510). B-D, morphometric analysis of Picrosirius red-stained sections (B), relative hydroxyproline content
(), and relative aSMA mRNA content from control and MCD diet-treated db/db and WT mice (D). D, primary HSCs from ObRb-defective fa/fa (Zucker-Lepr™) rats
and lean (Zucker-Lepr™) rats cultured in serum-containing medium. Changes in gene expression were evaluated by qRT-PCR. For HSCs from each strain, mRNA
expression in day 7 cultures were compared with that of freshly isolated cells (day 0). Mean = S.E. (error bars) data from triplicate experiments are graphed. *,

p < 0.05;**,p < 0.01; 1, p < 0.005.

tion of PI3K/Akt signaling. The present work suggests that the
dependence on PI3K/Akt signaling occurs, at least in part,
because Shh expression in HSCs requires PI3K/Akt activa-
tion. In this regard, HSCs are similar to certain gastric epi-
thelial cells (36). In both cell types, various factors that acti-
vate PI3K/Akt stimulate Shh expression. For example, we
reported previously that PDGF, an acknowledged mitogen for
ME-HSCs, stimulates HSC production of S## mRNA and pro-
tein via PI3K/Akt-dependent mechanisms. Those studies also
showed that Hh pathway activity was required for PDGF-re-
lated mitogenicity (6). Interestingly, other researchers demon-
strated that leptin up-regulates HSC expression of PDGF
receptors and showed that this plays an important role in lep-
tin-related HSC growth and fibrogenesis (37). Thus, the new
data advance understanding about this process by demonstrat-
ing that HSC-derived Shh acts in an autocrine fashion to initiate
signaling that culminates in the activation of Gli transcription

36558 JOURNAL OF BIOLOGICAL CHEMISTRY

factors with resultant induction of Hh-regulated target genes,
including snail.

Snail is a transcription factor that is known to play a major
role in EMT, and many situations that promote EMT induce
expression of snail mRNAs (38). Our results show that leptin
functions as a pro-EMT factor in adult HSCs, as it does in the
developing heart and certain types of cancer (22—24). Leptin
increases expression of snail mRNA in HSCs, and this response
is blocked by inhibitors of PI3K and Akt (which also prevent
induction of Shh ligand), as well as cyclopamine (which directly
inhibits Smoothened, the signaling competent Hh co-recep-
tor). Therefore, leptin promotes HSC EMT by activating the Hh
pathway, which transduces pro-EMT signals that promote
acquisition of a mesenchymal, migratory phenotype in many
other cell types (39, 40). Our new findings complement and
extend earlier evidence which showed that the ability of leptin
to promote the mesenchymal transition in HSCs requires func-
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tional ObRb receptors and is blocked by JAK/STAT inhibitors
(8, 12, 13). Our results show, however, that the latter do not
prevent leptin from up-regulating expression of snail mRNA.
Further research is required to clarify whether this reflects
post-transcriptional actions of leptin that modulate snail func-
tion and/or redundant leptin-mediated induction of other pro-
EMT factors, such as slug or twist. In any case, the current
aggregate data provide novel evidence that Hh-JAK/STAT
interactions modulate mesen-chymal gene expression in HSCs.
They also reveal that leptin remains capable of down-regulating
HSC quiescence/epithelial markers when ObRb signaling is
deficient and show that JAK/STAT inhibitors fail to attenuate
these antiepithelial actions of leptin. However, as noted for lep-
tin-mediated induction of mesenchymal genes, leptin-medi-
ated repression of the quiescent/epithelial phenotype also
depends upon Hh pathway activation. Together, these findings
suggest that any leptin-ObR interactions that activate PI3K/Akt
(and ultimately increase production of Shh ligand that triggers
Hh signaling) are sufficient to repress PPARy and the epithelial
program, whereas full induction of the mesenchymal program
requires additional engagement of the JAK/STAT pathway, a
unique property of the ObRb-type receptor.

Although functional ObRbs are critical for leptin to activate
Hh signaling and support myofibroblastic trans-differentiation
of HSCs, other factors that regulate trans-differentiation and
growth of MF-HSCs, such as PDGF-BB and TGF-1, also acti-
vate and depend upon Hh signaling for their fibrogenic actions
(6, 41). Indeed, as shown previously (26), in the present study
primary HSCs from fa/fa rats with defective leptin receptors
were fully capable of transitioning to become MFs when cul-
tured in serum-enriched medium that contained other fac-
tors that activate Akt. These data are also consistent with
earlier reports that demonstrated that leptin was not neces-
sary to activate HSCs that were cultured in serum-enriched
medium (35). Moreover, they support the concept that the
Hh pathway is a conserved target of several important pro-
fibrogenic factors, and its activation triggers various re-
sponses (increased proliferative activity, reduced apoptosis,
induction of mesenchymal genes, and repression of epithe-
lial characteristics) that promote growth of hepatic MF pop-
ulations and fibrogenesis (5, 6, 21, 42).

Parallel studies in db/db mice with an inherited ObRb defect
were informative in establishing both the relative importance
of ObRb for leptin-mediated fibrosis, as well as the significance
of factors other than leptin for regulating fibrogenic repair of
damaged livers. Unlike the fa/fa mutation which causes an
amino acid substitution that reduces the efficiency of leptin
binding to all leptin receptor isoforms (43, 44), the db/db muta-
tion specifically targets the cytoplasmic tail of ObRb and abro-
gates its ability to activate JAK/STAT signaling (45, 46). Hence,
leptin remains capable of activating PI3K/AKT signaling in
db/db HSCs. As others reported in thioacetamide-treated
db/db mice (10), db/db mice that were fed MCD diets to induce
chronic fatty liver damage exhibited much less robust up-reg-
ulation of myofibroblast markers and significantly less liver
fibrosis than WT mice with functional ObRbs, but still accumu-
lated appreciable fibrous scar. Therefore, leptin-ObRb interac-
tions play a major role in gating the growth of liver MF popula-
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tions in the context of liver injury, as they do in cultured HSCs.
However, in intact animals, as in cultured HSCs, these fibropro-
liferative actions of leptin can be compensated, at least in part,
by other factors that activate similar fibrogenic programs.
These findings advance fundamental understanding of the
mechanisms by which leptin promotes liver fibrosis and have
potentially broad implications for other processes that are reg-
ulated by leptin, particularly adipogenesis and EMT events that
occur during development and carcinogenesis.
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