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A B S T R A C T

Hepatic fibrosis, a common pathological feature and leading cause of various chronic liver diseases, still lacks
effective therapy. Hesperetin derivative (HD) is a derivative of Traditional Chinese Medicine monomer isolated
from the fruit peel of Citrusaurantium L. (Rutaceae). In the present study, we revealed the anti-fibrotic effects of
HD in CCl4-induced mouse hepatic fibrosis model and in TGF-β1-activated LX-2 cells, in vivo and in vitro. Results
showed that HD prevented CCl4-induced liver injury and histological damage. Consistently, HD inhibited the up-
regulation of liver fibrogenesis markers α-SMA, Col1α1, Col3α1 and TIMP-1 in primary hepatic stellate cells
(HSCs) and suppressed inflammatory responses in primary liver macrophages from hepatic fibrosis mice.
Furthermore, HD promoted the apoptosis of activated HSCs, a key step in the onset of fibrosis regression.
Mechanistically, the Hedgehog pathway was involved in HD-treated hepatic fibrosis, and HD specifically con-
tributed to attenuate the aberrant expression of Glioma associated oncogene-1 (Gli-1). Interestingly, blockade of
Gli-1 removed the inhibitory effect of HD on activated HSCs, indicating that Gli-1 may play a pivotal role in
mediating the anti-fibrotic effect of HD in hepatic fibrosis. Collectively, our results suggest that HD may be a
potential anti-fibrotic Traditional Chinese Medicine monomer for the treatment of hepatic fibrosis.

1. Introduction

Hepatic fibrosis, a wound-healing response, is characterized by the
accumulation of extracellular matrix (ECM) following chronic liver
injury. Persisting liver fibrogenesis often results in liver cirrhosis or
hepatic failure [1]. Importantly, α-SMA-positive hepatic myofibro-
blasts, a subset of activated hepatic stellate cells (aHSCs) are the prin-
cipal cell type responsible for the increased deposition of ECM during
hepatic fibrosis [2,3]. Additionally, aHSCs play a key role in link liver
inflammation to fibrogenesis [4]. Notably, a crucial step in the initia-
tion of hepatic fibrosis is strong inflammatory responses [5,6], ongoing
chronic inflammation and accumulation of ECM result in massive fi-
brogenesis and progressive substitution of liver parenchyma by scar
tissue [7,8]. When liver resident macrophages are induced, they release
proinflammatory and profibrotic mediators that activate quiescent
HSCs into myofibroblasts [9,10]. The molecular mechanism of hepatic
fibrosis is poorly understood, therefore, identifying effective therapies
for hepatic fibrosis are urgently needed. Hesperetin, a flavanone

glycoside compound extracted from the fruit peel of Citrusaurantium L.
(Rutaceae), has a variety of pharmacological effects in renal fibrosis
[11], liver fibrosis [12] and lung fibrosis [13]. Hesperetin derivative
(HD), synthesized via Mannich bases in our laboratory to improve the
water solubility and bioavailability of hesperetin (Fig. 1A), was utilized
as a potential anti-inflammation monomeric compound for the treat-
ment of acute liver injury [14]. Interestingly, in a recently study, we
further found that HD exhibited anti-fibrotic effects on chronic hepatic
fibrosis.

Another study provides evidence that hesperetin inhibited renal fi-
brosis by antagonizing the hedgehog signaling pathway [15]. Notably,
hedgehog pathway is potentially important for biomarkers develop-
ment and therapeutic targets development for hepatic fibrosis, because
the activation of hedgehog signaling promotes the transition of quies-
cent HSCs to fibrogenic myofibroblasts [16,17]. In addition, hedgehog
signaling is relates to liver injury and inflammatory responses, which
substantially contribute to fibrogenesis occurrence [18]. Glioma asso-
ciated oncogene 1 (Gli-1) protein is a member of the Kruppel family of
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transcription factors [19], it have five conserved zinc-finger DNA
binding domains and bind to the promoter of their target genes [20].
Hedgehog-Gli signaling relates to various cellular responses such as
proliferation and differentiation and cell survival, Gli-1 acts as a

positive feedback to reinforce Gli activity. Aberrant activation of
Hedgehog-Gli pathway, usually manifested by up-regulation of Gli-1,
involved in a multitude of human cancer types including liver cancer
and renal interstitial fibrosis [11,21]. Based on these observations, we

Fig. 1. Hepato-protective effect and anti-fibrotic effect of HD in CCl4-induced hepatic fibrosis mice. (A) Molecular structural formula of Hesperetin derivative (HD).
(B) Paraffin-embedded sections of liver tissue from six group mice stained with H&E staining. Representative views were presented, scale bar, 100 μM; magnification,
10×. (C, D, E) Live function was assessed by serum levels of ALT, AST and ALP in mice. (F) Paraffin-embedded sections of liver tissue from six group mice were
stained with masson staining, and the positive staining areas were measured by Ipwin32 software. Representative views were presented, scale bar, 100 μM; mag-
nification, 10×. (G, H, I) Test of serum TGF-β1 and HA levels and liver tissue Hyp level. Bars represent mean ± SEM for six mice. &&p < 0.01 versus vehicle;
*p < 0.05, **p < 0.01 versus CCl4.
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hypothesized that HD may has a therapeutic effect on hepatic fibrosis
by relating to liver fibrogenesis and inflammatory responses. We as-
sessed the functions and molecular mechanisms of HD in hepatic fi-
brosis. In this regard, to our knowledge, this is the first study to detect
the anti-fibrotic effect of HD in CCl4-induced mouse chronic hepatic
fibrosis model and TGF-β1-stimulated LX-2 cells, in vivo and in vitro.

2. Materials and methods

2.1. Mouse hepatic fibrosis model establishment and HD treatment

Experiments were approved by the Animal Experimentation Ethics
Committee of Anhui Medical University. Littermate male C57BL/6J
mice (8–10weeks of age, 22–25 g body wt) were used in this study.
Mice were divided into six groups (vehicle, CCl4, CCl4+HD 25mg/kg,
CCl4+HD 50mg/kg, CCl4+HD 100mg/kg, CCl4+ Colchicine
0.1 mg/kg) by random digits table. CCl4-induce mouse model of hepatic
fibrosis was established as described previously [22]. Hepatic fibrosis
mice were exposed to biweekly intraperitoneal injection of 10% (v/v)
CCl4 at a dose of 0.001ml/g for four weeks. Vehicle group of mice
exposed to the same volume of olive oil. Three HD treated groups mice
were exposed to biweekly intraperitoneal injection of CCl4, and re-
ceived different doses of HD (25mg/kg, 50mg/kg, 100mg/kg) [14] by
daily intragastric administration, respectively. Positive control group
mice were exposed to biweekly intraperitoneal injection of CCl4, and
received Colchicine (0.1 mg/kg) [23] by daily intragastric administra-
tion. The vehicle and CCl4 group mice received equal volume of normal
saline. Mice were sacrificed three days after the final CCl4 injection.
Liver tissues were paraformaldehyde-fixed and paraffin-embedded from
six mice of each group, and primary liver cells isolation from eight mice
of each group.

2.2. Isolation of primary liver cells

Primary HSCs and macrophages were isolated by Collagenase-
Pronase (Sigma-Aldrich, USA) perfusion of mouse livers as previously
described [24]. Suspension of dispersed cells was layered by gradient
centrifugation with 11.5% and 20% OptiPrep (Axis-shield, Norway),
according to manufacture protocols, respectively. Liver sinusoidal en-
dothelial cells (LSECs) were removed from Macrophages fraction by
selective adherence [5].

2.3. Flow cytometry

Primary liver macrophages were isolated from mouse livers and
analyzed by flow cytometry as previously described [25]. Cells were
incubated with PE conjugated Rat Anti-Mouse F4/80 (BD, USA) and
FITC conjugated Rat Anti-CD11b (BD, USA). Besides, cells incubated
with isotype-matched irrelevant control antibodies and unstained cells
were used as negative controls. Cells were detected by a CytoFLEX flow
cytometer (Beckman Coulter, USA) and analyzed using CytExpert
software (Beckman Coulter, USA).

2.4. Elisa

Serum levels of TNF-α and IL-1β were measured using RayBio®
Mouse ELISA Kit (RayBiotech, USA). Assays were performed using the
protocols recommended by the manufacturer. The absorbance of each
well at 450 nm was measured by using a Thermomax microplate reader
(bio-tekEL, USA). At least six independent experiments were performed.

2.5. Liver histological and immunohistological staining

To ascertain hepatic morphology and determine liver fibrosis in
mice, Hematoxylin & eosin staining and Masson's trichrome staining
were performed, respectively. Paraformaldehyde-fixed,

paraffinembedded liver tissues were sectioned (4 μm) for hydrated and
stained by standard methods [26]. Immunohistochemistry was per-
formed in paraffin sectioned using a microwave-based antigen retrieval
technique [27]. The areas of staining were photographed and converted
using an automatic digital slide scanner (Pannoramic MIDI-3DHIST-
ECH, Hungary), representative views were presented.

2.6. Cell culture

LX-2 cells, human immortalized HSC line, were cultured in DMEM
(supplemented with 10% FBS and 1% P/S) (Gibco, USA) [5]. Re-
combinant human TGF-β1 (R&D Systems, MN) at concentration of
2 ng/ml was added to the cell culture for 48 h [28]. In addition,
GANT61 (an inhibitor of Gli) at dosages of 5, 10 and 20 μM [29,30] was
applied for a dosage-dependent assay in LX-2 cells according to the
manufacturer's instructions. At least three independent experiments
were performed throughout the study.

2.7. Gli-1 knockdown

Small interfering RNA (siRNA) of Gli-1 and negative control was
synthesized by Hanbio Biotechnology (Shanghai, China). LX-2 cells
were transfected with siRNA-Gli-1 or negative control using
Lipofectamine RNAiMax (Life Technologies, USA) according to the
manufacturer's protocol. After 6 h transfection, the culture medium was
replaced with fresh medium for additional 48 h incubation. Silencing
efficiency was confirmed by Real-time PCR after transfection.
Sequences of siRNA-Gli-1 and negative control used in this study were
listed in Table 2.

2.8. RNA extraction and real-time PCR

Total RNA was isolated from primary HSCs, macrophages and LX-2
cells by TRIZOL reagent (Invitrogen, CA) and quantified by NanoDrop
2000 spectrophotometer (Thermo Scientific, USA). Real-time PCR
analysis was performed using CFX96 real-time PCR system (Bio-Rad,
USA) as previously described [5]. Primers sequences used in this study
were listed in Table 1. The ratio for the mRNA interested was nor-
malized with β-actin.

2.9. Western blot

Protein was extracted with RIPA and PMSF lysis buffer, western blot
procedure was performed as previously described [14]. Blotted mem-
branes were blocked and incubated with the primary antibodies of in-
terest. Antibodies used in this study included primary antibodies spe-
cific for α-SMA, Bax, Bcl-2 (1:2000, Abcam, UK); Col1α1, Gli-1, Shh,
Smo, P65, p-P65 (1:500, Bioss, China); TNF-α, IL-1β, β-actin (1:1000,
Bioworld, USA); pro-caspase3, cle-caspase3 (1:1000, Cell Signaling,
MA). Bands were visualized by enhanced chemiluminescence system
(Bio-Rad, CA). Signal intensities of each western blot were quantified
by using the Image J software (NIH, Bethesda, MD, USA) and normal-
ized to β-actin as internal control.

2.10. Statistical analysis

Data collected from this study were expressed as mean ± SEM and
analyzed using one-way analysis of variance (ANOVA), followed by
Newman-Keuls post-hoc test (Prism 5.0 GraphPad Software, USA).

3. Results

3.1. Hepato-protective effect and anti-fibrotic effect of HD in CCl4-induced
mouse hepatic fibrosis model

First, we determined the functional roles of HD in progressive
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hepatic fibrosis induced by CCl4 in mice. Fig. 1A showed the molecular
structural formula of HD. Histologically, hematoxylin & eosin (H&E)
staining revealed that hepatic fibrosis mice with HD treatment (25, 50
and 100mg/kg) dose-dependently inhibited hepatocyte necrosis, in-
flammatory cell infiltration and mouse liver fibrogenesis (Fig. 1B).
Previous studies confirmed that Colchicine administration in hepatic
fibrosis characterized by significantly anti-inflammatory, anti-fibrotic
and immunomodulatory effects, therefore, colchicine (0.1 mg/kg) was
used as a positive control in this study [32,33]. Additionally, serum
levels of ALT, AST and ALP were reduced after hepatic fibrosis mice
treated with HD (Fig. 1C, D and E). Indicating HD exhibited hepato-
protective effect in CCl4-induced mouse chronic hepatic fibrosis model,
in vivo. Next, we investigated whether HD has a role in collagen matrix
protein degradation. As shown in Fig. 1F, masson staining showed that
collagen deposition was markedly inhibited in the injured liver tissues
from HD-treated hepatic fibrosis mice compared with hepatic fibrosis
mice. Strikingly, the treatment of hepatic fibrosis mice with HD further
decreased serum levels of TGF-β1 and HA (Fig. 1G and H), a corre-
sponding with reduction of Hyp in liver tissues (Fig. 1I), in vivo. Taken
together, HD has a significantly inhibitory effect on live fibrogenesis in
CCl4-induced hepatic fibrosis mice.

3.2. HD negatively regulates fibrotic responses in primary HSCs

We further confirmed the functional roles of HD on HSCs, HSCs
activate or transdifferentiate into myofibroblast-like cells, which are the
main cell type in ECM deposition during hepatic fibrosis [22]. As shown
in Fig. 2A, immunohistochemical assay revealed that α-SMA+ myof-
broblasts were increased in CCl4-induced hepatic fibrosis mice com-
pared with vehicle mice. However, hepatic fibrosis mice with HD
treatment significantly decreased α-SMA expression in liver tissues with
a dose-dependent manner. Consistently, mRNA levels of fibrogenic
genes (α-SMA, Col1α1, Col3α1 and TIMP-1) were reduced in primary

HSCs isolated from HD-treated mice compared with hepatic fibrosis
mice (Fig. 2B). Besides, it was further confirmed at the protein ex-
pression of α-SMA and Col1α1 by western blot (Fig. 2C). These findings
suggest HD mediated the activation of HSCs, contributing to the in-
hibition of liver fibrogenesis initiation in mice.

3.3. HD protects against CCl4-induced inflammatory responses in mice

As shown in Fig. 3A, immunohistochemistry showed that CCl4-in-
duced hepatic fibrosis mice with HD treatment significantly reduced
F4/80+ macrophages infiltration. It is well accepted that F4/80 and
CD11b are markers for pan-macrophages [25]. As shown in Fig. 3B,
liver macrophages isolated from mice were defined as F4/80+CD11b+

cells by flow cytometric analysis. mRNA levels of inflammatory genes
(MCP-1, TNF-α, IL-1β and IL-6) were decreased in HD-treated mice
compared with CCl4-induced hepatic fibrosis mice by a dose-dependent
manner (Fig. 3C). Consistently, we evaluated the circulating levels of
pro-inflammatory cytokines in serum by ELISA. The serum levels of
TNF-α and IL-1β were notably reduced in HD-treated mice compared
with hepatic fibrosis mice (Fig. 3D). Similarly, immunoblotting verified
the suppression of TNF-α and IL-1β protein expression in hepatic fi-
brosis mice with HD treatment (Fig. 3E). Besides, we detected HD re-
markably inhibited the phosphorylation and activation of NF-κB-P65
(Fig. 3E). These results demonstrate that hepatic fibrosis mice treatment
with HD regulated the infiltration of liver macrophages, contributing to
the suppression of inflammatory responses in CCl4-induced hepatic fi-
brosis, in vivo.

3.4. Effects of HD on TGF-β1-induced fibrotic responses in LX-2 cells, in
vitro

Next, we assessed the effects of HD on TGF-β1-activated LX-2 cells.
As shown in Fig. 4A, result of MTT assay indicated that HD, with a

Table 1
Primer sequences used in Real-time PCR.

Genes Forward primer (5′-3′) Reverse primer (5′-3′)

A. Mouse
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
α-SMA GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
Col1α1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Col3α1 CATGTTCAGCTTTGTGGACCT GCAGCTGACTTCAGGGATGT
TIMP-1 GCAACTCGGACCTGGTCATAA CGGCCCGTGATGAGAAACT
MCP-1 GGGCCTGCTGTTCACAGTT CCAGCCTACTCATTGGGAT
TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
Gli-1 CCTGGTGGCTTTCATCAACT ACACAGGGCTGGACTCCATA
Gli-2 TCACATCAGCCAACCAAGAG GCAGCCTCCATTCTGTTCAT
Shh CGGCAGATATGAAGGGAAGA TCATCACAGATGGCCAAGG
Smo TGCCACCAGAAGAACAAGCCA CCTCCATTAGGTTAGTGCGG

B. Human
β-actin GGCATTCACGAGACCACCTAC CGACATGACGTTGTTGGCATAC
α-SMA GTGTTGCCCCTGAAGAGCAT GCTGGGACATTGAAAGTCTCA
Col1α1 GTGCGATGACGTGATCTGTGA CGGTGGTTTCTTGGTCGGT
Col3α1 CCTGGTCCTTGCTGTGGTGGTGT GCAGTTTCTAGCGGGGTTTTTACG
TIMP-1 CTTCTGCAATTCCGACCTCGT ACGCTGGTATAAGGTGGTCTG
PDGF CTCGATCCGCTCCTTTGATGA CGTTGGTGCGGTCTATGAG
Gli-1 GCCCTATGTGAAGCCCTATTT TCCTACCAGAGTCCCAAGTTTC
Gli-2 AGCATCTCTTGCCACCATTC ACGGAGGTAGTGCTCCATGT

Table 2
siRNA sequences used in this study.

siRNA Forward primer (5′-3′) Reverse primer (5′-3′)

si-Gli-1 GGCUCAGCUUGUGUGUAAUdTd AUUACACACAAGCUGAGCCdTd
Negative control UUCUCCGAACGUGUCACGUdTd ACGUGACACGUUCGGAGAAdTd
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concentration no higher than 16 μM, had a limited suppressive effect on
the viability of LX-2 cells. Besides, we found concentration of HD higher
than 1 μM showed significantly anti-fibrotic effect in TGF-β1-activated
LX-2 cells, we then selected concentrations of 1, 2 and 4 μM used in
subsequent experiments, in vitro. In Fig. 4B, results of western blot
showed that HD suppressed the protein expression of α-SMA and
Col1α1 and inhibited mRNA levels of α-SMA, Col1α1, Col3α1, TIMP-1
and PAI-1 in TGF-β1-activated LX-2 cells with a dose-dependent
manner (Fig. 4D). Besides, double-immunofluorescence analysis

showed that α-SMA and Col1α1 were consistently decreased in TGF-β1-
induced LX-2 cells with 2 μM HD-treatment (Fig. 4C).

3.5. HD attenuates CCl4-induced mouse liver fibrogenesis and TGF-β1-
induced fibrotic responses in LX-2 cell via Gil-1 dependent mechanisms

Moreover, we investigated the mechanism of HD anti-fibrotic ef-
fects. Recently report revealed that functions of hesperetin on renal
fibrosis is associated with hedgehog signaling [11]. First, we confirmed

Fig. 2. HD down-regulates fibrotic responses in primary HSCs. (A) Immunohistochemical staining of α-SMA, the positive staining areas were measured by Ipwin32
software. Representative views were presented, scale bar, 50 μM; magnification, 20×. (B) Real-time PCR analyses of α-SMA, Col1α1, Col3α1 and TIMP-1 mRNA
levels in primary HSCs. (C) Immunoblottings of α-SMA and Col1α1 protein expression in primary HSCs from mice. Bars represent mean ± SEM for six mice. &

p < 0.05, &&p < 0.01 versus vehicle; *p < 0.05, **p < 0.01 versus CCl4.
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the effects of HD on the expression of hedgehog signaling relate factors
Gli-1, Gli-2, Sonic hedgehog (Shh) and Smoothened (Smo) in primary
HSCs isolated from mice. As shown in Fig. 5A and B, real-time PCR and
immunoblotting assays showed that hepatic fibrosis mice with HD
treatment markedly inhibited mRNA levels and protein expression of
Gli-1 and Shh, indicating that HD may relate to these two factors.

Notably, double-immunofluorescence revealed the co-localization of
Gli-1 (green) and myofibroblast marker α-SMA (red) immunoreactivity
in liver tissues, and expression of Gli-1 was decreased in HD treated
mice compared with hepatic fibrosis mice, in vivo (Fig. 5C).

In addition, LX-2 cells were exposed to GANT61 (an inhibitor of
Gli), the effects of GANT61 on Gli-1 mRNA level and protein expression

Fig. 3. HD attenuates inflammatory responses in hepatic fibrosis mice. (A) Immunohistochemical staining of F4/80, the positive staining areas were measured by
Ipwin32 software. Representative views were presented, scale bar, 50 μM; magnification, 20×. (B) Flow cytometric analysis of F4/80+CD11b+ primary macro-
phages isolated from mice. (C) Real-time PCR analyses of MCP-1, TNF-α, IL-1β and IL-6 mRNA levels in primary macrophages from mice. (D) ELISA analysis of
circulation level of pro-inflammatory cytokines TNF-α and IL-1β in serum. (E) Immunoblottings of p-P65, P65, TNF-α and IL-1β protein expression in primary
macrophages from mice. Bars represent mean ± SEM for six mice. &p < 0.05, &&p < 0.01 versus vehicle; *p < 0.05, **p < 0.01 versus CCl4.
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were determined (Fig. 6B), and the dosage used of GANT61 showed
negligible effect on LX-2 cell viability (Fig. 6A). Results showed that
expression of α-SMA and Gli-1 was reduced in TGF-β1-activated LX-2
cells following HD treatment (Fig. 6C). Besides, activation of hedgehog-
Gli1 signaling induces platelet-derived growth factor (PDGF) up-reg-
ulation, which is a critical driving force to hepatic fibrosis [34]. In this
study, we found that PDGF was attenuated both in serum from CCl4-

induced hepatic fibrosis mice treated with HD and mRNA level of TGF-
β1-activated LX-2 cells treated with HD (Fig. 6D and E). Interestingly,
α-SMA and PDGF levels were restored in TGF-β1-activated LX-2 cells
exposed to GANT61 (Fig. 6C and E). Suggesting that HD exhibited anti-
fibrotic effects is involved in Gil-1 dependent mechanisms.

Fig. 4. Effects of HD on TGF-β1-induced fibrotic responses in LX-2 cells. (A) Effect of different concentrations of HD on LX-2 cells viability by MTT assay. (B)
Immunoblottings of α-SMA and Col1α1 protein expression in LX-2 cells. (C) Double-immunofluorescence analysis of α-SMA (red) and Col1α1 (green) expression, the
positive staining areas were measured by Ipwin32 software. Representative views were presented, scale bar, 100 μM; magnification, 10×. (D) Real-time PCR analyses
of α-SMA, Col1α1, Col3α1, TIMP-1 and PAI-1 mRNA levels in LX-2 cells. Bars represent mean ± SEM for three independent experiments in vitro. &p < 0.05, &&

p < 0.01 versus Control; *p < 0.05, **p < 0.01 versus TGF-β1-induced LX-2 cells. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.6. HD promotes apoptosis response in TGF-β1-activated LX-2 cells

Hedgehog signaling relates to the apoptosis of activated HSCs, that
is a key event in liver fibrosis resolution [35]. Flow cytometric analysis
used PE/AV-FITC staining showed that HD treated TGF-β1-activated
LX-2 cells promoted apoptosis response, which was reversed following
blockade of Gli-1 (Fig. 7A). This effect was confirmed by im-
munoblotting analysis of apoptosis-related cleaved-caspase3, Bax and
Bcl-2 protein expression (Fig. 7B). Moreover, we constructed siRNA

targets Gli-1, the knockdown efficiency of Gli-1 was evaluated after
transfection siRNA into LX-2 cells (Fig. 7C). Results showed that HD
increased the level of Bax and cleaved-caspase3, while knockdown of
Gli-1 substantially reversed the apoptosis-inducing feature of HD on LX-
2 cells (Fig. 7D). These results suggest that Gli-1 signaling may be one
of the responsible pathway involved in HD-regulated amelioration of
hepatic fibrosis pathogenesis.

Fig. 5. HD regulates CCl4-induced live fibrogenesis by Gil-1 signaling. (A) Real-time PCR analyses of Gli-1, Gli-2, Shh and Smo mRNA levels in primary HSCs isolated
from mice. (B) Immunoblottings analyses of Gli-1, shh and smo protein expression in primary HSCs isolated from mice. (C) Double-immunofluorescence analysis of α-
SMA (red) and Gli-1 (green) expression, and the positive staining areas were measured by Ipwin32 software. Representative views were presented, scale bar, 100 μM;
magnification, 10×. Bars represent mean ± SEM for six mice. &p < 0.05, &&p < 0.01 versus vehicle; *p < 0.05, **p < 0.01 versus CCl4. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Hesperetin, a well-used compound in Traditional Chinese Medicine,
has been widely investigated in fibrous diseases. Besides, Hesperetin
has been reported to have anti-oxidative, anti-tumorigenic and anti-
inflammatory effects [36–38]. Our recent work has revealed that HD
exhibited a direct inhibitory effect on inflammation in mice with acute

liver injury and LPS-treated RAW264.7 cells [14]. Interestingly, we
further explored the pharmacological effects of HD in chronic hepatic
fibrosis. In the present study, we found HD attenuated CCl4-induced
progressive liver injury and liver fibrogenesis in hepatic fibrosis mice,
indicating the hepato-protective effect of HD on hepatic fibrosis. Fur-
thermore, we investigated HD suppressed collagen-like matrix deposi-
tion during liver fibrogenesis with a corresponding inhibition of

Fig. 6. HD attenuates TGF-β1 induced fibrotic responses in LX-2 cells through Gil-1-dependent mechanism. (A) Effect of different dosages of GANT-61 on cell
viability of LX-2 cells by MTT assay. (B) Effect of GANT61 on Gli-1 mRNA level and protein expression was assessed by Real-time PCR and western blot. (C) Double-
immunofluorescence analysis of α-SMA (red) and Gli-1 (green) expression in LX-2 cells, and the positive staining areas were measured by Ipwin32 software.
Representative views were presented, scale bar, 100 μM; magnification, 10×. (D) Test of serum PDGF level. Bars represent mean ± SEM for six mice. (E) Real-time
PCR analysis of PDGF mRNA level. Bars represent mean ± SEM for three independent experiments in vitro. &p < 0.05, &&p < 0.01 versus Control; *p < 0.05,
**p < 0.01 versus TGF-β1-induced LX-2 cells; #p < 0.05, ##p < 0.01 versus TGF-β1-induced LX-2 cells with HD treatment. %%p < 0.01 versus vehicle; $p < 0.05
versus CCl4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fibrogenic factors (α-SMA, Col1α1, Col3α1 and TIMP-1) in CCl4-in-
duced hepatic fibrosis mice. Consistently, HD significantly reduced the
expression of α-SMA, Col1α1, Col3α1, TIMP-1 and PAI-1 in TGF-β1-
induced LX-2 cells. These observations revealed a regulatory role of HD

on the initiation and progression of hepatic fibrosis. Furthermore, we
found that HD promoted the apoptosis of LX-2 cells. To date, evidences
have confirmed that liver fibrosis resolution is relate to the apoptosis of
activated HSCs, which is a key step in onset of fibrosis regression [39].

Fig. 7. HD promotes apoptosis response in TGF-β1-induced LX-2 cells. (A) Flow cytometric analysis of PE/AV-FITC in TGF-β1-induced LX-2 cells, the data analysis
were performed by FlowJo software. (B) Immunoblottings analysis of Pro-caspase3, Cleaved-caspase3, Bax and Bcl-2 protein expression in LX-2 cells with HD and
GANT-61 treatment. (C) Knockdown efficiency of siRNA-Gli-1. (D) Immunoblottings analysis of Pro-caspase3, Cleaved-caspase3, Bax and Bcl-2 protein expression in
LX-2 cells with HD and siRNA-Gli-1 transfection. Bars represent mean ± SEM for three independent experiments. &p < 0.05, &&p < 0.01 versus Control;
*p < 0.05, **p < 0.01 versus TGF-β1-induced LX-2 cells; #p < 0.05, ##p < 0.01 versus TGF-β1-induced LX-2 cells with HD treatment; $p < 0.05, $$p < 0.01
versus TGF-β1-induced LX-2 cells with HD treatment and siRNA-NC transfection.
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Based on these findings, we elucidated the anti-fibrotic effects of HD
may partly relate to its anti-inflammatory feature, as hepatic fibrosis is
associate with unresolved inflammatory responses [40]. In this study,
we found the percentage of F4/80+ macrophages infiltration into liver
tissue was remarkably decreased in hepatic fibrosis mice following HD
treatment. Additionally, HD reduced the levels of inflammatory factors
(MCP-1, TNF-α, IL-1β and IL-6) in mice, contributing to protecting
against the inflammatory responses. Further studies are needed to un-
cover the molecular mechanism involved in the effect of HD on in-
flammation in hepatic fibrosis.

We also assessed the potential signaling pathway by which HD at-
tenuated hepatic fibrosis. It has been reported that HD showed direct
functions on hepatic fibrosis-related hedgehog signaling [41,42]. We
further confirmed the role of HD on hedgehog signaling relate factors
and found that HD mediated the expression of Gli-1 (a driving force of
fibrogenesis [43]) in HSCs. Therefore, we drew a conclusion that effect
of HD may depend on hedgehog-Gli-1 signaling, as a deficiency of Gli-1
largely abolished the therapeutic effects of HD on hepatic fibrosis.

Collectively, as shown in Fig. 8, our study firstly identified that HD
alleviated liver injury and fibrogenesis in CCl4-induced hepatic fibrosis
mice, and inhibited the expression of fibrogenic genes in activated
HSCs. Substantially, HD prevented inflammatory responses and re-
duced the levels of inflammatory factors in liver macrophages. Besides,
anti-fibrotic effects of HD correlated with the Hedgehog signaling, at
least in part, by suppressing the excessive activation of Gli-1 during
hepatic fibrosis. This study suggests HD may be a potential anti-fibrotic
Traditional Chinese Medicine monomer for the treatment of hepatic
fibrosis.
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