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Abstract: Liver fibrosis initiates the progression of cirrhosis, and, finally, hepatocellular carcinoma
(HCC). The increased proliferation and activation of hepatic stellate cells (HSCs) are crucial for
hepatic fibrogenesis. Paeonol is the major vigorous component of Cortex Moutan, a traditional herbal
medicine widely used for treating various diseases. Here, we identified a novel paeonol derivative
(4-methoxy sulfonyl paeonol, 4-MSP) that inhibits TGF-β1-induced Smad2/3 phosphorylation and
collagen expression in HSCs. 4-MSP pretreatment suppressed the PDGF-BB–induced phosphorylation
of MAPK pathway members (MEK/ERK, p38, JNK), Akt/p70S6K, and HSC proliferation. However,
4-MSP treatment had no effect on the induction of apoptosis in HSCs. The microarray experiments
showed that 4-MSP treatment affects the TGF-β signaling, MAPK cascade, and other pathways
related to HSCs activation and proliferation. The administration of 4-MSP to a liver fibrosis
mouse model induced by CCl4 significantly decreased the expression of hepatic fibrosis markers
(α-SMA, col1A2, TGF-β, and MMP2), and attenuated hepatic collagen deposition and liver damage.
In addition, no adverse effects were observed in 4-MSP exposed mice. In conclusion, this novel
paeonol-phenylsulfonyl derivative prevents the progression of liver fibrosis through blocking
TGF-β1/Smad, PDGF-BB/MAPK, and Akt signaling, which suggests its use as a novel therapeutic
against liver fibrosis.
Keywords: hepatic stellate cells (HSCs); liver fibrosis; paeonol derivative

1. Introduction
Many etiologies lead to the formation of liver fibrosis, including viral hepatitis (HCV or/and
HBV), nonalcoholic fatty liver disease, abuse in ethyl alcohol consumption (alcoholic steatohepatitis),
and nonalcoholic steatohepatitis [1–3]. Once liver fibrosis proceeds, the normal liver architecture would
be disrupted, and the normal organ function would change and eventually lead to a massive amount of
scarring and organ failure, resulting in cirrhosis and hepatocellular carcinoma (HCC) [1–3]. Since most
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of the primary liver malignancies were developed with a background of fibrotic or cirrhotic, to explore
effective therapeutic methods to alleviate liver fibrosis is urgently needed. Hepatic fibrosis corresponds
to the proliferation of myofibroblasts, excessive amplification, and abnormal deposition of extracellular
matrix (ECM) [4]. When a liver is injured, the activated hepatic stellate cells (HSCs), that produce
a lot of ECM in the liver, are recognized as major cells in the progression of liver fibrosis [5]. In a normal
liver, HSCs maintain a quiescent phenotype, and are mainly discovered in the perisinusoidal space,
with the function of vitamin A storage [6]. While in liver injury, they transdifferentiate from the
quiescent state into activated myofibroblast phenotypes that are proliferative, contractile, inflammatory,
and chemotactic [7–10]. Therefore, a novel compound that possesses the ability to deactivate the HSCs
is important for liver fibrosis treatment. Transforming growth factor-β1 (TGF-β1), a key cytokine,
is involved in the formation of liver fibrosis. TGF-β1 directly induces collagen 1 and α-smooth muscle
actin (α-SMA) expressed in HSCs through a phosphorylation of downstream Smad2/3 proteins [11–13].
TGF-β1 also enhances the ECM proteins synthesis and restrains their degradation [14]. Blocking
the TGF-β1 signaling transduction obviously inhibits liver fibrosis [15,16]. In terms of TGF-β1,
platelet-derived growth factor-BB (PDGF-BB) and VEGF released from activating HSCs are important
factors for sustaining activation and proliferation of HSCs [7]. Previous studies had found that
dysregulated PDGF-BB signaling pathway is the major inducement for the HSCs trans-differentiation,
and also an important pathological factor for liver fibrosis [17]. PDGF-BB activates Ras, subsequently
propagating stimulatory signaling via phosphorylation of the MAPK and Akt signaling pathways [11].
Blockade of PDGF signaling reduced experimental liver fibrogenesis [17]. The inhibition of TGF-β1
and blockade of Akt/P70S6K axis, as well as ERK signaling, have been proven to alleviate HSC
activation [18,19].
Natural plants have been used as the major source of food and medicine worldwide for thousands
of years. Chinese herbs are an abundant resource, and have promising application prospects for
treating different diseases. Paeonol (a phenolic) is the main active element of Cortex Moutan,
which is used in traditional Chinese herbal medicine. Ample pharmacological evidence suggests
that paeonol has a lot of biological functions, including antioxidant, anti-inflammatory, antitumor,
antidiabetic, anti-cardiovascular disease, and neuroprotective effects [20,21]. Paeonol enhanced
the apoptosis of ovarian tumor cells by decreasing surviving expression and initiating activity of
caspase 3 [22]. Paeonol also had a radio-enhancing effect on lung adenocarcinoma [23] and attenuated
acute lung injury in lipopolysaccharide-induced shock rats [24]. Additionally, paeonol has shown
anti-alcoholic fatty liver [25] and anti-liver cancer [26] activities. Because of the pharmacological and
physiological significances of paeonol for treatment of different diseases, some paeonol derivatives
have been synthesized, and these compounds have considerable drug discovery potential in medicinal
chemistry [21]. The introduction of a phenylsulfonyl moiety into a compound was found to improve
the solubility of the compound and enhance its biological activity [27,28]. Previously, we designed
a series of paeonol-phenylsulfonyl derivatives and found that 4-methoxy sulfonyl paeonol (4-MSP)
(Figure 1a) significantly inhibits HBV gene expression and viral DNA replication [29]. However,
the antifibrotic effects of 4-MSP in the liver are still unknown. In this study, we showed that 4-MSP
exerts antifibrotic effects by suppressing TGF-β1/Smad, PDGF-BB/MAPK, and Akt signaling, both in
cells and in the mouse model.
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Figure 1. Compound 4-MSP inhibits TGF-β1-induced hepatic stellate cells (HSCs) activation. (a)

Figure Structure
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blot analyzed the protein levels of TGF-βR and α-tubulin. (l) HSC-T6 cells were treated with 4-MSP for
24 h. Western blot analyzed the protein levels of TGF-βR and α-tubulin. (m) Cellular reactive oxygen
species (ROS) levels were performed by using the commercial ROS detection assay kit, according to the
manufacturer’s instructions. Data are presented for three independent experiments, with similar results.
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2. Materials and Methods
2.1. 4-Methoxy Sulfonyl Paeonol (4-MSP)
Figure 1a shows the structure of 4-methoxy sulfonyl paeonol (4-MSP). The detailed synthase of
the compound 4-MSP was described in our previous study [29]. Compound 4-MSP was dissolved in
solvent DMSO and used in this study at the indicated concentrations.
2.2. Cell Culture
LX2 cells are human HSC cell lines, and HSC-T6 are immortalized strain of rat HSCs. Both cells
were obtained from S. Friedman [30]. Cell culture conditions were described previously [31].
2.3. TGF-β1, PDGF-BB, and 4-MSP Treatments
For the effects of 4-MSP on HSC activation, LX2 cells were treated with media supplemented
with TGF-β1 or PDGF-BB (R&D Systems, Minneapolis, MN, USA) at 10 ng/mL with, or without,
4-MSP. To determine the effects of 4-MSP on intracellular signaling pathways, LX2 cells were incubated
overnight, supplemented with 5 µM 4-MSP, followed by stimulation with 10 ng/mL TGF-β1 or
PDGF-BB at different time periods.
2.4. Cytotoxicity Assays
Cell viability was measured using an alamarBlue assay kit (Life Technologies, Carlsbad, CA, USA).
Cellular growth was detected according to cellular reaction of the REDOX indicator to change from
oxidized form to reduced form. LX2 cells (5 × 103 cells/well) were plated in a 96-well plate for 24 h.
Cells were then added to alamarBlue reagent and incubated in a cell incubator for 2.5 h. The absorbance
was recorded at 570 nm, while the reference wavelength used was 600 nm. The survival percentages
were determined by OD values of the treatment groups correlated to the solvent control group.
2.5. Wound Healing Assays
LX2 cells were seeded in dishes (ibidi GmbH, Martinsried, Germany) and grown overnight.
The culture inserts were removed, and were filled with culture medium containing 10 ng/mL PDGF-BB
and 5 µM 4-MSP.
2.6. Gene Expression Profiling
To compare relative gene expression profiles, the total mRNA was extracted, purified, and analyzed
by a OneArray® Gene Microarrays (Phalanx Biotech, Hsinchu, Taiwan). Briefly, total RNA of LX2 cells
cotreated with 5 µM 4-MSP plus 10 ng/mL TGF-β1 for 24 h was extracted for analysis of whole-genome
gene expression. Gene expression profiling of these samples was determined by chips of OneArray
Plus (Phalanx Biotech Group). Hierarchical clustering of the assays was conducted using Cluster
3.0 software (Stanford University School of Medicine, Stanford, CA, USA), which is available online
(http://bonsai.hgc.jp/~{}mdehoon/software/cluster/). A significant change in mRNA expression was
defined as a 1.5-fold increase or decrease of the signal intensity. According to results of microassay,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and Gene Ontology (GO) term
enrichment were used in the connection between key genes and pathways related to HSC activation.
2.7. Animals and Experimental Design
All animal protocols were approved by the Institutional Animal Care and Use Committee of
Taipei Medical University (No. LAC-2017-0476). The animals received humane care according to
the institutional guidelines and the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. Male C57BL/6 mice (8 weeks) were obtained from the National Laboratory Animal Center,
Taiwan. Mice were housed in plastic cages with standard chow diet, and maintained in twelve
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hours light and twelve hours dark conditions. The animals were randomly divided into four groups:
(1) vehicle control; (2) CCl4 (intraperitoneal (i.p.) administration of 2 m/kg body weight (BW) CCl4
[in corn oil at 1:5 v/v] two times every week and continued for 6 weeks); (3) 4-MSP + CCl4 (daily i.p.
injection of 5 mg/kg BW 4-MSP for 1 week with concomitant CCl4 injection for another 6 weeks);
and (4) 4-MSP (daily intraperitoneal injection of 5 mg/kg 4-MSP for 6 weeks). 500 mg of compound
4-MSP was prepared in solvent DMSO (1 mL). The 4-MSP was further diluted into the indicated
concentrations by using the normal saline (0.1% of DMSO). Obtained serum and liver samples were
used for subsequent experiments. The tissues were frozen and stored at −80 ◦ C, while some were
prepared using 10% formalin fixed for immunohistochemical (IHC) staining.
2.8. Hydroxyproline Assays
The concentration of hydroxyproline in liver sections were analyzed by using BioVision colorimetric
kit (BioVision, Mountain View, CA, USA).
2.9. Western Blotting, IHC Analysis and Blood Biochemical Parameter Measurement
CelLytic lysis buffer containing protease (NaVO3 , NaS, and Na4 P2 O7 ) and phosphatase
inhibitors (Leupton, TLCK, TPCK, Aport, and PMSF) was used for lysing liver specimens and
cell samples. Western blotting conditions were described previously [31]. Rabbit antibodies against
p-Smad2(Ser465/467)/3(Ser423/425), T-Smad2/3, p-ERK(Thr202/Tyr204), T-ERK, p-MEK(Ser217/221),
T-MEK, p-AKT(Ser473), T-AKT, p-p38(Thr180/Tyr182), T-p38, p-JNK(Thr183/Tyr185), T-JNK,
p-P70S6K(Thr389), T-p70S6K, p-PDGFR(Tyr751), T-PDGFR, TGF-βR, Caspase-3, Caspase-9, and PARP
were purchased from Cell Signaling Technology (Beverly, MA, USA). Rabbit anti-α-SMA was purchased
from Abcam (Cambridge, MA, USA). Mouse anti-α-tubulin was acquired from Sigma-Aldrich.
Hematoxylin and eosin (H&E) staining was obtained for histopathological examination of liver sections.
Sirius Red staining (Abcam) and Masson’s Trichrome staining (Abcam) of liver sections were conducted,
according to the manufacturer’s instructions, to qualitatively assess the architecture of collagen and
extent of fibrosis. IHC staining of F4/80 (1:200; Cell Signaling, Beverly, MA, USA) was detected by using
the EnVision+Dual Link System-HRP (DAB+) kit (DakoCytomation, Carpinteria, CA, USA). Serum
levels of alanine aminotransferase (ALT), albumin, and blood urea nitrogen (BUN) were analyzed by
a biochemical analyzer (VetTestTM , IDEXX, westbrook, ME, USA).
2.10. Quantitative Real-Time PCR (QPCR)
Total RNA from mouse liver was extracted using TRIzol reagent (Ambion, Carlsbad, CA, USA),
according to the manufacturer’s standard protocols. Complementary DNA (cDNA) was synthesized
by reverse-transcription of two microgram RNA using the High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). Each sample was assayed
in triplicate by a Light Cycler Real-Time PCR System (Roche diagnostics, Mannheim, Germany).
The housekeeping gene GAPDH was used for gene expression studies. The following primers
sequences of interested genes used in real-time PCR (Q-PCR) were shown: collagen type 1 alpha
2 (col1A2): 50 -TAGGCCATTGTGTATGCAGC-30 (F) and 50 - ACATGTTCAGCTTTGTGGACC-30
(R); α-SMA, 50 -GTTCAGTGGTGCCTCTGTCA-30 (F), and 50 -ACTGGGACGACATGGAAAAG-30
(R); MMP2, 50 -CTCAGATCCGTGGTGAGAT-30 (F), and 50 -AGGCTGGTCAGTGGCTTGG-30
(R); TGF-β1: 50 -CGAAGCGGACTACTATGC-30 (F) and 50 -GTTGCTCCACACTTGATTT-30 (R);
Bcl-xl, 50 -GCTGCATTGTTCCCGTAGAG-30 (F), and 50 -GTTGGATGGCCACCTATCTG-30 (R);
Bax, 50 -TGCTTCAGGGTTTCATCCAG-30 (F), and 50 -GGCGGCAATCATCCTCTG-30 (R); TNF-α,
50 -TGTAGCCCATGTTGTAGCAAACC-30 (F), and 50 -GAGGACCTGGGAGTAGATGAGGTA-30 (R);
F4/80, 50 -CAAGACTGACAACCAGACG-30 (F), and 50 -ACAGAAGCAGAGATTATGACC-30 (R);
PDGF-BB: 50 -GTCGAGTTGGAAAGCTCATCTC-30 (F) and 50 -GAGATGAGCTTTCCAACTCGAC-30
(R); GAPDH: 50 -TCACCACCATGGAGAAGGC-30 (F) and 50 -GCTAAGCAGTTGGTGGTGCA-30 (R).
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2.11. Statistical Analyses
Data are expressed as the means ± standard deviations (SDs) of three independent experiments.
SPSS v.13.0 software (v. 13.0, SPSS Inc. Chicago, IL, USA) was used for statistical analyses. A two-tailed
Student’s t-test was used for inter-group comparisons, with a difference of p < 0.05 indicating
a statistical significance.
3. Results
3.1. Compound 4-MSP Inhibits TGF-β1-Induced HSC Activation
From the previous report, we know that activated HSCs are responsible for liver fibrosis, due to
the deposition of excessive ECM and increased collagen accumulation mediated by TGF-β1 [11,13].
Therefore, we first determined whether 4-MSP suppresses the HSC activation through inhibiting
the TGF-β1 signaling pathway. First, we performed the western blot to analyze the expressed
levels of α-SMA and collagen 1A1 (col1A1). Results revealed that TGF-β1-induced α-SMA and
col1A1 upregulation were decreased in 4-MSP-treated LX2 cells, especially under the dosage of 5 µM
(Figure 1b). The QPCR analysis was also conducted to investigate mRNA levels of α-SMA and
clo1A2. Results showed that 4-MSP treatment reduced the expression levels of α-SMA and clo1A2
in a dose-dependent manner (Figure 1c). In addition, we also found that cells treated with 4-MSP
alongside also inhibited the protein and mRNA expression levels of α-SMA and collagen 1 (Figure 1d,e).
Moreover, we used the rat hepatic stellate cell line, HSC-T6, to further confirm the result found in LX2
cells. Similarly, the 4-MSP treatment inhibited the TGF-β1-induced protein and mRNA expression
levels of α-SMA and collagen 1 in HSC-T6 cells (Figure 1f,g), while 4-MSP alongside treatment had
no effect on changing the expression levels of α-SMA and collagen 1 in HSC-T6 cells (Figure 1f,g).
TGF-β1 signaling pathway activation is triggered by TGF-β1 interacting with its receptor. The Smad
protein is then phosphorylated, and subsequently triggers a production of collagen [8,11]. Thence,
we further investigated whether 4-MSP treatment inhibits Smad pathway activation in TGF-β1-treated
HSCs. In Figure 1h, 4-MSP treatment reduced the phosphorylation of Smad2 (60 kDa), relative to that
of the control. We also found that 4-MSP alongside treatment reduced the Smad2 phosphorylation
(Figure 1i). In HSC-T6 cells, 4-MSP treatment also inhibited the TGF-β1-induced phosphorylation of
Smad2 (Figure 1j). To further elucidate whether the 4-MSP influenced the expression levels of TGF-β
receptor (TGF-βR), the western blot experiment was performed. The results showed that treatment of
4-MSP had no effect on changing the protein expression levels of TGF-βR in both LX2 and HSC-T6
cells (Figure 1k,l). We also measured the intracellular levels of reactive oxygen species (ROS) in two
HSC’s cell lines. The results showed that treatment of either TGF-β or 4-MSP did not affect the levels
of ROS in both LX2 and HSC-T6 cells (Figure 1m). These results indicate that compound 4-MSP
inhibits TGF-β1-induced activation of HSC through direct inhibition of Smad2/3 phosphorylation and
α-SMA/col1A2 expression.
3.2. Compound 4-MSP Inhibits HSC Proliferation Through Blocking PDGF-BB-Induced MAPK and Akt
Signalings
Since the initiation of HSC proliferation is a critical stage in promoting liver fibrogenesis [7],
we next evaluate the anti-proliferation effects of 4-MSP on HSCs. LX2 cells were treated with 0~20 µM
4-MSP for 24–96 h, and the results showed that dose-dependent and time-dependent inhibition of
LX2 cell proliferation was observed after 4-MSP treatment (Figure 2a). It had been reported that
PDGF-BB is the main stimulus for HSCs proliferation [11]; we further examined the change of the
activation of MAPK and AKT signaling pathway after 4-MSP treatment in LX2 cells. The results
indicated that 4-MSP pretreatment decreased the PDGF-BB-mediated phosphorylation of MEK/ERK,
JNK, and p38 (Figure 2b). Moreover, Akt and p70S6K phosphorylation showed a decrease in the 4-MSP
pretreated cells, compared with that of the control (Figure 2c). These phenomena were also found in
the HSC-T6 cells. Treatment of 4-MSP significantly inhibited the PDGF-BB-mediated phosphorylation
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of MEK/ERK, JNK, Akt, and p70S6K (Figure 2d,e). To further elucidate whether the 4-MSP affected the
expression levels of PDGF receptor (PDGFR) or influenced the phosphorylation of PDGFR, the western
blot experiment was performed. The results demonstrated that treatment of 4-MSP did not affect the
phosphorylation of PDGFR or the total expression levels of PDGFR in two HSCs cell lines (Figure 2f,g).
Furthermore, we also performed the wound healing assay to analyze the effect of 4-MSP on the
cell migration ability. The results showed that treatment of 4-MSP inhibited the PDGF-induced cell
migration
ability in LX2 cells (Figure 2h).
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3.3. Compound 4-MSP Treatment Does Not Induce Apoptosis in HSCs
Next, we examined whether 4-MSP inhibits cell growth through promoting the apoptosis
signaling pathway. The doxorubicin or staurosporine were used as a positive control (PC) in the
experiments. As shown in Figure 3a, 4-MSP treatment did not affect caspase-3, PARP, and caspase-9
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3.3. Compound 4-MSP Treatment Does Not Induce Apoptosis in HSCs
Next, we examined whether 4-MSP inhibits cell growth through promoting the apoptosis
signaling pathway. The doxorubicin or staurosporine were used as a positive control (PC) in the
experiments. As shown in Figure 3a, 4-MSP treatment did not affect caspase-3, PARP, and caspase-9
cleavage. The mRNA levels of Bcl-xl and Bax were not different between 4-MSP-treated and -untreated
cells (Figure 3b). Similarly, treatment of 4-MSP did not influence the cleavage of caspase-3, PARP,
and caspase-9
(Figure 3c) and the mRNA expression levels of Bcl-xl and Bax (Figure 3d)
in HSC-T6
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levels of Bcl-xl
andindependent
Bax, relative
to that of
GAPDH,
were measured by real-time RT-PCR. Data shown
least three
experiments
with
similar results.
are at least three independent experiments with similar results.
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To examine the alterations of gene expression profile after TGF-β1 and 4-MSP treatment, the

microarraythe
experiments
were of
performed.
In microarrayprofile
analysis,after
the signal
intensity
with
a 1.5-fold
To examine
alterations
gene expression
TGF-β1
and
4-MSP
treatment,
increase or decrease was defined as significantly altered in mRNA expression (Figure 4a). To narrow
the microarray experiments were performed. In microarray analysis, the signal intensity with
down genes that were affected after 4-MSP treatment, a Venn diagram was performed. The result
a 1.5-foldshowed
increase
as significantly
altered
in mRNA
expression
(Figure 4a).
thator74decrease
genes thatwas
weredefined
downregulated
and 92 genes
that were
upregulated
after TGF-β1
To narrow
down
genes
that
were
affected
after
4-MSP
treatment,
a
Venn
diagram
was
performed.
treatment were reversed after being treated with 4-MSP (Figure 4b,c). These genes (166 genes) were
further
used
to
investigate
the
pathways
changed
by
4-MSP
treatment.
In
KEGG
pathway
enrichment
The result showed that 74 genes that were downregulated and 92 genes that were upregulated
analysis,
we found
that reversed
4-MSP affected
pathways
related
NOD-like
receptor
signaling,
after TGF-β1
treatment
were
after the
being
treated
withto4-MSP
(Figure
4b,c).
These genes
transcriptional misregulation in cancer, TGF-beta signaling, and NF-kappa B signaling pathways
(166 genes) were further used to investigate the pathways changed by 4-MSP treatment. In KEGG
(Figure 4d). GO term enrichment results showed that inflammatory response, negative regulation of
pathway cell
enrichment
analysis,
foundand
that
4-MSP
affected were
the pathways
related
to NOD-like
proliferation,
MAPKwe
cascade,
signal
transduction
affected with
the 4-MSP
treatmentreceptor
signaling,(Figure
transcriptional
misregulation
in cancer,
TGF-beta
signaling,
and
NF-kappa
signaling
4e). These results
imply the possibility
that 4-MSP
treatment
influences
HSCs
activation B
and
proliferation.
pathways (Figure 4d). GO term enrichment results showed that inflammatory response, negative
regulation of cell proliferation, MAPK cascade, and signal transduction were affected with the 4-MSP
treatment (Figure 4e). These results imply the possibility that 4-MSP treatment influences HSCs
activation and proliferation.
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for 166
4-MSP-affected
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3.5. Compound 4-MSP Ameliorates Fibrosis Process in Mice With CCl4 -Induced Liver Fibrosis Without
To Effects
further examine the antifibrotic efficacy of 4-MSP, we used the intraperitoneal injection of
Inducing Adverse
CCl4, a widely-used experimental mouse model of liver fibrosis, in the experiments. In Figure 5a, 4-

MSP treatment
inhibited
the CCl4-induced
upregulation
of hepatic
α-SMA
expression.
Besides this,
To further
examine
the antifibrotic
efficacy
of 4-MSP,
we used
the
intraperitoneal
injection of
the protein expression levels of phosphor-PDGFR and TGF-βR remained unchanged in four groups.
CCl4 , a widely-used
experimental mouse model of liver fibrosis, in the experiments. In Figure 5a,
Surprisingly, we found that CCl4 administration induced upregulation of PDGFR, and treatment of
4-MSP treatment
inhibited reversed
the CClthe
upregulation
of hepatic
α-SMAthat
expression.
this,
4 -induced
4-MSP significantly
effects (Figure
5a). The QPCR
results showed
treatment ofBesides
4the proteinMSP
expression
levels
of phosphor-PDGFR
and TGF-βR
remained
in four groups.
inhibited the
expression
of α-SMA, col1A2, TGF-β,
and MMP2
in the liverunchanged
(Figure 5b). Besides
this,we
the PDGF-BB
mRNA
levels
were also measured.
Figure 5b
shows that 4-MSP
nottreatment
Surprisingly,
found that
CCl
induced
upregulation
of treatment
PDGFR,did
and
4 administration
change the PDGF-BB expression. H&E staining was used for hepatic pathological examination, and
of 4-MSP significantly reversed the effects (Figure 5a). The QPCR results showed that treatment of
the results demonstrated that CCl4 induced significantly irregular infiltration borders, perinuclear
4-MSP inhibited
the
expression
col1A2,
TGF-β,inand
MMP2
in the
liver (Figure
vacuoles,
changes
in liver of
fat,α-SMA,
and regional
inflammation
the liver,
whereas
treatment
with the5b).
4- Besides
this, the PDGF-BB
mRNAa levels
measured.
5b shows
thatwas
4-MSP
treatment did
MSP demonstrated
normal were
hepaticalso
morphology
(FigureFigure
5c). Collagen
deposition
determined
Sirius
Red and Masson’s
Trichrome
staining.
Results
the deposition
of collagen examination,
was
not changebythe
PDGF-BB
expression.
H&E
staining
wasshowed
used that
for hepatic
pathological
significantly increased in CCl4-treated mice, whereas this deposition event was reduced in 4-MSPand the results
demonstrated that CCl4 induced significantly irregular infiltration borders, perinuclear
treated mice (Figure 5c). The results of hydroxyproline assay showed that 4-MSP treatment slightly
vacuoles, changes in liver fat, and regional inflammation in the liver, whereas treatment with the 4-MSP
demonstrated a normal hepatic morphology (Figure 5c). Collagen deposition was determined by Sirius
Red and Masson’s Trichrome staining. Results showed that the deposition of collagen was significantly
increased in CCl4 -treated mice, whereas this deposition event was reduced in 4-MSP-treated mice
(Figure 5c). The results of hydroxyproline assay showed that 4-MSP treatment slightly reduced the
CCl4 -induced hydroxyproline accumulation (Figure 1d). To further investigate the effect of 4-MSP in
affecting liver inflammation, the TNF-α and F4/80 mRNA expression levels were analyzed. The QPCR
results found that treatment of 4-MSP significantly inhibited TNF-α and F4/80 expression (Figure 5b).

Appl. Sci. 2020, 10, 5941

10 of 16

Besides this, the F4/80 staining indicated that 4-MSP injection markedly attenuated F4/80 expression,
followed by CCl4 treatment in the liver section (Figure 5c). Moreover, the mouse body weight and
serum contents of ALT, albumin, and BUN were not significantly different after 4-MSP treatment
(Figure 5e,f). These data indicate that 4-MSP administration attenuated liver fibrosis, as well as liver
damage, in mice with CCl4 -induced liver fibrosis, without inducing any overt signs of toxicity in mice.
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(c)
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images
4
4
liver tissues from each treatment group. The black bar represents a length of 0.1 mm. (d) Liver
of H&E, Sirius
Red, Masson’s Trichrome stainings, and F4/80 immunohistochemical (IHC) staining
hydroxyproline quantification was performed, according to the manufacturer’s instruction. (e) Mean
of liver tissues from each treatment group. The black bar represents a length of 0.1 mm. (d) Liver
hydroxyproline quantification was performed, according to the manufacturer’s instruction. (e) Mean
body weight of individual mouse group at the endpoint of the experiment. (f) Serum samples were
acquired at the endpoint of the experiment, and the BUN, albumin, and ALT values were assessed.
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4. Discussion
Liver cirrhosis is a serious health issue worldwide which is usually correlated with an economic
burden [32]. Furthermore, to prevent the progression of fibrosis that leads to cirrhosis is critical to
improving the life quality of patients. When the liver is exposed to dangerous stimulations, normal
HSCs are transdifferentiated from the quiescent type into active myofibroblasts that are responsible for
the extracellular matrix proteins expression and secretion, including collagen, elastin, proteoglycans,
and some of the glycoproteins [33]. The activation of HSCs is considered a key phenomenon in the
progression of liver fibrosis; hence, preventing an activation of HSCs is a promising strategy for liver
fibrosis treatment. Cortex Moutan, a traditional herbal medicine, is popularly used to treat a lot of
diseases worldwide. Paeonol is a phenolic compound and a major active component isolated from
Cortex Moutan [21]. Paeonol has been approved by the China FDA, and its pharmacological effects
are used to treat various diseases, including tumors, inflammatory diseases, cardiovascular diseases,
and neurological diseases [20]. When the treatment of liver cancer with paeonol was examined,
paeonol not only decreased oxidative injury and improved immune function in HCC rats [26], but also
reversed endoplasmic reticulum stress-induced doxorubicin resistance in HCC [34]. In addition,
paeonol treatment was found to alleviate drug- and alcohol-induced acute liver failure [35,36] and
steatohepatitis [25,37], through inhibiting oxidative stress and inflammation.
Since paeonol has been widely used in clinical applications for treating various types of disease,
several paeonol derivatives with considerable drug discovery potential in medicinal chemistry have
been synthesized [21]. The introduction of a phenylsulfonyl moiety into a compound was found
to improve the solubility of the compound and increase its biological activity [27,28]. Previously,
we designed a series of paeonol-phenylsulfonyl derivatives, and showed that 4-MSP significantly
inhibits HBV viral gene expression and viral DNA synthesis [29]. Regarding the treatment of liver
fibrosis, paeonol has been found to inhibit HSC activation and fibrogenesis [38,39]. In our study,
significant antifibrotic effects were observed following treatment with the paeonol-phenylsulfonyl
derivative 4-MSP at a lower dosage than that required for paeonol. While Kong et al. reported
that 10 µM and 100 mg/kg paeonol could inhibit HSC activation and liver fibrosis, respectively [38],
we have shown that 4-MSP inhibits HSC activation and CCl4 -induced liver fibrosis when applied
at concentrations of 5 µM and 5 mg/kg, respectively. In addition, 4-MSP-treated mice exhibited no
adverse events in terms of body weight loss, hepatotoxicity, or liver dysfunction, suggesting that
treatment with 4-MSP is a novel therapeutic option for liver cirrhosis patients. In addition, paeonol
administration has been found to prevent other models of fibrosis, such as pulmonary fibrosis and
renal fibrosis, via regulating MAPK/Smad, Nrf2/ARE, and Notch1 pathways [40–42]. Except for
CCl4 -induced liver fibrosis, the bile duct ligation (BDL) is used to induce obstructive cholestatic
injury. BDL promotes the growth of bile duct epithelial cells and portal inflammation, resulting in
biliary-type liver fibrogenesis [5]. Activated bile duct epithelial cells synthesize matrix proteins and
secret inflammatory mediators (TGF-b, IL-6, MCP1, and PDGF-BB) to activate HSCs. In Figure 5,
we showed that 4-MSP expresses its anti-inflammatory potential to inhibit the expression of TNF-α
and F4/80. Accordingly, we considered that 4-MSP administration can also attenuate BDL-induced
liver damage and fibrosis.
The molecular aims of liver fibrosis therapy are the (1) attenuation of tissue damage and
inflammation, (2) inhibition of HSCs’ proliferation and activation, (3) induction of HSCs’ apoptosis,
and (4) promotion of ECM degradation [15,43]. Therefore, it is conceivable that the interference
of one of the above steps reduces fibrogenesis. Herein, we explored intracellular pathways that
mediate the effects of 4-MSP on HSCs, and focused on PDGF-BB-triggered HSC growth and
TGF-β1-induced HSC activation. TGF-β1/Smad pathway is the major signaling involved in the
regulation of ECM synthesis, accumulation, and degradation under the progression of liver fibrosis,
which further initiates the liver fibrogenesis. Previous studies showed that TGF-β1 is a major
factor mediating in the liver fibrosis process of both experimental models and clinical patients with
liver diseases [44]. TGF-β1 binds to its receptors and simultaneously phosphorylates the Smad2/3
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the liver fibrosis process of both experimental models and clinical patients with liver diseases [44].
TGF-β1 binds to its receptors and simultaneously phosphorylates the Smad2/3 proteins that further
proteins that further lead to the production of hetero-oligomeric complex with Smad4. Then, this
lead to the production of hetero-oligomeric complex with Smad4. Then, this complex is translocated
complex is translocated from the cell cytosol into the nuclei of HSCs. This process further induces
from the cell cytosol into the nuclei of HSCs. This process further induces gene expression of collagen
gene expression of collagen and promotes hepatic fibrosis [45]. Previous studies indicated that
and promotes hepatic fibrosis [45]. Previous studies indicated that mice with Smad3 knockout were
mice with Smad3 knockout were protected from the toxicant-induced liver fibrosis [46,47]. TGF-β
protected from the toxicant-induced liver fibrosis [46,47]. TGF-β signaling comprises the C-terminal
signaling comprises the C-terminal and linker regions phosphorylation of Smad2 and Smad3 [48].
and linker regions phosphorylation of Smad2 and Smad3 [48]. In Figure 1, we showed that 4-MSP
In Figure 1, we showed that 4-MSP selectively decreases TGF-β1-induced Smad2/3 C-terminal
selectively decreases TGF-β1-induced Smad2/3 C-terminal region phosphorylation (pregion phosphorylation (p-Smad2(Ser465/467)/p-Smad3(Ser423/425)), α-SMA, and Col1A2 expression.
Smad2(Ser465/467)/p-Smad3(Ser423/425)), α-SMA, and Col1A2 expression. The inhibition of CThe inhibition of C-terminal phosphorylation is very important for blocking the consequent Smad4
terminal phosphorylation is very important for blocking the consequent Smad4 binding and
binding and extracellular matrix proteins transcription in the nucleus [48]. The linker region
extracellular matrix proteins transcription in the nucleus [48]. The linker region phosphorylation of
phosphorylation of Smad protein can be regulated by several kinases, such as PI3K/mTORC2, ERK,
Smad protein can be regulated by several kinases, such as PI3K/mTORC2, ERK, and JNK [48–52]. In
and JNK [48–52]. In Figure 2, we showed that 4-MSP can decrease the PDGF-BB-induced MEK/ERK,
Figure 2, we showed that 4-MSP can decrease the PDGF-BB-induced MEK/ERK, JNK, Akt, and
JNK, Akt, and p70S6K phosphorylation. Accordingly, we proposed that 4-MSP may also have the
p70S6K phosphorylation. Accordingly, we proposed that 4-MSP may also have the ability to inhibit
ability to inhibit the phosphorylation of the Smad linker region. Another potent stimulator that
the phosphorylation of the Smad linker region. Another potent stimulator that regulates HSC
regulates HSC proliferation is PDGF-BB. PDGF-BB is able to activate MAPK and Akt signaling during
proliferation is PDGF-BB. PDGF-BB is able to activate MAPK and Akt signaling during liver
liver fibrogenesis [17]. Moreover, the MAPK/ERK pathway activation is closely correlated with
fibrogenesis [17]. Moreover, the MAPK/ERK pathway activation is closely correlated with a
a promotion of cell growth, differentiation, and migration of HSCs [53,54]. In addition, PI3K/Akt and
promotion of cell growth, differentiation, and migration of HSCs [53,54]. In addition, PI3K/Akt and
the downstream molecule p70S6K promote cell proliferation, protein synthesis, and collagen gene
the downstream molecule p70S6K promote cell proliferation, protein synthesis, and collagen gene
expression in HSCs [55,56]. Inhibition of either of the MAPK and PI3K/Akt pathways suppressed HSC
expression in HSCs [55,56]. Inhibition of either of the MAPK and PI3K/Akt pathways suppressed
activation and liver fibrosis [57,58]. Besides this, previous studies showed that PDGF-BB secreted
HSC activation and liver fibrosis [57,58]. Besides this, previous studies showed that PDGF-BB
from HSCs would stimulate the HCC cell proliferation through activation of the PI3K/Akt signaling,
secreted from HSCs would stimulate the HCC cell proliferation through activation of the PI3K/Akt
whereas inhibiting the PDGF-BB or PI3K/Akt signaling would enhance cell apoptosis [59]. In this
signaling, whereas inhibiting the PDGF-BB or PI3K/Akt signaling would enhance cell apoptosis [59].
present study, we have shown that compound 4-MSP has beneficial suppressive effects on both the
In this present study, we have shown that compound 4-MSP has beneficial suppressive effects on
MAPK and Akt signaling pathways in HSCs treated with PDGF-BB.
both the MAPK and Akt signaling pathways in HSCs treated with PDGF-BB.
5. Conclusions
5. Conclusions
In summary, we provide experimental evidence to support that 4-MSP selectively suppresses
In summary,
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6).
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