
Contents lists available at ScienceDirect

International Immunopharmacology

journal homepage: www.elsevier.com/locate/intimp

Methyl helicterte ameliorates liver fibrosis by regulating miR-21-mediated
ERK and TGF-β1/Smads pathways

Quanfang Huanga, Xiaolin Zhangb, Facheng Baib, Jinlan Nieb, Shujuan Wenb, Yuanyuan Weib,
Jinbin Weib, Renbin Huangb, Min Heb, Zhongpeng Luc, Xing Linb,⁎

a The First Affiliated Hospital of Guangxi University of Chinese Medicine, Nanning 530023, China
bGuangxi Medical University, Nanning 530021, China
c Department of Biochemistry, University of Arkansas Medical School, 4301 W. Markham, Little Rock, AR 72205-7199, USA

A R T I C L E I N F O

Keywords:
Methyl Helicterte
Hepatic fibrosis
Hepatic stellate cells
MicroRNA-21 (miR-21)
ERK pathway
TGF-β1/Smads pathway

A B S T R A C T

Methyl helicterate (MH) has been reported to have protective effects against CCl4-induced hepatic injury and
fibrosis in rats, but its protective mechanism, especially on hepatic stallete cells (HSCs), remains unclear.
Recently, our pilot experiment showed that MH could inhibit miR-21 expression in HSC-T6 cells, suggesting that
miR-21 may be one of the targets of MH to intervene liver fibrosis. To verify the hypothesis, the present study
would focus on the regulatory effect of MH on the miR-21-mediated ERK and TGF-β1/Smads pathways. Briefly,
rats were intraperitoneally injected with 0.5ml porcine serum (PS) twice a week for 24weeks to induce liver
fibrosis, and meanwhile, the rats were treated with MH from weeks 16 to 24. In vitro experiment, miR-21
expression in HSC-T6 cells was up- or down-regulated using lentiviral transfection assay. Collagen accumulation,
inflammatory cytokines, cell apoptosis, miR-21 expression, and activation of the ERK and TGF-β1/smad2/3
pathways were then assessed. The results showed that MH treatment markedly alleviated PS-induced liver in-
jury, as evidenced by the attenuation of histopathological changes and the decrease in serum alanine and as-
partate aminotransferases activity. MH significantly decreased the content of inflammatory cytokines and re-
cruited the anti-oxidative defense system. Moreover, MH treatment significantly decreased miR-21 expression
and inhibited the activation of the ERK and TGF-β1/smad2/3 pathways in liver tissues. In vitro experiments
showed that MH strongly inhibited HSC-T6 cell activation and reduced collagen accumulation. Interestingly,
miR-21 overexpression significantly promoted HSC-T6 cell proliferation, reduced HSC apoptosis, and increased
collagenation, while these abnormal changes induced by miR-21overexpression were significantly reversed by
MH treatment. Furthermore, miR-21 overexpression notably activated the ERK and TGF-β1/Smads pathways via
repressing SPRY2 and Smad7 expression respectively, however, these effects were largely abolished by MH
treatment. In conclusion, our study demonstrates that MH significantly alleviates PS-induced liver injury and
fibrosis by inhibiting miR-21-mediated ERK and TGF-β1/Smads pathways.

1. Introduction

Liver fibrosis, characterized by excessive accumulation of extra-
cellular matrix (ECM), is a wound-healing process in response to
chronic liver injuries. Hepatic stellate cells (HSCs) are the main source
of the ECM, and their activation is a pivotal event in hepatic fi-
brogenesis [1]. HSC activation and proliferation are generally con-
trolled by many intracellular signaling pathways, such as the TGF-β1/
Smads and ERK/MAPKs pathways. Transforming growth factor beta 1
(TGF-β1) is the most potent fibrogenic factor in HSC activation by ac-
tivating its downstream Smads signaling pathway [2]. Once activated,

TGF-β binds to the membrane receptor, which further phosphorylates
Smad2 and Smad3. Phosphorylated Smad2 and Smad3 then form a
heteromeric complex with Smad4, and the complex translocates into
the nucleus and activates the transcription of profibrotic genes [3]. In
addition, the ERK/MAPKs signaling pathway is involved in cell pro-
liferation, differentiation and migration. The ERK signal pathway has
been found to play an important role in hepatic fibrosis via regulating
the ECM synthesis [4]. Therefore, inhibiting HSC activation and pro-
moting its apoptosis by modulating the TGF-β1/Smads and ERK sig-
naling pathways are a potential strategy for the treatment of liver fi-
brosis [5].
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MicroRNAs (miRNAs) are a class of endogenous, small (18–24 nu-
cleotides) and non-coding single-stranded RNAs, which bind to the
target genes and thereby repress translation of target genes and/or in-
duce degradation of target gene mRNA. Dysregulation of miRNAs
contributes to the development of a variety of diseases [6]. miRNA-21 is
one of the most important microRNAs, which is a typical multi-func-
tional miRNA to govern various signaling pathways, such as TGF-β1/
Smads, ERK, PTEN/Akt and NF-κB signaling pathways. It has been re-
ported that inhibiting miR-21 expression and subsequently blocking the
TGF-β1/Smad7 and ERK1 signaling could attenuate hepatic fibrosis
[7,8], suggesting that miR-21 may be served as a promising target for
the treatment of hepatic fibrosis [9].

Many chemical compounds isolated from natural herbs have been
shown to have hepatoprotective effects. Helicteres angustifolia
(Sterculiaceae) is a traditional herbal medicine in oriental countries. It

has been used in traditional Chinese medicine for the treatment of
immune disorder and liver disease. In our previous studies, we have
isolated an active ingredient from this herb and identified it as methyl
helicterate (MH). We found that MH significantly alleviated CCl4-in-
duced hepatic injury and fibrosis in rats [10,11]. Moreover, MH notably
ameliorated liver injury induced by hepatitis B virus [12]. Recently, our
pilot experiment showed that MH significantly inhibited miR-21 ex-
pression in HSC-T6 cells, suggesting that MH ameliorated liver fibrosis
maybe by regulating the potential target miR-21. However, it's not yet
clear how MH regulates miR-21-mediated ERK and TGF-β1/Smads
signaling pathways. Therefore, in the present study, the protective ef-
fect of MH against porcine serum (PS)-induced liver fibrosis in rats was
evaluated and its underlying mechanism on regulating HSC activation
was also investigated by targeting the miR-21-regulated ERK and TGF-
β1/Smads signaling pathways.

Table 1
Primer sequences used in this study.

Genes Primer Sequence (5′-3′)

miR-21 RT stem-loop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACATC
Forward ATGGTTCGTGGGTAGCTTATCAGACTGA
Reverse GCAGGGTCCGAGGTATTC

α-SMA Forward AGAAGCCCAGCCAGTCGCCATCA
Reverse AGCAAAGCCCGCCTTACAGAGCC

Col-I Forward GACATGTTCAGCTTTGTGGACCTC
Reverse AGGGACCCTTAGGCCATTGTGTA

Col-III Forward TTTGGCACAGCAGTCCAATGTA
Reverse GACAGATCCCGAGTCGCAGA

CTGF Forward TCAACCTCAGACACTGGTTTCG
Reverse TAGAGCAGGTCTGTCTGCAAGC

Smad2 Forward TTACAGATCCATCGAACTCGGAGA
Reverse CACTTAGGCACTCGGCAAACAC

Smad3 Forward GCACAGCAAGTTCCCAGTGTGTA
Reverse TGACAACTGAAATGCTGATCCAAAG

SPRY2 Forward ATCAGAGCCATCCGAAACAC
Reverse CCTTGTACTGCTCCGAGACC

ERK1 Forward TCCAAGGGCTACACCAAATC
Reverse AGGTAGTTTCGGGCCTTCAT

GAPDH Forward ACCACAGTCCATGCCATCAC
Reverse TCCACCACCCTGTTGCTGTA

Fig. 1. MH ameliorated PS-induced liver injury. (A) The appearance of the liver samples. A1 to A6 represented the normal control group, MH control group, PS model
group, 16.72, 33.45 and 66.90mg/kg MH-treated groups, respectively. (B) The pathological change was observed by H&E staining (200×); B1 to B6 represented the
normal control group, MH control group, PS model group, 16.72, 33.45 and 66.90 mg/kg MH-treated groups, respectively. (C) Serum ALT and AST activity was
detected using commercial kits. #P < 0.05 VS. the normal control group and ⁎P < 0.05 VS. the model group.
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2. Materials and methods

2.1. Animals and treatments

Male Wistar rats (150 ± 10 g, SPF) were provided by the
Experimental Animal Center of Guangxi Medical University (Guangxi,
China) and were housed under controlled conditions with temperature
of 25 ± 2 °C, relative humidity of 60 ± 10%, and a 12-h light/dark

cycle. The animal experiment was approved by the Institutional Animal
Care and Use Committee, Guangxi Medical University.

Hepatic fibrosis was induced by porcine serum (PS) as previously
described [13] and the animal experiment was performed one time.
Briefly, after acclimation for one week, rats were randomly divided into
six groups (15 rats per group) including the normal control group, MH
control group (66.90mg/kg MH), model control group, and MH-treated
groups (16.72, 33.45 and 66.90mg/kg MH). The rats in the model

Fig. 2. MH alleviated PS-induced collagen accumulation. (A) The deposition of collagen was observed by Masson's trichrome staining (200×); A1 to A6 represented
the normal control group, MH control group, PS model group, 16.72, 33.45 and 66.90mg/kg MH-treated groups, respectively. (B) Serum HA, LN and PC III, and
hepatic HYP were detected using commercial kits. (C) The protein expression of collagen I and III (Col-I and -III) was detected by Western blotting. Band 1 to 6
represented the normal control group, MH control group, PS model group, 16.72, 33.45 and 66.90mg/kg MH-treated groups, respectively. #P < 0.05 VS. the normal
control group and ⁎P < 0.05 VS. the model group.

Fig. 3. MH alleviated PS-induced inflammatory response. (A) The inflammatory cytokines including serum TNF-α, IL-6 and IL-1β were detected using commercial
kits. (B) MDA in liver tissue was detected using a thiobarbiturate method. (C) The activity of SOD, GSH-Px and GSH-Rd was detected using commercial kits.
#P < 0.05 VS. the normal control group and ⁎P < 0.05 VS. the model group.
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control and MH-treated groups were intraperitoneally injected with
0.5 ml porcine serum (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) twice a week for 24 weeks to induce liver fibrosis; and
the rats in the normal and MH control groups received an equivalent
normal saline. Meanwhile, from weeks 16 to 24, the rats in the MH
control and MH-treated groups were given intragastrically with various
dosages of MH; and the rats in the normal and model control groups
were given the same volume of saline. All animals were sacrificed at the
end of treatment; and the blood and liver samples were obtained for
further examination.

2.2. Pathological examination of liver tissues

Liver tissues were instantly removed and fixed with 10% phosphate
buffered formalin, embedded in paraffin and sectioned into 5-μm slices,
and then the samples were stained with hematoxylin and eosin (H&E)
staining and Masson's trichrome staining as previously described [14]
to evaluate the hepatic pathological change and fibrosis degree, re-
spectively.

2.3. Serological test

Activity of alanine transaminase (ALT) and aspartate transaminase
(AST) in serum was measured using commercially available kits
(Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China)

and serum TNF-α, IL-6 and IL-1β were detected by sandwich enzyme-
linked immunosorbent assay (ELISA) (Wuhan Boster Bio-engineering
Co., Ltd., Wuhan, China) according to the protocol.

2.4. Assessment of antioxidant enzyme and lipid peroxidation

Liver homogenate was prepared as previously described [15]. The
activity of superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px) and glutathione reductase (GSH-Rd) was determined using com-
mercially available kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer's instructions. More-
over, the extent of lipid peroxidation was estimated in liver homo-
genate by measuring the level of malondialdehyde (MDA) using a
thiobarbiturate method [16].

2.5. Determination of the indicators of collagen

Serum hyaluronic acid (HA), type III precollagen (PCIII) and la-
minin (LN) were determined by radioimmunoassay (RIA) using com-
mercially available kits (Beijing Furui Bioengineering Research
Company, Beijing, China). Moreover, hepatic collagen was assessed by
measuring hydroxyproline (HYP) content in fresh liver samples using
commercially available kits (Nanjing Jiancheng Bioengineering
Research Institute, Nanjing, China).

Fig. 4. MH inhibited miR-21 expression and thereby inhibited the TGF-β1/Smads and ERK pathways in PS-induced hepatic fibrosis. (A) The mRNA levels of miR-21,
connective tissue growth factor (CTGF) and TGF-β1 were assessed using real-time PCR analysis. (B–D) The protein expression of CTGF, TGF-β1, Smad7, and the
phosphorylation of p-Smad2/3 and p-ERK were detected by Western blotting; band 1 to 6 represented the normal control group, MH control group, PS model group,
16.72, 33.45 and 66.90 mg/kg MH-treated groups, respectively. #P < 0.05 VS. the normal control group and ⁎P < 0.05 VS. the model group.
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2.6. Cell culture and treatment

HSC-T6 cells were cultured with 1640 medium (1640, Hyclone) at
37 °C in a humidified air containing 5% CO2 for 24 h. Then, cells were
treated with various concentrations of MH (3.125, 6.25, 12.5, 25, 50
and 100 μmol/l) or equivalent DMSO (served as control) overnight and
cytotoxic effect of MH on HSC-T6 cells was assessed using MTT assay as
previously described [17].

Next, HSC-T6 cells were divided into five groups including the
normal control group, TGF-β1 group (cells were treated with 10 ng/ml
TGF-β1), and MH+TGF-β1 group (cells were treated with 10 ng/ml
TGF-β1 plus 3, 6, or 12 μmol/l MH). Cells were plated in 6-well plates
or 96-well plates for 24 h, followed by administration with the corre-
sponding drugs for 24 h.

2.7. Knockdown or overexpression of miR-21 by lentivirus transfection

To inhibit miR-21 expression, a specific sequence for miR-21 (hsa-
miR-21-3p inhibition: 5′-TCGAGAAAAAACAGCCCATCGACTGGTGTTG
TTTTTC-3′) and the reference sequence (5′-TTCTCCGAACGTGTCA
CGT-3′) were synthesized as previously described [18]. GV369–miR-
21/NC–enhanced green fluorescent protein (EGFP) was transfected into
293 T cells and the viral supernatant was harvested after 48 h
(3× 108 transducing units [TU]/ml). For overexpression, GV273–miR-
21/NC–EGFP was transfected into 293 T cells and the supernatant was
harvested after 48 h (3×108 TU/ml). HSC-T6 cells were plated in 6-
well plates (3×105 cells per well) and incubated with the lentivirus at

a multiplicity of infection (MOI) of ten according to the manufacturer's
instructions (Genephama Biotech, Shanghai, China). The medium was
replaced 12 h later, and the cells were grown for an additional time up
to 72 h. Knockdown or overexpression of miR-21 was evaluated by real-
time PCR analysis [18].

2.8. Determination of cell apoptosis

Cell apoptosis was evaluated by flow cytometry as previously de-
scribed [19]. HSC-T6 cells were plated in 6-well plates (1× 105 cells/
well) overnight and then treated with drugs for 24 h. The treated cells
were washed twice with PBS and harvested using centrifugation at
2000 rpm. After cells were resuspended with 500 μL of annexin, the
Annexin-V-FITC Apoptosis Detection Kit (Bestbio, Shanghai China) was
used to assess cell apoptosis according to the manufacturer's instruc-
tion.

2.9. Determination of caspase-3 and -9 activities

HSC-T6 cells were seeded in 6-well plates for 24 h and then treated
with drugs overnight. Cells were washed with cold PBS twice, re-
suspended in lysis buffer and left on ice for 20min. The lysate was
centrifuged at 16,000×g at 4 °C for 20min. Supernatants were col-
lected and protein concentrations were measured using the BCA™
Protein Assay Kit (Pierce, Rockford, IL, USA). Finally, caspase-3 and -9
activity was measured using commercially available kits (BioVision
Research Products, Palo Alto, CA, USA) as previously described [20].

Fig. 5. Effects of MH on cell viability, miR-21 expression as well as the TGF-β1/Smads and ERK pathways after TGF-β1 stimulation in HSC-T6 cells. (A) Cytotoxicity
of MH on HSC-T6 cells was assessed using MTT assay. (B) The mRNA levels of miR-21, α-SMA, Col-I, Col-III, CTGF and SPRY2 in HSC-T6 cells were assessed using
real-time PCR analysis. (C) The protein expression of α-SMA, Col-I, Col-III, CTGF, Smad7, SPRY2 and the phosphorylation of p-Smad2/3 and p-ERK were detected by
Western blotting; band 1 to 5 represented the normal control group, TGF-β1 group, 3, 6 and 12 μmol/l MH-treated groups, respectively. #P < 0.05 VS. the normal
control group and ⁎P < 0.05 VS. the TGF-β1 group.
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Caspase activity was expressed as a ratio of the absorbance of control
cells.

2.10. RT-PCR assay

Total RNA was extracted by TRIzol kit (KeyGEN BioTECH, Nanjing,
China) according to the manufacturer's instructions. The RT-PCR assay
was performed as previously described [20]. The primers used in this
experiment were showed in Table 1.

2.11. Western blotting analysis

Western blotting was performed as previously described [21].
Briefly, total liver proteins were extracted from liver tissues using
radioimmunoprecipitation buffer containing a protease inhibitor cock-
tail (Sigma-Aldrich); and whole cell proteins were prepared using RIPA
buffer (Thermo Fischer Scientific, Inc., Waltham, MA) with 1% Halt
protease inhibitor cocktail and 1% Halt phosphatase inhibitor cocktails
(Thermo Fischer Scientific, Inc., Waltham, MA). The concentration of
extracted protein was measured using BCA Protein Assay Kit (Beyotime,
Jiangsu, China). The electrophoretic separation of the proteins was
performed using 15% SDS-PAGE and electrotransferred to Immobilon-P
membranes (Millipore, USA). The membranes were then incubated with
primary antibodies overnight at 4 °C under agitation with the following
primary antibodies: Col-I (1:500), Col-III (1:500), α-SMA (1:1000),
CTGF (1:500), Bcl-2 (1:1000), Bax (1:1000), TGF-β1 (1:500), p-Smad2/
3 (1:1000), Smad2/3 (1:1000), SPRY2 (1:500), ERK (1:500), p-ERK
(1:500) and GAPDH (1:1000) (Santa Cruz Biotechnology). The mem-
branes were washed three times using TBST for 5min, and then

incubated with horseradish peroxidase-labeled secondary antibody for
1 h. After three washes with TBST for 5min each, protein bands were
detected using an ECL Western blotting kit.

2.12. Statistical analysis

Statistical analysis was carried out using the Software of SPSS (Ver.
17.0). Different between groups were determined using a one-way
ANOVA. The data are presented as means ± standard deviation (SD).
P < 0.05 was considered to be statistically significant.

3. Results

3.1. MH ameliorated PS-induced liver damage

Administration of porcine serum (PS) causes a high incidence of
hepatic fibrosis and, simultaneously, an immune response [22]. In the
present study, we found that the livers in the normal and MH control
groups were dark red in color, glossy in appearance and soft in texture
(Panels A1 and A2). However, the samples in the PS model group
showed a rough surface with numerous granules, firm texture, and pale
red in color (Fig. 1A3). Interestingly, treatment with MH significantly
ameliorated PS-induced pathological symptoms in a dose-dependent
manner (Fig. 1A4 to A6). Moreover, the results of H&E staining showed
that the hepatocytes in the normal control and MH control groups ex-
hibited intact cellular architecture without necrosis, inflammatory in-
filtration or impaired progression (Fig. 1B1 and B2). In contrast, the rats
in the PS model group showed intense chronic inflammatory infiltrate
in portal areas with proliferation of biliary ducts; and scattered necrotic

Fig. 6. MH significantly inhibited HSC-T6 cell activation and promoted cell apoptosis after miR-21 overexpression. (A) The mRNA level of miR-21 was detected by
real-time PCR analysis. (B) HSC-T6 cell proliferation was assessed using MTT assay. (C and E) The protein expression of α-SMA, Bcl-2 and Bax was detected by
Western blotting; band 1 to 6 represented the normal control group, lentivirus-NC group, lentivirus-up group, 3, 6 and 12 μmol/l MH-treated groups, respectively. (D)
HSC-T6 cell apoptosis was detected by flow cytometry analysis; D1 to D6 represented the normal control group, lentivirus-NC group, lentivirus-up group, 3, 6 and
12 μmol/l MH-treated groups, respectively. (F) Caspase-3 and -9 activity was measured using commercially available kits. #P < 0.05 VS. the lentivirus-NC group and
⁎P < 0.05 VS. the lentivirus-up group.
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and regenerative hepatocytes were also seen (Fig. 1B3). The animals
treated with MH showed a striking reduction of inflammation and he-
patocytes damage (Fig. 1B4 to B6). In addition, an analysis of serum
ALT and AST activity was carried out to evaluate the degree of liver
injury. As shown in Fig. 1C, the model group showed higher levels of
ALT and AST than those of the normal control; however, both the en-
zymes were inhibited by MH treatment. Taken together, these results
suggest that MH significantly ameliorates PS-induced liver injury.

3.2. MH alleviated collagen accumulation

The deposition and distribution of collage in liver tissue was ob-
served by Masson's trichrome staining. The results revealed that the
liver tissues from the normal control and MH control groups showed an
intact lobular structure without obvious fibrosis accumulation (Fig. 2A1
and A2). However, administration with PS for 24 weeks caused ex-
tensive collagen deposition (Fig. 2A3). Treatment with MH significantly
attenuated the degree of liver fibrogenesis, formation of pseudo-lo-
bulus, and inflammatory cell infiltration (Fig. 2A4 to A6).

Next, the biomarkers of liver fibrogenesis, including HA, LN PC III
and HYP, were further detected. The results showed that the content of
these biomarkers was significantly increased in the PS model group. In
contrast, the content of these biomarkers was decreased after treatment
with MH (Fig. 2B). Moreover, PS administration led to an excessive
protein expressions of collagen I and III (Col-I and -III); and it was not
surprised that MH treatment reversed these abnormal changes in Col-I
and -III induced by PS (Fig. 2C). These results suggest that MH sig-
nificantly inhibits collagen accumulation, thereby alleviating hepatic
fibrogenesis.

3.3. MH inhibited pro-inflammation cytokines and restored antioxidant
enzymes

Inflammatory cytokines are the key trigger for the pathogenesis of
liver injury. In this study, the content of TNF-α, IL-6 and IL-1β in the
model group was higher than those in the normal control group.
However, these up-regulations of inflammatory cytokines were mark-
edly inhibited by MH treatment (Fig. 3A). In addition, excessive lipid
peroxidation and decreased antioxidant enzyme activity are also asso-
ciated with the pathological liver injury. As shown in Fig. 3B and C,
administration of PS led to a significant increase in the activity of MDA
(an end-product of lipid peroxidation) and a decrease in the activity of
the antioxidant enzymes SOD, GSH-Px and GSH-Rd; however, MH
treatment markedly reversed these abnormal changes induced by PS
administration. These results suggest that MH treatment ameliorates
PS-induced liver injury through inhibiting inflammatory response and
restoring antioxidant enzymes, to some extent.

3.4. Effects of MH on miR-21 expression and the TGF-β1/Smads and ERK
pathways in PS-induced hepatic fibrosis

The TGF-β1/Smads and ERK pathways play a vital role in the pro-
gress of liver fibrosis. Recent studies have shown that miR-21 can si-
multaneously regulate both of the signaling pathways. Thus, the effects
of MH on miR-21 expression and the TGF-β1/Smads and ERK pathways
in PS-induced hepatic fibrosis were evaluated in the present study. As
shown in Fig. 4A, compared with the normal control group, the mRNA
levels of miR-21, connective tissue growth factor (CTGF) and TGF-β1 in
the model group were markedly increased. However, treatment with
MH significantly decreased the mRNA levels of these genes compared
with the model group. Moreover, as shown in Fig. 4B to D, compared

Fig. 7. MH significantly inhibited the TGF-β1/Smads and ERK pathways after miR-21 overexpression in HSC-T6 cells. (A and B) The mRNA levels of miR-21, Col-I,
Col-III, CTGF, SPRY2, Smad2, Smad3 and ERK were detected by real-time PCR analysis. (C to F) The protein expression of α-SMA, Col-I, Col-III, CTGF, Smad7 and
SPRY2, and the phosphorylation of p-Smad2/3 and p-ERK were detected by Western blotting; band 1 to 6 represented the normal control group, lentivirus-NC group,
lentivirus-up group, 3, 6 and 12 μmol/l MH-treated groups, respectively. #P < 0.05 VS. the lentivirus-NC group and ⁎P < 0.05 VS. the lentivirus-up group.
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Fig. 8. MH inhibited the TGF-β1/Smads and ERK pathways after down-regulating miR-21 expression in HSC-T6 cells. (A and B) The mRNA levels of miR-21, Col-I,
Col-III, CTGF, SPRY2, Smad2, Smad3 and ERK were detected by real-time PCR analysis. (C to F) The protein expression of α-SMA, Col-I, Col-III, CTGF, SPRY2 and
Smad7, and the phosphorylation of p-Smad2/3 and p-ERK were detected by Western blotting; band 1 to 6 represented the normal control group, lentivirus-NC group,
lentivirus-up group, 3, 6 and 12 μmol/l MH-treated groups, respectively. #P < 0.05 VS. the lentivirus-NC group and ⁎P < 0.05 VS. the lentivirus-up group.

Fig. 9. MH ameliorates liver fibrosis by regulating miR-21-mediated ERK and TGF-β1/Smads pathways. Generally, miR-21 overexpression reduces the expression of
SPRY2 and Smad7 and thereby relieves their inhibitory effects on the ERK and TGF-β1/Smads pathways, resulting in the activation of both the signaling pathways.
MH can inhibit miR-21 expression and therefore block both the signaling pathways, inhibiting HSC activation and ultimately ameliorating liver fibrosis.
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with the normal control group, the protein expression of CTGF and
TGF-β1, and the phosphorylations of p-Smad2/3 and p-ERK were sig-
nificantly increased, and the expression of Smad7 was markedly de-
creased. However, the abnormal expression of these proteins was sig-
nificantly reversed by MH treatment. There data suggest that MH
inhibits miR-21expression and subsequently blocks the TGF-β1/Smads
and ERK pathways, ultimately inhibiting HSC activation and fibrogen-
esis.

3.5. Cytotoxicity of MH on HSC-T6 cells

Cytotoxicity of MH on HSC-T6 cells was assessed using MTT assay.
As shown in Fig. 5A, MH significantly inhibited cell viability in a
concentration-dependent manner and the 50% inhibitory concentration
(IC50) was 12.73 μmol/l. Therefore, the concentration including 3, 6
and 12 μmol/l was chose for the further cell experiments.

3.6. Effects of MH on miR-21expression, HSC activation, collagenation and
the TGF-β1/Smads and ERK pathways after TGF-β1 stimulation

The results showed that TGF-β1 stimulation led to a significant in-
crease in the mRNA levels of miR-21, α-SMA, Col-I, Col-III and CTGF
and a decrease in the level of SPRY2 in HSC-T6 cells compared with the
normal control group. However, treatment with MH markedly reversed
these genes expression in a concentration-dependent manner compared
with the TGF-β1 group (Fig. 5B).

Moreover, western blot analysis showed that, compared with the
normal control group, the protein expressions of α-SMA, Col-I, Col-III
and CTGF and the phosphorylations of p-Smad2/3 and p-ERK in the
TGF-β1-stimulated cells were significantly elevated, and the expres-
sions of Smad7 and SPRY2 were significantly reduced. However,
treatment with MH reversed the abnormal expressions of these proteins
induced by TGF-β1 stimulation nearly to the normal levels (Fig. 5C to
F). These results suggest that MH can reduce miR-21expression, HSC
activation and collagenation, and inhibit the TGF-β1/Smads and ERK
pathways in HSC-T6 cells.

3.7. Transduction efficiency of the miR-21 lentiviral vector GV369

In this study, the miR-21 lentiviral vector GV369 was constructed
and then transfected into HSC-T6 cells. The green fluorescent protein
(GFP) was observed using a fluorescence microscope (Olympus BX53;
Olympus, Tokyo, Japan) after transfection for 72 h. To assess the
transduction efficiency, the mRNA level of miR-21 was detected by real-
time PCR. The results showed that there was no difference in the mRNA
level of miR-21 between the normal control group and lentivirus-NC
group (lentivirus negative control group). However, compared with the
lentivirus-NC group, after transfection with miR-21 lentiviral vector
GV369 (lentiviral-up group), the mRNA expression of miR-21 was sig-
nificantly increased (nearly 8 times of the lentivirus-NC) (Fig. 6A).
These results indicate that HSC-T6 cells transfected with miR-21 len-
tiviral vector GV369 exert overexpression of miR-21.

3.8. Effect of MH on HSC activation after miR-21 overexpression

HSC-T6 cells were plated in 6-well plates and transfected with the
miR-21 lentiviral vector GV369 (lentiviral-up) for 72 h; and then cells
were treated with MH at various concentrations (3, 6, or 12 μmol/l) for
24 h. The MTT assay showed that, compared with the miR-21 lenti-
virus-NC group, HSC-T6 cell proliferlation in the lentivirus-up group
was significantly increased (Fig. 6B); moreover, the western blotting
analysis showed that the protein expression of α-SMA was also sig-
nificantly increased in the lentivirus-up group (Fig. 6C). Compared with
the lentivirus-up group, MH treatment significantly inhibited HSC-T6
cell proliferation and α-SMA expression, suggesting that MH can inhibit
HSC activation.

3.9. Effect of MH on HSC apoptosis after miR-21 overexpression

HSC-T6 cells were transfected with the miR-21 lentiviral vector
GV369 and treated with MH as described above. Cell apoptosis was
analyzed by Annexin V-FITC/PI staining using flow cytometry. The
result showed that, compared with the lentivirus-NC group, miR-21
overexpression (lentiviral-up group) had little effect on HSC-T6 cell
apoptosis (Fig. 6D). Moreover, miR-21 overexpression led to an in-
crease in Bcl-2 protein expression, decrease in Bax level (Fig. 6E), as
well as a decrease in the activity of caspase-3 and -9 (Fig. 6F). Inter-
estingly, compared with the lentiviral-up group, MH treatment mod-
erately increased cell apoptosis, decreased Bcl-2/Bax ratio, and en-
hanced the activity of caspase-3 and -9.

3.10. Effects of MH on miR-21-mediated TGF-β1/Smads and ERK
pathways after miR-21 overexpression

HSC-T6 cells were transfected with the miR-21 lentiviral vector
GV369 to induce miR-21 overexpression. We found that, compared
with the lentivirus-NC group, the mRNA levels of miR-21, Col-I, Col-III,
CTGF, Smad2, Smad3 and ERK were significantly increased and the
mRNA level of SPRY2 was decreased in the lentivirus-up group; how-
ever, compared with the lentivirus-up group, the mRNA levels of the
former seven genes were reduced and the mRNA level of SPRY2 was
increased by MH treatment (Fig. 7A to B).

Similarly, compared with the lentivirus-NC group, the protein ex-
pressions of α-SMA, Col-I, Col-III and CTGF, as well as the phosphor-
ylations of p-Smad2/3 and p-ERK were significantly increased (Fig. 7C
to F), and the expressions of Smad7 and SPRY2 were decreased in the
lentivirus-up group. Interestingly, compared with the lentivirus-up
group, MH treatment significantly increased the expressions of Smad7
and SPRY2, but inhibited the expression levels of the other above
proteins. These results demonstrated an inhibitory effect of MH on the
miR-21-mediated TGF-β1/Smads and ERK pathways.

3.11. Transduction efficiency of the miR-21 lentiviral vector GV273

To down-regulate miR-21 expression, HSC-T6 cells were transfected
with the miR-21 lentiviral vector GV273. The green fluorescent protein
(GFP) was observed using a fluorescence microscope (Olympus BX53;
Olympus, Tokyo, Japan) after transfection for 72 h. Compared with the
lentivirus-NC group (lentivirus negative control group), HSC-T6 cells
transfected with the miR-21 lentiviral vector GV273 (lentiviral-down)
showed a significant decrease in the mRNA level of miR-21 (Fig. 8A),
suggesting that miR-21expression was down-regulated.

3.12. Effects of MH on miR-21-mediated TGF-β1/Smads and ERK
pathways after silencing of miR-21 expression

HSC-T6 cells were plated in 6-well plates and transfected with the
miR-21 lentiviral vector GV273 (lentiviral-down) for 72 h, and then
cells were treated with MH for 24 h. Compared with the lentivirus-NC
group, the mRNA levels of miR-21, Col-I, Col-III, CTGF, Smad2, Smad3
and ERK in the lentivirus-down group were significantly decreased, and
the mRNA level of SPRY2 was increased. After treatment with MH at a
series of concentrations, the mRNA levels of miR-21, Col-I, Col-III,
CTGF, Smad2, Smad3 and ERK were further decreased, and the SPRY2
level was further increased compared with the lentivirus-down group
(Fig. 8A to B).

Moreover, as shown in the Fig. 8C to F, the protein expressions of α-
SMA, Col-I, Col-III, CTGF, p-Smad2/3 and p-ERK in the lentivirus-down
group were decreased, and the expressions of Smad7 and SPRY2 were
increased. Treatment with MH further decreased the expressions of
those former proteins and increased the expressions of Smad7 and
SPRY2. These results further confirmed the inhibitory effect of MH on
the miR-21-mediated TGF-β1/Smads and ERK pathways.
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4. Discussion

Hepatic fibrosis can be induced by various pathogenic factors, such
as viruses, alcohol, metabolic disorder and autoimmune disease. Most
of the hepatic fibrosis models are so-called post-necrotic hepatic fi-
brosis; while porcine serum (PS)-induced rat hepatic fibrosis model is
characterized by accompanying moderate hepatocyte damage. Changes
in PS-induced hepatic fibrosis in rats have much similarity to the
characters in human with hepatic fibrosis [23]. In this study, patholo-
gical examination showed that chronic PS administration caused a
moderate damage to hepatic architecture and led to histological
changes such as mononuclear cell infiltration, septum formation con-
necting portal tract with central veins; however, MH treatment sig-
nificantly attenuated the degree of liver injury. Moreover, the ser-
ological assay revealed an increase in the activity of serum ALT and AST
in the PS model group; while MH treatment notably decreased both the
enzymes activity. Furthermore, our results showed that PS adminis-
tration led to extensive accumulation of collagen; however, the in-
creased collagen was significantly reduced by MH treatment. These
results suggested that MH treatment significantly alleviates PS-induced
hepatic injury and fibrosis in rats. Recently, our another study that
investigated the underlying mechanism of MH on HSC apoptosis and
autophagy once again confirmed that MH has strong protective effect
against liver fibrosis in rats (data not shown).

Oxidative stress and consequent lipid peroxidation have been con-
sidered to be involved in liver fibrogenesis [24]. In order to clarify the
mechanisms of hepatoprotective activity of MH, the content of the in-
flammatory cytokines (TNF-α, IL-6 and IL-1β), the level of lipid per-
oxidation (MDA) and the activity of the antioxidant enzymes (SOD,
GSH-Px and GSH-Rd) were detected. Our results showed that MH
treatment significantly decreased the contents of TNF-α, IL-6 and IL-1β
and the level of MDA, but increased the activity of SOD, GSH-Px and
GSH-Rd, suggesting that MH alleviates PS-induced liver injury partially
by inhibiting oxidative stress and recruiting the anti-oxidative defense
system.

HSCs are the major cellular source of intrahepatic ECM and play a
key role in the process of hepatic fibrosis [25]. In this study, TGF-β1
stimulation significantly promoted HSC-T6 cell proliferation, increased
the accumulation of collagen, and enhanced the expression of α-SMA;
while MH treatment markedly reversed these abnormal changes in-
duced by TGF-β1. These results demonstrated that MH has obvious
inhibitory effect on the activation of HSCs, thereby reducing the ac-
cumulation of collagen.

In our previous studies, we found that MH has strong protective
effects on the experimental liver injury and fibrosis induced by CCl4,
which largely may be associated with modulation of the TGF-β1/Smad3
pathway [10,11]. Recently, we found that MH treatment also sig-
nificantly inhibited the MAPK/ERK pathway in HSC-T6 cells. However,
the exact regulatory mechanism of MH on both the signaling pathways
in HSCs remains unclear. Considering miR-21 is a key signaling mole-
cule of the common upstream of both the signaling pathways, we pre-
dicted that the positive effect of MH on liver fibrosis may be achieved
by regulating miR-21 expression level. miR-21 is a subtype of miRNAs
family, which is a promising therapeutic target for liver fibrosis [8,26].
In the present study, the rats treated with PS or HSC-T6 cells stimulated
with TGF-β1 showed a significant increase of miR-21 expression, but
this uptrend was reduced by MH treatment, suggesting that MH can
downregulate miR-21 expression in vivo and in vitro. Interestingly,
overexpression of miR-21 significantly promoted HSC-T6 cell pro-
liferation, reduced cell apoptosis, and led to collagen accumulation,
indicating that overexpression of miR-21 is closely associated with the
malignant progression of hepatic fibrosis. It was not surprise that these
abnormal changes induced by miR-21 overexpression were significantly
alleviated by MH treatment. Taken together, the above results de-
monstrated that miR-21 may be an important target for MH to inter-
vene the process of hepatic fibrosis.

miR-21 plays a potential role in the pathogenesis of hepatic fibrosis
via regulating some important signals, especially the ERK andTGF-β1/
Smads signaling pathways. ERK signaling pathway is involved in cell
growth, differentiation and migration of HSCs during liver fibrosis.
Suppression of ERK1 signaling in HSCs could inhibit transformation of
liver parenchymal and mesenchymal cells to activated fibroblasts,
thereby attenuating hepatic fibrosis [27]. miR-21 could enhance the
activity of ERK1 signaling by binding to the 3’-UTR of SPRY2, resulting
in HSC activation [9]. In the present study, we found that up-regulating
miR-21 expression in HSC-T6 cells led to a significant decrease in the
expression of SPRY2 and an increase in the expression levels of α-SMA,
Col-I, Col-III, CTGF and p-ERK; however, MH treatment largely abol-
ished these abnormal changes induced by miR-21 overexpression.
These results suggested that MH treatment inhibits miR-21 expression
and thereby blocks the ERK signaling pathway.

miR-21 has also been shown to be participated in the TGF-β1 sig-
naling pathway and aggravated the process of liver fibrosis [26].
Therefore, inhibiting miR-21 expression and thereby inhibiting the
TGF-β1/Smad signaling pathway may be an effective strategy to ame-
liorate liver fibrosis. In vivo experiment of this study, the abnormal
upregulations of miR-21, TGF-β1 and p-Smad2/3, as well as the
downregulation of Smad7 in the PS-model group were obvious; while
these abnormal expressions were markedly reversed by MH treatment.
In vitro experiment, miR-21 overexpression led to an increase in the
expression levels of α-SMA, Col-I, Col-III, CTGF, and p-Smad2/3,
whereas caused a decrease in Smad7 expression level; and down-reg-
ulation of miR-21 expression led to opposite results. Interestingly, MH
administration efficiently reversed these abnormal situations induced
by miR-21 overexpression, suggesting that MH can inhibit the TGF-β1/
Smads pathway via regulating miR-21 expression.

In conclusion, our study demonstrates that MH significantly ame-
liorates PS-induced liver fibrosis by inhibiting the miR-21-mediated
ERK and TGF-β1/Smads pathways (Fig. 9), which will be developed as
a potential medicine for the treatment of liver fibrosis. However, in
order to more precisely illuminate the underlying mechanism of MH
against hepatic fibrosis, further investigation is necessary to elucidate
whether MH only selectively acts on hepatic stellate cells and whether it
directly regulates miR-21expression.
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