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Leptin is an adipokine with roles in food intake and energy metabolism through its actions on
neurons in the hypothalamus. The role of leptin in obesity and cardiovascular disorders is well
documented. However, its influence on liver conditions such as cholestasis is poorly understood. The
effects of exogenous leptin and leptin-neutralizing antibody on biliary hyperplasia, hepatic fibrosis,
and inflammation in the multidrug resistance protein 2 knockout (Mdr2KO) mouse model of chole-
stasis were assessed by quantifying markers specific for cholangiocytes, activated hepatic stellate
cells (HSCs), and cytokines. Serum and hepatic leptin were increased in Mdr2KO mice compared with
FVB/NJ (FVBN) controls, and exogenous leptin enhanced biliary hyperplasia and liver fibrosis in
Mdr2KO and FVBN mice. Leptin administration increased hepatic expression of C-C motif chemokine
ligand 2 and IL-6 in Mdr2KO mice. In contrast, leptin-neutralizing antibody reduced intrahepatic bile
duct mass and decreased HSC activation in Mdr2KO mice compared with FVBN controls. Sex-related
differences were noted, with female Mdr2KO mice having more leptin than males. In cholangiocytes
and LX2 cells in vitro, leptin increased phosphorylated Akt and stimulated cell proliferation. Leptin
receptor siRNA and inhibitors of Akt phosphorylation impaired leptin-induced cell proliferation and
proinflammatory cytokines. The current data suggest that leptin is abnormally increased in chole-
static mice, and excess leptin increases ductular reaction, hepatic fibrosis, and inflammation via
leptin receptoremediated phosphorylation of Akt in cholangiocytes and HSCs. (Am J Pathol 2022,
192: 484e502; https://doi.org/10.1016/j.ajpath.2021.11.008)
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Leptin, a product of LEP gene, is a 16-kDa peptide pro-
duced primarily in white adipose tissue and acts through
receptor isoforms that are products of OBR gene belonging
to the class 1 cytokine receptor family.1 Leptin is a pleio-
tropic molecule acting as a hormone and as a cytokine to
modulate a large spectrum of physiological processes. Thus,
leptin functions as a hormone with role in regulation of food
intake,2 energy expenditure,3 and body weight,4,5 and as a
proinflammatory cytokine influencing immune cell func-
tions6 involved in innate and adaptive immunity.7

Although the roles of leptin in obesity,8 diabetes,9 and
cancer10 have been extensively investigated, the influence of
leptin on cholestasis and liver fibrosis is controversial and
still not fully understood.11 An increasing number of studies
stigative Pathology. Published by Elsevier Inc
report roles for leptin in modulation of liver functions in the
context of metabolic syndrome and insulin resistance.12

Furthermore, leptin resistance, which is detected as
elevated serum leptin, is a contributing factor to insulin
resistance in cirrhotic patients.12 Interestingly, unlike
. All rights reserved.

mailto:sharon.demorrow@austin.utexas.edu
mailto:sharon.demorrow@austin.utexas.edu
https://doi.org/10.1016/j.ajpath.2021.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2021.11.008&domain=pdf
https://doi.org/10.1016/j.ajpath.2021.11.008
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2021.11.008


Leptin Aggravates Liver Fibrosis
nonalcoholic fatty liver disease or nonalcoholic steatohe-
patitis, liver fibrosis and cirrhosis caused by cholestasis or
viral infections are not associated with steatosis or gain of
body weight, even though serum leptin is elevated in these
liver injuries.13

The role of leptin in cholestatic conditions, such as primary
biliary cholangitis, is also debated. Primary biliary cholangitis
was associated with increased leptin levels in the serum in
several studies.14e16 However, other studies concluded that
serum leptin levels are low in primary biliary cholangitis
patients, and leptin does not cause anorexia in liver disease.17

Interestingly, a study on liver cholestasis in dogs pointed out
that elevated serum leptin was associated with cholestatic
disease in pituitary-dependent hyperadrenocorticism.18 Re-
ports on animal models of cholestasis induced by bile duct
ligation suggest that serum leptin is significantly increased
early after surgery, followed by normalization and even
decrease in long-term cholestasis.19

An imbalance between the orexigenic gastric peptide
ghrelin and leptin as its physiological counterpart was re-
ported in primary biliary cholangitis patients having
elevated serum levels of leptin and reduced ghrelin
compared with healthy controls.20 Previous studies
demonstrated that ghrelin treatment attenuated ductular
reaction and hepatic fibrosis.21 The current study assessed
the effects of leptin in the multidrug resistance protein 2
knockout (Mdr2KO) mouse model of cholestasis.
Materials and Methods

Chemicals, Kits, Antibodies, and Tissue Culture Media

All chemicals were purchased from Millipore-Sigma (Bur-
lington,MA), unless otherwise stated, and were of the highest
grade available. Leptin mouse enzyme-linked immunosor-
bent assay (ELISA) kit was purchased from Abcam (Cam-
bridge, MA). RNeasy kit for isolation of RNA from cells and
tissue was from Qiagen (Frederik, MD). Leptin receptor
(LepR) siRNA was from OriGene (Rockville, MD); recom-
binant leptin and signaling inhibitors wortmannin (WMN)
and FPA124 were from Tocris (Minneapolis, MN); leptin-
neutralizing antibody (Leptin-Ab) was purchased from R&D
Systems (Minneapolis, MN). Mouse transforming growth
factor-b1 (TGF-b1) was purchased from R&D Systems.
Hematoxylin and VectaStain kits for immunohistochemistry
(IHC) staining were from Vector Laboratories (Burlingame,
CA). For IHC and immunofluorescence (IF) assays, the
following antibodies from Abcam were used: leptin, LepR,
cytokeratin (CK)-19, CK7, CK8, desmin, a-smooth muscle
actin (a-SMA), phosphorylated Akt (p-Akt), and CD11b.
Culture media, including Dulbecco’s modified Eagle’s me-
dium, minimal essential medium, and the supplements (ie,
fetal bovine serum and penicillin/streptomycin), were from
Gibco BRL, purchased through Thermo Fisher Scientific
(Waltham, MA).
The American Journal of Pathology - ajp.amjpathol.org
Animal Experiments

FVB/NJ (FVBN) and Mdr2KO mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and maintained
in a temperature-controlled environment at 20�C to 22�C
with a 12:12 hours light-dark cycle, having free access to
food and drinking water. All animal procedures were per-
formed in accord with the guidelines of University of Texas
at Austin (Austin, TX) Institutional Animal Care and Use
Committee, with approved protocols. In experiments
designed to measure the effect of recombinant leptin and
Leptin-Ab on liver fibrosis in Mdr2KO mice, we used 2-
montheold, male and female Mdr2KO mice, as well as
age-matched FVBN mice as negative controls. Six mice in
each group of sex/type (FVBN or Mdr2KO) were used. In
parallel, an equal number of 2-montheold, male and female
FVBN and Mdr2KO mice were treated with vehicle (saline)
only. Leptin was administered via Alzet osmotic minipumps
(Cupertino, CA) implanted intraperitoneally at a rate of 100
mg/kg per day (mice weights being 25 to 30 g), as
described.22 Leptin-Ab was performed by retro-orbital in-
jections of 2 mg/day for 14 days, after which the mice were
euthanized for blood and liver tissue collection. Leptin-Ab
inhibits binding to its receptor, negating its downstream
cellular effects, such as cell proliferation, and it has been
used before, as previously described.23
Serum Biomarker Analysis

Liver enzymes aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were assayed using Cata-
lyst One Analyzer from IDEXX Laboratories (Westbrook,
ME).
Assessment of mRNA Expression

Assessment of gene expression at the mRNA level in liver
tissue or cultured cells was performed by real-time quanti-
tative PCR for leptin, LepR, CK19, proliferating cell nuclear
antigen (PCNA), desmin, a-SMA, collagen type 1A1
(Col1A1), matrix metalloproteinase 2, tissue inhibitor of
metalloproteinase 1, TGF-b1 and TGF-b2 and their receptor
TGFbR2, and cytokines C-C motif chemokine ligand 2
(CCL2), IL-1b, and IL-6. Fold changes in gene expression
were normalized to the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase. Total RNA was isolated by
using RNeasy kit, followed by cDNA synthesis with iScript
kit from Bio-Rad Life Sciences (Hercules, CA), and real-
time quantitative PCR using iTaq Universal SYBR-Green
Supermix from the same company. RT2 qPCR Primer As-
says and primers for all our real-time quantitative PCR as-
says were purchased from Qiagen. The AriaMx Real-Time
PCR system from Agilent Technologies (Santa Clara, CA)
was used for running real-time quantitative PCR. The data
were analyzed as previously described.24
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Assessment of Liver Histology, Biliary Hyperplasia, and
Liver Fibrosis in Mdr2KO and FVBN Mice

Hematoxylin and eosin staining was performed on
sections (4 mm thick) of paraffin-embedded livers, as
previously described.25 Biliary hyperplasia was assessed
by measuring the intrahepatic biliary duct mass by IHC
for CK19. Hepatic fibrosis markers, such as a-SMA and
desmin, were assayed by IHC of liver tissue from mice
treated with leptin or Leptin-Ab. Thus, for IHC, liver
tissue sections (4 mm thick) were immunolabeled with
primary antibodies specific to proteins of interest, and
then processed for staining with VectaStain kits. The IHC
slides were scanned with a Leica Aperio AT2 scanner,
followed by screenshots and image analysis with using
ImageJ version 1.52a software from the NIH (Bethesda,
MD; http://imageJ.nih.gov/ij, last accessed October 20,
2021). The percentage areas of stained pixels were
calculated and compared for significant differences.
Liver samples were also assayed by using Sirius
Redespecific staining of collagens I and III, which are
increased in hepatic fibrosis, with the kit from IHC
World (Ellicott City, MD).
Assessment of Leptin and CCL2 Concentrations Using
ELISA Assays

Leptin and CCL2 were assessed in serum and/or liver
samples of Mdr2KO and FVBN mice by using ELISA
kits purchased from Abcam (Cambridge, MA) and R&D
Systems (Minneapolis, MN), respectively. We followed
the protocols indicated by the manufacturers.
Assessment of Leptin and LepR Expression in Different
Types of Liver Cells by IHC and Confocal Microscopy

The expression of leptin and LepR in cholangiocytes, he-
patic stellate cells (HSCs), and hepatocytes was determined
by IHC using VectaStain kits, according to manufacturer’s
instructions. The staining was observed in different types
of liver cells, based on specific shapes of the cells. The
colocalization of LepR with specific markers of hepatic
cells (ie, CK7 for cholangiocytes, desmin for HSCs, and
CK8 for hepatocytes) was achieved by confocal micro-
scopy. Frozen liver tissue embedded in OCT medium was
sectioned at 8 mm using Leica Cryostat CM1850 (Leica
Biosystems, Buffalo Grove, IL). The sections were labeled
with LepR- and cell typeespecific marker antibodies from
Abcam, followed by secondary antibodies conjugated to
Alexa Fluor 488 or Cy3, purchased from Invitrogen
(Waltham, MA). The colocalization of LepR with cell
markers was observed with confocal laser capture micro-
scopy from Leica Microsystems Inc. (Buffalo Grove, IL),
followed by quantitative PCR.
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Assessment of Signaling Pathways Initiated by Leptin
in Cholangiocytes and HSCs in Culture

In vitro experiments were run with mouse pooled chol-
angiocytes (a kind gift from Dr. Yoshiyuki Ueno, Yamagata
University, Yamagata, Japan)26 and human LX-2 cells
purchased from ATCC (Manassas, VA). The cells were
grown according to the instructions from ATCC. In LepR
knockdown experiments, the expression of LepR mRNA
was silenced in cholangiocytes by transfecting the cells with
mouse LepR-specific siRNA from OriGene, using Lip-
ofectamine 2000 Reagent from Thermo Fisher Scientific
(Waltham, MA), according to manufacturer’s instructions.
Cholangiocytes or LX-2 cells were treated with leptin,
WMN, or FPA124 for 24 hours, followed by cell harvesting
in lysis buffer for either real-time quantitative PCR or
ELISA assays. To assess the effect of cholangiocyte-
conditioned medium on LX-2 activation, cholangiocytes
were treated with leptin, in the absence or presence of WMN
or FPA124 for 24 hours, and the conditioned media from
cholangiocytes were then used to treat LX-2 for subsequent
24 hours, followed by harvesting the cells for specific as-
says. Cell proliferation was tested using MTS kit from
Abcam. Activation of LX-2 cells was tested by measuring
changes in a-SMA and Col1A1 expression by real-time
quantitative PCR. For IF, cholangiocytes and LX-2 cells
grown on coverslips inside 6-well plates were fixed with 4%
paraformaldehyde and blocked with 4% bovine serum al-
bumin in phosphate-buffered saline supplemented with
Tween 20, followed by incubation with 2 to 5 mg/mL pri-
mary antibody overnight at 4�C, and subsequent labeling
with fluorescent dyeeconjugated secondary antibody incu-
bation for 1 hour at room temperature. After washings,
coverslips were mounted in Prolong Gold Antifade
Mounting media with DAPI from Thermo Fisher Scientific.
Phosphorylation of Akt in response to leptin treatment was
measured in cells in culture as well as in livers of FVBN and
Mdr2KO mice, using FastScan Phospho-Akt (Ser473)
ELISA kit from Cell Signaling Technology (Danvers, MA).
p-Akt was also assessed by IF and confocal microscopy of
cells in vitro and frozen sections of livers from FVBN and
Mdr2KO mice treated with vehicle or leptin.
To test the expression of LepR in activated compared

with quiescent HSC cells, LX-2 cells were treated with 1 ng/
mL recombinant TGF-b1 or vehicle for 24 hours, followed
by the assessment of LepR at mRNA level by real-time
quantitative PCR and at protein level by IF and confocal
microscopy.

Assessment of LepR Expression in Specific Cell Types of
the Liver by Laser Capture Microdissection

Frozen sections (8 mm thick) of livers from FVBN and
Mdr2KO mice were processed for IF labeling for CK8,
CK7, and desmin, followed by laser capture microdissection
and collection of hepatocytes, cholangiocytes, and HSCs,
ajp.amjpathol.org - The American Journal of Pathology
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respectively. The cells were then subjected to RNA isolation
using Arcturus PicoPure Frozen RNA isolation kit from
Thermo Fisher Scientific. The expression of LepR versus
glyceraldehyde-3-phosphate dehydrogenase was further
determined by real-time quantitative PCR.

Statistical Analysis

Quantifications of real-time quantitative PCR, ELISA, and
image analyseswere used to calculate the average and SEMof
three replicates for each group of tested animals. The number
of animals (N ) used for each treatment or as controls was 6,
and is specified in Results for each experiment. The statistical
difference was calculated between two groups by using the t-
test, and was considered significant when P < 0.05. When
multiple groups of animals were compared, two-way analysis
of variance, followed by an appropriate post hoc test with
GraphPad Prism 9.2.0 software (San Diego, CA), was used.

Results

Leptin Levels in Serum and Liver Are Elevated in
Mdr2KO Mice Compared with those in FVBN Controls

The expression of leptin and LepR was assessed in FVBN
and Mdr2KO mice treated with vehicle. Circulating leptin
was significantly elevated in Mdr2KO mice compared with
FVBN controls treated with vehicle (Figure 1A). Further
assessment of serum leptin in mice treated with leptin or
Leptin-Ab confirmed a significant increase in leptin levels in
Mdr2KO mice that received leptin and a significant reduc-
tion in circulating leptin in Mdr2KO mice that received
Leptin-Ab (Figure 1A).

To test whether leptin could be produced in the liver, real-
time quantitative PCR for leptin was performed. It not only
demonstrated that leptin mRNA was detected in the livers of
FVBN and Mdr2KO mice, but also that leptin mRNA was
increased up to threefold in Mdr2KO mice compared with
that in FVBN mice (Figure 1B). Immunostaining of leptin in
liver sections indicated that leptin in Mdr2KO mice was
increased compared with FVBN controls (Figure 1, C and
D). LepR was expressed in livers of all tested mice, being
significantly more abundant in Mdr2KO than in control
mice at mRNA (Figure 1E) and protein levels (Figure 1, F
and G). Interestingly, in contrast to a solid, uniform, and
low-level distribution of leptin and LepR within all cell
types of the liver in FVBN mice, in Mdr2KO mice, both
leptin and LepR were concentrated in certain cells that,
based on their morphology, were identified as chol-
angiocytes, HSCs, and hepatocytes (Figure 1, C and F).
Further analysis using laser capture microdissection
confirmed that LepR mRNA was expressed in these types of
hepatic cells, being more abundant in hepatocytes, chol-
angiocytes, and HSCs obtained from livers of Mdr2KO
mice compared with cells from FVBN control mice
(Figure 1H).
The American Journal of Pathology - ajp.amjpathol.org
Colocalization of LepR with markers of hepatocytes,
cholangiocytes, and HSCs was also tested by confocal mi-
croscopy of liver tissue from Mdr2KO and FVBN mice
(Figure 2). LepR colocalized with the hepatocyte marker
CK8, the cholangiocyte marker CK7, and the HSC marker
desmin. LepR expression was increased in Mdr2KO mice
compared with FVBN controls.

Leptin Exacerbates Liver Histopathology and Biliary
Hyperplasia in Cholestatic Mice

The hepatic transaminases ALT and AST were elevated in
male and female Mdr2KO mice compared with those in the
FVBN counterparts (Figure 3, A and B). Upon leptin
administration, ALT and AST levels were significantly
increased in Mdr2KO and in some of the FVBN mice
compared with vehicle-treated mice (Figure 3, A and B).

Liver samples from mice administered recombinant leptin
or vehicle were analyzed with regard to histopathology and
expression of biomarkers for bile ducts. The hematoxylin
and eosin staining suggested that leptin increased the
number of bile ducts and level of fibrosis in male and female
Mdr2KO mice (Figure 3C). The mRNA expression of CK19
and PCNA was increased in leptin-treated Mdr2KO mice
compared with that in counterparts treated with vehicle
(Figure 3, D and E). PCNA mRNA was enhanced more than
CK19 mRNA in Mdr2KO mice. Interestingly, PCNA
mRNA, unlike CK19 mRNA, was increased also in FVBN
mice when treated with leptin, suggesting that other cell
types in addition to cholangiocytes, such as HSCs and/or
macrophages, could be stimulated to proliferate (Figure 3E).
At protein level, CK19, as assessed by IHC, was increased
by leptin treatment in Mdr2KO mice (Figure 3, F and G).
PCNA IHC revealed a robust increase of liver cell prolif-
eration in Mdr2KO mice treated with leptin compared with
that in vehicle-treated Mdr2KO mice (Figure 3, H and I).
Moreover, an increase in PCNA was found also in leptin-
treated FVBN mice compared with vehicle-treated FVBN
mice. In addition to high-magnification images of PCNA
IHC in Figure 3H, images at lower magnification are pre-
sented in Supplemental Figure S1, showing large areas of
liver tissue with PCNA-expressing cells.

Leptin Aggravates Hepatic Fibrosis and Inflammation
in Cholestatic Mice

The effects of leptin on biomarkers of liver fibrosis were
measured in Mdr2KO and FVBN mice. At mRNA level,
biomarkers, including desmin, a-SMA, Col1A1, matrix
metalloproteinase 2, tissue inhibitor of metalloproteinase 1,
and fibrogenic gene TGF-b1, were highly increased on
leptin administration in Mdr2KO mice compared with those
in vehicle-treated Mdr2KO counterparts (Figure 4). The up-
regulation of Col1A1, matrix metalloproteinase 2, and tissue
inhibitor of metalloproteinase 1 was remarkable (ie, 20- to
30-fold higher in Mdr2KO mice with leptin versus 2- to 4-
487
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Figure 1 Leptin and leptin receptor (LepR) are up-regulated in multidrug resistance protein 2 knockout (Mdr2KO) mice. A: Serum leptin levels in FVB/NJ
(FVBN) and Mdr2KO mice when treated with vehicle, leptin, or a leptin-neutralizing antibody (Leptin-Ab). Leptin in serum from male and female FVBN and
Mdr2KO mice was assayed using enzyme-linked immunosorbent assay kit. B: Leptin mRNA was assessed using real-time quantitative PCR test of liver from
Mdr2KO and FVBN mice. C: Leptin immunohistochemistry (IHC), representative images. D: Quantification of liver leptin by image analysis. E: LepR mRNA
expression as tested by real-time quantitative PCR. F: Representative images of LepR IHC in liver sections from FVBN and Mdr2KO mice. G: Quantification of
liver LepR in FVBN and Mdr2KO mice, by image analysis. H: Laser capture microdissection (LCM) data from liver samples of Mdr2KO and FVBN mice treated with
vehicle. Frozen sections of liver were processed for LCM, as described under Materials and Methods, so that specific types of cells [ie, hepatocytes (Hs),
cholangiocytes (Cs), and hepatic stellate cells (HSCs)] were obtained. Real-time quantitative PCR was then performed for LepR. Arrows point to hepatocytes,
cholangiocytes, or stellate cells (Ss). N Z 6 (A, B, D, E, G, and H). *P < 0.05 for Mdr2KO versus FVBN mice; yP < 0.05 for leptin or Leptin-Ab versus vehicle.
Scale bars Z 100 mm (C and F). Original magnifications, �10 (C and F, top panels); �20 (C and F, bottom panels).
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Figure 2 Colocalization of leptin receptor (LepR) with
markers of hepatocytes, cholangiocytes, and hepatic stellate
cells (HSCs) in livers of multidrug resistance protein 2
knockout (Mdr2KO) mice compared with FVB/NJ (FVBN)
control mice. Expression of LepR specifically in hepatocytes,
cholangiocytes, and HSCs was investigated by dual-
fluorescence immunolabeling of liver sections with LepR
antibody and an additional antibody against cytokeratin
(CK) 8 marker of hepatocytes (A), CK7 marker of chol-
angiocytes (B), or desmin marker of HSCs (C). Red is the
code color for LepR, and green is the code color for the cell
markers. The yellow arrowheads point to areas of colocal-
ization. Scale bars Z 75 mm (AeC).

Leptin Aggravates Liver Fibrosis
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Figure 3 Exogenous leptin increases circulating transaminases, biliary hyperplasia, and liver cell proliferation in multidrug resistance protein 2 knockout
(Mdr2KO) mice. A and B: Alanine aminotransferase (ALT; A) and aspartate aminotransferase (AST; B) transaminases were assessed in serum from male and
female Mdr2KO and FVB/NJ (FVBN) control mice treated with vehicle or leptin, as described under Materials and Methods. C: Representative images of he-
matoxylin and eosinestained liver sections of male and female Mdr2KO and FVBN mice treated with vehicle or leptin. D and E: Expression of cytokeratin (CK)
19 (D) and proliferating cell nuclear antigen (PCNA; E) mRNA in mice treated with leptin versus vehicle was assessed. F and G: Images of immunohistochemical
(IHC) staining for CK19 (F) were quantified by image analysis (G), as described in Materials and Methods. F: Arrows point to cholangiocytes (Cs). H and I:
Images of PCNA IHC (H) were also quantified (I). H: Arrows point to hepatocytes (Hs), cholangiocytes, or stellate cells (Ss). N Z 6 (A, B, D, E, G, and I).
*P < 0.05 for leptin versus vehicle; yP < 0.05 for Mdr2KO versus FVBN. Scale bars Z 100 mm (C, F, and H).
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Figure 4 Exogenous leptin increases mRNA expression of gene markers of fibrosis in multidrug resistance protein 2 knockout (Mdr2KO) mice. mRNA
expression of a series of genes was assessed in livers of male and female Mdr2KO and FVB/NJ (FVBN) mice that had been treated with leptin or vehicle. Gene
markers of fibrosis included desmin (A), a-smooth muscle actin (a-SMA; B), collagen type 1A1 (Col1A1; C), matrix metalloproteinase 2 (MMP2; D), tissue
inhibitor of metalloproteinase 1 (TIMP1; E), and transforming growth factor (TGF)-b1 (F). N Z 6 (AeF). *P < 0.05 for leptin versus vehicle; yP < 0.05 for
Mdr2KO versus FVBN mice.

Leptin Aggravates Liver Fibrosis
fold enhancement in Mdr2KO mice with vehicle). Most of
the fibrosis biomarkers were up-regulated in FVBN mice
when treated with leptin. These data suggest that leptin
strongly stimulates up-regulation of genes involved in
fibrogenesis in cholestatic and control mice.

The expression of desmin, a-SMA, and collagens type I
and III was quantified at the protein level using IHC and
Sirius Red staining (Figure 5). All these fibrosis biomarkers
were increased in Mdr2KO and FVBN mice treated with
leptin compared with vehicle, except for desmin, which was
up-regulated in Mdr2KO groups only.

The expression of inflammation genes known to have roles
in hepatic fibrogenesis was tested (Figure 6, AeC). Leptin
induced up-regulation of IL-1b, IL-6, and CCL2 mRNA in
Mdr2KO but not in FVBN mice, with CCL2 being the most
The American Journal of Pathology - ajp.amjpathol.org
up-regulated, followed by IL-6, whereas IL-1b was less
affected. Moreover, serum CCL2 was increased by leptin
treatment in Mdr2KO mice (Figure 6D). Assessment of
CD11b, a marker of monocyte-derived macrophages that are
recruited from blood circulation into the liver in response to
increased chemotactic cytokines, such as CCL2, demon-
strated enhanced accumulation of this type of macrophages in
liver tissue of leptin-treated Mdr2KO mice compared with
vehicle-treated counterparts (Figure 6, E and F).

Leptin-Ab Attenuates Serum Biochemistry and Biliary
Hyperplasia in Mdr2KO Mice

An alternative strategy to assess the influence of leptin on liver
ductular reaction, hepatic fibrosis, and inflammation was to
491
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Figure 5 Leptin enhances fibrosis markers at protein level in multidrug resistance protein 2 knockout (Mdr2KO) mice. AeF: Immunohistochemical (IHC)
images of liver fibrosis markers and the results of their quantification by image analysis are shown for desmin (A and B), a-smooth muscle actin (a-SMA; C and
D), and Sirius Red staining for collagen type I and III (E and F), in liver sections from Mdr2KO and FVB/NJ (FVBN) mice treated with vehicle or leptin. A and C:
Arrows point to desmin and a-SMA, respectively. N Z 6 (B, D, and F). *P < 0.05 for leptin versus vehicle; yP < 0.05 for Mdr2KO versus FVBN mice. Scale bars
Z 100 mm (A, C, and E).

Petrescu et al
treat FVBN and Mdr2KO mice with Leptin-Ab and measure
serum transaminases, liver histopathology, intrahepatic
biliary duct mass, and PCNA (Figure 7). The levels of ALT
and AST were significantly reduced in Mdr2KO mice
(Figure 7, A and B). The histology of livers was improved by
Leptin-Ab in both male and female Mdr2KO mice
492
(Figure 7C). The intrahepatic biliary duct mass was signifi-
cantly lowered by Leptin-Ab treatment of Mdr2KO mice, as
demonstrated by CK19 expression at mRNA and protein
levels (Figure 7, DeF). A robust effect of Leptin-Ab was
found on PCNA, in livers of Mdr2KO mice, compared with
Mdr2KO mice treated with vehicle only (Figure 7, GeI),
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Leptin increases inflammation of the liver in multidrug resistance protein 2 knockout (Mdr2KO) mice. AeC: Gene expression of proinflammatory
cytokines IL-1b (A), IL-6 (B), and C-C motif chemokine ligand 2 (CCL2; C) was assessed in liver samples from Mdr2KO and FVB/NJ (FVBN) mice treated with
vehicle or leptin. D: CCL2 level was assayed in serum samples of mice treated with vehicle or leptin. E: The amount of CD11bþ macrophages was quantified by
image analysis of images obtained by immunohistochemistry (IHC) for CD11b in liver samples from Mdr2KO and FVBN mice treated with leptin versus vehicle. F:
Representative images of IHC for CD11b. F: Arrows point to CD11bþ cells. NZ 6 (AeE). *P < 0.05 for leptin versus vehicle; yP < 0.05 for Mdr2KO versus FVBN
mice. Scale bars Z 100 mm (F).

Leptin Aggravates Liver Fibrosis
suggesting a lower level of cell proliferation as a result of
Leptin-Ab treatment. The reduction of cells positively stained
for PCNA by IHC in livers of Mdr2KO mice as a result of
treatment with Leptin-Ab can be seen at high magnification
(Figure 7H), and at low magnification for the assessment of
larger areas of liver tissue (Supplemental Figure S2).
The American Journal of Pathology - ajp.amjpathol.org
Leptin-Ab Attenuates Liver LepR Expression, Fibrosis,
and Inflammation in Mdr2KO Mice

The influence of Leptin-Ab treatment on the expression
level of LepR in Mdr2KO mice was assessed using IHC
(Figure 8A). Leptin-Ab significantly reduced LepR in
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Figure 7 Leptin-neutralizing antibody (Leptin-Ab) attenuates serum transaminases and biliary hyperplasia in multidrug resistance protein 2 knockout
(Mdr2KO) mice. AeC: Serum transaminases alanine aminotransferase (ALT; A) and aspartate aminotransferase (AST; B) and hematoxylin and eosin staining (C)
of liver sections were assessed for Mdr2KO and FVB/NJ (FVBN) mice treated with vehicle or Leptin-Ab. DeF: Hepatic expression of cytokeratin (CK) 19 mRNA
(D) and protein (images in E, quantifications in F) was assessed. E: All arrows point to cholangiocytes (Cs). GeI: Cell proliferation marker, proliferating cell
nuclear antigen (PCNA), was assessed at mRNA (G) and protein level, and immunohistochemical (IHC) images (H) and quantification (I) are shown. H: Arrows
point to different types of cells expressing PCNA. N Z 6 (A, B, D, F, G, and I). *P < 0.05 for leptin versus vehicle; yP < 0.05 for Mdr2KO versus FVBN mice.
Scale bars Z 100 mm (C, E, and H). H, hepatocyte; S, hepatic stellate cell.

Petrescu et al
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Figure 8 Leptin-neutralizing antibody (Leptin-Ab) reduces liver fibrosis in multidrug resistance protein 2 knockout (Mdr2KO) mice. A: Immunohisto-
chemistry (IHC) of leptin receptor (LepR) in livers of Mdr2KO and FVB/NJ (FVBN) mice treated with vehicle or Leptin-Ab. Desmin, a-smooth muscle actin (a-
SMA), and collagen were assessed to measure hepatic fibrosis in male and female Mdr2KO and FVBN mice treated with vehicle or Leptin-Ab. A: Arrows point to
cells expressing LepR. BeD: Desmin: mRNA (B), IHC images (C), and quantifications from image analysis (D). EeG: a-SMA: mRNA (E), IHC images (F), and
quantification (G). C and F: Arrows indicate stellate cells expressing desmin and a-SMA, respectively. HeJ: Collagens: collagen type 1A1 (Col1A1) mRNA (H),
Sirius Red staining images (I), and quantification (J). N Z 6 (B, D, E, G, H, and J). *P < 0.05 for leptin-Ab versus vehicle; yP < 0.05 for Mdr2KO versus FVBN
mice. Scale bars Z 100 mm (A, C, F, and I). C, cholangiocyte; H, hepatocyte; S, hepatic stellate cell.
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Figure 9 Leptin-neutralizing antibody (Leptin-Ab) reduces fibrogenic and proinflammatory genes in multidrug resistance protein 2 knockout (Mdr2KO)
mice. AeD: The mRNA expression of transforming growth factor (TGF)-b1 fibrogenic gene (A) and of IL-1b (B), IL-6 (C), and C-C motif chemokine ligand 2
(CCL2) proinflammatory genes (D) was assessed in male and female Mdr2KO and FVB/NJ (FVBN) mice. E: CCL2 was assessed in serum of Mdr2KO and FVBN mice
treated with vehicle or Leptin-Ab. F: Representative images of immunohistochemistry (IHC) for CD11bþ macrophages in liver sections. G: Image analysis
results of CD11b IHC in liver samples. Arrows in IHC images point to cells expressing the protein of interest. N Z 6 (AeE and G). *P < 0.05 for leptin-Ab
versus vehicle; yP < 0.05 for Mdr2KO versus FVBN mice. Scale bars Z 100 mm (F).
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Mdr2KO mice, suggesting a leptin-dependent regulation of
LepR expression in the liver.

Analysis of desmin expression in liver samples from
Mdr2KO and FVBN mice treated with Leptin-Ab versus
vehicle indicated a strong decrease in Mdr2KO mice,
whereas no effects were seen in FVBN mice (Figure 8,
BeD). a-SMA expression at the mRNA and protein levels
was also diminished by the Leptin-Ab treatment compared
with vehicle-treated Mdr2KO mice (Figure 8, EeG).
Col1A1 mRNA was reduced by Leptin-Ab treatment in
Mdr2KO mice (Figure 8H). Sirius Red staining of collagen
in liver sections was significantly decreased in Leptin-
496
Abetreated Mdr2KO mice compared with vehicle-treated
Mdr2KO counterparts (Figure 8, I and J).
The fibrogenic gene TGF-b1 as well as genes involved in

cholestasis-related inflammation, such as IL-1b, IL-6, and
CCL2, were tested for mRNA expression and were found to
be significantly reduced on treatment with Leptin-Ab in
Mdr2KO mice (Figure 9, AeD). IL-1b and IL-6, which were
increased in Mdr2KO mice compared with controls, were
down-regulated by Leptin-Ab to the level of expression in
FVBN control mice (Figure 9, B and C). However, CCL2,
which had high expression in the liver of Mdr2KO mice of
approximately 20-fold in excess of normal level, was
ajp.amjpathol.org - The American Journal of Pathology
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Figure 10 Leptin increases proliferation of cholangiocytes (Chols) via Akt phosphorylation. A: Leptin receptor (LepR) was detected in mouse chol-
angiocytes using immunofluorescence. B: Changes in cell proliferation rate were measured using MTS kit on cholangiocytes treated with vehicle (Veh) or leptin
in the absence or presence of phosphoinositide 3 (PI3) kinase inhibitor wortmannin (WMN) or Akt phosphorylation inhibitor FPA124 (FPA). C: Akt phos-
phorylation time course was determined using enzyme-linked immunosorbent assay. D: Phosphorylated Akt (p-Akt) at 30 minutes after leptin versus vehicle
treatment of cholangiocytes was detected by immunolabeling and confocal microscopy. E: LepR was silenced using three different sequences of siRNAs
[sequence 1 (Seq1), sequence 2 (Seq2), and sequence 3 (Seq3) versus negative control seq (Neg Ctr)], followed by real-time quantitative PCR assay of genes of
interest, including LepR, to confirm the knockdown, leptin, proliferating cell nuclear antigen (PCNA; marker of cell proliferation), cytokeratin (CK) 19
(housekeeping gene of cholangiocytes), and IL-1b and C-C motif chemokine ligand 2 (CCL2) cytokines. F: LX-2 cells were assessed for proliferation after being
treated with conditioned medium from cholangiocytes in which LepR was silenced with siRNA or negative control siRNA (NCsiRNA), followed by treatment with
vehicle or leptin. NZ 3 (B, C, E, and F). *P < 0.05 for vehicle versus any other treatment; yP < 0.05 for time 0 versus any other time point; zP < 0.05 for Neg
Ctr versus Seq1, Seq2, and Seq3; xP < 0.05 for vehicle versus any other treatment. Scale bars: 100 mm (A); 50 mm (D). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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significantly reduced by Leptin-Ab but did not reach the
levels of FVBN mice (Figure 9D). Serum CCL2 was also
reduced in Mdr2KO mice treated with Leptin-Ab compared
with vehicle (Figure 9E). This was associated with a signifi-
cant reduction in CD11bþ macrophages as a result of treat-
ment of Mdr2KO mice with Leptin-Ab (Figure 9, F and G).

In summary, the treatment of Mdr2KO mice with Leptin-
Ab resulted in considerable attenuation of liver fibrosis and
inflammation markers while having no negative effects on
FVBN mice.
Leptin Stimulates Proliferation and Activation of
Cholangiocytes and HSCs in Vitro via LepR,
phosphoinositide 3 (PI3) Kinase, and Akt
Phosphorylation

Mouse cholangiocytes were used in vitro to study possible
signaling pathways underlying the proliferative effects of
leptin on bile ducts in Mdr2KO mice in vivo. Initial ex-
periments checked whether LepR was expressed in our
mouse cholangiocyte cell line and the receptor was detected
by IF and confocal microscopy (Figure 10A). On treatment
of cholangiocytes with leptin in the absence or presence of
PI3 kinase inhibitor, WMN, and Akt phosphorylation in-
hibitor, FPA124, the cells displayed increased proliferation
with leptin only in the absence of inhibitors (Figure 10B).
An ELISA test of p-Akt in cholangiocytes over time indi-
cated that Akt phosphorylation increased within the first 30
minutes after leptin treatment (Figure 10C). This was
confirmed by immunostaining of cholangiocytes for p-Akt
at 30 minutes after leptin treatment in the absence of in-
hibitors (Figure 10D).

The expression of LepR in cholangiocytes was silenced
using siRNA, and the expression of PCNA, IL-1b, and
CCL2 was assessed. LepR knockdown resulted in signifi-
cant reduction in leptin mRNA without affecting the
housekeeping gene CK19 (Figure 10E). The mRNA
expression of IL-1b and CCL2 cytokines was also reduced
following LepR knockdown.

The effect of cholangiocyte-conditioned culture medium
on LX-2 stellate cell proliferation was studied with chol-
angiocytes grown in the absence or presence of leptin
(Figure 10F). Thus, cholangiocytes with wild-type genotype
expressing LepR, as well as cholangiocytes with knocked-
down LepR, were treated with vehicle or leptin, and their
culture media were used for stimulating LX-2 cells to grow.
The medium from wild-type cholangiocytes increased pro-
liferation of LX-2 cells, whereas medium conditioned from
LepR-knockdown cholangiocytes did not stimulate LX-2
proliferation.

Cholangiocytes were shown to express LepR. This is
essential in mediating an autocrine effect of leptin to maintain
leptin expression in cholangiocytes along with cell prolifer-
ation and activation by up-regulation of proinflammatory
498
cytokines IL-1b and CCL2 and an exocrine effect of leptin to
induce proliferation of LX-2 cells.
LX-2 cells were also shown to express LepR

(Figure 11A). The involvement of Akt phosphorylation in
leptin-induced signaling has been demonstrated in LX-2
cells by a p-Akt time course assay, which indicated a
twofold increase in p-Akt following leptin stimulation
(Figure 11B). Akt phosphorylation was less intense (ie,
twofold increase in p-Akt in LX-2 cells compared with
fivefold in cholangiocytes), and short-lived, reaching a
maximum at 15 minutes in LX-2 cells compared with 30
minutes in cholangiocytes (Figure 11B versus Figure 10C).
The expression of several LX-2 cell fibrogenic genes, such
as TGF-b1 and TGF-b2, as well as genes of HSC activation,
including Col1A1 and a-SMA, were assessed in LX-2 cells
treated with vehicle, leptin, or leptin plus PI3 kinase in-
hibitor WMN or Akt phosphorylation, FPA124
(Figure 11C). Leptin stimulated all tested genes but less so
in the presence of WMN or FPA124. The expression of
CCL2 and IL-6 in LX2 cells stimulated with leptin was also
tested, demonstrating that leptin-induced expression of these
genes was impaired by FPA124 but not WMN
(Figure 11D). These results indicate that leptin has a large
spectrum of effects on gene expression in HSCs and induces
HSC activation. Some of these effects are mediated via PI3
kinase and p-Akt, whereas others are mediated via p-Akt
and signaling molecules other than PI3 kinase.
The effect of leptin on LX-2 cell proliferation was also

tested (Figure 11E). Leptin increased cell proliferation only
in the absence of PI3 kinase and p-Akt inhibitors, suggest-
ing that LepR in LX-2 cells triggers proliferation via the
same pathways as in cholangiocytes.
Phosphorylation of Akt due to activation of PI3 kinase in

both cholangiocytes and LX-2 cells was confirmed by
quantification of p-Akt using ELISA in cells in vitro, treated
with leptin in the absence or presence of WMN
(Supplemental Figure S3). p-Akt was also assessed in liver
tissue from Mdr2KO and FVBN mice that had been treated
with vehicle or leptin (Supplemental Figure S4), and the
data from ELISA and IF assays indicated a significant in-
crease of p-Akt in leptin-treated mice compared with vehicle
counterparts.
To explore the expression of LepR in activated versus

quiescent HSCs, LepR mRNA and protein were assesed in
LX-2 cells when treated with TGF-b1 compared with
vehicle (Supplemental Figure S5). Both real-time quantita-
tive PCR and IF data demonstrated that LepR was expressed
in LX-2 cells treated with TGF-b1 or vehicle. Activation of
HSCs did not cause changes in LepR expression while
significantly up-regulating a-SMA.
Discussion

The present study investigated the role of leptin, a known
proinflammatory adipokine, on hepatic inflammation,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 11 Leptin induces LX-2 cell proliferation and activation via Akt phosphorylation. A: Leptin receptor (LepR) was detected in LX-2 cells by im-
munostaining and confocal microscopy. B: Phosphorylated Akt (p-Akt) quantification assayed by enzyme-linked immunosorbent assay (ELISA) in LX-2 cells
treated with leptin versus vehicle over a time course up to 2 hours. C: mRNA expression of genes associated with fibrosis in LX-2 cells treated with vehicle or
leptin in the absence or presence of phosphoinositide 3 (PI3) kinase inhibitor wortmannin (WMN) or Akt phosphorylation inhibitor FPA124 (FPA). D: Same as
in C, but mRNA was assayed for inflammatory genes C-C motif chemokine ligand 2 (CCL2) and IL-6. E: Cell proliferation assay of LX-2 cells treated with vehicle
or leptin in the absence or presence of WMN and FPA124. N Z 3 (BeE). *P < 0.05 for time 0 versus any other time point; yP < 0.05 for leptin versus vehicle;
zP < 0.05 for leptin plus WMN versus vehicle; xP < 0.05 for leptin plus FPA124 versus vehicle; {P < 0.05 for vehicle versus any other treatment. Scale bars Z
100 mm (A). Col1A1, collagen type 1A1; a-SMA, a-smooth muscle actin; FN1, fibronectin 1; TGF-b1, transforming growth factor-b1.
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fibrosis, and biliary hyperplasia in the Mdr2KO mouse
model, based on publications reporting on the association
of leptin with conditions of chronic inflammation of the
liver,27 hepatic fibrosis,28 and cell proliferation in liver
cancer.29
The American Journal of Pathology - ajp.amjpathol.org
The study also investigated the role of leptin in biliary
hyperplasia and hepatic fibrosis in a rodent model of chronic
cholestasis. The data on the effects of leptin in cholestasis-
induced liver injury in Mdr2KO mice suggest that excess
leptin stimulated the expression of fibrogenic genes, such as
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TGF-b1, and resulted in increased HSC number and acti-
vation as well as extracellular matrix proteins, thus aggra-
vating liver fibrogenesis. These data are consistent with
reports suggesting a possible role for leptin in epithelial-
mesenchymal transition in cancer,30 and reports from clin-
ical research studies in which serum leptin was elevated in
patients with advanced hepatic fibrosis. Thus, studies on
circulating leptin levels and the stage of hepatic fibrosis due
to chronic hepatitis B and C concluded that increased leptin
was a negative prognostic factor in both conditions.31,32 In
the current experiments, when using the alternative strategy
of reducing the systemic leptin level by using Leptin-Ab in
Mdr2KO mice, the liver fibrosis markers were significantly
attenuated, indicating again that leptin has functions in
stimulating and maintaining fibrogenesis in cholestasis-
induced liver injury. Interestingly, in search for drugs to
alleviate liver fibrosis, it has been discovered that peroxi-
some proliferator-activated receptor-a/g agonists are effec-
tive through regulating leptin.33 Such studies suggest that
the antifibrotic effect is explained by the suppression of
leptin in the liver, followed by down-regulation of fibro-
genic genes, including TGF-b and platelet-derived growth
factor-b.33

Several recent publications reported that, in liver diseases,
HSCs express LepR and are influenced by leptin via miR-
NAs34,35 or by altering DNA methylation.36 The current
experiments noted a large increase in HSC markers in
Mdr2KO mice on leptin treatment, and an opposite effect
when Leptin-Ab was used. LX-2 cells in vitro were used to
demonstrate that leptin induced cell proliferation and acti-
vation via PI3 kinase and Akt phosphorylation. The results of
the current study are thus consistent with other published
reports, indicating that leptin via LepR is able to affect
various cellular processes conducive to HSC proliferation
and activation.

The influence of excessive leptin on hepatic inflammatory
markers in Mdr2KO mice addressed in this study suggested
that exogenous leptin significantly increased the expression
of proinflammatory cytokines characteristic for cholestasis
(ie, IL-1b, IL-6, and CCL2). Contrary to leptin treatment,
Leptin-Ab administered to Mdr2KO mice caused a remark-
able reduction in these proinflammatory cytokines. The
findings are in line with data from clinical studies in patients
experiencing liver inflammation attributable to various cau-
ses. For example, it was reported that serum leptin could be
used as a biomarker for inflammatory activity in autoimmune
hepatitis to monitor the response to steroid treatments.37,38

Numerous publications point to a possible association of
leptin with cell proliferation, especially in various types of
cancer, including liver malignancy.39e41 There is a higher
frequency of cancers in obese compared with normal
weight population.42e44 In particular, clinical studies on
breast cancer found a positive correlation between obesity
and elevated serum leptin with this type of cancer.45,46

Even though there are some inconsistencies and contra-
dictory results regarding liver-related cancers such as
500
hepatocellular carcinoma, it is generally agreed that leptin
has a role in the development of hepatocellular carci-
noma.40,47,48 Because leptin is elevated in hepatic chole-
stasis,49 and there is extensive ductular reaction and
cholangiocyte proliferation associated with cholestatic in-
juries in patients as well as in animal models, the effects of
leptin or Leptin-Ab were investigated on cholangiocyte
and HSC proliferation. The in vivo data demonstrate that
elevated leptin had a stimulatory effect on intrahepatic
biliary duct mass growth as well as desmin and a-SMA-
eexpressing HSCs in Mdr2KO mice, whereas Leptin-Ab
inhibited proliferation of these cells. Furthermore,
in vitro experiments with cholangiocytes and LX-2 cells
indicated that leptin acted via its LepR and induced cell
proliferation by signaling through PI3 kinase and Akt
phosphorylation. In in vitro experiments, mouse chol-
angiocytes expressed leptin and LepR mRNAs. Moreover,
knockdown of LepR reduced the expression of PCNA
marker of cell proliferation.
Interestingly, the results on the effects of leptin in the

liver pathology in Mdr2KO mice suggested sex-specific
differences. Thus, serum leptin level was higher in female
versus male Mdr2KO mice. In the liver, there was no
difference in leptin concentration between the two sexes;
however, LepR was expressed more in male than female
Mdr2KO mice. Exogenous leptin increased ALT and AST
levels in male but less so in female Mdr2KO mice. The
regulation of proinflammatory cytokines by leptin was sex-
specific, being altered differently in male versus female
Mdr2KO mice. IL-1b was up-regulated in males but not
females, whereas IL-6 and CCL2 were up-regulated in
both male and female groups, and more in females
compared with male Mdr2KO mice. Leptin had a stronger
fibrogenic effect in female compared with male Mdr2KO
mice. Leptin had a remarkable effect on HSCs in the
in vivo experiments. In Mdr2KO mice, leptin induced up-
regulation of desmin and a-SMA more in females than in
males. These data suggest that even though female
Mdr2KO mice exhibited more sensitivity to leptin in re-
gard to cholangiocyte and HSC proliferation and activa-
tion, the hepatic functional injury, reflected by
transaminase activity in the serum, was less when
compared with male Mdr2KO mice. These results indicate
that at least in this model, females tolerate the leptin effects
better than males, having better protection mechanisms to
prevent hepatocyte injury.
A recent publication on dysfunctions of leptin in chole-

lithiasis shows that leptin stimulates the production of total
bile acids by more than twofold in L-02 cells, a human
hepatocyte cell line that is used for studies of liver functions
in vitro.50 These results are consistent with our data that
demonstrate a negative effect of leptin on cholestasis-
induced liver fibrosis in Mdr2KO mice.
In conclusion, the current data indicate that leptin stim-

ulates ductular reaction and liver fibrosis in Mdr2KO mice
as well as in cells in vitro.
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