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Abstract
Hepatocarcinoma–intestine–pancreas/pancreatitis-associated protein (HIP/PAP) has antimicrobial, antioxidant, anti-
inflammatory, mitogenic, and antiapoptotic effects and thus exerts important functions in the maintenance of integrity
and homeostasis of several organs, such as the gastrointestinal tract, pancreas, and liver. Although the potent
hepatoprotective effect of HIP/PAP has been validated, its impact on liver fibrosis has not been reported. In this study,
we evaluated the role of HIP/PAP on hepatic fibrosis and explored the possible underlying mechanisms. We found that
the expression of HIP/PAP and its mouse counterpart, Reg3B, was markedly upregulated in fibrotic human or mouse
livers. Intraperitoneal (i.p.) interleukin (IL)-10, IL-6, and TNF-α but not TGF-β1 significantly induced hepatic
overexpression of Reg3B in mice. In both CCl4 and BDL liver fibrosis models, adenovirus-mediated ectopic expression
of HIP/PAP markedly alleviated liver injury, inflammation, collagen deposition, hepatic stellate cell activation, and
the overexpression of profibrotic cytokines, including transforming growth factor β1 (TGF-β1), platelet-derived growth
factor (PDGF)-A, B, connective tissue growth factor (CTGF), and plasminogen activator inhibitor-1 (PAI-1), in mice.
In vitro experiments demonstrated that, in addition to suppressing hepatic stellate cell proliferation and accelerating
hepatocyte proliferation, HIP/PAP mitigated TGF-β1-induced hepatic stellate cell activation, hepatocyte epithelial-
mesenchymal transition (EMT) and upregulated expression of profibrotic cytokines in both hepatic stellate cells
and hepatocytes. Moreover, HIP/PAP attenuated the overexpression of TGF-β receptor II (TGF-βRII) in fibrotic mouse
livers and decreased the basal expression of TGF-βRII in nonfibrotic mouse livers as well as in cultured hepatocytes
and hepatic stellate cells, which is at least partly attributable to the TGF-β1-antagonizing function of HIP/PAP.
This study indicates that increased expression of hepatic HIP/PAP serves as a countermeasure against liver injury and
fibrosis. Exogenous supplementation of HIP/PAP might be a promising therapeutic agent for hepatic fibrosis as well as
liver injury.

Introduction

Liver fibrosis is a compensatory repair response to damage
and a common intermediate pathological process of chronic
liver diseases. Liver fibrosis due to various causes shares a
common pathological process. Liver cell damage leads to
the expression and/or release of proinflammatory factors,
which in turn stimulate inflammatory cell infiltration.
Inflammatory cell infiltration results in further damage to
the liver by attacking liver cells and initiating fibrogenesis.
Deposition of extracellular matrix (ECM), including col-
lagens, proteoglycans, fibronectin, and laminin, eventually
causes damage to the hepatic structure and leads to portal
hypertension and liver failure [1, 2].
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Hepatic fibrosis involves complex cellular and molecular
mechanisms. Myofibroblasts are regarded as the principal
source of ECM. Activated hepatic stellate cells (HSCs) serve
as the main source of myofibroblasts. In addition, bone
marrow-derived or circulating mesenchymal cells, hepato-
cytes, cholangiocytes, or even endothelial cells may trans-
differentiate into myofibroblasts [3]. The accumulation of
myofibroblasts, the production and degradation of ECM, and
the regeneration of hepatocytes involve complex intracellular
events that are regulated by various extracellular factors,
including growth factors, cytokines, chemokines, coagulation
factors, and ECM components [2]. Among them are lectins,
such as galectin-1 and galectin-3, which promote liver fibro-
sis, while dectin protects against liver fibrosis [4–6].

Hepatocarcinoma–intestine–pancreas/pancreatitis-asso-
ciated protein (HIP/PAP), a member of the regenerating
gene (Reg) family of C-type lectins, consists of 175 amino
acid residues, with 66% homology to PAPI in rats and 69%
homology to Reg3B in mice [7, 8]. Under physiological
conditions, HIP/PAP is secreted by some specialized epi-
thelial cell subsets in the digestive tract, pancreas, kidney,
and uterus and some populations of endocrine cells, such as
the Paneth cells located in the small intestine, appendix, and
ascending colon [9, 10]. HIP/PAP is a multifunctional
molecule that has antimicrobial [11], antioxidant [12, 13],
anti-inflammatory [14, 15], mitogenic [16, 17], and anti-
apoptotic [12, 14–18] effects and thus exerts important
functions in the maintenance of the integrity and home-
ostasis of several organs, such as the gastrointestinal tract,
pancreas, and liver. HIP/PAP is a potent hepatoprotective
factor that can protect against hepatocyte damage, promote
hepatocyte regeneration, and inhibit liver inflammation in
animal models [12, 16, 17], and a clinical trial of HIP/PAP
treatment of fulminant liver failure has been conducted [19].
Liver injury and inflammation are the precursor lesions of
fibrosis and cirrhosis. Therefore, we propose that HIP/PAP
might have an antifibrotic function in the liver.

In this study, we first determined the expression of HIP/
PAP (Reg3B) in human and mouse fibrotic livers and
explored the factors regulating hepatic HIP/PAP (Reg3B)
expression. Next, the effect of adenovirus-mediated ectopic
HIP/PAP expression on CCl4- and bile duct ligation (BDL)-
induced murine hepatic fibrosis was observed. Moreover, the
underlying mechanisms for the antifibrotic effect of HIP/PAP
were explored by in vivo and in vitro experiments.

Materials and methods

Human liver tissue specimens

Ten normal liver tissue specimens were collected from the
patients undergoing surgical resection for metastatic

hepatic malignancies, and ten cirrhotic liver specimens
were from the patients who underwent liver transplanta-
tion at the First Affiliated Hospital of Xi’an Jiaotong
University. Informed consent was obtained from each
patient after surgery, and the study was approved by the
Institutional Review Board.

Generation of recombinant adenoviruses

Replication-incompetent adenovirus (sero-type 5) with
deletions in E1/E3 (ΔE1/E3) carrying the C-terminus 6 ×
his-tagged HIP/PAP (AdHIP/PAP) or green fluorescence
protein (AdGFP) were constructed using the AdEa-
syTMAdenovirus Vector System (Stratagene, La Jolla, CA,
USA) as described previously [15]. The titers of the
recombinant adenoviruses were determined by plaque-
forming assays of HEK293 cells and are expressed as
plaque-forming units (PFUs). Viral stocks were stored at
−80 °C until use.

Animals and experimental protocol

Specific pathogen-free, inbred male ICR mice (6 weeks old)
weighing 25–30 g were provided by the Experimental
Animal Center, Medical College of Xi’an Jiaotong
University. The mice were maintained at 25 °C with a 12-h
light/dark cycle and allowed free access to a chow diet and
water. Animal handling was carried out in accordance with
the NIH guidelines for the care and use of laboratory
animals.

Verification of adenovirus-mediated ectopic
expression and possible toxic effects

Thirty-five mice were randomly allocated into three
groups: normal control (NC, five mice), AdGFP
(15 mice), and AdHIP/PAP (15 mice). At day 0, AdGFP
or AdHIP/PAP was administered intraperitoneally (i.p.) at
a dose of 5 × 109 PFU/mouse for mice in the two Ad
groups, and the NC group was given an equal volume of
PBS instead. After 3 days (day 3), NC mice and five mice
in each of the two Ad groups were killed. At day 21,
another five mice in each of the Ad groups were killed.
The remaining mice received a second injection of the
adenoviruses and were killed 3 days later (day 24) under
chloral hydrate anesthesia. The serum was collected for
measurements of ALT, AST, MPO activity, and MDA
concentration with commercially available kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).
Paraffin sections were prepared for histological exam-
ination. Parts of the liver tissue were snap-frozen in liquid
nitrogen to determine tissue MPO activity and extract
DNA, RNA, and protein.
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Verification of the factors inducing hepatic Reg3B
expression

To identify the factors inducing hepatic Reg3B expression,
ICR mice (6 weeks old, weighing 25–30 g, three mice in
each group) were i.p. dosed with interleukin (IL)-10 (1 µg),
IL-6 (0.5 µg), TNF-α (0.1 µg), and transforming growth
factor β1 (TGF-β1) (1 µg) or an equal volume (0.5 ml) of
normal saline and killed 24 h later. The liver, intestines, and
pancreas were harvested for further experiments.

Hepatic fibrosis modeling

In the CCl4-induced hepatic fibrosis experiment, forty
male ICR mice were randomly divided into four groups:
NC, CCl4, AdGFP+CCl4, and AdHIP/PAP+CCl4. The
mice in the three CCl4 groups were i.p. administered CCl4
(1 ml/kg) twice a week for 6 weeks to induce hepatic
fibrosis. The mice in the NC group were given an equal
volume of olive oil as the control. Three days before
modeling and twenty-one days after the initiation of CCl4
injection, the mice in the two Ad groups received two i.p.
injections of recombinant adenoviruses at a dose of 5 ×
109 PFU/mouse. The mice in the other two groups were
given an equal volume of PBS instead. Twenty-four hours
after the last CCl4 injection, the mice were euthanized
under chloral hydrate anesthesia.

In the BDL model, twenty-eight ICR mice were divided
into four groups: sham operation, BDL, AdGFP+BDL,
and AdHIP/PAP+BDL. Three days prior to the operation,
mice in the two Ad groups received i.p. adenoviruses as
described above, while the mice in the other two groups
were dosed with an equal volume of PBS. After 24 h of
fasting, BDL was performed. Fourteen days after the
operation, the mice were euthanized under chloral hydrate
anesthesia.

Measurements of serum aminotransferase activities
and hepatic MDA content

Serum ALT, AST, and hepatic MDA content were mea-
sured with commercially available kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) following the
manufacturer’s instructions. Serum ALT and AST activities
are expressed as Karmen unit/L. The liver tissue MDA
content is expressed as nmol/mg protein.

Measurement of hepatic hydroxyproline content

Hydroxyproline content in mouse liver tissue was
determined using commercially available kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and
expressed as μg/mg wet liver tissue.

Histology, immunohistochemistry (IHC) and cell
immunofluorescence

IHC was carried out using the HistostainTM-Plus SP kit
(Zhongshan Golden Bridge Biotechnology Co., Ltd, Beij-
ing, China) following the manufacturer’s instructions. The
primary antibodies were mouse anti-α-smooth muscle
actin (α-SMA) mAb (1:800 dilution, Thermo, LabVision,
Fremont, CA, USA), rabbit anti-Reg3B Ab (1:100, Lifespan
Biosciences Inc., Seattle, WA, USA), and mouse anti-
Reg3A mAb (1:100, R&D Systems, Minneapolis, MN,
USA). Human and mouse small intestines served as positive
controls for HIP/PAP (Reg3B) IHC.

For immunofluorescence staining, the primary antibodies
were mouse anti-vimentin mAb (1:100, Santa Cruz, CA,
USA) and rabbit anti-E-cadherin pAb (1:50, Proteintech
Group, Wuhan, China), followed by the secondary anti-
bodies (FITC-labeled goat anti-mouse IgG and rhodamine
(TRITC)-labeled goat anti-rabbit IgG, respectively, all from
Zhongshan Jinqiao, Beijing, China, 1:100). Nuclei were
labeled with DAPI (Thermo) for 10 min, and images were
captured with an Olympus microscope (Olympus Corpora-
tion, Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling assay (TUNEL)

Apoptotic hepatocytes were labeled in situ using a TUNEL
peroxidase detection kit (DeadEndTM Colorimetric TUNEL
System, Promega, Madison, WI) in accordance with the
manufacturer’s protocol. Apoptosis was quantified by
counting the number of TUNEL-positive nuclei in at
least ten random high-power fields (magnification, ×400).
The results are expressed as the apoptotic index (AI, a
percentage of the labeled nuclei out of the total number of
hepatocyte nuclei per high-power field).

Cell culture and in vitro experiments

LX-2 (human HSC), HSC-T6 (rat HSC), LO2 (human
embryo liver cells), and RAW264.7 (mouse macrophages)
cells are all from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
HyClone GE Healthcare Life Sciences, South Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS,
HyClone) at 37 °C under 5% CO2. All experiments were
performed in triplicate wells and repeated three times.

Cell proliferation was measured by using a CCK-8 assay
(7Sea Pharmatech Co., Ltd, Shanghai, China). LX-2, HSC-
T6, and LO2 cells were inoculated into 96-well plates at
1000 cells per well. Then, the complete medium was
replaced with DMEM supplemented with 2% FBS and
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rHIP/PAP at various concentrations (0, 62.5, 125, and 250
ng/ml), and a CCK-8 assay was performed once a day for
7 days to evaluate the cell number.

To test the antagonizing effect of rHIP/PAP on
TGF-β1-induced activation and transformation of HSCs
and hepatocytes, cells were seeded into six-well plates at a
density of 5 × 105 cells/well and treated with rHIP/PAP
(125 ng/ml) and/or recombinant human TGF-β1 (rhTGF-
β1, Sino Biological, Inc., Beijing, China, 5 ng/ml) for 24
h. Then, the cells were harvested, and the total protein or
RNA was extracted for further experiments.

PCR and qRT-PCR

Thirty-five cycle PCR for detecting the presence of
the CMV-IE promoter sequence was performed with
the primers 5′-TAGCTAGCGTTACATAACTTACGG-3′
(forward) and 5′-CGGAATTCAAAACAAACTCCCAT
TGAC-3′ (reverse). Genomic DNA of the liver tissues
served as the templates. The reaction products were
electrophoresed on a 2% agarose gel.

Total RNA was extracted from cultured cells and liver
tissues with TRIzol reagent (Thermo, Life Technologies,
Carlsbad, CA) and quantified via a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Carlsbad, CA).
Reverse transcription was performed with a Transcriptor
First Strand cDNA Synthesis Kit (Roche Diagnostics
Indianapolis, IN, USA). The relative abundance of each
mRNA in the sample was determined using qRT-PCR with
the corresponding primer pairs (Supplementary Table S1)
and the FastStart Universal SYBR Green Master (ROX)
(Roche Diagnostics Indianapolis, IN, USA) on an ABI
StepOne Plus Real-time PCR Detection System (Applied
Biosystems, Thermo Fisher Scientific, USA). Cycle
threshold values were obtained from the StepOneTM Soft-
ware Version 2.2.2 (Applied Biosystems). Data were ana-
lyzed using the 2-ΔΔCT method, and β-actin served as an
internal control. The results are presented as the mean ±
standard deviation (SD) of triplicate reactions.

Western blot analysis

The frozen liver tissues and cultured cells were homo-
genized in RIPA lysis buffer containing protease inhibitors
(100 μg/ml PMSF, 1 μg/ml aprotinin). The primary anti-
bodies included mouse anti-6 × his mAb (1:2000, Sigma-
Aldrich Shanghai Trading, Co., Ltd, Shanghai, China),
mouse anti-GFP mAb (Cell Signaling, Beverly, MA,
USA), rabbit anti-Smad2/3 and anti-p-Smad2/3 Ab (Cell
Signaling), anti-α-SMA Ab, rabbit anti-Reg3B Ab, rabbit
anti-vimentin pAb (1:1000), rabbit anti-E-cadherin pAb
(1:500), mouse anti-TGF-βRII mAb (1:100, Santa Cruz),
and mouse anti-β-actin mAb (1:1,000 dilution, Santa

Cruz). The protein bands were visualized with enhanced
chemiluminescence solution (ECL-Plus, GE Healthcare,
Life Science, Uppsala, Sweden) and quantified using
ImageJ (Broken Symmetry Software).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software version 6 (GraphPad Software, Inc., La Jolla, CA,
USA). The quantitative data are expressed as the mean ±
SD. Differences between the two groups were examined
using unpaired Student’s t-test. Tukey’s post hoc tests were
performed after one-way analysis of variance in multiple
comparisons among the groups. P < 0.05 was considered to
be statistically significant.

Results

Expression of HIP/PAP (or Reg3B) is upregulated in
fibrotic livers

IHC showed that the expression of HIP/PAP was con-
siderably elevated in cirrhotic human livers. In human
normal liver tissues, weak positive staining was located in a
few hepatocytes at the interface of portal tracts with par-
enchyma, as reported by Christa et al. [9, 10]. Human cir-
rhotic livers exhibited moderate or strong positive staining
in hepatocytes, especially those in neighboring fibrous
septa. In fibrous septa, hyperplastic bile ducts showed
strong positive immunostaining, while other cells, most of
which were myofibroblasts, exhibited negative immunos-
taining (Fig. 1a). qRT-PCR demonstrated that Reg3B
mRNA expression was markedly increased at 12 h, peaked
at 2–3 days after BDL or CCl4 injection, and then declined
slowly but remained at high levels until the end of the
experiments (Fig. 1b, c). The increased hepatic expression
of Reg3B was also validated by western blot and IHC
analyses of murine fibrotic liver tissues after 6 weeks of
CCl4 intoxication (Fig. 1d, e).

Next, we tested the possible mediators that induce the
expression of hepatic Reg3B in mice during hepatic
inflammation and fibrosis. HIPI expression was shown to be
upregulated by IL-22 [20], IL-10 [21], and TNF-α [22] in
rat acinar cells in vitro. Hence, we detected the expression
of hepatic IL-22 and IL-10 in CCl4-treated and BDL mice.
The results of qRT-PCR showed that hepatic IL-10 but not
IL-22 mRNA levels were increased in the two models.
Moreover, the increased hepatic IL-10 mRNA expression
profile was grossly in agreement with that of Reg3B
(Fig. 1f, g). Subsequently, we investigated the regulatory
effects of IL-10, IL-6, TNF-α, and TGF-β1 on hepatic
Reg3B expression. The results of qRT-PCR, western blots
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and IHC revealed that i.p. IL-10, IL-6, and TNF-α led to
marked upregulation of hepatic Reg3B expression (Fig. 1h).
The inducing effects of IL-10, IL-6, and TNF-α on Reg3B
expression were also observed in the pancreas and intes-
tines. In addition, TGF-β1 upregulated Reg3B expression in
the pancreas and small intestine but not in the liver and
large intestine (Supplementary Fig. 1).

HIP/PAP alleviates CCl4- and BDL-induced liver
damage and subsequent inflammation

Adenovirus possesses high immunogenicity and can elicit
neutralizing antiadenovirus antibodies. Previous studies
have verified that the repetitive intravenous application of
adenoviruses in immune-competent adults was unsuccessful
[23, 24]. However, successful transduction by repetitive
administration of adenoviruses can be achieved when they
are intratracheally [25], intranasally [26], or intramuscularly
[27] applied in mice and humans. In our study, to achieve
high-level ectopic expression of HIP/PAP in mouse livers,
the mice were repeatedly i.p. administered AdHIP/PAP. We
first used PCR to detect the existence of the CMV-IE pro-
moter sequence in the liver tissues to reflect the transduction
of the adenoviruses. Then, western blot analysis was
employed to determine adenovirus-mediated ectopic
expression of GFP and HIP/PAP. As shown in Supple-
mentary Figs. 2, 3 days after the first administration of
AdGFP and AdHIP/PAP, obvious transduction of adeno-
virus vectors and ectopic expression of GFP and HIP/PAP,
respectively, were observed. The transduction of adenovirus
vectors and ectopic expression of foreign genes gradually
subsided over time. Twenty-one days after the administra-
tion of adenoviruses, only weak transduction and ectopic
expression were detected. The transduction and ectopic
expression reappeared after the second administration of
adenoviruses, although the expression levels were slightly
lower compared with the first administration. Neither

a single dose nor repeated i.p. 5 × 109 PFU/mouse adeno-
viruses elevated the serum ALT, AST, serum, or hepatic
tissue MPO activity or MDA content (data not shown) in
the mice. In addition, histological examination of the H&E-
stained liver sections showed that neither of the recombi-
nant adenoviruses led to obvious pathological alterations
(data not shown). Our results demonstrated that prolonged
duration as well as high-level expression of foreign genes in
the mouse liver mediated by repetitive i.p. adenovirus
vectors was feasible.

Based on the above results, we exploited repeated
administration of AdHIP/PAP to realize prolonged expres-
sion of HIP/PAP and observed its effects on CCl4− and
BDL-induced liver injury, inflammation and fibrosis. In line
with previously reported results [12, 17], ectopic HIP/PAP
displayed significant protective effects against liver injury.
In the CCl4-intoxication model, administration of AdHIP/
PAP alleviated the elevation of serum ALT and AST
activities (Fig. 2a, b), indicating a protective effect of HIP/
PAP on hepatocyte injury. Compared with the CCl4 and
AdGFP+CCl4 groups, AdHIP/PAP+CCl4 mice showed
lower hepatic MDA content, suggesting that HIP/PAP
ameliorated liver tissue oxidative injury in CCl4-treated
mice (Fig. 2c). Apoptosis is a major death pattern of
hepatocytes in response to various injurious factors,
although hepatocytes may die through other pathways. The
results of TUNEL staining showed that the hepatocyte
apoptosis index in the AdHIP/PAP+CCl4 group was sig-
nificantly lower than that in the other two CCl4 groups,
demonstrating that HIP/PAP protects against CCl4-induced
hepatocyte death (Fig. 2d, e). The protective effect of HIP/
PAP on liver injury was also validated in the BDL model, as
demonstrated by decreased ALT (Fig. 2f), AST (Fig. 2g)
activities, hepatic MDA content (Fig. 2h), and hepatocyte
apoptosis (Fig. 2i, j) in AdHIP/PAP+BDL mice, which
were lower than those in the other BDL groups.

IL-1β, IL-6, TNF-α, and IL-17A are representative
proinflammatory cytokines, and IL-10 has an anti-
inflammatory effect; they all play essential roles in
inflammation and subsequent fibrosis of the liver. To
further investigate the possible anti-inflammatory effects
of ectopic HIP/PAP on CCl4-induced liver injury in mice,
we examined IL-1β, IL-6, TNF-α, IL-17A, and IL-10
mRNA levels in mouse livers by using qRT-PCR. As
shown in Table 1, hepatic mRNA levels of IL-1β, IL-6,
TNF-α, and IL-17A were upregulated by CCl4 intoxica-
tion and BDL, while ectopic expression of HIP/PAP sig-
nificantly ameliorated these increases, except for IL-1β, in
the BDL model. In contrast, ectopic HIP/PAP further
increased hepatic IL-10 expression, which was upregu-
lated in both CCl4 and BDL models.

In support of the above results, another set of
nonfibrotic animal experiments demonstrated that hepatic

Fig. 1 The expression of HIP/PAP (Reg3B) is increased in human and
mouse fibrotic livers. a Immunohistochemistry followed by image
analysis showed that HIP/PAP expression is markedly higher in cir-
rhotic human liver than in normal human liver tissues. Human small
intestine was used as a positive control. b Dynamic change in hepatic
Reg3B mRNA expression in BDL mice. c qRT-PCR showed the
overexpression and dynamic change of Reg3B mRNA in mouse liver
tissues after CCl4 intoxication. Western blots (d) and IHC (e) verified
the upregulated expression of Reg3B in mouse livers after 6 weeks of
CCl4 treatment. The small intestine served as a positive control in IHC.
Hepatic IL-10 mRNA expression was strongly increased in CCl4-
treated (f) and BDL (g) mice. h Upregulation of hepatic Reg3B was
induced by intraperitoneal IL-10, IL-6, and TNF-α but not TGF-β1, as
shown by qRT-PCR, western blots and IHC. Arrows indicate the
positive immunostaining of HIP/PAP or Reg3B. CV central vein.
Scale bars= 100 μm. Error bars indicate SD. *P < 0.05, vs NC mice
and **P < 0.01, vs NC mice or Sham mice at the same time points

Hepatocarcinoma–intestine–pancreas/pancreatitis-associated protein (HIP/PAP) confers. . . 471



IL-6, TNF-α, and IL-17A expression was suppressed
while IL-10 was increased by ectopic HIP/PAP (Table 2).
We also tested the effects of rHIP/PAP on the expression
of these cytokines in cultured LO2 and RAW264.7 cells,
and the results showed that rHIP/PAP downregulated the
proinflammatory cytokines, with the exception of IL-1β
in RAW264.7 cells, and upregulated IL-10 expression
(Table 3).

HIP/PAP attenuates CCl4- and BDL-induced liver
fibrosis in mice

Next, we examined the effects of ectopic HIP/PAP expression
on murine fibrosis. The results of picrosirius red staining and
hydroxyproline content, which are specific indicators of col-
lagen deposition [28], demonstrated that AdHIP/PAP sig-
nificantly attenuated CCl4-induced liver fibrosis in mice
(Fig. 3a, b). Furthermore, mice in the AdHIP/PAP+CCl4
group showed significantly downregulated Col1A2 (Fig. 3c)

and Col3A1 (Fig. 3d) mRNA expression compared with the
other two CCl4 groups, indicating that HIP/PAP reduced
hepatic fibrogenesis in CCl4-intoxicated mice. Consistently,
hepatic expression of ECM turnover markers, such as matrix
metalloproteinase-13 (MMP-13) and tissue inhibitor of matrix
metalloprotease-1 (TIMP-1), was significantly downregulated
at the mRNA level in the AdHIP/PAP+CCl4 group compared
to the other two CCl4 groups (Fig. 3e, f).

The protective effect of HIP/PAP on hepatic fibrosis
was not exclusive to the CCl4-induced model. AdHIP/PAP
also exhibited a significant protective effect against liver
fibrosis in the BDL model, as indicated by the results of
picrosirius red staining (Fig. 3g), hepatic hydroxyproline
content determination (Fig. 3h), and Col1A2 (Fig. 3i),
Col3A1 (Fig. 3j), MMP-13 (Fig. 3k), and TIMP-1 mRNA
evaluation (Fig. 3l).

In contrast, in nonfibrotic mice, administration of
AdHIP/PAP did not alter Col1A2 and Col3A1 mRNA
expression in nonfibrotic mouse liver (data bot shown).

Fig. 2 Ectopic expression of HIP/PAP alleviates CCl4− and BDL-
induced liver injury and inflammation in mice. CCl4 intoxication
resulted in liver injury as evidenced by markedly increased serum
aminotransferase (ALT and AST) activities (a, b), hepatic MDA
content (c), and hepatocyte apoptosis (d, e), while pretreatment with i.

p. AdHIP/PAP significantly reduced all these increases. Similarly,
AdHIP/PAP alleviated BDL-induced increases in serum ALT (f), AST
(g), hepatic MDA content (h), and hepatocyte apoptosis (i, j). Error
bars indicate SD. Arrows indicate positive TUNEL staining. CV
central vein. Scale bars= 100 μm
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HIP/PAP decreases profibrogenic factor production
in both hepatocytes and hepatic stellate cells in
fibrotic livers

TGF-β1, platelet-derived growth factor (PDGF)-A, B,
connective tissue growth factor (CTGF), and plasminogen
activator inhibitor-1 (PAI-1) are commonly regarded as the
key profibrogenic cytokines in hepatic fibrosis. To explore

the possible roles of HIP/PAP-mediated antifibrogenic
effects in CCl4− and BDL-induced hepatic fibrosis in mice,
mRNAs of these cytokines were measured by qRT-PCR.
The results showed that in CCl4- and BDL-induced fibrotic
mouse livers, the expression levels of TGF-β1, PDGF-A, B,

Table 1 Effects of HIP/PAP on
the expressions of hepatic
inflammation-related cytokines
and profibrotic factors in CCl4
−treated and BDL mice (fold
change in mRNA expression)

NC (n= 10) CCl4 (n= 10) AdGFP+CCl4 (n= 10) AdHIP/PAP+CCl4 (n= 10)

IL-1β 1.06 ± 0.35 12.71 ± 2.42** 12.54 ± 1.46** 9.48 ± 2.40††

IL-6 1.03 ± 0.42 5.41 ± 0.62** 5.74 ± 0.64** 4.11 ± 0.83††

IL-17A 1.00 ± 0.06 6.18 ± 0.21** 6.11 ± 0.27** 5.22 ± 0.16††

TNF-α 1.00 ± 0.18 17.20 ± 3.09** 16.13 ± 2.88** 10.23 ± 3.06††

IL-10 1.01 ± 0.03 4.37 ± 0.50** 4.32 ± 0.75** 5.08 ± 0.57†

TGF-β1 1.04 ± 0.46 2.10 ± 0.62** 2.06 ± 0.61** 1.39 ± 0.34††

PDGF-A 1.07 ± 0.23 2.51 ± 0.86** 2.62 ± 0.99** 1.85 ± 0.41†

PDGF-B 1.04 ± 0.25 2.33 ± 0.60** 2.37 ± 0.61** 1.63 ± 0.38††

CTGF 1.06 ± 0.37 3.75 ± 0.87** 3.86 ± 0.66** 1.68 ± 0.53††

PAI-1 1.05 ± 0.30 50.42 ± 9.76** 49.18 ± 3.19** 39.87 ± 9.98†

Sham (n= 7) BDL (n= 7) AdGFP+BDL (n= 7) AdHIP/PAP+BDL (n= 7)

IL-1β 0.99 ± 0.06 2.24 ± 0.26** 2.22 ± 0.24** 2.33 ± 0.35

IL-6 1.01 ± 0.03 4.44 ± 0.87** 4.28 ± 0.38** 3.19 ± 0.44‡‡

IL-17A 1.02 ± 0.07 1.91 ± 0.20** 1.86 ± 0.21** 1.44 ± 0.08‡‡

TNF-α 1.02 ± 0.06 3.70 ± 0.82** 3.80 ± 0.33** 2.59 ± 0.55‡

IL-10 1.02 ± 0.06 2.33 ± 0.19** 2.39 ± 0.33** 3.32 ± 0.63‡‡

TGF-β1 1.01 ± 0.05 1.75 ± 0.27** 1.85 ± 0.22** 1.23 ± 0.19‡‡

PDGF-A 1.01 ± 0.05 2.85 ± 0.41** 2.85 ± 0.30** 2.06 ± 0.29‡‡

PDGF-B 1.00 ± 0.07 1.25 ± 0.47 1.23 ± 0.34 1.13 ± 0.36

CTGF 1.00 ± 0.05 4.29 ± 0.23** 4.34 ± 0.37** 3.64 ± 0.43‡

PAI-1 1.01 ± 0.05 38.05 ± 2.41** 38.11 ± 5.04** 31.01 ± 2.36‡

Data from qRT-PCR were analyzed using the 2-ΔΔCT method, and β-actin served as an internal control.
The results of fold change relative to NC or Sham group are presented as the mean ± SD

**P < 0.01, vs NC mice
†P < 0.05 and ††P < 0.01, vs CCl4 or AdGFP+CCl4 group
‡P < 0.05 and ‡‡P < 0.01, vs BDL or AdGFP+BDL group

Table 2 Impact of ectopic HIP/PAP on nonfibrotic mouse livers
(fold change in mRNA expression)

NC (n= 5) AdGFP (n= 5) AdHIP/PAP (n= 5)

IL-1β 1.05 ± 0.07 1.04 ± 0.11 1.11 ± 0.12

IL-6 1.05 ± 0.03 1.00 ± 0.08 0.62 ± 0.03**

IL-17A 1.02 ± 0.06 1.01 ± 0.08 0.86 ± 0.05*

TNF-α 1.03 ± 0.10 1.02 ± 0.13 0.68 ± 0.07**

IL-10 1.01 ± 0.02 1.07 ± 0.12 2.50 ± 0.21**

Data from qRT-PCR were analyzed using the 2-ΔΔCT method and
β-actin served as an internal control. The results of fold change relative
to NC group are presented as the mean ± SD

*P < 0.05 and **P < 0.01, vs NC or AdGFP

Table 3 HIP/PAP regulates the expression of inflammation-related
cytokines in hepatocytes and macrophages (fold change in mRNA
expression)

LO2 RAW264.7

Control rHIP/PAP Control rHIP/PAP

IL-1β 1.00 ± 0.05 0.62 ± 0.03** 1.00 ± 0.02 1.10 ± 0.09

IL-6 1.00 ± 0.04 0.89 ± 0.04* 1.00 ± 0.02 0.29 ± 0.04**

IL-17A 1.01 ± 0.05 0.60 ± 0.08** 1.01 ± 0.08 0.81 ± 0.06*

TNF-α 0.98 ± 0.03 0.59 ± 0.03** 1.00 ± 0.01 0.41 ± 0.02**

IL-10 1.01 ± 0.04 3.52 ± 0.45** 0.98 ± 0.04 5.05 ± 0.86**

Data from qRT-PCR were analyzed using the 2-ΔΔCT method and β-
actin served as an internal control. The results of fold change relative
to control group are presented as the mean ± SD of triplicate reactions
from three separate experiments. Results are expressed as means ± SD

*P < 0.05 and **P < 0.01, vs control in the same cells
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CTGF, and PAI-1 were markedly increased at the mRNA
level but significantly decreased by HIP/PAP (Table 1). In
nonfibrotic mice, AdHIP/PAP increased hepatic PAI-1
mRNA levels but did not affect TGF-β1, PDGF-A, B, or
CTGF mRNA expression (data not shown).

We further performed in vitro experiments with LO2,
LX-2, HSC-T6, and RAW264.7 cells to clarify which cell
type served as the target in regard to the decreased
expression of the profibrotic factors. The results
showed that the addition of rHIP/PAP significantly abated

Fig. 3 HIP/PAP attenuates CCl4− and BDL-induced hepatic fibrosis in
mice. Picrosirius red staining of the liver tissues (a) and hepatic
hydroxyproline content determination (b) showed that adenovirus-
mediated HIP/PAP ectopic expression significantly attenuated col-
lagen deposition in CCl4-induced fibrotic mouse livers. Increased
hepatic collagen synthesis and ECM turnover were significantly

alleviated by HIP/PAP in CCl4-treated mice, as indicated by qRT-PCR
evaluation of hepatic Col1A2 (c), Col3A1 (d), MMP-13 (e), and
TIMP-1 (f). The protective effect of AdHIP/PAP on liver fibrosis was
also validated in a murine BDL model (g–l). Arrows indicate positive
picrosirius staining. The results are presented as the mean ± SD. Scale
bars= 100 μm
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TGF-β1-induced upregulation of TGF-β1, PDGF-A, B,
CTGF, and PAI-1 but did not affect their basal expression
in LO2, LX-2, and HSC-T6 cells (Table 4) but not
RAW264.7 cells (data not shown).

HIP/PAP inhibits the activation of hepatic stellate
cells in fibrotic livers

To evaluate the effects of ectopic expression of HIP/PAP
on the activation of HSCs in fibrotic mouse livers, the
expression levels of α-SMA and vimentin, which are well-
known markers of HSC activation [3], were assessed.
As shown in Fig. 4, qRT-PCR and western blot analyses
revealed that HIP/PAP attenuated the overexpression of α-
SMA (Fig. 4a, b) and vimentin (Fig. 4c, d) in CCl4-induced
fibrotic mouse livers. The attenuating effect of HIP/PAP on
CCl4-induced overexpression of hepatic α-SMA was addi-
tionally confirmed by IHC (Fig. 4e). Similar effects of HIP/
PAP on the expression of α-SMA and vimentin were also
observed in BDL-induced fibrotic mouse livers (Fig. 4f–j).
However, ectopic HIP/PAP expression in nonfibrotic mice
failed to change hepatic α-SMA and vimentin mRNA
expression (data not shown).

To clarify whether HIP/PAP has a direct impact on HSC
proliferation and activation, we performed an in vitro
experiment with the immortal HSC lines LX-2 and HSC-

T6. The addition of rHIP/PAP suppressed the proliferation
of LX-2 in a dose-dependent manner, with a peak at
125–250 ng/ml (Fig. 5a). Although rHIP/PAP showed a
negligible effect on the basal expression of α-SMA,
vimentin, Col1A2, and Col3A1, it significantly mitigated
TGF-β1-induced overexpression of these molecules
(Fig. 5b–g). The effect of HIP/PAP on HSC activation was
further supported by the fact that rHIP/PAP attenuated
Smad2/3 phosphorylation in TGF-β1-stimulated LX-2 cells
(Fig. 5h). Similar effects of rHIP/PAP on the proliferation
and expression of α-SMA, vimentin, Col1A2, and Col3A1
were also observed in HSC-T6 cells (Fig. 5i–m), clearly
indicating that HIP/PAP exerts a direct inhibitory effect on
the proliferation and TGF-β1-induced activation of HSCs.

HIP/PAP promotes proliferation while inhibiting the
TGF-β1-induced epithelial-mesenchymal transition
(EMT) of hepatocytes

The proliferation-promoting effect of HIP/PAP on
hepatocytes has been reported elsewhere [16, 17]. In
agreement with this finding, our in vitro experiment showed
that rHIP/PAP dose-dependently promoted the proliferation
of LO2 cells with a peak at 125 ng/ml (Fig. 6a).

EMT of hepatocytes has been proposed to be a notable
source of myofibroblasts, and TGF-β1 potently promotes

Table 4 HIP/PAP abates TGF-β1-induced overexpression of profibrotic factors in hepatocytes and HSCs (fold change in mRNA expression)

Control rHIP/PAP TGF-β1 TGF-β1+rHIP/PAP

LO2

TGF-β1 0.99 ± 0.04 0.94 ± 0.05 2.22 ± 0.18†† 1.88 ± 0.07‡

CTGF 1.03 ± 0.06 0.93 ± 0.03 2.44 ± 0.29†† 1.94 ± 0.09‡

PDGF-A 0.99 ± 0.04 0.93 ± 0.04 1.84 ± 0.14†† 1.43 ± 0.13‡

PDGF-B 1.01 ± 0.01 0.88 ± 0.07 2.07 ± 0.14†† 1.68 ± 0.09‡

PAI-1 0.99 ± 0.07 1.09 ± 0.12 5.15 ± 0.46†† 3.21 ± 0.30‡‡

LX-2

TGF-β1 0.99 ± 0.07 0.93 ± 0.13 1.81 ± 0.05†† 1.31 ± 0.16‡‡

CTGF 0.99 ± 0.04 1.06 ± 0.10 9.68 ± 0.12†† 9.08 ± 0.21‡

PDGF-A 1.01 ± 0.04 0.86 ± 0.25 2.95 ± 0.24†† 2.15 ± 0.13‡‡

PDGF-B 1.02 ± 0.03 0.86 ± 0.05 2.50 ± 0.50†† 1.55 ± 0.01‡

PAI-1 0.98 ± 0.06 0.98 ± 0.11 3.24 ± 0.74†† 1.87 ± 0.35‡

HSC-T6

TGF-β1 0.99 ± 0.06 1.04 ± 0.28 2.48 ± 0.16†† 1.58 ± 0.13‡‡

CTGF 0.99 ± 0.01 0.78 ± 0.23 6.84 ± 0.36†† 4.03 ± 0.48‡‡

PDGF-A 1.07 ± 0.14 1.07 ± 0.22 2.86 ± 0.30†† 2.28 ± 0.14‡

PDGF-B 1.03 ± 0.08 0.98 ± 0.02 3.65 ± 0.30†† 2.00 ± 0.22‡‡

PAI-1 1.01 ± 0.04 0.87 ± 0.23 6.78 ± 0.14†† 4.33 ± 0.91‡‡

Data from qRT-PCR were analyzed using the 2-ΔΔCT method and β-actin served as an internal control. The results of fold change relative to
control group are presented as the mean ± SD of triplicate reactions from three separate experiments
††P < 0.01, vs control and rHIP/PAP groups
‡P < 0.05, ‡‡P < 0.01, vs TGF-β1 group
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EMT in hepatic fibrosis [29–32]. To test whether HIP/PAP
affects the EMT of hepatocytes, we performed qRT-PCR,
western blot and immunofluorescence to determine the
expression of E-cadherin, an epithelium marker, and
vimentin, a mesenchymal marker, in LO2 cells under TGF-
β1 stimulation. The results consistently showed that HIP/
PAP distinctly attenuated TGF-β1-induced downregulation
of E-cadherin and upregulation of vimentin but did not
affect their basal expression in LO2 cells (Fig. 6b–e),

indicating that HIP/PAP can inhibit TGF-β1-induced EMT
of hepatocytes.

HIP/PAP downregulates TGF-β receptor II (TGF-βRII)
expression in hepatic stellate cells and hepatocytes

To elucidate the underlying mechanisms of HIP/PAP
blunting the TGF-β1-mediated signaling pathway, the cell
surface TGF-β1 receptor TGF-βRII was determined in

Fig. 4 Ectopic expression of HIP/PAP inhibits activation of hepatic
stellate cells in fibrotic livers. qRT-PCR and western blot analyses
showed that administration of AdHIP/PAP significantly alleviated
CCl4-induced overexpression of α-SMA (a, b) and vimentin (c, d) in
mouse livers. Immunohistochemistry confirmed the alterations in

hepatic α-SMA expression (e). The protective effect of AdHIP/PAP on
liver fibrosis was also validated in a murine BDL model (f–j). Error
bars indicate SD. Arrows indicate positive α-SMA immunostaining.
Scale bars= 100 μm
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mouse livers as well as in in vitro cultured hepatocytes and
HSCs. TGF-βRII expression was upregulated in
CCl4-treated (Fig. 7a) and BDL-induced (Fig. 7b) fibro-
tic mouse livers at both the mRNA and protein levels, while
this increase was significantly attenuated by AdHIP/PAP.
Moreover, in nonfibrotic mice, administration of AdHIP/

PAP markedly decreased the expression of hepatic TGF-
βRII compared with that in either NC or AdGFP mice
(Fig. 7c). In vitro experiments showed that, as previously
reported [33, 34], the expression of TGF-βRII at both the
mRNA and protein levels was sharply decreased by TGF-β1
(5 ng/ml) in cultured hepatocytes and HSCs, indicating a

Fig. 5 HIP/PAP inhibits hepatic
stellate cell proliferation and
attenuates TGF-β1-induced
hepatic stellate cell activation
and collagen synthesis. A CCK-
8 assay revealed that rHIP/PAP
suppressed LX-2 proliferation in
a dose-dependent manner (a).
qRT-PCR and western blot
analyses showed that rHIP/PAP
(125 ng/ml) significantly abated
TGF-β1 (5 ng/ml)-induced
upregulation of α-SMA (b, c)
and vimentin (d, e), while its
effects on the basal expression
of α-SMA and vimentin were
negligible in LX-2 cells. TGF-
β1-induced upregulation of
Col1A2 and Col3A1 expression
was abolished by rHIP/PAP in
LX-2 cells (f, g). Moreover,
TGF-β1-induced
phosphorylation of Smad2/3
(p-Smad2/3) was obviously
suppressed by rHIP/PAP in LX-
2 cells (h). The above effects of
rHIP/PAP on hepatic stellate
cells were further validated in
HSC-T6 cells (i–m). The results
are presented as the mean ± SD
from three independent
experiments. *P < 0.05 and
**P < 0.01 vs the 0 ng/ml HIP/
PAP group at the same
time point
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feedback mechanism of TGF-β1 stimulation. Similarly,
downregulation of TGF-βRII was also induced by rHIP/
PAP (125 ng/ml) in LO2, LX-2, and HSC-T6 cells, while
the combination of rHIP/PAP and TGF-β1 did not show a
further decrease in TGF-βRII expression (Fig. 7d–f).

Discussion

In this study, we first provided substantial evidence for the
increased expression of HIP/PAP and its mouse counterpart,
Reg3B, in fibrotic human and mouse livers, with

Fig. 6 HIP/PAP accelerates proliferation while inhibiting TGF-β1-
induced EMT in cultured hepatocytes. rHIP/PAP accelerated the
proliferation of LO2 cells in a dose-dependent manner. *P < 0.05 and
**P < 0.01 vs the 0 ng/ml HIP/PAP group at the same time point (a).
qRT-PCR (b, c), western blots (d), and immunofluorescence (e) showed

that TGF-β1 (5 ng/ml) inhibited the expression of E-cadherin, a marker
of epithelial cells, and increased the expression of vimentin, a marker of
mesenchymal cells, in cultured LO2 cells, while these alterations were
attenuated by rHIP/PAP. The results are presented as the mean ± SD
from three independent experiments. Scale bars= 50 μm
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hepatocytes being the major source. In agreement with the
report by Wang et al. [35], we found that hepatic expression
of Reg3B in mice gradually declined after birth, with adult
mice (≥4 weeks) only showing a very low level of hepatic
Reg3B expression (data not shown). Expression of Reg3B
was upregulated within 12 h after the onset of both CCl4
intoxication and BDL, suggesting that the upregulation of
HIP/PAP (Reg3B) responds to liver injury/inflammation
rather than fibrosis. This proposal is supported by sub-
sequent animal experiments in which the inflammation-

related cytokines IL-10, IL-6, and TNF-α strongly induced
Reg3B expression in mouse liver, while the profibrotic
cytokine TGF-β1 only showed a marginal effect.

The CCl4 model displays all important properties of
human liver fibrosis, including inflammation, regeneration,
and fiber formation. BDL is the most common model used
to induce obstructive cholestatic injury in mice [36]. In this
study, we observed the effects of adenovirus-mediated HIP/
PAP ectopic expression on both CCl4- and BDL-induced
liver injury and subsequent hepatic fibrosis. In agreement

Fig. 7 HIP/PAP downregulates the expression of TGF-βRII in fibrotic
and nonfibrotic mouse livers as well as in cultured hepatocytes and
hepatic stellate cells. Both qRT-PCR and western blot analyses
showed that TGF-βRII expression was upregulated in CCl4− and
BDL-induced fibrotic mouse livers, while this increase was sig-
nificantly attenuated by AdHIP/PAP (a, b). Administration of AdHIP/

PAP significantly reduced the basal expression of TGF-βRII in non-
fibrotic mouse livers (c). The expression of TGF-βRII, at both the
mRNA and protein levels, was sharply downregulated by rHIP/PAP
(125 ng/ml) in in vitro cultured LO2 (d), LX-2 (e), and HSC-T6 (f)
cells. Error bars indicate the SD
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with previous reports [12, 16, 17], our study showed that
ectopic HIP/PAP significantly alleviated CCl4− and BDL-
induced liver injury, inflammation and the overproduction
of proinflammatory cytokines, such as IL-1β, IL-6, TNF-α,
and IL-17A, while further increasing the expression of the
anti-inflammatory cytokine IL-10. In vivo experiments with
nonfibrotic mice and in vitro tests verified that HIP/PAP
exerts direct modulating effects on the expression of
inflammatory cytokines in hepatocytes, apart from mono-
cytes/Kupffer cells, as reported elsewhere [37]. Liver injury
and subsequent inflammation are the precursor lesions of
hepatic fibrosis; hence, it is reasonable that alleviating liver
injury and inflammation prevents liver fibrosis. In addition,
proinflammatory cytokines, such as IL-1β [38], IL-6 [39],
TNF-α [40], and IL-17A [41] aggravate, while the anti-
inflammatory cytokine IL-10 [21] confers protection on
hepatic fibrosis. The modulation of these proinflammatory
cytokines in injured livers might also contribute to the
antifibrotic effect of HIP/PAP. In addition, our study
demonstrated that HIP/PAP can suppress hepatic fibrogen-
esis through other mechanisms.

Propagation and activation of HSCs is a pivotal event
during the onset and maintenance of hepatic fibrosis [2].
Quiescent HSCs, as the major storage sites of vitamin A,
express markers that are characteristic of adipocytes
(PPARγ, SREBP-1c, and leptin). During activation, HSCs
express myogenic markers (α-SMA, vimentin, and c-myb)
and thus gain a myofibroblast-like phenotype [3, 42]. In
addition, many studies have shown that the EMT of
hepatocytes contributes to myofibroblasts, at least in
animal models [29–32]. Our in vivo results showed that
HIP/PAP reduced myofibroblasts in CCl4-intoxicated and
BDL mouse livers. In vitro experiments showed that HIP/
PAP suppressed HSC proliferation in a dose-dependent
manner. Moreover, HIP/PAP attenuated TGF-β1-induced
activation of HSCs and inhibited phosphorylation of
Smad2/3 in HSCs. These results indicate that HIP/PAP
attenuates hepatic fibrosis by suppressing the proliferation
and activation of HSCs. In addition, HIP/PAP sig-
nificantly attenuated TGF-β1-induced downregulation of
E-cadherin, an epithelial marker, and upregulation of
vimentin, a mesenchymal marker, in cultured hepatocytes,
strongly suggesting that inhibition of TGF-β1-induced
hepatocyte EMT might contribute to the antifibrotic
effects of HIP/PAP.

TGF-β1 has been recognized as the key mediator in
hepatic fibrosis due to its role as an amplifier by upregu-
lating its own expression and other profibrotic factors,
such as PDGFs, CTGF, and PAI-1 [43–45], as well as its
strong promotion of HSC proliferation and activation
[46, 47]. PDGFs, especially PDGF-B, are potent mitogens
for HSCs [48–50]. CTGF acts as a downstream
effector and booster of TGF-β1 to facilitate fibrogenesis

[32, 44, 51]. PAI-1, the most abundant protein among the
known activators and inhibitors of the fibrinolysis system,
has been shown to participate in fibrosis through multiple
pathways [45, 52, 53]. Our experiments showed that HIP/
PAP suppressed TGF-β1-induced but not basal expression
of TGF-β1, PDGF-A, PDGF-B, CTGF, and PAI-1 in
hepatocytes and HSCs. These results, along with the
effects of HIP/PAP on TGF-β1-induced HSC activation
and hepatocyte EMT, collectively indicate that blunting
TGF-β1 signaling is critically involved in the antifibrotic
effect of HIP/PAP.

The TGF-β receptor complex is composed of type I and
type II serine/threonine kinase receptors. TGF-βs initially
bind to TGF-β RII, which in turn forms the functional
receptor with TGF-β RI and phosphorylates it. Signals are
propagated to the SMAD family of proteins, which activate
downstream signaling molecules. Studies in both humans
and animal models have shown that TGF-β RII expression
is augmented in cirrhotic/fibrotic livers [54–56]. Our
in vivo experiments demonstrated that ectopic expression
of HIP/PAP significantly suppressed not only the elevated
expression of TGF-βRII in fibrotic mouse livers but also
the basal expression of TGF-βRII in nonfibrotic mouse
livers. Consistently, in vitro tests showed that HIP/PAP
significantly downregulated the expression of TGF-βRII in
HSCs and hepatocytes. Downregulation of TGF-βRII in
HSCs leads to insensitivity to TGF-β1 stimulation and
subsequently the profibrogenic effects of TGF-β1. TGF-
βRII downregulation in hepatocytes abrogates the anti-
proliferative [57], proapoptotic [58], and EMT-promoting
effects of TGF-β1 in hepatocytes. These results indicate
that downregulating TGF-βRII expression is one of the
important underlying mechanisms for HIP/PAP in sup-
pressing hepatic fibrosis.

In conclusion, our study demonstrated that elevated
expression of HIP/PAP during liver injury and inflamma-
tion serves as a counteracting mechanism to protect against
subsequent fibrogenesis. Supplementation of exogenous
HIP/PAP or enhancing its endogenous expression should be
therapeutically beneficial not only to manage acute liver
injury but also to relieve liver fibrosis.
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