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Abstract— Hepatic fibrosis (HF), a precursor to cirrhosis and hepatocellular carcinoma, is caused
by abnormal proliferation of connective tissue and excessive accumulation of extracellular matrix
in the liver. Notably, activation of hepatic stellate cells (HSCs) is a key link in the development
of HF. Phillygenin (PHI, C,;H,,O) is a lignan component extracted from the traditional Chi-
nese medicine Forsythiae Fructus, which has various pharmacological activities such as anti-
inflammatory, antioxidant and anti-tumour effects. However, whether PHI can directly inhibit
HSC activation and ameliorate the mechanism of action of HF has not been fully elucidated.
Therefore, the aim of the present study was to investigate the in vitro anti-HF effects of PHI
and the underlying molecular mechanisms. Transforming growth factor-p1 (TGF-p1)-activated
mouse HSCs (mHSCs) and human HSCs (LX-2 cells) were used as an in vitro model of HF and
treated with different concentrations of PHI for 24 h. Subsequently, cell morphological changes
were observed under the microscope, cell viability was analyzed by MTT assay, cell cycle and
apoptosis were detected by flow cytometry, and the mechanism of anti-fibrotic effect of PHI was
explored by immunofluorescence, ELISA, RT-qPCR and western blot. The results showed that
PHI suppressed the proliferation of TGF-p1-activated mHSCs and LX-2 cells, arrested the cell
cycle at the GO/G1 phase, decreased the levels of a-SMA, Collagen I, TIMP1 and MMP2 genes
and proteins, and promoted apoptosis in activated mHSCs and LX-2 cells. Besides, PHI reduced
the expression of inflammatory factors in activated mHSCs and LX-2 cells, suggesting a poten-
tial anti-inflammatory effect. Mechanically, PHI inhibited TGF-p1-induced HSC activation and
inflammation, at least in part through modulation of the Bax/Bcl-2 and Wnt/B-catenin pathways.
Overall, PHI has significant anti-HF effects and may be a promising agent for the treatment of HF.
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INTRODUCTION

Hepatic fibrosis (HF) is a progressive pathologi-
cal process of abnormal proliferation of connective tis-
sue and excessive accumulation of extracellular matrix
(ECM) in the liver caused by a variety of pathogenic
factors, including hepatitis viruses, alcohol, chemical
toxins, drugs, autoimmune liver diseases and genetic
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disorders [1, 2]. Meanwhile, HF is a necessary stage
for chronic liver disease to progress to cirrhosis or even
liver cancer [3]. In particular, activation of hepatic stel-
late cells (HSCs) plays a crucial role in the development
of HF [4]. Specifically, HSCs are resident mesenchy-
mal cells located in the subendothelial space of Disse,
retaining characteristics of resident fibroblasts (embed-
ded in normal stromal matrix) and pericytes (attached to
capillary endothelial cells) [5]. However, when the liver
is stimulated by injurious factors, quiescent HSCs trans-
differentiate into proliferative, migratory, and contrac-
tile myofibroblasts that exhibit pro-fibrogenic transcrip-
tional and secretory properties and secrete ECM [6].
Furthermore, activated HSCs secrete metalloproteinase
inhibitors that not only inhibit matrix metalloproteinase
activity but also help activated HSCs escape apoptosis
[7, 8]. Hence, inhibiting the activation and proliferation
of HSCs and promoting apoptosis of activated HSCs are
considered the main strategies against HF.

Currently, a large number of studies have demon-
strated that the Wnt/B-catenin signaling pathway plays
a central role in the fibrotic process and is associated
with the onset and progression of fibrotic diseases in a
variety of organs, including HF, renal fibrosis, pulmo-
nary fibrosis and cardiac fibrosis [9—12]. Among them,
aberrant expression of the Wnt/B-catenin signaling path-
way is closely associated with HSC activation [13]. In
particular, as early as 2006, Jiang et al. [14] found that
several receptors, ligands, regulatory proteins, and Wnt
target genes in the Wnt/p-catenin signaling pathway
were highly upregulated in activated HSCs. Thus, target-
ing the Wnt/p-catenin pathway to inhibit HSC activation
may be a novel and promising anti-HF approach.

Phillygenin (PHI, C,;H,,O4,) is a lignan component
isolated from the traditional Chinese medicine Forsythiae
Fructus, which has outstanding pharmacological activities,
including anti-inflammatory, antioxidant and anti-tumour
activities [15]. Interestingly, due to its excellent anti-
inflammatory and antioxidant properties, PHI has been
reported in recent years to have hepatoprotective effects
in a variety of liver diseases, particularly in HF [16-18].
For example, Hu et al. [19, 20] confirmed that Forsythiae
Fructuse water extract and the main active ingredient PHI
attenuated carbon tetrachloride and lipopolysaccharide-
induced HF by inhibiting TLR4/MyD88/NF-kB and TGF-p/
Smads signaling pathways. Moreover, Wang et al. [21, 22]
found that PHI exerted hepatoprotective effects on CCl,-
induced HF in mice by modulating the intestinal microbiota,
short-chain fatty acid metabolism and bile acid metabolism.
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Furthermore, Ma et al. [23] demonstrated that PHI could
inhibit HSC activation and thus exert an anti-HF effect by
suppressing macrophage exosome miR-125b-5p targeting
Stard13. However, whether PHI can directly inhibit HSC
activation and ameliorate the mechanism of action of HF has
not been fully elucidated. Therefore, using TGF-p1-activated
mouse HSCs (mHSCs) and human HSCs (LX-2 cells), the
present study aimed to investigate the in vitro anti-HF effects
of PHI and its underlying molecular mechanisms.

MATERIALS AND METHODS

Materials

The experimental materials used in this study are
listed in Table 1.

Cell Culture

The mouse HSC line (mHSCs) and the human HSC
line (LX-2 cells) were obtained from Sichuan Bio Biolog-
ical Technology Co., Ltd. (Chengdu, China) and Central
South University (Changsha, China), respectively. The
mHSCs and LX-2 cells were cultured in 1640 medium
supplemented with 10% FBS (v/v) and 1% antibiotics
(penicillin and streptomycin) at 37 °C in a humidified
incubator with a chamber atmosphere of 5% CO,. The
description of the experimental design of this study is
shown in Fig. 1.

Cell Viability Assay

At 80% confluence, the mHSCs and LX-2 cells
were harvested and inoculated into 96-well plates at a cell
density of 5x 10* per well for subsequent experiments.
Both cells were stimulated with the indicated concentra-
tions of TGF-p1 (0, 5, 10, 15, 20 ng/mL) and treated with
different concentrations of PHI solution (0—400 pM) for
24 h. Then, 20 pL of MTT solution (5 mg/mL) was added
to each well. After further incubation for 4 h in the dark,
the supernatant was discarded, 150 pL of DMSO was
added, and the absorbance was measured at 490 nm using
a microplate analyzer.

Immunofluorescence Staining
The mHSCs and LX-2 cells were seeded at a den-

sity of 1x 10° in confocal dishes and cultured in an
incubator. At approximately 80% confluence, the cells
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Table 1 The manufacturer and item number of experimental materials
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Materials Manufacturer Item number

PHI Must Bio-Technology Co., Ltd., Chengdu, China 21080708

Recombinant mouse TGF-p1 Novoprotein Scientific Co.,Ltd., Suzhou, China CK33

Recombinant human TGF-f1 Novoprotein Scientific Co.,Ltd., Suzhou, China CA59

Fetal bovine serum (FBS) Procell Life Science & Technology Co., Ltd., Wuhan, China SA220415

Trypsin Servicebio technology Co., Ltd., Wuhan, China EZ6789B168

BCA Protein Assay Kit Servicebio technology Co., Ltd., Wuhan, China CR2210102

3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium Labgic Technology Co., Ltd., Beijing, China 22210370
bromide (MTT)

Dimethyl sulfoxide (DMSO) MP Biomedicals Co.,Ltd, Shanghai, China Q9075

RPMI Medium 1640 basic (1X) Grand Island Biological Company, USA 8123284

DAPI solution Solarbio Science & Technology Co., Ltd., Beijing, China 20221024

Mouse IL-1p ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China ZD05H6D84260

Mouse IL-6 ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China ZD04HJH60196

Mouse TNF-a ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China ZDO020F0L77070

Human IL-1f ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China CV04H6BF7546

Human IL-6 ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China CVO01LZ2N9500

Human TNF-a ELISA Kit Elabscience Biotechnology Co., Ltd., Wuhan, China CV03644R3308

Mouse Wntl ELISA Kit Meimian industrial Co., Ltd., Jiangsu, China MM-0958M2

Mouse p-catenin ELISA Kit Meimian industrial Co., Ltd., Jiangsu, China MM-43666M2

Human Wntl ELISA Kit Meimian industrial Co., Ltd., Jiangsu, China MM-61869H2

Human f-catenin ELISA Kit Meimian industrial Co., Ltd., Jiangsu, China MM-1236H2

PMSF Solarbio Science & Technology Co., Ltd., Beijing, China 20230105

Protease inhibitor mixture Solarbio Science & Technology Co., Ltd., Beijing, China 20230303

Protein phosphatase inhibitor mixture Solarbio Science & Technology Co., Ltd., Beijing, China 20230321

Triton X-100 (weak) Solarbio Science & Technology Co., Ltd., Beijing, China 20221118

Anti-fluorescence quenching sealing solution Servicebio technology Co., Ltd., Wuhan, China CR2210093

RIPA lysis buffer Beyotime Biotechnology, Shanghai, China CR2206025

Animal Total RNA Isolation Kit Foregene Co., Ltd., Chengdu, China R230101

RT Easy™ II Foregene Co., Ltd., Chengdu, China 230301

Real Time PCR Easy™-SYBR Green I Foregene Co., Ltd., Chengdu, China P230301

Annexin-V-FITC Apoptosis Detection Kit Elabscience Biotechnology Co., Ltd., Wuhan, China JGMO6FINSGA

Cell Cycle and Apoptosis Analysis Kit Beyotime Biotechnology Co., Ltd., Shanghai, China C1052

Bovine serum albumin (BSA) Labgic Technology Co., Ltd., Beijing, China 23113915

a-SMA antibody Affinity Biosciences, USA 5192141

Collagen I antibody Affinity Biosciences, USA 5046704

MMP2 antibody Affinity Biosciences, USA 8511921

TIMP1 antibody Affinity Biosciences, USA 5727942

Bax antibody Affinity Biosciences, USA 5406800

Bcl-2 antibody Affinity Biosciences, USA 8546280

Watl antibody Affinity Biosciences, USA 7881844

B-catenin antibody Affinity Biosciences, USA 8692278

GSK-3p antibody Affinity Biosciences, USA 5769864

Phospho-GSK-3p antibody Affinity Biosciences, USA 7128176

c-Myc antibody Affinity Biosciences, USA 6091128

Cyclin D1 antibody Affinity Biosciences, USA 6810108
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Materials

Manufacturer

Item number

GAPDH polyclonal antibody
HRP Goat Anti-Rabbit IgG
Super-sensitive ECL chemiluminescent substrate

ImmunoWay Biotechnology, USA
ABclonal, Wuhan, China
Labgic Technology Co., Ltd., Beijing, China

B0O1IM3215
9300014001
23005819

were treated with TGF-p1 (10 ng/mL) in the presence
or absence of PHI (25, 50, 100 pM) for 24 h. The cells
were rinsed three times with PBS and then fixed with
pre-heated 4% paraformaldehyde for 30 min. This was
followed by permeabilization with Triton X-100 (weak)
for 10 min, occlusion with 5% BSA for 30 min, and incu-
bation with primary antibodies against a-SMA (1:200)
and Collagen I (1:200) overnight (4 °C). Next, the cells
were incubated with secondary antibody (1:400) for 1 h
and stained with DAPI for 10 min in the dark (25 °C).
Finally, 100 uL of anti-fluorescence quenching sealant
was added to the cells, and images were captured using
a laser confocal microscope.

ELISA Assay

The levels of IL-1p, IL-6 and TNF-a in the culture
supernatants of mHSCs and LX-2 cells from different

Cell culture
PHI treatment

a-SMA, Collagen ...
Bax/Bel-2, WatP-catenin

Fig. 1 Description of the experimental design.

treatments, as well as the contents of Wntl and p-catenin
in the cell extracts, were determined using the corre-
sponding ELISA kits according to the manufacturer’s
recommended guidelines.

Flow Cytometry

The mHSCs and LX-2 cells treated according to
the experimental protocol were resuspended in pre-cooled
PBS solution, and 1 mL of pre-cooled 70% ethanol was
added dropwise to fix the cells at 4 °C for 12 h. Sub-
sequently, the cells were washed with pre-cooled PBS,
and PI staining solution containing RNase A (50X) was
added, followed by incubation in the dark at 37 °C for
30 min. Finally, flow cytometry was used to track the
cells through the different phases of the cell cycle.

Similarly, the mHSCs and LX-2 cells treated accord-
ing to the experimental protocol were collected and
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apoptosis was detected using the Annexin-V FITC kit.
Briefly, both cells were digested with trypsin and suspended
in binding buffer. Then, 5 pL of both Annexin V-FITC and
PI were added to the cell suspension and incubated for
20 min at room temperature in the absence of light. Finally,
apoptosis analysis was performed by flow cytometry.

Real-time Quantitative PCR (RT-qPCR) Analysis

Total RNA was obtained from mHSCs and LX-2 cells
using an animal total RNA isolation kit according to the
instructions. The purity of the extracted RNA was assessed
using a Nucleic Acid Analyzer based on the OD260/280
value. For cDNA synthesis, 2 X RT OR-Easy™ Mix was
used for reverse transcription (reaction conditions: 42 °C for
15 min, 85 °C for 5 min). The StepOnePlus Real-Time PCR
System was carried out for the RT-qPCR procedure, which
included the addition of 2 X Real PCR Easy™ Mix-SYBR
(reaction conditions: 95 °C for 3 min, followed by 40 cycles
of 95 °C for 10 s and 65 °C for 30 s). All the primers for
the gPCR reactions were synthesized by Tsingke Biotech-
nology Co., Ltd. (Chengdu, China), and the specific primer
sequences are listed in Table 2. Gene expression was assessed
using the 2742 formula based on the amplification curve.

Western Blot Analysis

The mHSCs and LX-2 cells were washed three times
with PBS and 250 pL lysis buffer (RIPA lysate: protein
phosphatase inhibitor: PMSF=100:1:1) was added. After
10 min, the cells were crushed in an ice bath using an
ultrasonic cell crusher and the protein supernatants were
collected by centrifugation (4 °C, 12,000 rpm, 15 min). In
addition, the protein concentration was determined using
the BCA Protein Assay Kit according to the manufactur-
er’s instructions and adjusted to a consistent concentration
using lysis buffer. Next, the protein loading buffer (load-
ing buffer: total protein=1:4) was added and heated for
10 min to denature the proteins (100 °C). 8 uL of samples
were separated by 10% SDS-PAGE and then transferred to
PVDF membrane. Subsequently, the PVDF membrane was
immersed in TBST containing 5% BSA for 120 min and
incubated with primary antibodies against a-SMA (1:1000),
Collagen I (1:1000), TIMP1 (1:1000), MMP2 (1:1000),
GAPDH (1:1000), Bax (1:1000), Bcl-2 (1:1000), Wntl
(1:1000), p-catenin (1:1000), GSK-3p (1:1000), p-GSK-3p
(1:1000), c-Myc (1:1000), and Cyclin D1 (1:1000) over-
night (4 °C). After thorough washing with TBST, the PVDF
membrane was incubated with secondary antibody (1:5000)
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for 90 min (25 °C). Signals were identified by ECL Kits and
exposed under an E-Gel imager. Meanwhile, the net optical
density was quantified using Image J software.

Statistical Analysis

All the data were statistically analyzed using SPSS
software (version 25.0; SPSS Inc., Chicago, IL, USA)
and the results are presented as mean + SD. Images were
drawn using GraphPad Prism 8.0, ChemDraw 20.0 and
PowerPoint 16.0 software. All statistics in this study were
tested using One-way analysis of variance (ANOVA) or
non-parametric tests depending on whether the data were
normally distributed. p <0.05 was considered as the proba-
bility threshold for statistical significance. All experiments
were performed at least three times.

RESULTS

PHI Inhibited the Proliferation of mHSCs
and LX-2 Cells

Firstly, the effects of different concentrations of PHI
(0, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400 pM) on the
survival of mHSCs and LX-2 cells were evaluated. As
shown in Fig. 2a and d, PHI at the dose of 200 pM or
higher significantly reduced the survival of both cells. In
contrast, PHI at the dose of 100 pM or less did not affect
the survival of mHSCs and LX-2 cells. Hence, 3.125,
6.25, 12.5, 25, 50, and 100 pM PHI were selected for
subsequent experimental studies. Next, to determine the
optimal modeling concentration, mHSCs and LX-2 cells
were stimulated with 5, 10, 15 and 20 ng/mL TGF-f1.
As shown in Fig. 2b and e, 10 ng/mL or higher doses of
TGF-B1 promoted the proliferation of both cells, indicat-
ing the occurrence of HSCs activation. Thus, 10 ng/mL
TGF-p1 was selected as the optimal modeling concentra-
tion to induce HSCs activation.

Subsequently, the effects of PHI on TGF-f1-
induced proliferation of mHSCs and LX-2 cells were
further investigated. As presented in Fig. 2¢ and f,
the proliferative capacity of mHSCs and LX-2 cells
gradually decreased with increasing concentration of
PHI (3.125, 6.25, 12.5, 25, 50, 100 uM). PHI (25, 50,
100 pM) significantly inhibited the proliferation of
mHSCs as compared to the model group. Similarly, PHI
(12.5, 25, 50, 100 pM) significantly inhibited the pro-
liferation of LX-2 cells compared to the model group.
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Table 2 Specific primers sequences used in RT-qPCR

Gene Forward primer (5'-3") Reverse primer (5'-3') Product
length (bp)

mHSCs
a-SMA CTCTGTCTGGATCGGTGGC TTCGTCGTATTCCTGTTTGCT 82
Collagen I TGACCTTCCTGCGCCTAATG GCTACGCTGTTCTTGCAGTG 70
TIMP1 TCACTGTTTGTGGACGGA AGGCTTCAGGTCATCGG 128
MMP2 CCATGTGTCTTCCCCTTCA CCCCACTTCCGGTCATC 122
IL-1B GAAGAAGAGCCCATCCTCTG TCATCTCGGAGCCTGTAGTG 98
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 131
TNF-a GACAGTGACCTGGACTGTGG TGAGACAGAGGCAACCTGAC 133
Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG 140
Bcl-2 GTCGCTACCGTCGTGACTTC CAGACATGCACCTACCCAGC 284
Wntl CGACTGATCCGACAGAACCC CCATTTGCACTCTCGCACA 78
f-catenin CGCTGCTCATCCCACTA AAGTTCCGCGTCATCCT 100
Cyclin D1 GCGTACCCTGACACCAATCTC ACTTGAAGTAAGATACGGAGGGC 94
GAPDH ATGGGTGTGAACCACGAGA CAGGGATGATGTTCTGGGCA 229

LX-2 cells
a-SMA GTTACGAGTTGCCTGATGG AGGTGGTTTCATGGATGC 120
Collagen I CCTGGATGCCATCAAAGTCT CGCCATACTCGAACTGGAAT 170
TIMP1 CTTCTGCAATTCCGACCTCGT ACGCTGGTATAAGGTGGTCTG 79
MMP2 GATACCCCTTTGACGGTAAGGA CCTTCTCCCAAGGTCCATAGC 112
IL-1B AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA 186
IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA 75
TNF-a GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC 91
Bax CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT 155
Bcl-2 TCACTTGTGGCCCAGATAGG GATAACGGAGGCTGGGATGC 150
Wntl GATCGTCAACCGAGGCTGT GGCCGAAGTCAATGTTGTCG 188
f-catenin CCTGTTCCCCTGAGGGTATT CCATCAAATCAGCTTGAGTAGCC 87
Cyclin D1 ATCAAGTGTGACCCGGACTG CTTGGGGTCCATGTTCTGCT 99
GAPDH GGAGTCCACTGGCGTCTTCA GTCATGAGTCCTTCCACGATACC 240

Therefore, 25, 50, and 100 pM PHI were selected as the
optimal doses, which showed significant efficacy and
did not interfere with normal cell growth. Furthermore,
we observed the changes in the growth of mHSCs and
LX-2 cells after 24 h of TGF-B1 stimulation and PHI
treatment. As shown in Fig. 2g, both cells were in an
an inactive state in the absence of TGF-f1 stimulation.
After exposure to 10 ng/mL TGF-p1, both cells mas-
sively proliferated and started to undergo morphologi-
cal changes, including clumping, gathering, and stretch-
ing. Interestingly, PHI treatment significantly inhibited
the proliferation of both cells and significantly restored
cell morphology.

PHI Induced G0/G1 Phase Cell Cycle Arrest
in TGF-p1-activated mHSCs and LX-2 Cells

The cell life cycle consists of interphase and division
phases, which spans the time between each cell division.
Therefore, PI-staining flow cytometry was used to analyze
the effect of PHI on the cell cycle of TGF-p1-activated
mHSCs and LX-2 cells, and the results are shown in Fig. 3a
and b. In TGF-p1-activated mHSCs, the percentage of GO/
G1 phase was significantly decreased from 46.35+0.75%
to 40.12+0.77% (p<0.001) and the percentage of S
phase was significantly increased from 36.45 +2.50% to
45.87+1.35% (p <0.01) compared with the control group.



PHI Inhibits HSC Activation And Inflammation

1409

(=7
o

124 . 2

I

Cell viability (%)
Cell viability (%)

mHSC
a , b 2 C
+TGF-1
g i g g -
z z z
H 2. H
2 2 £
z g g
T T P . T T T T T T
0 3025 625 125 25 S0 100 200 400 0 TGFH13.125 625 125 25 50 100
PHI (M) Tcul (n|/mL) PHI (uM)
LX-2

Iy
n

+TGF-p1

NILEITTT
ﬂ

Cell viability (%)
i
f
—
E—
H

T T T T T o

0 3125 625 125 25 S0 100 200 400
PHI (uM)

T T T T T
0 TGF-p13.125 625 125 25 50 100

T TGRplgml) PHI (uM)

Control TGF-p1

- --

LX-2

TGF-ﬁl +25 pM PHl

TGF-p1 +50 pM PHI  TGF-B1 + 100 pM PHI

Fig. 2 PHI inhibited the proliferation of mHSCs and LX-2 cells. a The effects of different concentrations of PHI (0400 pM) on the cell viability of

e

mHSCs (n=6).
(n=6) skt

p<0.001, compared with the control group. b The effect of TGF-p1 on the proliferation of mHSCs was detected by MTT assay
p<0.001, compared with the control group. ¢ The effects of PHI and TGF-f1 treatment on mHSCs viability (n=6). d The effects of different

sekok

concentrations of PHI (0—400 pM) on the cell viability of LX-2 cells (n=6).  p<0.001, compared with the control group. e The effect of TGF-f1 on
the proliferation of LX-2 cells was detected by MTT assay (n=6). *" p<0.001, compared with the control group. f The effects of PHI and TGF-p1 treat-
ment on LX-2 cells viability (n=6). g The effects of PHI and TGF-p1 treatment on the cell growth of mHSCs and LX-2 cells observed under a micro-

scope (X 100). *##* p <0.001, compared with the control group; ** p<0.01 and *** p <0.001, compared with the TGF-1 group.

Compared to the TGF-B1 group, the percentage of PHI-
treated (100 pM) mHSCs in GO/G1 phase was significantly
increased (p <0.001), whereas the percentage in S phase
was significantly decreased (p <0.05). Similarly, in TGF-
Bl-activated LX-2 cells, the percentage of GO/G1 phase was
significantly reduced from 64.34+0.81% to 57.49+1.48%
(p<0.01) and the percentage of S phase was significantly
increased from 24.73 +0.99% to 31.36 +1.44% (p <0.001)
compared to the control group. Compared to the TGF-f1
group, the percentage of PHI-treated (100 pM) LX-2 cells
in GO/G1 phase was significantly increased (p <0.01),
whereas the percentage in S phase was significantly

decreased (p <0.01). These results suggest that PHI may
mediate cell cycle arrest in TGF-p1-activated mHSCs and
LX-2 cells, which ultimately attenuates the proliferation of
mHSCs and LX-2 cells.

PHI Inhibited TGF-$1-induced HSC Activation
in mHSCs and LX-2 Cells

To explore the effect of PHI on TGF-f1-induced HSC
activation, we examined the expression of a-SMA and Col-
lagen I in mHSCs and LX-2 cells. Immunofluorescence
results (Fig. 4a—f) showed that TGF-p1 stimulation led to
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a significant increase in the expression of a-SMA and Col-
lagen I compared to the control group, confirming the suc-
cessful establishment of the HF model in mHSCs and LX-2
cells. PHI treatment significantly reduced the expression of
a-SMA and Collagen I compared to the TGF-f1 group.

In addition, we tested the mRNA expression levels
of fibrosis-associated factors in mHSCs and LX-2 cells,
including a-SMA, Collagen I, TIMP1, and MMP2. RT-
gPCR results (Fig. 5a and d) showed that PHI signifi-
cantly down-regulated the TGF-p1-induced increase in
a-SMA, Collagen I, TIMP1 and MMP2 gene expression.
Consistent with the RT-qPCR results, the protein levels
of a-SMA, Collagen I, TIMP1 and MMP2 were increased
after TGF-p1 exposure (Fig. 5b, c, e and f). However,
PHI down-regulated the increased expression of a-SMA,
Collagen I, TIMP1, and MMP?2 at the protein level in a
dose-dependent manner. Overall, PHI inhibited TGF-$1-
induced HSC activation in mHSCs and LX-2 cells.

d #* p <0.001, compared with the control group; * p<0.05 and

PHI Suppressed TGF-B1-induced Inflammation
in mHSCs and LX-2 Cells

To investigate the effect of PHI on TGF-p1-
induced inflammation, we detected the expression of
inflammatory factors in the culture supernatants of
mHSCs and LX-2 cells. ELISA results (Fig. 6a and c)
showed that TGF-f1 stimulation significantly increased
the secretion of IL-1p, IL-6 and TNF-a. However, dif-
ferent concentrations of PHI reversed the elevated
expression of IL-1f, IL-6 and TNF-a. Similarly, we
also examined the expression levels of inflammation-
related genes in mHSC's and LX-2 cells using RT-qPCR,
including IL-1f, IL-6 and TNF-a, which were consist-
ent with the results of the ELISA assay (Fig. 6b and d).
Collectively, these data demonstrate that PHI suppresses
TGF-B1-induced inflammatory responses in mHSCs and
LX-2 cells.
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PHI Promoted the Cell Apoptosis of mHSCs
and LX-2 Cells

To explore the influence of PHI on apoptosis in
mHSCs and LX-2 cells, we performed cells apoptosis
detection by flow cytometry. In particular, the Q2 and
Q3 regions represented the late apoptotic and early
apoptotic cells, respectively, and their combination
indicated the total ratio of cell apoptosis. As shown
in Fig. 7a—d, PHI promoted cell apoptosis in mHSCs
and LX-2 cells in a dose-dependent manner compared
with the TGF-p1 group, suggesting that PHI promotes
apoptosis of TGF-B1-induced activated mHSCs and
LX-2 cells.

PHI Promoted the Cell Apoptosis
through the Bax/Bcl-2 Pathway

Subsequently, we selected the Bcl-2 protein
family, an important regulator of mitochondria-mediated
apoptosis, to study the effects of PHI on apoptosis in
mHSCs and LX-2 cells, including the pro-apoptotic
protein Bax and the anti-apoptotic protein Bcl-2.
RT-qPCR results showed that the mRNA expression of
Bax was down-regulated in the TGF-f1 group, while the
mRNA expression of Bcl-2 was up-regulated (Fig. 8a,
and e). Notably, PHI significantly increased the mRNA
expression of Bax and decreased the mRNA expression
of Bcl-2. Furthermore, western blot assay also confirmed
that PHI reversed the decreased expression of Bax and
increased expression of Bcl-2 by TGF-p1 stimulation
(Fig. 8b, c, f, and g). More importantly, in mHSCs
and LX-2 cells, PHI increased the Bax/Bc¢l-2 ratio in a
concentration-dependent manner (Fig. 8d and h). The
ratio is reported to reflect the degree of cell apoptosis.
These results suggest that the molecular mechanism by
which PHI promotes apoptosis in activated HSCs may be
closely related to the regulation of the Bax/Bcl-2 pathway.

PHI Inhibited the Expression of Wntl,
B-catenin and Cyclin D1 in TGF-p1-induced
mHSCs and LX-2 Cells

As is well known, Wnt/p-catenin signaling pathway
plays an important role in the proliferation, differentia-
tion, migration, and apoptosis of HSCs. Therefore, the
effects of PHI on Wntl, f-catenin and Cyclin D1 were
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investigated in TGF-p1-induced mHSCs and LX-2 cells
using ELISA and RT-qPCR. ELISA results showed that
TGF-B1 significantly increased the contents of Wntl and
B-catenin in TGF-B1-induced mHSCs and LX-2 cells
compared with the control group (Fig. 9a, b, d, and e).
Compared to the TGF-$1 group, PHI significantly inhib-
ited the increase of Wntl and B-catenin. Meanwhile, RT-
gPCR results showed that PHI could significantly down-
regulate the expression of Wntl, B-catenin and Cyclin
D1 mRNA, which was consistent with the ELISA results
(Fig. 9c and f).

PHI Inhibited the Wnt/B-catenin Signaling
Pathway in TGF-p1-induced mHSCs
and LX-2 Cells

Subsequently, the effect of PHI on the Wnt/p-
catenin signaling pathway was further investigated in
TGF-p1-induced mHSCs and LX-2 cells by western bolt
assay. The results showed that the expression of Wntl,
B-catenin, p-GSK-3p, c-Myc and Cyclin D1 was signifi-
cantly up-regulated in the TGF-f1 group compared to the
control group (Fig. 10a—d). Not surprisingly, PHI reversed
the expression of proteins related to the Wnt/p-catenin
signaling pathway in TGF-f1-induced mHSCs and LX-2
cells. Collectively, PHI inhibits TGF-f1-induced HSC
activation at least by inhibiting the Wnt/f-catenin sign-
aling pathway.

DISCUSSION

The establishment of appropriate and reproducible
models is essential for the study of disease mechanisms
and the evaluation of drug efficacy. TGF-f1 is known to be
the most potent fibrotic agonist and plays an important role
in mediating and promoting the development of HF [24].
Furthermore, HSCs, a major type of fibroblast, are widely
used in research areas related to liver disease [5]. There-
fore, we chose TGF-p1-induced mHSCs and LX-2 cells
as in vitro models of HF and simultaneously intervened
with different concentrations of PHI. The results showed
that stimulation of mHSCs and LX-2 cells with 10 ng/mL
of TGF-f1 for 24 h successfully induced their activation,
which is parallel to the results of Peng ef al. [25] and Liao
et al. [26]. Therefore, 10 ng/mL of TGF-B1 was subse-
quently selected as the optimal concentration to induce
HSCs activation. In addition, PHI inhibited the prolifera-
tion of activated mHSCs and LX-2 cells and significantly
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«Fig. 4 Immunofluorescence staining of a-SMA and Collagen I in mHSCs
and LX-2 cells. a Representative immunofluorescence images of a-SMA
and Collagen I in mHSCs (x400). b The relative fluorescence intensity of
o-SMA in mHSCs (n=3). ¢ The relative fluorescence intensity of Colla-
gen I in mHSCs (n=3). d Representative immunofluorescence images of
a-SMA and Collagen I in LX-2 cells (x400). e The relative fluorescence
intensity of a-SMA in LX-2 cells (n=3). f The relative fluorescence inten-
sity of Collagen I in LX-2 cells (n=3). ™ p<0.001, compared with the
control group; * p<0.01 and ™ p<0.001, compared with the TGF-p1

group.

reversed the morphological changes in mHSCs and LX-2
cells induced by TGF-P1 stimulation, including clumping,
gathering, and stretching. More importantly, PI-stained
flow cytometry results showed that PHI induced G0/G1
phase cell cycle arrest in TGF-p1-activated mHSCs and
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LX-2 cells. Similarly, the results of Du et al. [27] showed
that PHI was also able to suppress Con A-induced lympho-
cytes proliferation through GO/G1 cell cycle arrest. Taken
together, these results suggest that PHI may mediate cell
cycle arrest in TGF-B1-activated mHSCs and LX-2 cells,
ultimately attenuating the proliferation of mHSCs and
LX-2 cells.

Activated HSCs begin to proliferate rapidly
and secrete large amounts of ECM, such as Colla-
gen [28]. Furthermore, a-SMA is a marker of HSC
activation, as it is not expressed in the resting state
[8]. Therefore, a-SMA and Collagen I are often used
experimentally as markers of HF in vitro. The results
of immunofluorescence, RT-qPCR and western
blot all showed that PHI significantly reversed the
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Fig. 5 PHI inhibited TGF-B1-induced HSC activation in mHSCs and LX-2 cells. a The expressions of a-SMA, Collagen I, TIMP1, and MMP2 mRNA in
mHSCs (n=3). b Western blotting analyses of a-SMA, Collagen I, TIMP1, and MMP2 in mHSCs. ¢ Quantitative results of a-SMA, Collagen I, TIMP1, and
MMP2 protein in mHSCs (n=3). d The expressions of a-SMA, Collagen I, TIMP1, and MMP2 mRNA in LX-2 cells (2=3). e Western blotting analyses
of a-SMA, Collagen I, TIMP1, and MMP2 in LX-2 cells. f Quantitative results of a-SMA, Collagen I, TIMP1, and MMP?2 protein in LX-2 cells (n=3). #
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Fig. 6 PHI suppressed TGF-p1-induced inflammation in mHSCs and LX-2 cells. a The contents of IL-1, IL-6, and TNF-a in culture supernatants
of mHSCs (n=3). b The expressions of IL-1f, IL-6, and TNF-a mRNA in mHSCs (n=3). ¢ The contents of IL-1f, IL-6, and TNF-« in culture
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with the control group; * p <0.05, ™ p<0.01 and

TGF-B1-induced increase in a-SMA and Collagen I
gene and protein levels. Furthermore, activated HSCs
secrete large amounts of metalloproteinase inhibitors
(such as TIMP1) to inhibit ECM degradation by matrix

p<0.001, compared with the TGF-p1 group.

metalloproteinases (such as MMP2) [29]. Thus, the level
of TIMP1 and MMP?2 expression represents the degree of
progression of HF. Similarly, both RT-qPCR and western
blot results showed that PHI significantly down-regulated
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Fig. 9 Effect of PHI on Wntl, B-catenin, and Cyclin D1 in TGF-p1-induced mHSCs and LX-2 cells. a The contents of Wntl in mHSCs (n=3).
b The contents of p-catenin in mHSCs (n=3). ¢ The expressions of Wntl, p-catenin, and Cyclin D1 mRNA in mHSCs (n=3). d The contents of
Wntl in LX-2 cells (n=3). e The contents of p-catenin in LX-2 cells (n=3). f The expressions of Wntl, p-catenin, and Cyclin D1 mRNA in LX-2
cells (n=3). # p<0.05, # p<0.01, and ** p <0.001, compared with the control group; * p<0.05, ** p<0.01 and ™ p <0.001, compared with the

TGF-B1 group.

the expression levels of TIMP1 and MMP2 genes and
proteins. Collectively, these results further suggest that
PHI inhibits TGF-p1-induced HSC activation in mHSCs
and LX-2 cells.

Activated HSCs secrete not only ECM and
metalloproteinase inhibitors, but also a variety of pro-
inflammatory cytokines [30]. Subsequently, the increased
levels of pro-inflammatory cytokines further promote

the activation and proliferation of HSCs, allowing
the synthesis of large amounts of ECM, which in turn
accelerates the progression of HF [31, 32]. Thus, the
inflammatory response plays a very important role in the
activation, proliferation and apoptosis of HSCs. Due to the
superior anti-inflammatory activity of PHI, we investigated
the effect of PHI on TGF-f1-induced inflammation in
mHSCs and LX-2 cells. ELISA and RT-qPCR results
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Fig. 10 Effects of PHI on Wnt/f-catenin signaling pathway-related proteins. a Western blotting analyses of Wntl, B-catenin, GSK-3p, p-GSK-3p,
c-Myc, and Cyclin D1 in mHSCs. b Quantitative results of Wntl, p-catenin, GSK-3p, p-GSK-3p, c-Myc, and Cyclin D1 protein in mHSCs (n=3).
¢ Western blotting analyses of Wntl, B-catenin, GSK-3p, p-GSK-3f, c-Myc, and Cyclin D1 in LX-2 cells. d Quantitative results of Wntl, p-catenin,
GSK-3, p-GSK-38, c-Myc, and Cyclin D1 protein in LX-2 cells (n=3). * p <0.05, *# p <0.01, and " p <0.001, compared with the control group; "

p<0.05," p<0.01 and ™ p<0.001, compared with the TGF-B1 group.

showed that TGF-B1 stimulation significantly increased the
secretion of inflammatory factors, including IL-1p, IL-6,
and TNF-q, in the supernatants of mHSCs and LX-2 cell
cultures, which was consistent with the results of Zhou et
al. [33]. Unsurprisingly, different concentrations of PHI
reversed the elevated expression of these inflammatory
factors in mHSCs and LX-2 cells induced by TGF-1
stimulation. Similarly, previous studies have shown that
PHI significantly inhibited lipopolysaccharide-induced
increases in IL-1p, IL-6 and TNF-a secretion in LX-2
cells and RAW?264.7 cells [20, 34]. In a word, these results

suggest that PHI attenuates the inflammatory response of
activated HSCs and has a potent anti-inflammatory effect.

Under normal conditions, most myofibroblasts
actively undergo apoptosis after repair is complete [35].
In contrast, in chronic liver disease, activated HSCs can
escape apoptosis by paracrine and autocrine cytokines,
which not only prevents the regression of HF, but also
promotes its progression to cirrhosis [1, 36]. Hence, the
induction of HSC apoptosis has emerged as an important
molecular mechanism for the reversibility of HF. Flow
cytometry assay showed that PHI significantly promoted
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Fig. 11 The potential mechanisms of PHI inhibition of TGF-f1-induced HSC activation and inflammation.

apoptosis in activated mHSCs and LX-2 cells. As is well
known, the Bax/Bcl-2 signaling pathway is an impor-
tant signaling molecule in the regulation of apoptosis-
dependent pathways [37]. Among them, Bax and Bcl-2
are important intracellular regulators of apoptosis, and
their functions are antagonistic to each other [38]. In
brief, Bax is pro-apoptotic and Bcl-2 is anti-apoptotic,
and together they are involved in the apoptotic process
[39]. Subsequently, the results of RT-qPCR and western
blot further indicated that PHI could regulate the Bax/
Bcl-2 signaling pathway and thus exert pro-apoptotic
effects. More importantly, PHI increased the Bax/Bcl-2
ratio in TGF-p1-induced mHSCs and LX-2 cells in a
concentration-dependent manner. According to reports,
this ratio reflects the degree of cell apoptosis [40]. Taken
together, these results suggest that PHI promotes apopto-
sis in activated HSCs and that the mechanism of apopto-
sis is at least partially related to the Bax/Bcl-2 pathway.

In recent years, there has been increasing evidence
that the Wnt/p-catenin signaling pathway is associ-
ated with fibrosis in a variety of organ systems, par-
ticularly in the onset and development of HF [10, 12].
Specifically, the Wnt/p-catenin signaling pathway may
intervene in the process of HF by modulating inflam-
matory responses, apoptosis and oxidative stress [13,
41]. Notably, B-catenin is a key transcription factor in
the Wnt/p-catenin signaling pathway and an important
regulator of cell proliferation and differentiation that
mediates signal transduction and cell adhesion [42]. In
the resting state, f-catenin is subject to sustained phos-
phorylation by the degradation complex (consisting of
GSK-3p, APC, CK1 and Axin) to the extent that it is
present at low levels in the cytoplasm [43]. However,
when the Wnt ligand binds to the receptor and co-
receptor, dishevelled is recruited and activated, axonin
is inactivated, and GSK-3f is phosphorylated (GSK-3f
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is inactivated), which in turn leads to the escape of deg-
radation of p-catenin and its entry into the nucleus [14,
441]. Subsequently, the activated Wnt/p-catenin signaling
pathway overexpresses a series of downstream target
genes, such as MMP2, which plays an important role
in ECM metabolism and remodeling, c-Myc, which is
indispensable in regulating apoptosis in tumour cells,
and Cylcin D1, which has a role in regulating the cell
cycle, thereby promoting the activation and proliferation
of HSCs and further exacerbating HF [45, 46].

Moreover, cytokines such as TGF-f can activate
the Wnt/fB-catenin pathway, which not only promotes
HSC activation and proliferation, but also inhibits
apoptosis [47]. Therefore, blocking the Wnt/p-catenin
pathway to inhibit HSC proliferation and activation
may be a novel therapeutic strategy to attenuate HF.
The results of ELISA, RT-qPCR and western blot
showed that TGF-p1 significantly increased the con-
tents of Wntl and p-catenin in mHSCs and LX-2 cells,
which was consistent with the results of Xiong et al.
[48], Zhang et al. [49] and Liu et al. [50]. However,
PHI treatment significantly suppressed the increase in
Wntl and p-catenin. In addition, TGF-f1 significantly
increased the gene and protein expression of p-GSK-34,
c-Myc and Cyclin D1 in the Wnt/f-catenin signaling
pathway. As expected, PHI significantly inhibited the
expression of these genes/proteins, suggesting that PHI
inhibits TGF-p1-induced HSC activation and inflam-
mation, at least in part, by blocking the Wnt/p-catenin
signaling pathway, thereby exerting an anti-HF effect.
In general, these results provide a novel anti-fibrotic
mechanism for PHI, which may be related to its ability
to inhibit the Wnt/p-catenin signaling pathway.

Based on the above, we proposed a potential mecha-
nism for PHI to counteract TGF-f1-induced HSC activa-
tion and inflammation (Fig. 11). PHI inhibits TGF-f1-
induced HSC activation and inflammation by modulating
the Bax/Bcl-2 and Wnt/p-catenin pathways.

CONCLUSIONS

This study demonstrated that PHI exerted anti-
HF effects by inhibiting TGF-p1-induced proliferation
of mHSCs and LX-2 cells, arresting the cell cycle at
the GO/G1 phase, reducing the expression of several
HF markers and pro-inflammatory cytokines, and pro-
moting apoptosis of activated HSCs. Mechanically,
PHI inhibited TGF-p1-induced HSC activation and

Wang, Zhang, Li, Gong, Yao, Fu, and Li

inflammation, at least in part, through the Bax/Bcl-2
and Wnt/fB-catenin pathways.

Abbreviations HF, Hepatic fibrosis; ECM, Extracellular matrix; HSCs,
Hepatic stellate cells; TGF-f1, Transforming growth factor-p1; PHI,
Phillygenin; mHSCs, Mouse hepatic stellate cells; FBS, Fetal bovine
serum; MTT, 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide; DMSO, Dimethyl sulfoxide; PI, Propidium iodide; IL-1f,
Interleukin 1B; IL-6, Interleukin 6; TNF-o, Tumor necrosis factor a;
BSA, Bovine serum albumin; GSK-3p, Glycogen synthase kinase 3f;
oa-SMA, a-Smooth muscle actin; TIMP1, Tissue inhibitors of metal-
loproteinase 1; Bax, Bcl-2 associated X; Bcl-2, B-cell lymphoma 2;
ELISA, Enzyme-linked immunosorbent assay; RT-qPCR, Real-time
quantitative PCR
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