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Abstract

A key feature in the molecular pathogenesis of liver fibrosis requires maintenance of the activated
hepatic stellate cell (HSC) phenotype by both proliferation and inhibition of apoptosis. We
provide evidence that leptin is a potent HSC mitogen and dramatically inhibits stellate cell
apoptosis. Leptin proved to be as potent an HSC mitogen as platelet-derived growth factor
(PDGF) as assessed by bromodeoxyuridine (BrdU) incorporation in isolated primary HSCs; data
using fluorescent propidium iodide (PI) uptake revealed that leptin, like PDGF, increased HSC
populations in the S- and Go/M-phases of the cell cycle. Leptin resulted in a robust increase in
cyclin D1 expression. Using the chemical inhibitor of Janus kinase 2 (Jak2) activity, AG 490, and
overexpression of the suppressor of cytokine signaling 3 (SOCS-3), we show that blockade of
leptin receptor (Ob-Rb) phosphorylation blocks leptin-induced HSC proliferation. Leptin-
associated phosphorylation of both extracellular regulated kinase (p44/p42, Erk) and Akt is also
prohibited. Further, the PI-3 kinase inhibitor LY294002 and MAPK inhibitor PD98059 were
found to significantly reduce leptin-induced HSC proliferation, thereby indicating that leptin
induced HSC proliferation is Akt- and Erk-dependent. Akt was also protective against HSC
apoptosis. Leptin abolished both cycloheximide-induced and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-induced apoptosis, demonstrated by reduced caspase-3
activity, HSC-TUNEL staining, and DNA fragmentation. We conclude that leptin acts as a direct
hepatic stellate cell survival agonist. Importantly, we have demonstrated that leptin-induced HSC
proliferation and survival by Ob-Rb phosphorylation are both Erk- and Akt-dependent.
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The role of leptin, a 16 kDa protein hormone, in liver disease may be distinctly important as
human obesity and diabetes mellitus type 11 become more prevalent (1). Nonalcoholic
steatohepatitis (NASH) is characterized by fatty change of the liver with various degrees of
inflammation and fibrosis (2,3). The exact mechanism by which leptin promotes liver
fibrosis is unknown. Recently, a role for leptin in the molecular pathogenesis of mammalian
fibrosis has been substantiated in glomerulosclerosis (4) as well as in liver fibrosis (5-8). In
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peripheral tissues, leptin exerts control on body weight homeostasis via inhibitory actions on
glucose metabolism and insulin secretion (9). Ob-Rb is the functional form of the
membrane-associated leptin receptor. It is related to the class Il cytokine group receptors
binding interleukin-2, interferon, and growth hormone and is closely related to the gp130
signal-transducing component of the interleukin-6 and the G-CSF receptor (10,11). The long
form of the leptin receptor, Ob-RDb, is present in various peripheral organs, including
inflammatory blood cells, lung, kidney, liver, and intestine (10-13). Upon leptin interaction
with Ob-Rb, activation of the Janus kinase 2 (Jak-2) occurs via trans-phosphorylation of the
receptor as well as subsequent phosphorylation of the signal transducers and activators of
transcription (Stat) proteins. A short, but crucial, amino acid motif is required for Jak-2
activation, which is absent, in short form sequences of Ob-R (14). Two Ob-Rb tyrosine
residues have been shown to undergo phosphorylation during receptor activation mediating
distinct signal transduction pathways, including the mitogen-activated protein kinase
(MAPK) pathways (15). Leptin has been shown to increase cell proliferation in
hematopoietic and embryonic stem cells and CD4* human T lymphocytes (12,16-18). The
serine/threonine kinase Akt (protein kinase B or Rac kinase) is known to influence various
cellular processes and cell survival (19,20). Leptin is able to enhance Akt phosphorylation in
endothelial cells, isolated vessels, and several other tissues (21-24).

Activation of HSCs into a highly proliferative and profibrogenic cell is a seminal event in
hepatic fibrogenesis (25,26). We have recently demonstrated that leptin can bind to cultured
rat HSC in vitro, activate Stat3 phosphorylation through Ob-Rb, and increase total mMRNA
for the ay(l) collagen gene (8). We also have shown that leptin is produced by activated, but
not quiescent, HSCs (27). In addition, we have demonstrated that in carbon tetrachloride-
induced liver injury, leptin is required for liver fibrosis in the lean littermates of ob/ob mice,
which do not produce leptin (8). The organization of stellate cell activation, now defined
into a temporal sequence, provides a framework to study molecular mechanisms by which
leptin promotes liver fibrosis. (25). Well-characterized growth factors, or cytokines, such as
platelet-derived growth factor (PDGF) are known to play key roles in HSC proliferation and
resolution of the fibrogenic response via apoptosis (25). Few recent studies have shown that
the elimination of activated HSCs by apoptosis might be an important mechanism of
terminating and potentially reversing liver fibrosis (28,29). Taken together, stellate cell
survival via mitogenesis and failure to undergo apoptosis are central events leading to liver
fibrosis (30-33). In this study, we tested the hypothesis that leptin plays a novel role in
hepatic fibrogenesis by inducing HSC proliferation and cell survival via Ob-Rb-induced Erk
and Akt signaling.

MATERIALS AND METHODS

Isolation and culture of HSCs and culture conditions

HSCs were extracted from normal rat by sequential in situ perfusion with collagenase (80
mg/dl) and Pronase E (200 mg/dl) followed by density gradient centrifugation with
Nycodenz (Sigma, St. Louis, MO) as described elsewhere (34,35). The Institutional Animal
Care and Use Committees of the University of Maryland and Emory University School of
Medicine approved the performed protocols. Sprague-Dawley rats were purchased from
Charles River Laboratories (Wilmington, MA). Cells were seeded at 1.3 x 10%/ml on
uncoated tissue culture plates for 7-10 days until a confluent monolayer of activated HSCs
was formed. Highly activated cells were obtained by serial passage (second to fourth
passage). HSCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM)(Gibco-
BRL, Rockville, MD) supplemented with 4 mM .-glutamine, 20% fetal bovine serum (FBS)
(HyClone, Logan, UT), and 1% penicillin-streptomycin (Gibco-BRL). Culture medium was
changed every 24 h, and confirmation of viability was assessed by propidium iodide (PI)
staining and auto-fluorescence at the time of isolation. Assessment of activation was

FASEB J. Author manuscript; available in PMC 2010 August 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saxena et al.

Page 3

performed by a-smooth muscle actin staining (a-SMA) of cells. Rat HSCs were used for
experiments after activation in primary culture or less than four passages. Cultures were
initiated at a cell density of 1 x 10° cells/ml, and all the treatments were given after cells
were synchronized by serum starvation for 24 h, unless otherwise mentioned.

Culture treatment conditions and concentrations of culture additives

The following treatments were administered for different sets of experiments presented.
Except where noted, treatments were given for 24 h. All the treatments were administered
with serum-free media (designated as “U”) in which cells were kept in DMEM with 0.1%
FBS except where noted. After serum starvation, HSC cultures were treated with rat
recombinant leptin (L) (Sigma) at 100 ng/ml or human platelet-derived growth factor (P)
(Sigma) at 30 ng/ml, which served as a positive control for proliferation, or cycloheximide
(C) (Sigma) at 50 uM, which acted as a positive control for apoptosis. Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) (T) (Calbiochem, San Diego, CA) at 25
ng/ml was also used as another apoptotic agent. Cycloheximide, or TRAIL, was used in
conjunction with leptin to determine the potential for leptin to rescue HSCs from apoptosis.
Z-VAD-fmk (Enzyme Systems Products, Livermore, CA) was used (100 nM) as a pan-
caspase inhibitor to serve as a negative control for apoptosis. AG490 (Calbiochem) was used
as a chemical inhibitor for Jak kinase activity (36).

Quantification of DNA/cell proliferation assay by bromodeoxyuridine (BrdU) incorporation

BrdU incorporation analysis was performed using an enzyme-linked immunosorbent assay
(ELISA) (Roche Diagnostics, Indianapolis, IN). Approximately 5 x 102 HSCs were cultured
in the presence of PDGF or leptin in 96-well tissue culture plates; culture conditions were as
described previously for 24 h. Cells, grown in serum-free media, served as a negative
control for proliferation. In another set of experiments, to determine a direct role of Akt or
Erk in HSC proliferation, we cultured ~5 x 102 HSCs in serum-free media (U) (0.1% FBS)
or PDGF (P) (30 ng/ml), which served as positive control for proliferation. The PI-3 kinase
inhibitor LY294002 (LY) (600 nM) and the MAPK inhibitor PD98059 (PD) (6 uM) were in
the presence or absence of recombinant leptin (L) (100 ng/ml) for 40 h. Cells, grown in
serum-free media, served as a negative control for proliferation, and BrdU incorporation
assays were performed as described previously. Subsequently, BrdU was added to the HSC
cultures for 4 h. HSCs were fixed and DNA denatured. The anti-BrdU-POD monoclonal
antibody from mouse-mouse hybrid cells conjugated with peroxidase was used at 1:100 and
binds to the BrdU incorporated in newly synthesized cellular DNA. Resultant immune
complexes were quantified by emitted light measurements using a microplate luminometer
(Becton-Dickinson, Franklin Lakes, NJ) with photomultiplier technology. Relative light
units/seconds (RLU/s) directly correlate to the amount of DNA synthesis and the number of
proliferating HSCs.

Fluorescence-activated cell sorting (FACS) analysis/cellular DNA flow cytometry using PI
S-phase analysis

Flow cytometry analysis of HSC cell cycle was carried out using cellular DNA flow
cytometry analysis (Roche, Indianapolis, IN), as per the manufacturer’s instructions. Cells
were grown as described previously and subsequently treated for 15 h as outlined in Figure
1B. After 15 h of treatment, cells were harvested, adjusted to equal cell numbers, fixed in
70% ethanol for 30 min at -20°C, and suspended in 500 pl PBS containing RNase A (5
prime— 3 Prime, Inc., Boulder, CO) (250 mg/l) for 30 min at 4°C. Fixed cells were stained
with PI (100 mg/l) before FACS analysis as described elsewhere (37). Briefly, after
excitation of PI at 485 nm, red fluorescence from PI was collected through a 580 nm long
pass filter and recorded to measure HSC DNA content. After counting 3.5 x 104 cells, the
number of cells in each phase of cell cycles (Gg/G1, S, and G,/M) was analyzed to assess the
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respective DNA content. The HSC cycle profile was determined using a Becton Dickinson
FACScan, and data were analyzed using ModFit LT 3.1 (Verity Software House, Topsham,
ME).

Overexpression of suppressor of cytokine signaling 3 (SOCS-3) and AG490 in leptin-
mediated HSC proliferation via Erk and Akt phosphorylation

To determine whether Ob-Rb phosphorylation was central to leptin-induced HSC
proliferation and whether Ob-Rb phosphorylation induced Erk and Akt phosphorylation to
promote mitogenesis, we overexpressed SOCS-3 and used the pharmacologic inhibitor of
Jak2 kinase activity, AG490. As described previously, we performed BrdU incorporation as
well as immunaoblot analysis to probe for p-Erk and p-Akt. BrdU and immunoblot methods
were described previously. HSC-SOCS 3 transfection of pEF-FLAG-1/mSOCS-3 (a kind
gift of Dr. D. Hilton, Victoria, Australia [41]) was performed as follows. Approximately 5 x
102 HSCs were cultured, and 1.0 pg of DNA plasmid of pEF-FLAG-1/mSOCS-3 or empty
vector (control) was transfected with LipofectAMINE PLUS (Invitrogen, Carlsbad, CA).
Co-transfection with the mammalian vector pEGFP-N1 was also used to determine
transfection efficiency. The period of transfection was 48 h. Cell viability was scored for all
transfection studies, and the number of green fluorescent protein (GFP)-positive cells was
counted and transfection efficiency calculated based on the total number of cells per
microfield. The transfection efficiency was calculated using data from 10 microfields per
transfection sample and was found to be 38.2 + 1.7%. The transfected cells were serum
starved for 15 h in DMEM with 0.1% FBS. Synchronized HSCs were subjected to leptin
treatment for 4 h. In another set of experiments, HSCs were grown to 80% confluence,
serum starved for 15 h, and treated with AG490 (50 uM) with and without leptin (100 ng/
ml). For both experiments, untreated HSCs in 0.1% FBS served as a negative control or time
0. BrdU was added at a final concentration of 10 uM for 24 h.

To assay for p-Erk or p-Akt, we cultured ~5 x 105 HSCs in 100 mm plates, and 4 pg of pEF-
FLAG-1/mSOCS-3, or empty vector, was used for transfection by LipofectAMINE PLUS
(Invitrogen) as described previously. After 3 h transfection, cells were supplemented with
complete medium for 24 h. The transfection efficiency was calculated as described above
and was found to be 35 £ 2.7%. Transfected cells were subsequently placed in serum-free
media as described previously. Synchronized HSCs following transfection were subjected to
leptin treatment for 24 h. Whole cell lysates were extracted using RIPA lysis buffer and
were subjected to immunoprecipitation with p-Erk or p-Akt, as described above. Equal
protein loading was controlled by immunaoblot of the corresponding nonphosphorylated
species, using rabbit polyclonal antibodies against the respective proteins. Analysis of
resolved proteins was performed as described below.

Apoptosis analysis

Determination of primary HSC apoptosis through the PI-3 kinase-dependent
pathway by internucleosomal DNA cleavage and Hoechst staining method—
For DNA fragmentation and Hoechst staining, activated primary HSCs were cultured as
described previously. Cells were serum starved for 16 h and subsequently exposed to serum-
free medium (U) (0.1% FBS), leptin (L) (100 ng/ml), LY294002 (LY) (600 nM), or leptin
plus LY294002 (L+LY) for 40 h. Subsequently, HSCs were processed for DNA
fragmentation analysis as described below. Cells were also evaluated for apoptosis using the
Hoechst method (38). Briefly, cells were stained with Hoechst 33258 (2.5 mg/ml) for 3 min
at 25°C, and percent apoptosis was assessed using fluorescence microscopy. Each
experiment was performed in triplicate, and for each treatment condition, 200 cells were
counted and the percentage of apoptotic cells was assessed based on evidence of nuclear
fragmentation and condensation.
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Terminal deoxynucleotide transferase (TdT)-mediated dUTP-fluorescein nick
end labeling (TUNEL) assay—TUNEL staining was performed using an in situ cell
death detection system (Roche) as per the manufacturer’s instructions. Primary HSCs were
grown to 50% confluence and were treated with serum-free media containing cycloheximide
or cycloheximide and leptin as described previously. After 4 h treatment, cells were
harvested and fixed in 2% paraformaldehyde and subjected to permeabilization. Cells were
suspended in TUNEL reaction mixture containing TdT and fluorescein-labeled dUTP.
Resultant HSC samples were analyzed by flow cytometry for fluorescence intensity using
Becton-Dickinson FACScan. HSC apoptosis was quantified using Cell Quest software
(Becton-Dickinson) in which fluorescence intensity is directly proportional to the number of
apoptotic cells.

Fluorescent microscopy was also performed to visualize TUNEL staining. HSCs were
cultured in plastic chamber slides (Nunc International, Rochester, NY) and exposed to
cycloheximide in the presence and absence of leptin for 24 h. At the conclusion of the
experiment, cells were fixed in 2% paraformaldehyde. The percentage of apoptotic HSCs
was determined by counting 10 microfields at a magnification of 40x and photomicrographs
recorded.

Caspase-3 activity assay—To complement data obtained with cycloheximide from
TUNEL and PI staining experiments, we assayed caspase-3 activity in HSCs in the presence
of leptin and cycloheximide. Caspase-3 activity assay (Roche) was used following the
manufacturer’s instructions. HSCs were cultured in the presence of the various test
substances for 24 h. HSC lysate caspase-3 activity was captured with a monoclonal antibody
to caspase-3. The substrate (Ac-DEVD-AFC, a sequence of amino acids Ac-DEVD attached
to AFC, is cleaved by caspase-3, releasing fluorescent AFC) was added to the HSC lysate.
Caspase-3 activity was measured by monitoring change in fluorescence (excitation at 360
nm and emission at 460 nm) at hourly intervals, converted to pmol of AFC released using a
standard curve, and normalized for protein concentration.

Cell viability assay in the presence of TRAIL—Cell viability analysis was also
performed by estimating reduction of XTT (2, 3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxyanilide), using a commercially available kit (Roche) and executed
according to the manufacturer’s instructions. Primary HSCs were plated at into 96-well
plates at an initial density of 5 x 102 for 16 h, serum starved in 0.1% FBS-DMEM for 15 h
followed by treatment under serum-free conditions, TRAIL (5-50 ng/ml), or TRAIL (5-50
ng/ml) plus leptin for 24 h. XTT labeling reagent was added to each culture well to attain a
final concentration of 0.3 mg/ml. After 4 h exposure at 37°C, absorbance was measured at
450 and 690 nm using a 96-well plate reader (PowerwaveX 340; Bio-Tek Instruments, Inc.,
Summit, NJ). Pilot experiments verified that the cell densities used in experiments
performed were within the linear range of the XTT assay. A standard curve was prepared
using cell densities from 1 x 103 to 1 x 106, and the results were calculated with respect to
the number of cells.

Determination of internucleosomal DNA cleavage or DNA fragmentation as
induced by TRAIL or cycloheximide—HSCs, as previously treated, were harvested
and lysed in 7 M guanidine hydrochloride. The lysate was mixed with 1 ml of Wizard
Miniprep resin (Promega, Madison, WI), incubated at room temperature for 15 min, and
centrifuged at 10,000g for 5 min. The resulting pellet was resuspended in 2 ml of wash
buffer (90 mM NaCl, 9 mM Tris-HCI [pH 7.4], 2.25 mM EDTA, 55% [v/v] ethanol) and
drawn by vacuum through a Wizard Minicolumn (Promega). The column was washed twice
with 4 ml of washing solution and dried by centrifugation at 10,000g. DNA was eluted from
the column by the addition of 50 ul of deionized H,0O, incubation at room temperature for 15

FASEB J. Author manuscript; available in PMC 2010 August 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saxena et al.

Page 6

min, and then centrifugation at 10,0009 for 5 min. Residual RNA in the eluate was removed
by incubation with 10 pug of RNase A (5 Prime— 3 Prime) at 37°C for 30 min. DNA
samples were loaded onto a 1.5% agarose gel in Tris borate-EDTA buffer and subjected to
electrophoresis. DNA ladders were visualized by staining with ethidium bromide (0.5 pg/
ml), and images were captured with the Bio-Rad (Hercules, CA) Gel Documentation
System.

Preparation of cell extracts, immunoprecipitation, and immunoblot analysis

HSCs were harvested following leptin exposure for the time intervals indicated in Figure 4.
Cells were collected by rubber policeman, washed in PBS, and resuspended in ice-cold
RIPA buffer (10 uM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, and 10 ul/ml protease inhibitor cocktail [Sigma]) for
30 min on ice. HSC lysates were centrifuged at 14,000 rpm for 30 min at 4°C. The
supernatant was harvested, and protein concentrations were determined using Bradford
reagent (Sigma) (39). For immunoprecipitation, cell lysates were pre-cleared with protein A/
G-agarose beads (Santa Cruz Biotecnology, Santa Cruz, CA). Precleared HSC lysates were
incubated with anti-phosphoserine antibody for pAkt (Phospho-Akt-Ser473) (anti-pAkt) or
anti-Akt antibodies as well as anti-phosphotyrosine-antibody for pErk (Phospho-p44/42
MAPK-Thr202/Tyr204) (anti p-p44/p42) (overnight at 4°C). HSC immune complexes, or
proteins, were resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes
(40). Membranes were stained with Ponceau S (0.1%) to verify equal loading and transfer of
proteins. After blocking with 1% BSA in TBS-Tween 20, membranes were incubated for 2 h
at room temperature with the following primary antibodies: cyclin D1 (1:500, Cell
Signaling, Beverly, MA), p44/p42 and p-p44/p42 (1:400, Cell Signaling), and anti-Akt and
anti pAkt (1:500, Cell Signaling). Specific antibody binding was detected with HRP-
conjugated secondary antibodies (1:5000) (Santa Cruz Biotechnology). Equal protein
loading was controlled by immunoblot of the corresponding nonphosphorylated Erk and
Akt, using rabbit polyclonal antibodies against the respective proteins. Immunoreactive
proteins were revealed with SuperSignal West Pico Chemiluminescence Substrate kit
(Pierce, Rockford, IL) and then exposed to X-ray film. Signal intensities were analyzed
using the Fluorchem 8000 Advanced Fluorescence, Chemiluminescence, and Visible Light
Imaging (Alpha Innotech Corp., San Leandro, CA).

Statistical analysis

RESULTS

All experiments were independently performed three times in triplicate. Data were analyzed
using paired Student’s t test. Data were considered to be statistically significant if P<0.05.
Data are expressed as means = se.

Leptin increases DNA synthesis in HSCs and the proportion of cells in S- and G,/M-phase
of the cell cycle

Leptin treatment of HSCs resulted in significantly higher BrdU incorporation compared with
untreated HSCs in culture (Fig. 1A). PDGF, a potent positive control for HSC mitogenesis,
resulted in a sixfold increase in BrdU incorporation while leptin resulted in a fourfold
increase in HSC-BrdU incorporation, compared with serum-free conditions alone. BrdU
incorporation studies, also measured at 4, 12, and 36 h, resulted in similar data, shown here
for the 24 h study. The proportion of cells in either S-phase (Fig. 1B) or G,/M-phase (Fig.
1B) was increased by leptin when compared with proportion of HSCs maintained in serum-
free conditions. The leptin-treated HSC populations in both the S-phase and G,/M-phase
were not significantly different than HSC populations exposed to PDGF-BB (Fig. 1B).
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Leptin increases cyclin D1 protein

To determine whether leptin acts to increase a key cell cycle-signaling protein, immunoblot
analysis was performed with quantitative densitometry demonstrating that leptin increased
cyclin D1 protein, and these data were not statistically different when compared with PDGF
(Fig. 2). Both leptin and PDGF nearly tripled HSC-cyclin D1 content compared with serum-
free conditions. Taken together, these data demonstrate that leptin is a potent HSC mitogen.
D-type cyclins play a critical role in HSC cycle progression especially at early Gq-phase
(42).

Leptin-induced proliferation of HSCs requires phosphorylation of Ob-Rb

To determine whether leptin-induced HSC proliferation was dependent on Ob-Rb
phosphorylation, we used AG490 (A), a chemical inhibitor of Jak2 kinase activity, and
SOCS-3, a physiological inhibitor of Ob-Rb phosphorylation (Fig. 3). Either chemical
inhibition by AG490 (L+A, Fig. 3A) or overexpression of SOCS-3 (L+S3, Fig. 3B)
abolished leptin-induced HSC proliferation as assessed by BrdU incorporation. As also
shown, except for leptin-induced HSC proliferation, leptin failed to induce HSC
proliferation over serum-free conditions (U) in the presence of AG490 or SOCS-3. These
results indicate that failure of Ob-Rb phosphorylation will abolish HSC proliferation.

Leptin increases phosphorylation of both ERK and Akt

To determine potential intracellular signaling mechanisms that are responsible for the
mitogenic effect of leptin, we examined immunoprecipitation of phosphorylated signal
transduction factors, Erk and Akt. Additional studies were performed to examine whether
leptin resulted in increased phosphorylation of Statl, Stat 5, p38, or INK over the same
course. However, we did not find significant increases in the phosphorylation of Stats 1 and
5 or in the stress-activated protein kinases (SAPKSs) p38 and JNK (data not shown). As
reported previously, phosphorylation of Stat3 did occur in leptin-treated stellate cells (8). As
shown in Figure 4, leptin increased both Erk (Fig. 4A) and Akt (Fig. 4B) phosphorylation,
which was maximal at 3 h treatment and was detected up to 24 and 36 h time points (data
not shown).

Leptin-induced HSC proliferation is also abolished by LY294002 and PD980059

Since leptin-induced HSC proliferation was dependent on Ob-Rb activation and leptin
resulted in Erk and Akt phosphorylation, we determined whether leptin-mediated HSC
proliferation was either Erk- or Akt-dependent. We used the P1-3 kinase inhibitor LY 294002
and the Erk inhibitor PD98059 to determine whether blockade of these pathways abolished
leptin-induced BrdU incorporation in HSCs. As is demonstrated in Figure 5, leptin, either in
the presence of LY (L+LY) or PD (L+PD), failed to induce HSC-BrdU incorporation as
compared with leptin or PDGF, indicating that leptin-induced HSC proliferation was
dependent on Erk and/or Akt.

Inhibition of Ob-Rb phosphorylation by SOCS-3 abolishes leptin-induced phosphorylation
of Akt and Erk

Since both chemical inhibition of Jak2 kinase (Fig. 3) phosphorylation of Ob-Rb and
overexpression of SOCS-3 abolished HSC proliferation, and chemical inhibition of Erk and
Akt phosphorylation, abolished HSC-BrdU incorporation (Fig. 5), we determined whether
inhibition of Ob-Rb phosphorylation would prohibit Akt and Erk phosphorylation, and thus
determine if leptin-mediated HSC proliferation was Akt- and/or Erk-dependent.
Overexpression of SOCS-3 (S3, Fig. 6A, 6B) abolished phosphorylation of both Akt and
Erk, which was not restored by leptin (L+S3, Fig. 6A, 6B). Conversely, the presence of
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leptin (L, Fig. 6A, 6B) or leptin and the empty vector (L+V) resulted in phosphorylation of
both Akt and Erk.

In summary, we have shown that leptin-induced HSC proliferation requires both Ob-Rb
phosphorylation as well as Erk and Akt phosphorylation, since blockade of Erk
phosphorylation by PD98059 or blockade of Akt phosphorylation by LY294002 also blocks
HSC proliferation. Importantly, by demonstrating that HSC proliferation is Erk- and Akt-
dependent, and HSC-proliferation, Erk, and Akt phosphorylation are essentially abolished
by either AG490 or SOCS-3 overexpression, we conclude that leptin-induced Ob-Rb
phosphorylation and Erk and Akt phosphorylation are linked as signaling mechanisms
responsible for leptin-induced HSC proliferation.

Leptin prevents primary HSC apoptosis through a PI-3 kinase-dependent pathway

Since the PI-3 kinase pathway is a well-established cell-survival signaling pathway, we
determined the effect of leptin on apoptosis of primary activated HSCs using the PI-3 kinase
inhibitor LY294002 (LY) (Fig. 7). Assessment by DNA fragmentation (Fig. 7A) or Hoechst
staining (Fig. 7B) revealed that compared with serum-free conditions, leptin significantly
reduced apoptosis. LY alone resulted in significant apoptosis, resulting in DNA
fragmentation associated with serum starvation (U) (Fig. 7A). Graphically, using Hoechst
staining, LY alone did not result in an increase in apoptosis compared with control (%
apoptosis, LY294002: 2.5+0.1, P=0.18 compared with control: 4.7+1.4, Fig. 7B); however,
leptin alone significantly decreased the percentage of apoptosis in HSCs compared with
control (% apoptosis, leptin: 0.46+0.01, P<0.05 compared with control). Suppression of
apoptosis by leptin was lost in the presence of the PI-3 kinase inhibitor LY (% apoptosis,
leptin + LY294002: 3.8+0.7, P<0.01 compared with leptin treatment alone). Thus, leptin
appears to inhibit apoptosis in HSCs by a P1-3 kinase-dependent pathway. Importantly, Akt
appears to be protective against apoptosis in HSCs.

Leptin suppresses HSC apoptosis in vitro

We further examined leptin suppression of apoptosis. Three approaches were used to
determine whether leptin reduced apoptotic activity, and more importantly, whether leptin
could rescue stellate cells from pretreatment with known HSC-apoptotic stimuli,
cycloheximide (42), and TRAIL (43). Leptin did statistically reduce caspase-3 activity (Fig.
8) when compared with serum-starved cells (P<0.05), and leptin also significantly reduced
caspase-3 activity induced by cycloheximide up to 66% (Fig. 8). Complementary data from
TUNEL staining confirmed that leptin resulted in a 50% reduction in the number of
apoptotic bodies counted per high power field compared with cycloheximide alone (Fig. 9).
DNA fragmentation analysis also corroborated these findings (Fig. 10); leptin reduced DNA
fragmentation associated with serum starvation (L, Fig. 10), and cycloheximide-induced
DNA fragmentation (L+C, Fig. 10), just as the pan-caspase inhibitor zZVAD-fmk inhibited
DNA fragmentation regardless of treatment. TRAIL, a physiological relevant HSC-apoptotic
stimulus, was also used to induce cell death. Leptin significantly rescued HSCs from the
apoptotic effect of TRAIL (5-50 ng/ml) as assessed by XTT assay (Fig. 11) and DNA
fragmentation (Fig. 10) analysis. These results are consistent with results from
cycloheximide-induced apoptosis and demonstrate that leptin improved cell viability. Even
at supraphysiologic concentrations of TRAIL (T-100+Lep, data not shown), leptin improved
the number of viable HSCs, though the data did not reach statistical significance.

DISCUSSION

We have undertaken an exhaustive series of experiments using the established model of
primary, activated HSCs in tissue culture and analyzed the influence of leptin on HSC
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mitogenesis and apoptosis. We have demonstrated that leptin promotes stellate cell
mitogenesis and cell survival, two seminal events that are thought to promote liver fibrosis
upon chronic stimuli, resulting in liver injury. Our previous (8) and current data, therefore,
provide cogent cellular and molecular evidence that leptin plays a unique role in the
development of liver fibrosis. We report here that leptin-induced phosphorylation of the long
form of the leptin receptor via Jak2 kinase activation results in phosphorylation of Erk and
Akt, two key signal transduction elements associated with cell growth. Abolishing leptin-
induced phosphorylation, either by SOCS-3 overexpression or pharmacologic inhibition,
prevents Erk and Akt phosphorylation. In addition, SOCS-3 clearly blocks HSC
proliferation and Ob-Rb phosphorylation. Consequently, not only does leptin appear to
promote liver fibrosis by activating known extracellular matrix response genes, as has been
previously reported (6,7,25), but it also perpetuates the fibrogenic process by directly
inducing stellate cell proliferation and resistance to a timely death by apoptosis.

Recent data indicate that Jak2 represents the unique Jak kinase involved in signaling by the
intracellular domain of Ob-Rb (44). In this regard, however, the relationship of leptin to key
mitogenic and anti-apoptotic signaling systems, including Erk and Akt, has only recently
been examined, and not in HSCs.

AG490 was used in the presence of leptin to block Jak2 tyrosine phosphorylation of Ob-Rb
to prevent tyrosine phosphorylation of residue 985. Phosphorylated Tyrggs is known to
recruit the SH2-containing tyrosine phosphatase SHP-2 to activate the signaling pathway
that culminates in Erk activation (45,46). The mitogenic effect of leptin was abolished by
chemical inhibition with AG490. We found similar results with overexpression of SOCS-3
—a feedback inhibitor of Ob-Rb signal transduction—which, as anticipated, completely
blocked leptin-mediated HSC proliferation. Since Erk and Akt phosphorylation were
increased in leptin-treated HSCs as shown, and respective chemical inhibition of Erk
(PD098059) and Akt phosphorylation (PI-3 kinase inhibition with LY294002) abolished
leptin-induced mitogenesis, we have demonstrated that prevention of Ob-Rb
phosphorylation suppresses both HSC proliferation and Erk and/or Akt phosphorylation, as
is demonstrated by the overexpression of SOCS-3. Taken together, our data demonstrate that
Ob-Rb phosphorylation and HSC mitogenesis are linked to Erk and Akt phosphorylation.
These findings, to our knowledge, are the first to report a molecular link between leptin
signal transduction and Erk- and Akt-mediated action in HSC proliferation and survival.
This novel paradigm in HSC biology is illustrated in Figure 12. Further studies will need to
be performed to determine whether both Erk and Akt play an equal role in leptin-induced
HSC mitogenesis.

The present studies not only implicate leptin in promoting HSC proliferation, but
importantly, we report for the first time leptin appears to promote HSC survival against
apoptosis, and this appears to be mediated by the PI-3 kinase pathway. Although leptin
could overcome both cycloheximide- and TRAIL-mediated apoptosis, the presence of leptin
could not suppress apoptosis induced by LY294002, a potent inhibitor of the downstream
phosphorylation of Akt. These data indicate that the P1-3 kinase/Akt pathway is highly
protective against HSC apoptosis. Resistance to apoptosis provides an important escape
mechanism by which stellate cells in injured liver continue to promote fibrotic changes that
lead to cirrhosis. Therefore, HSC apoptosis is fundamental to sustaining liver fibrosis.
Iredale and colleagues have clearly delineated HSC resistance to apoptosis (33,34) to
support this role. Hence by using cycloheximide or TRAIL in some of the experiments
presented here, we provide evidence that leptin will prevent apoptosis, even in the face of
highly potent HSC pro-apoptotic stimuli.
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HSCs can also undergo an activation-induced death analogous to that of T cells via a Fas/
Fas ligand-dependent mechanism (47,48). However, since hepatocytes are very susceptible
to Fas-induced cell death, the use of Fas/Fas ligand has less biologic relevance or therapeutic
application in HSC apoptosis. HSCs also express another death receptor (DR), low-affinity
nerve growth factor (p75), and its stimulation also results in apoptosis (30). TRAIL
receptors are another important family of DRs that show selectivity between normal and
activated cell types (49), and two recent reports indicate that hepatocytes are not likely to be
susceptible to apoptosis by TRAIL (47,50) because they lack the TRAIL DR. HSCs show
activation-dependent TRAIL/DRS5 expression and TRAIL-mediated apoptosis (51). Here,
we show for the first time that the effect of the biologically relevant pro-apoptotic HSC
mediator, TRAIL, is also abolished by leptin.

Finally, these data have important clinical as well as biological implications. Nonalcoholic
fatty liver disease is a major health problem and may account for a significant number of
patients with “cryptogenic” cirrhosis. These conditions are associated with increased serum
leptin levels. Future work will be needed to elucidate whether leptin can induce activation of
stellate cells from the quiescent phenotype to the activated one. A fundamental biologic
process observed is that leptin-receptor signal activation of Akt or Erk, usually associated
with metabolism and appetite, is multifaceted, promoting stellate cell survival and
proliferation. Thus, as in the behavior of neoplastic cells, leptin has the potential to establish
dangerous longevity of the activated stellate cell and therefore impede resolution of
abnormal extracellular matrix that composes scar tissue in cirrhosis. These data therefore
provide strong evidence that leptin is mechanistically important in promoting fibrosis and, in
concert with our previous work, convincingly prove that leptin is a novel multi-faceted
profibrogenic cytokine.
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Figure 1. Leptin is mitogenic for hepatic stellate cells

A) Leptin treatment increased BrdU incorporation in HSCs. HSCs were incubated for 48 h
in 10% FBS/DMEM and successively maintained for 24 h in SF-DMEM. In the study,
PDGF (30 ng/ml) served as a positive control for HSC mitogenesis. Treatments were
introduced for 24 h. BrdU was added (10 pM), and HSCs were allowed to grow for an
additional 24 h. Incorporation of BrdU into newly synthesized DNA was assessed as relative
light units, and is shown as the mean * < of three independent experiments performed in
triplicate. *P<0.01, compared with untreated control cells grown in SF media. U, untreated
(0.01% FBS); L, rat recombinant leptin (100 ng/ml); P, PDGF-bb (30 ng/ml). B) Leptin
increased the fraction of HSCs in S-phase of the cell cycle. HSCs were synchronized by
serum starvation in a medium containing 0.1% serum for 24 h. Serum-starved cells were
exposed to PDGF-bb (30 ng/ml) or leptin (100 ng/ml) or SF media (0.1% FBS). After 24 h,
the distribution of HSCs in the cell cycle was determined by flow cytometry using Pl-
stained nuclei. The results indicate the distribution of HSCs in various phases after serum
starvation, leptin, or PDGF treatment. Mean values + s are the results of three independent
experiments performed in triplicate. *P<0.01, compared with serum-starved conditions.
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Figure 2. Leptin increases cyclin D1 production in HSCs

HSCs were grown to 80% confluence, serum starved for 24 h in DMEM, and incubated in
the presence or absence of leptin (L), PDGF (P), or SF media (U). Cell lysates were
prepared and normalized for protein content; 100 ug of protein was resolved on 10% SDS-
PAGE, followed by immunoblot analysis with antibodies against cyclin D1. B-Actin served
as a loading control. Shown is a representative immunoblot for cyclin D1. The band
intensity of cyclin D1 was quantified by densitometry and normalized to B-actin. These data
are representative of multiple independent experiments. *P<0.05, compared with untreated
(U) controls.
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Figure 3. Leptin fails to induce proliferation of HSCs in the absence of OB-Rb phosphorylation
Two mechanisms were used to inhibit phosphorylation of OB-Rb and to determine whether
leptin-induced HSC proliferation, as assessed by BrdU incorporation, would be abolished.
The chemical inhibitor, AG490 (50 uM) (A), and pEF-FLAG-1/mSOCS-3 (S3) (B) were
used to block OB-Rb phosphorylation. HSCs were synchronized by serum starvation and
treated with leptin alone (L) or in SF media (U) as a negative control. A) HSCs were grown
as described previously and treated with AG490 with (L+A) and without leptin (A). B) An
empty pEF-FLAG vector (V) was used as a control for SOCS-3 transfection, otherwise the
experiment was conducted as with AG490. Incorporation of BrdU into newly synthesized
DNA was assessed as described previously and is shown as the means = st for three
independent experiments performed in triplicate. *P< 0.001, compared with control (U)
cells; #P< 0.005, compared with treatment with leptin alone.
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Figure 4. Leptin stimulates phosphorylation of p44/p42 (extracellular regulated kinase, or Erk)
and Akt

HSCs were grown to 70% confluence as described previously, and a time course of Erk and
Akt phosphorylation was conducted at the times indicated for leptin treatment (100 ng/ml).
Time zero represented the absence of leptin exposure. Cell lysates that were subjected to
immunoprecipitation (IP) with anti-Erk or anti-pErk antibodies (A) or anti-Akt or anti-pAkt
antibodies (B). Protein from PDGF-treated HSCs for 18 h served as a positive control (P) for
both experiments. Protein from epidermal growth factor (EGF)-treated HSCs served as a
positive control (+) for phospho-Erk experiments; Jurkat cell extract, prepared with the
P1-3K inhibitor LY294002, served as a positive control for phospho-Akt (+). The
representative histogram is the densitometric analysis of bands demonstrating fold increase
in levels of pErk with respect to Erk, and pAkt with respect to Akt, at various time intervals
of leptin treatment. These data are representative of multiple independent experiments;
*P<0.01, compared with untreated (time 0) HSC extracts.
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Figure 5. Leptin fails to induce HSC proliferation in the presence of LY or PD

BrdU incorporation in HSCs was assayed as described previously. Representative histogram
shows significantly (*P<0.001) increased DNA synthesis in the presence of either PDGF (P)
or leptin (L) as compared with untreated (U) and decreased DNA synthesis in the presence
of either LY294002 or PD98059 as compared with leptin treatment alone (L). Leptin failed
to rescue DNA synthesis when HSCs were treated with LY 294002 (L+LY) or PD98059 (L
+PD) as compared with leptin treatment alone (L). No significant difference was observed in
BrdU incorporation when comparing LY or PD exposure alone to LY or PD and leptin.
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Figure 6. Leptin also fails to induce phosphorylation of Erk and Akt in absence of OB-Rb
phosphorylation

HSCs were grown as described previously; 4 ug of plasmid DNA containing SOCS-3 (S3)
was transfected as described elsewhere. PDGF (+), positive control; U, SF media only; L,
100 ng/ml leptin treatment; S3, SOCS-3 expression vector in SF media; L+S3. SOCS-3
expression vector and leptin (100 ng/ml); V, empty vector (negative control); L+V, empty
vector and leptin. Transfected HSCs were subjected to leptin treatment for 4 h followed by
immunoprecipitation for pErk or Erk (A) and pAkt or Akt (B). The immunoblots and
corresponding densitometry are representative of three independent experiments performed
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in triplicate.*P<0.01, compared with untreated (U) HSCs. Transfection efficiency was
determined as described in Materials and Methods, 35.0 £+ 2.7%.
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Figure 7. Leptin prevents primary hepatic stellate cell apoptosis through a PI-3-kinase-
dependent pathway

Primary hepatic stellate cells were serum starved for 16 h and subsequently exposed to SF
media (U) (0.1% FBS); leptin (L) (100 ng/ml); LY294002 (LY) (600 nM), and leptin (100
ng/ml) plus LY294002 (L+LY)(600 nM) for 40 h. A) Apoptosis was evaluated by DNA
fragmentation and revealed that LY resulted in apoptosis that was not significantly different
compared with control and that leptin failed to rescue HSCs from apoptosis caused by LY (L
+LY). B) The percent of HSC apoptosis was quantified using the Hoechst method as
described in Materials and Methods. The data also revealed that the P1-3-kinase inhibitor
LY294002 alone (LY) did not result in an increase in apoptosis compared with control (U),
P=0.18. Leptin significantly decreased the percentage of apoptosis in HSCs compared with
control (L vs. U, *P<0.05). The suppression of apoptosis by leptin was lost in the presence
of the PI-3-kinase inhibitor LY294002 (L+LY vs. LY **P<0.01).
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Figure 8. Leptin reduces caspase-3 activity in HSCs exposed to cycloheximide

HSCs were cultured, serum starved (U), and treated with cycloheximide (C) with or without
leptin pretreatment (L+C) or leptin alone (L) for 24 h. The concentration of leptin was 100
ng/ml. Cells were lysed, and caspase-3 activity was analyzed as described in Materials and
Methods. Caspase-3 activity of cell extracts from HSCs, treated with cycloheximide, with or
without leptin, was compared with HSC in serum starvation (U). Leptin alone reduced
caspase-3 activity compared with serum-starvation, *P<0.05, whereas leptin pretreatment (L
+C) significantly reduced caspase-3 activity by 66% when compared with cycloheximide
exposure alone (C), #P<0.001. Data are expressed as means = s=. The assay is representative
of three independent experiments performed in triplicate.
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Figure 9. TUNEL assay reveals leptin rescue of HSCs from cycloheximide

A) Fluorescent photomicrograph of HSC demonstrating apoptotic bodies (arrows) induced
by cycloheximide and identified in situ by TUNEL. Cells were cultured and treated as
described previously. Untreated (absolute serum-starvation) (a); leptin only (b);
cycloheximide (c); leptin plus cycloheximide (d). After treatment, HSCs were subjected to
TUNEL staining. Apoptotic bodies were visible (arrows) in untreated HSCs (a) and
following cycloheximide exposure (c); leptin significantly reduced the number of apoptotic
bodies induced by cycloheximide (d); magnification 40x. B) TUNEL-positive cells were
scored for respective quantitation. The percentage of apoptotic HSCs represents the means +
se of 10 high-power fields of three independent experiments performed in triplicate. Percent
of apoptotic HSCs exposed to leptin alone was negligible as compared with serum-starved
HSCs (U), *P<0.01. Percent of apoptotic HSCs resulting from cycloheximide (80%) was
significantly reduced by leptin (L+C), #P<0.01.
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Figure 10. Cycloheximide- or TRAIL-induced DNA fragmentation in HSCs was abolished by
leptin, and zZVAD-fmk, the pan-caspase inhibitor

HSCs were treated with TRAIL or cycloheximide for 24 h followed by leptin or zVAD-fmk
for 24 h. HSCs were harvested, and DNA was extracted as described in Materials and
Methods. Fragmented DNA was analyzed by electrophoresis across a 1.2% agarose gel
containing 0.1% ethidium bromide. The experiment was repeated three times. Lyophilized
apoptotic U937 cells (treated with camptothecin) were used as positive control (+) for DNA
fragmentation. U, absolute serum starvation; L, leptin in SF media; C, cycloheximide in SF
media; L+C, leptin plus cycloheximide; Z+C, zVAD-fmk plus cycloheximide in SF media;
T, TRAIL in SF media; L+T, TRAIL and leptin in SF media; Z+T, zZVAD-fmk and TRAIL
in SF media.
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Figure 11. Leptin rescues the HSCs from TRAIL-induced apoptosis

HSCs were incubated for 24 h in 10% FBS/DMEM and successively maintained for 15 h in
SF-DMEM. Serum-starved cells were exposed to various concentrations of TRAIL (5, 25,
and 50 ng/ml) in the presence or absence of leptin (100 ng/ml). After 24 h of TRAIL
exposure, XTT was added and absorbance was measured. The histogram represents the
number of viable HSCs under conditions of serum starvation (U), TRAIL (5 ng/ml) (T5),
TRAIL (25 ng/ml) (T25), TRAIL (50 ng/ml) (T50), and TRAIL (various concentrations)
plus leptin (L+T). Data represent means + se of three independent experiments performed in
triplicate, (T25, T50 vs. U, #P<0.01), (L+T vs. respective T doses, *P<0.01).
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Figure 12. Schematic diagram for leptin-induced HSC profibrogenic mechanisms induced by
Jak activation and OB-Rb phosphorylation

Leptin (L) signals as any gp130 cytokine primarily by Jak2 phosphorylation of several key
tyrosine residues (46). OB-Rb phosphorylation promotes HSC proliferation and survival by
Erk and Akt activation. SOCS-3, a feedback inhibitor of OB-Rb signaling, and AG490, a
chemical inhibitor of Jak2 kinase activity, both block HSC proliferation and survival by
blocking phosphorylation of either Erk or Akt. HSC survival was inhibited by the P13-kinase
inhibitor LY294002. Importantly, HSC proliferation was blocked by the MAPK inhibitor
PD98059, the PI3-kinase inhibitor LY 294002, as well as pharmacologic and biologic OB-
Rb signal blockade. Leptin could not suppress apoptosis in the presence of LY, indicating
that Akt is highly protective against HSC apoptosis.
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