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Purpose: Liver fibrosis is commonly seen and a necessary stage in chronic liver disease.
The aim of this study was to explore the effect of salidroside on liver fibrosis in mice and its
potential mechanisms.

Materials and methods: Two mouse liver fibrosis models were established by intraperitoneal
injection of carbon tetrachloride (CCl,) for 8 weeks and bile duct ligation for 14 days. Salidroside
was injected intraperitoneally at doses of 10 and 20 mg/kg once a day. Gene and protein expres-
sion levels were determined by quantitative real-time polymerase chain reaction, enzyme-linked
immunosorbent assay, Western blot, immunohistochemistry, and immunofluorescence.
Results: Salidroside inhibited the production of extracellular matrix (ECM) and regulated the
balance between MMP2 and TIMP1 and, therefore, alleviated liver fibrosis in the two fibrosis
models. Salidroside reduced the production of transforming growth factor (TGF)-1 in Kupffer
cells and hepatic stellate cells (HSCs) via the nuclear factor-kB signaling pathway and, there-
fore, inhibited the activation of HSCs and autophagy by downregulation of the TGF-1/Smad3
signaling pathway.

Conclusion: Salidroside can effectively attenuate liver fibrosis by inhibiting the activation
of HSCs in mice.

Keywords: liver fibrosis, salidroside, hepatic stellate cells, autophagy, TGF-B1/Smad3

Introduction

Liver fibrosis is a chronic but reversible process in liver diseases, characterized by
the overdeposition of extracellular matrix (ECM), especially collagen, in liver tissues.
It represents a necessary stage in liver cirrhosis and may progress to primary hepato-
cellular carcinoma.'* Chronic liver injuries involving viral infection, alcohol abuse,
nonalcoholic steatohepatitis, drug use, autoimmune and cholestatic liver diseases, and
metabolic disorders may damage hepatocytes, resulting in activation of the wound-
healing response and consequent liver fibrosis.* Current treatments for liver fibrosis
include immunosuppressive agents, anti-inflammatory agents, antioxidants, and anti-
viral therapies. However, although liver transplantation is the most effective option,
it is limited by a shortage of donor organs and high costs.” Alternative therapeutic
or preventive strategies for liver fibrosis are therefore urgently required.

The mechanisms of liver fibrosis are complicated, but the process is initiated by
the activation of hepatic stellate cells (HSCs).*%!° Under normal conditions, HSCs
remain in the stationary phenotype and maintain a balance between ECM production
and degradation. However, following activation by various factors, such as mechanical
stimulation and inflammatory cytokines, especially transforming growth factor-B1

submit your manuscript
e
in

Dove

http:

Drug Design, Development and Therapy 2018:12 1837-1853 1837
© 2018 Feng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2l 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S162950
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:guochuanyong@hotmail.com

Feng et al

Dove

(TGF-B1), quiescent HSCs are transformed into myofibro-
blasts and produce ECM.!"! The secretion of TGF-B1 and
other inflammatory cytokines is mainly regulated by the
nuclear factor-kappa B (NF-kB) signaling pathway.'>'
TGF-B1 can not only cause continuous activation of HSCs
but can also interact with TGF-f receptors (TBRs) to phos-
phorylate Smad3 and promote the translocation of phospho-
Smad3 (p-Smad3) to the nucleus, leading to the production
of ECM.%"* TGF-B1 has also been reported to mediate
autophagy, which is an intracellular self-digestion reaction
that contributes to the activation of HSCs. !¢

Salidroside is a phenylpropanoid glycoside extracted
from the plant Rhodiola rosea L. Salidroside has dem-
onstrated antiautophagy, anti-inflammatory, antioxidant,
antihypoxia, antitumor, antiaging, antidepressive, and neuro-
and cardioprotective properties.'”'” Our previous study has
demonstrated that salidroside could inhibit apoptosis and
autophagy during hepatic ischemia—reperfusion, which
will also lead to the activation of HSCs.!"” Ouyang et al*
recently showed that salidroside could improve liver fibrosis
by acting synergistically with rat mesenchymal stem cell
transplantation. Furthermore, Tang et al demonstrated that
salidroside could attenuate bleomycin-induced lung fibrosis
by inhibiting the NF-xB and TGF-1/Smad2/3 pathways.!
These indicate that salidroside may be a potential therapeutic
agent to treat liver fibrosis possibly through the regulation
of NF-xB and TGF-B1/Smad pathways.

Therefore, the present study aimed to investigate the
effect of salidroside on liver fibrosis using two different
animal models. We hypothesized that salidroside may reduce
liver fibrosis via downregulation of the TGF-f31/Smad3 and
NF-xB pathways.

Materials and methods

Reagents

Salidroside and pentobarbital sodium salt were purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). Carbon
tetrachloride (CCl,) was purchased from China Sinopharm
International Corporation (Shanghai, China). The kits for
determining alanine aminotransferase (ALT) (cat no C009-2),
hydroxyproline (cat no A030-2), and aspartate aminotrans-
ferase (AST) (cat no C010-2) were purchased from Jiancheng
Bioengineering Institute (Nanjing, China). The primers were
obtained from Generay (Shanghai, China). The primary anti-
bodies used in the study were as follows: alpha smooth muscle
actin (0-SMA), tissue inhibitor of matrix metalloproteinases
(TIMP1), matrix metalloproteinase 2 (MMP2), NF-xB,
nuclear factor of kappa light polypeptide gene enhancer in

B-cell inhibitor alpha (IkBa), Beclin-1, LC3, and p62 (all
1:1,000; Proteintech, Chicago, IL, USA), collagen-I (Col-1),
TGF-B1, F4/80, Smad3, and p-Smad3 (all 1:500; Abcam,
Cambridge, MA, USA), and B-actin (1:1,000; Cell Signal-
ing Technology, Danvers, MA, USA). The PrimeScript™
RT Reagent Kit and SYBR Premix Ex Taq were purchased
from TaKaRa Biotechnology (Dalian, China).

Animals

The experiment was approved by the Animal Care and Use
Committee of Shanghai Tongji University, and was executed
following the National Institutes of Health Guidelines. Six to
eight weeks’ old male C57 mice (2412 g) were acquired from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China) and housed in a clean room with free access to food
and water at a room temperature of 24°C+2°C and 60%
humidity.

Experimental models and drug treatment
We established two different mouse liver fibrosis models.

To create the CCl,-induced liver fibrosis model, mice
were injected with 10% CCI, (1.0 mL/kg, diluted in peanut
oil) three times a week for 8 weeks. Salidroside was diluted
with normal saline and injected intraperitoneally at dosages
of either 10 or 20 mg/kg once a day for 8 weeks. Thirty-two
mice were randomly divided into the following four groups:
1) vehicle group: n=8, mice were injected with peanut oil
intraperitoneally; 2) CCl, group: n=8, mice were injected
with CCl, intraperitoneally; 3) CCI, + Sal 10 mg/kg group:
n=8, mice were injected with CCl, and 10 mg/kg salidroside
intraperitoneally; and 4) CCl, + Sal 20 mg/kg group: n=8,
mice were injected with CCI, and 20 mg/kg salidroside
intraperitoneally.

In the bile duct ligation (BDL)-induced liver fibrosis
model, all mice were fasted for 12 h and anesthetized intra-
peritoneally by 1.25% pentobarbital sodium salt (40 mg/kg).
After opening the abdomen via linea alba, the bile duct was
exposed and isolated over a certain length. Two surgical knots
were tied in the isolated bile duct, which was then cut between
the knots. The abdomen was then closed. Salidroside was
administered on the second day. For the BDL model, 32 mice
were divided into the following four groups: 1) sham group:
n=8, all mice underwent laparotomy without BDL; 2) BDL
group: n=8, mice underwent BDL surgery; 3) BDL + Sal
10 mg/kg group: n=8, mice were injected intraperitoneally
with 10 mg/kg salidroside once a day for 14 days after BDL;
and 4) BDL + Sal 20 mg/kg group: n=8, mice were injected
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intraperitoneally with 20 mg/kg salidroside once a day for
14 days after BDL.

Vehicle and sham groups were used as controls in both
models. At the end of the experiment, blood samples and liver
tissues were collected with diethyl ether anesthesia. Serum
was acquired by centrifugation (4,500 rpm, 4°C, 10 min) and
kept at —80°C. Liver tissues were stored at —80°C.

Biochemical assays

Serum ALT and AST levels were measured by spectro-
photometry using AU1000 (Olympus Corporation, Tokyo,
Japan). Liver collagen concentrations were reflected by
measuring hydroxyproline levels. All these procedures were
implemented following manufacturers’ instructions.

Histopathology

Liver tissues were excised and first fixed in 4% paraformalde-
hyde, dehydrated in ethyl alcohol, and embedded in paraffin.
Then, the 3 um thick sections were stained with hematoxylin
and eosin (H&E) to observe liver injury. The procedure for
Masson’s trichrome staining to detect collagen deposition
was as follows. The paraffin sections were deparaffinized
and rehydrated with xylene and a descending alcohol series.
Then, the sections were treated with Bouin’s solution at 58°C
for 15 min and washed with running water and, then, stained
with modified Weigert’s iron hematoxylin for 5 min and
washed with running water. The sections were placed in 0.5%
hydrochloric acid in 70% alcohol for 5 s and washed again.
Then, the sections were stained with the Biebrich scarlet-acid
fuchsin solution for 5 min, washed again, and stained with
phosphotungstic acid solution for 5 min and then with aniline
blue for 20 min. Finally, the sections were placed in acetic
acid solution for 10 s, dehydrated in graded alcohols, cleared
in xylene, and mounted with synthetic resin.

Reverse transcription-polymerase chain
reaction (RT-PCR) and quantitative
real-time PCR (qPCR)

The total RNA of liver tissues was extracted by TRIzol
(Tiangen Biotech, Beijing, China) and reverse transcribed
into cDNA by manufacturer’s kit. The expression of target
genes was determined by qPCR using a 7900HT Fast PCR
System (Thermo Fisher Scientific, Waltham, MA, USA).
Table 1 shows the primer sequences used in the process.

Transmission electron microscopy (TEM)
Liver tissues were cut into 1 mm® fragments and fixed in
5% glutaraldehyde buffer. After embedded in Epon, tissues

Table | The primers used in the study

Gene Primers sequence (5'-3’)
P-Actin

Forward GGCTGTATTCCCCTCCATCG

Reverse CCAGTTGGTAACAATGCCATGT
Col-laxl

Forward CAATGGCACGGCTGTGTGCG

Reverse AGCACTCGCCCTCCCGTCTT
Col-102

Forward CTCATACAGCCGCGCCCAGG

Reverse AGCAGGCGCATGAAGGCGAG
o-SMA

Forward CCCAGACATCAGGGAGTAATGG

Reverse TCTATCGGATACTTCAGCGTCA
MMP2

Forward GGACAAGTGGTCCGCGTAAA

Reverse CCGACCGTTGAACAGGAAGG
TIMP|

Forward CGAGACCACCTTATACCAGCG

Reverse ATGACTGGGGTGTAGGCGTA
TGF-B1

Forward CCACCTGCAAGACCATCGAC

Reverse CTGGCGAGCCTTAGTTTGGAC
NF-xB

Forward ATGGCAGACGATGATCCCTAC

Reverse CGGATCGAAATCCCCTCTGTT
Beclin-1

Forward ATGGAGGGGTCTAAGGCGTC

Reverse TGGGCTGTGGTAAGTAATGGA
LC3

Forward GACCGCTGTAAGGAGGTGC

Reverse AGAAGCCGAAGGTTTCTTGGG
p62

Forward GAGGCACCCCGAAACATGG

Reverse ACTTATAGCGAGTTCCCACCA

were cut into 1.5 um sections and stained with toluidine
blue. The cells were observed by TEM (JEM 1230; JEOL,
Tokyo, Japan).

Western blot analysis

The total protein was extracted from liver tissues using
radioimmunoprecipitation assay buffer. Proteins were
electrophoresed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then transferred to polyvinylidene
fluoride membranes. The 5% nonfat milk was used to block
nonspecific binding sites for 1 h, followed by incubation with
primary antibodies overnight and secondary antibodies for
1 h. Results were detected using an Odyssey two-color infra-
red laser imaging system (LI-COR, Lincoln, NE, USA).

Immunohistochemistry
Paraffin-embedded liver slides were dewaxed and rehydrated.
Antigen retrieval process was as follows: 1) heating to 95°C
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for 10 min, 2) cooling to room temperature, 3) and repeated
for four cycles. Then, we used 3% hydrogen peroxide and
5% bovine serum albumin to block endogenous peroxidase
activity and nonspecific binding sites, respectively. Sections
were then incubated with Col-1, 0-SMA, TGF-B1, p-Smad3,
NF-xB, Beclin-1, and LC3 primary antibodies (1:500) at
4°C overnight. After incubation with secondary antibody,
the slides were then stained with H&E.

Double-immunofluorescence staining
Paraffin-embedded liver sections were dewaxed and rehy-
drated first. Antigen retrieval process was performed using
the EDTA (elhylene diamine tetraacetic acid) antigen repair
buffer. Then, 3% bovine serum albumin was used to block
nonspecific binding sites. Sections were then incubated with
0-SMA (red) or F4/80 (red) and TGF-B1 (green) or NF-xB
(green) primary antibodies (1:500) at 4°C overnight. After
incubation with fluorescence secondary antibody, the nucleus
was counter-stained blue with DAPI (4’,6-diamidino-2-
phenylindole) and mounted with antifluorescence quenching
sealant. Slides were viewed with inverted fluorescence micro-
scope (DMIRB; Leica Microsystems, Wetzlar, Germany).

Statistical analysis

All quantitative data were represented as mean =+ standard
deviation (SD). Serum levels of ALT and AST, liver levels
of hydroxyproline, and standard analysis of Western blot and
immunohistochemistry were analyzed by Student’s #-test. The
gPCR data were analyzed by one-way analysis of variance.
P-values <0.05 were considered to be statistically significant.

Results
Salidroside alleviated liver fibrosis in

CCI4- and BDL-induced liver fibrosis

models

Elevated levels of ALT and AST are considered to reflect liver
injuries. We therefore measured serum ALT and AST levels to
evaluate liver injuries in the two mouse models. Liver enzyme
levels were significantly increased in model groups compared
with the vehicle or sham control groups (Figure 1A). Liver
hydroxyproline levels were also increased in both CCl, and
BDL groups. These results indicated that liver dysfunction
occurred in both models. However, serum liver enzymes and
liver hydroxyproline levels were reduced by salidroside (10
or 20 mg/kg), with 20 mg/kg salidroside having a greater
beneficial effect. We also evaluated the protective effects of
salidroside histologically. CCL, administration was associated

with the rearrangement of liver lobular structures, marked fatty
degeneration, ballooning or necrosis of hepatocytes, accu-
mulation of inflammatory cells, and formation of pericellular
collagen deposition according to H&E staining. BDL resulted
in the necrosis of liver tissues, inflammatory cell infiltration,
proliferation of the bile duct, and deposition of collagen around
the portal areas. Masson stain showed increased collagen stain-
ing in both model groups compared with the control groups.
However, salidroside ameliorated the histopathological
lesions in both models significantly (Figure 1B and C). These
results indicated the successful establishment of two mouse
liver fibrosis models and demonstrated that salidroside could
effectively alleviate liver fibrosis in both models.

Salidroside ameliorated autophagy

in mouse liver fibrosis models

Autophagy has been reported to provide energy for HSCs in
liver fibrosis,'® which was characterized by the formation of
autophagosomes. In Figure 2A, TEM was used to observe
the formation of autophagosomes in liver cells, which were
indicated by red arrows. There was more autophagosomes
formation in model groups, while salidroside could reduce
the formation of autophagosomes. The effect of salidro-
side on autophagic flux is shown in Figure S1. The expres-
sion levels of Beclin-1, LC3, and p62 were measured by
Western blot, PCR, and immunohistochemistry to assess
the autophagy process in liver fibrosis mouse models. Protein
levels of Beclin-1 and LC3, which promote the formation
of autophagosomes during the autophagy process, were
increased in both model groups compared with the control
groups (Figure 2B), while levels of p62, which is an ubiquitin-
binding protein that can be degraded in autophagosome
formation, were decreased in the CCl, and BDL groups.”
These results suggested that autophagy was advanced in
liver fibrosis. However, salidroside reduced Beclin-1 and
LC3 levels and increased p62 in a dose-dependent manner
(Figure 2B). The qPCR and immunohistochemistry demon-
strated similar results to those of Western blotting (Figure 2C
and D). The results suggested that salidroside could amelio-
rate autophagy in mouse liver fibrosis models.

Salidroside inhibited the production of
ECM and regulated the balance between
MMP2 and TIMPI

Liver fibrosis is characterized by the overdeposition of ECM
containing collagen, fibronectin, laminin, and glycosamino-
glycan in liver tissues.?* ECM is mainly produced by HSCs,
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Notes: (A) CCl,- and BDL-induced increases in serum ALT and AST and liver hydroxyproline levels were reduced by salidroside in dose-dependent manners. Data given
as mean * SD (n=8, *P<<0.05 for CCl, or BDL group vs vehicle or sham group, *P<<0.05 for CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg vs CCl, or BDL group, and *P<0.05
for CCI, + Sal 20 mg/kg or BDL + Sal 20 mg/kg vs CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg). (B and C) H&E stain and Masson’s trichrome stain of liver sections (original
magnification, X200, scale bars =100 um). There was rearrangement of liver lobular structures, ballooning or necrosis of hepatocytes, and formation of pericellular collagen
deposition in CCl, group in H&E staining. BDL resulted in proliferation of the bile duct and deposition of collagen around the portal areas. Masson stain showed increased
collagen staining in both the CCI, and BDL groups compared with the vehicle and sham groups. However, salidroside could decrease liver injury and collagen deposition in
the two liver fibrosis mouse models.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BDL, bile duct ligation; CCI,, carbon tetrachloride; H&E, hematoxylin and eosin;
Sal, salidroside; SD, standard deviation.
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and the production and degradation of ECM are counterbal-
anced mainly by MMPs and TIMPs. a-SMA (also known as
alpha-actin-2) is commonly used as a marker of the activation
of HSCs, the formation of myofibroblasts, and the produc-
tion of ECM. We therefore assessed ECM production in the
liver fibrosis mouse models by measuring liver tissue levels
of Col-1, 0-SMA, MMP2, and TIMP1. Col-1, o-SMA, and

Beclin-1

TIMP1 protein levels were significantly higher in both model
groups than in the vehicle and sham groups, and this increase
was attenuated by salidroside in a dose-dependent manner
(Figure 3A). In contrast, MMP2 expression was reduced in both
model groups but increased by salidroside. The mRNA levels
were consistent with the protein levels determined by Western
blotting (Figure 3B). The protein levels of Col-1 and a-SMA
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BDL +
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Figure 2 (Continued)
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Figure 2 Salidroside ameliorated autophagy process in liver fibrosis.

Notes: (A) TEM showed that the number of autophagosomes, which were indicated by red arrows, was decreased by salidroside (original magnification, x10,000). (B) Western
blot and quantitative analyses of Beclin-1, LC3, and p62. Salidroside inhibited autophagy by decreasing Beclin-I and LC3 expression and increasing p62 in both CCl,- and
BDL-induced liver fibrosis mouse models. (C) The qPCR analyses. (D) Immunohistochemical staining showed that salidroside reduced Beclin-1- and LC3-positive cells in
liver tissues in both CCI, and BDL groups (original magnification, x200). Data were given as mean + SD (n=8, *P<<0.05 for CClI, or BDL group vs vehicle or sham group,
#P<0.05 for CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg vs CCl, or BDL group, and *P<<0.05 for CClI, + Sal 20 mg/kg or BDL + Sal 20 mg/kg vs CCl, + Sal 10 mg/kg or
BDL + Sal 10 mg/kg).

Abbreviations: BDL, bile duct ligation; CCl,, carbon tetrachloride; qPCR, quantitative real-time polymerase chain reaction; Sal, salidroside; SD, standard deviation;
TEM, transmission electron microscopy.
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determined by immunohistochemistry were also in accordance
with the Western blot and gPCR analyses (Figure 3C). These
findings indicated that salidroside could inhibit the produc-
tion of ECM, as well as upregulate the expression of MMP2
and downregulate TIMP1, leading to the reduced deposi-
tion of ECM in both liver fibrosis mouse models.

Salidroside inhibited HSC activation by
downregulating NF-xB and TGF-B 1/
Smad3 signaling pathways

HSCs are the major source of ECM, and HSCs’ activa-
tion by TGF-B1 is known to play an important role in the
progression of liver fibrosis. The secretion of TGF-B1 and
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Notes: (A) Western blot and quantitative analyses. Salidroside decreased Col-1, 0-SMA, and TIMP| levels and increased MMP2 levels in the two liver fibrosis mouse models,
compared with CCI, or BDL treatment alone. (B) The qPCR analyses. Salidroside downregulated mRNA expression levels of Col-lal, Col-102, 0-SMA, and TIMPI and
upregulated MMP2 mRNA. (C) Immunohistochemical staining showed that the increased expression levels of Col-I and 0.-SMA proteins in liver tissues in both CCl, and BDL
groups were ameliorated by salidroside (original magnification, X200, scale bars =100 um). Data were given as mean * SD (n=8, *P<0.05 for CClI, or BDL group vs vehicle
or sham group, *P<<0.05 for CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg vs CCl, or BDL group, and *P<<0.05 for CClI, + Sal 20 mg/kg or BDL + Sal 20 mg/kg vs CCl, + Sal
10 mg/kg or BDL + Sal 10 mg/kg).

Abbreviations: BDL, bile duct ligation; CCl,, carbon tetrachloride; ECM, extracellular matrix; qPCR, quantitative real-time polymerase chain reaction; Sal, salidroside;

SD, standard deviation.

other inflammatory cytokines is mainly regulated by the
NF-kB signaling pathway.'? We therefore examined the
NF-xB and TGF-B1/Smad3 signaling pathways. Liver lev-
els of NF-xB, TGF-B1, and p-Smad3/Smad3 proteins were
upregulated in both model groups compared with the control
groups. These increases were attenuated by 10 or 20 mg/kg
salidroside. Meanwhile, expression of [kBo, which inhibits
the transcription factor NF-kB, was downregulated by CCI,
and BDL but upregulated following salidroside treatment
(Figures 4A and 5A). At the transcriptional level, NF-xB,
TGF-B1, and Smad3 mRNA levels were also increased by
CCl, and BDL, but these increases were attenuated by salidro-
side (Figures 4B and 5B). Expression levels of TGF-B1,
NF-xB, and p-Smad3 in liver tissues determined by immu-
nohistochemistry were in accordance with those determined
by Western blot and qPCR analyses (Figures 4C and 5C).
Since HSCs and Kupffer cells (KCs) are two main kinds
of cells giving rise to fibrosis, double-immunofluorescence
staining was used to detect whether TGF-f1 and NF-xB

signaling pathways were enhanced in these cells. As shown
in Figures 4D and 5D, there were positive areas in CCl, and
BDL groups, which confirmed the activation of TGF-B1 and
NF-xB signaling pathways in KCs and HSCs. However,
salidroside treatment could effectively inhibit both the path-
ways in them. These results demonstrated that salidroside
could downregulate the NF-xB and TGF-31/Smad3 signaling
pathways to inhibit the activation of HSCs.

Discussion
Liver fibrosis is a scarring response to chronic liver injury,>?’
which can result in hepatic dysfunction and may even prog-
ress to liver cirrhosis and primary hepatocellular carcinoma.?
Liver transplantation is currently the only curative treatment
for liver fibrosis, and novel safe and effective antifibrotic
agents are urgently needed to tackle this problem.
Salidroside is considered to be a liver-friendly plant
derivative.?*?3° Qur previous study has also demonstrated
that salidroside could inhibit apoptosis and autophagy during
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hepatic ischemia—reperfusion.'” These suggest that salidroside
may be a promising protective agent in liver fibrosis. There-
fore, in our study, we established two liver fibrosis models to
mimic chemical substances’ induced fibrosis and cholestatic-
induced periportal biliary fibrosis and explored the protective
effect and mechanisms of salidroside in liver fibrosis. CCI,
can mimic human chronic disease associated with toxic
damage and is widely used for studying liver fibrosis and
cirrhosis in mice.?! After intraperitoneal administration, the
liver metabolizes CCl, via cytochrome P450 2E1 to yield free
radicals, leading to necrosis of centrilobular hepatocytes, acti-
vation of KCs, and induction of the inflammatory response,
resulting in liver fibrosis.'* Common BDL can also be used to
induce cholestatic injury and mimic periportal biliary fibrosis.
Obstruction of the bile duct increases biliary pressure, result-
ing in inflammation, generation of reactive oxygen species,
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Figure 4 (Continued)

and proliferation of biliary epithelial cells that can secrete
fibrogenic markers, including TIMP1, o.-SMA, collagen, and
TGF-B1.22* Our results showed that both 10 and 20 mg/kg
salidroside could improve liver fibrosis.

Liver fibrosis is characterized by the progressive accumula-
tion of ECM and a failure of ECM degradation.>?’*'3* ECM is
mainly produced by HSCs and also by hepatocytes, liver sinu-
soidal endothelial cells (SECs), KCs, and other fibroblasts.*2
Under normal conditions, HSCs exist in a quiescent phenotype
in Disse’s space in the liver and contribute to the metabolism
and storage of vitamin A,** ECM production and degradation,
and hepatic sinusoidal blood flow regulation.’> However, when
the liver is injured, KCs are initially activated, resulting in
the secretion of various cytokines, especially TGF-31.4103637
HSCs express TGF-B1 receptors and can secrete TGF-P1 as
well, leading to persistent activation of HSCs. Activated HSCs
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Figure 4 Salidroside downregulated the NF-kB pathway in liver fibrosis.

Notes: (A) Western blot and quantitative analyses of NF-kB pathway. Salidroside inhibited NF-kB expression and increased IkBo. expression in both mouse liver fibrosis
models. (B) The qPCR analyses. Salidroside downregulated NF-kB mRNA expression levels. (C) Immunohistochemical staining showed that salidroside reduced the
expression of NF-kB in liver tissues in both CCI, and BDL groups (original magnification, X200). (D) Representative images of double-immunofluorescence staining of liver
sections were showed here (original magnification, x400). o-SMA is considered to be a marker of activated HSCs, and F4/80 is the specific marker of KCs. There were
positive areas in CCl, and BDL groups. However, salidroside treatment could effectively inhibit the expression of NF-kB in these two kinds of cells. Data were given as
mean + SD (n=8, *P<<0.05 for CCl, or BDL group vs vehicle or sham group, “P<<0.05 for CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg vs CCl, or BDL group, and *P<<0.05 for
CCl, + Sal 20 mg/kg or BDL + Sal 20 mg/kg vs CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg).

Abbreviations: BDL, bile duct ligation; CCl,, carbon tetrachloride; HSCs, hepatic stellate cells; KCs, Kupffer cells; qPCR, quantitative real-time polymerase chain reaction;

Sal, salidroside; SD, standard deviation.

can transform into myofibroblasts, characterized by enhanced
proliferative ability, loss of vitamin A and lipid droplets,
expression of a-SMA, and increased ECM synthesis.*>?7
Furthermore, the balance of ECM levels, which is mainly reg-
ulated by MMPs and TIMPs, is disrupted in activated HSCs,
with increased ECM production and reduced degradation,
leading to accumulation and deposition of ECM, especially
Col-1, in liver tissues.'" Liver fibrosis is thus initiated and
promoted by activation of HSCs. In our study, we investigated
HSCs’ activation and ECM levels in liver fibrosis mouse
models. Our results indicated that salidroside could inhibit
activation of HSCs and deposition of ECM in liver tissues by
inhibiting ECM production and promoting ECM degradation.

The TGF-B1/Smad3 signaling pathway is known to play
a critical role in the pathogenesis of liver fibrosis.®!3153!
As noted earlier, TGF-B1 is an important factor in HSCs’
activation. Our results proved that TGF-f1 was increased in
liver tissues after injury. It then activates TPR type II, which
can further phosphorylate and activate TBR type I and interact
with it.'"> TGF-B1 then propagates the signal via phosphoryla-
tion of its downstream signaling molecule Smad3, leading
to the accumulation of p-Smad3 in the nucleus, DNA bind-
ing, and gene transcription.'>33? Activation of the TGF-1/
Smad3 signaling pathway can thus result in the production
of ECM components that facilitate fibrosis pathogenesis. The
current results showed that the enhancement of TGF-B1 and

Drug Design, Development and Therapy 2018:12

submit your manuscript

1847

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Feng et al

Dove

p-Smad3 was reduced by salidroside treatment, indicating
that salidroside inhibited the TGF-B1/Smad3 signaling path-
way in activated HSCs.

Inflammation is thought to be the first step in fibrogenesis.®
NF-xB is a key transcriptional regulator of the inflammatory
response and also plays an important role in the process of
liver fibrosis. The NF-kB pathway can induce the transcription
of many proinflammatory mediators, including TGF-B1, to
stimulate the activation of HSCs and the production of ECM
to promote liver fibrosis.'? Pradere et al*’ reported that hepatic
macrophages (or KCs) enhanced myofibroblast survival via
the NF-kB pathway to promote liver fibrosis. Moreover,
Feng et al found that NF-xB inhibited TNF-o-induced
apoptosis to protect activated HSCs from cell death.'? The
NF-xB inhibitor IkBo can bind to NF-xB subunits to form
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the IkBo/p50/p65 complex, which hides NF-kB’s nuclear
localization site and prevents NF-«B translocation into the
nucleus.*! However, TGF-1 was reported to induce the deg-
radation of IxBa, resulting in the enhancement of NF-xB."
TGF-B1 can also promote the activation of NF-kB by TGF-
B-activated kinase TAK 1 and the IxB kinase.* In turn, both
NF-xB and Smad3 can increase the expression of Smad?7,
which competes for TGF-B1 receptors and downregulates the
TGF-B1/Smad3 pathway, providing negative feedback.* Our
results showed that NF-xB expression was increased while
IkBo expression was reduced in fibrotic liver tissues. How-
ever, salidroside reversed these situations, indicating that
it could inhibit the NF-xB pathway in fibrogenesis in mice.

Autophagy is an intracellular material recycling and
energy production process during energy restriction, stress,
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Figure 5 Salidroside inhibited the TGF-B1/Smad3 pathway in liver fibrosis.

Notes: (A) Western blot and quantitative analyses of TGF-B1/Smad3 pathway. Salidroside inhibited the expression of these proteins in both liver fibrosis mouse models.
(B) The qPCR analyses. Salidroside attenuated TGF-B1 mRNA expression. (C) Immunohistochemical staining showed that salidroside reduced the expression of TGF-f1
and p-Smad3 in liver tissues in both model groups (original magnification, x200, scale bar =100 um). (D) Representative images of double-immunofluorescence staining of
liver sections were showed here (original magnification, x400). 0.-SMA is considered to be a marker of activated HSCs, and F4/80 is the specific marker of KCs. There were
positive areas in CCl, and BDL groups. However, salidroside treatment could effectively inhibit the expression of TGF-BI in these two kinds of cells. Data were given as
mean + SD (n=8, *P<<0.05 for CCl, or BDL group vs vehicle or sham group, “P<<0.05 for CCl, + Sal 10 mg/kg or BDL + Sal 10 mg/kg vs CCl, or BDL group, and *P<<0.05 for
CCl, + Sal 20 mg/kg or BDL + Sal 20 mg/kg vs CClI, + Sal 10 mg/kg or BDL + Sal 10 mg/kg).

Abbreviations: BDL, bile duct ligation; CCl,, carbon tetrachloride; HSCs, hepatic stellate cells; KCs, Kupffer cells; qPCR, quantitative real-time polymerase chain reaction;
Sal, salidroside; SD, standard deviation.
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or inflammation.'****" Autophagy is thus beneficial to the
survival of cells but is also involved in many disorders,
including liver fibrosis. Intracellular lipid droplets are lost
during HSCs’ activation, and Hernandez-Gea et al*® found
that lipid droplets could be digested via autophagy to supply
energy for the activation of HSCs, thereby promoting liver
fibrosis. Thoen et al*’ reported that an autophagy inhibitor
could ameliorate HSCs’ activation by inhibiting autophagy.
These two studies also demonstrated that autophagy contrib-
uted to HSCs’ activation via increased LC3-II and decreased
p62 expression.”®* A close connection between autophagy
and the TGF-B1/Smad3 pathway has been reported, whereby
TGF-B1/Smad3 pathway can lead to the transcription of
Beclin-1, which plays a critical role in the nucleation of
the autophagy process.!*** Therefore, there is extensive
evidence to support a role for autophagy in the activation
of HSCs. Yin et al®' reported that salidroside could protect
cortical neurons from glutamate-induced cytotoxicity by

ccl,
BDL

Liver fbross\

!/ ’ > NF-xB pathway

inhibiting autophagy. The results of the current study suggest
that salidroside can also relieve liver fibrosis by inhibiting
autophagy of HSCs.

In summary, this study demonstrated that salidroside
can attenuate liver fibrosis in mice. Salidroside inhibits the
production of TGF-B1 in KCs and HSCs via the NF-xB
signaling pathway. Insufficient TGF-B1 results in reduced
activation of HSCs and downregulation of the TGF-B1/
Smad3 pathway, including decreased ECM production and
inhibition of autophagy (Figure 6). Salidroside may thus be
a promising agent to attenuate liver fibrosis and TGF-f1
may be the probable target. Since liver fibrosis may progress
into hepatocarcinoma and several studies have demonstrated
that natural products with antifibrotic property are effective to
hepatocarcinoma as well,*>* it is probably that salidroside is
promising for hepatocarcinoma treatment. However, further
studies are needed to investigate the safety of salidroside for
clinical applications and its role in hepatocarcinoma.
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Figure 6 Protective mechanisms of salidroside against liver fibrosis.

Notes: Salidroside inhibits the production of TGF-f1 in KCs and HSCs via the NF-kB signaling pathway. Insufficient TGF-B | results in the reduced activation of HSCs and
downregulation of the TGF-B1/Smad3 signaling pathway, including decreased ECM production and inhibition of autophagy.
Abbreviations: BDL, bile duct ligation; CCl,, carbon tetrachloride; ECM, extracellular matrix; HSCs, hepatic stellate cells; KCs, Kupffer cells.
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Conclusion
We confirmed that salidroside could effectively attenuate

liver fibrosis in mice. Salidroside reduced the production of
TGF-B1 in KCs and HSCs via inhibition of the NF-«B path-
way, thereby inhibiting the activation and autophagy of HSCs

through downregulation of the TGF-B1/Smad3 pathway.
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Figure S| Effect of Sal on autophagic flux in rat HSC-T6 cells.

Notes: (A) The CCK8 assay showed that Sal can inhibit the viability of HSC-T6 cells in a dose-dependent manner. (B) The protein expression of 0-SMA and LC3. BafAl
was used as a late-stage autophagic flux inhibitor to observe the effect of Sal on autophagosomes formation and autophagolysosomes degradation. The quantitative analysis
of Western blot was performed using Image J. Data were expressed as mean £ SD. *P<<0.05.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BafAl, bafilomycin Al; BDL, bile duct ligation; CCl,, carbon tetrachloride; H&E, hematoxylin
and eosin; Sal, salidroside.
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