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A B S T R A C T

The inactivation of hepatic stellate cells (HSCs) has been verified to be an effective therapeutic strategy for
treatment of liver fibrosis. Penthorum chinense Pursh has been widely used to protect liver in China; while, the
role of P. chinense Pursh in treatment of liver fibrosis is still unexplored. In the current study, the aqueous extract
of P. chinense Pursh (PCE) was found to suppress the expressions of fibrotic markers, including collagen I and α-
smooth muscle actin (α-SMA), in human HSCs (LX-2); and its major active constituent, pinocembrin (PIN), was
discovered to inhibit the expressions of fibrotic markers in LX-2 cells and rat HSCs (HSC-T6). Further study
indicated that PIN suppressed the activation of LX-2 and HSC-T6 cells through elevating the expression and
activity of silent mating type information regulation 2 homolog 3 (SIRT3). Via SIRT3, PIN activated superoxide
dismutase 2 (SOD2), to alleviate the accumulation of reactive oxygen species (ROS) and inhibit phosphoinositide
3-kinase (PI3K)-protein kinase B (Akt) signaling, resulting in decreased production of transforming growth
factor-β (TGF-β) and nuclear translocation of the transcription factor Sma- and Mad-related proteins (Smad).
Furthermore, PIN activated glycogen synthase kinase 3β (GSK3β) through SIRT3, to enhance Smad protein
degradation. Taken together, PCE and PIN were identified as potential anti-fibrotic agents, which might be well
developed as a candidate for treatment of liver fibrosis.

1. Introduction

Fibrotic diseases account for up to 45% of deaths in the developed
countries (Pellicoro et al., 2014). Liver fibrosis is a wound-healing re-
sponse characterized by the accumulation of extracellular matrix (ECM)
following either acute or chronic liver injury (Hernandez-Gea and
Friedman, 2011). Liver fibrosis results in the deformation of normal
liver architecture, and ultimately can be aggravated and developed into
liver cirrhosis and even to hepatocellular carcinoma (Affo et al., 2017).
However, effective anti-fibrotic therapies are still lacking.

Substantial evidences have recognized activation of hepatic stellate
cells (HSCs) plays a key role in liver fibrosis (Troeger et al., 2012; Puche
et al., 2013; Yin et al., 2013). Activated HSCs undergo transdiffer-
entiation to fibrogenic myofibroblast-like cells, resulting the production
of collagen I and other ECM components (Inagaki and Okazaki, 2007).
Activated HSCs also exhibit characteristic of contractile cells that highly
express the cytoskeletal protein α-smooth muscle actin (α-SMA) (Shi
and Rockey, 2010).

Transforming growth factor-β (TGF-β) is a multifunctional cytokine
that plays an important role in growth, development, inflammation and
host immunity (Massague, 2012). Among three different isoforms, TGF-

β1 is established as the master regulator of fibrosis (Meng et al., 2016).
Hitherto the regulation of TGF-β1 is still blurring. However, evidences
have indicated that reactive oxygen species (ROS)-mediated Akt phos-
phorylation is essential for the production of TGF-β1 (Remy et al.,
2004; Zhang et al., 2013; Suzuki et al., 2014). Once produced, TGF-β1
acts through canonical Smad signaling pathway (Schmierer and Hill,
2007; Zhang, 2009). Generally, the receptor-regulated Smads (r-Smad),
typically Smad2/3, are phosphorylated at specific modification sites to
activate, and subsequently bind to the common-mediator Smad (co-
Smad) or other related transcription factors (Macias et al., 2015; Meng
et al., 2016). Through this process Smad complexes are enabled to
translocate to the nucleus and transcribe specific genes (Massague
et al., 2005).

Sirtuins are NAD+-dependent protein deacetylases that include
seven isoforms in mammalian cells (Houtkooper et al., 2012). As a
longevity protein, SIRT3 is primarily localized in mitochondria and
widely reported to regulate mitochondrial function, cell survival, and
organismal aging through deacetylating specific proteins (Hirschey
et al., 2010; Someya et al., 2010; Hebert et al., 2013). SIRT3 directly
deacetylates isocitrate dehydrogenase 2 (IDH2) and superoxide dis-
mutase 2 (SOD2) to augment anti-oxidative capacity (Qiu et al., 2010;
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Yu et al., 2012). SIRT3 also deacetylates and activates glycogen syn-
thase kinase 3β (GSK-3β) to positively regulate its activity, which
contributes in the phosphorylation of β-catenin and Smad, and thereby
blocks TGF-β1 signaling and tissue fibrosis (Sundaresan et al., 2016).
Since SIRT3 plays a key role in regulating anti-oxidative capacity and
fibrogenesis, it is considered to be a promising therapeutic target for
prevention and treatment of liver fibrosis.

Penthorum chinense Pursh (Penthoraceae), is widely distributed in
China. In the region of Miao nationality, the water decoction of this
plant has been used for thousands of years to protect liver from alco-
holic injury. The P. chinense decoction is involved in many food or
health products used for liver protection in China. Previous studies have
disclosed P. chinense extracts possess protective effect against hepatitis
B, hepatitis C, hepatocarcinoma (Wang et al., 2015), and ethanol- or
oxidant-induced liver injury (Cao et al., 2015; Hu et al., 2015; Wang
et al., 2016). Tens of flavonoids, lignans and steroids were identified
from this plant with anti-oxidative, anti-carcinomatous, and hypogly-
cemic effects (Lu et al., 2012; Zeng et al., 2013; Huang et al., 2014;
Wang et al., 2014; He et al., 2015a; He et al., 2015b; Huang et al.,
2015). Although many chemical and pharmacological studies have
been carried out on P. chinense (Wang et al., 2015), the anti-fibrotic
effect is remaining unknown. In the current study, we attempt to in-
vestigate the water extract of P. chinense and its major bioactive com-
pound in suppressing HSCs activation in human immortalized LX-2 and
rat immortalized HSC-T6 cells. Additionally, we intend to elucidate
whether the anti-fibrotic effect of P. chinense is through SIRT3-TGF-β-
Smad signaling pathway.

2. Materials and methods

2.1. Chemicals and reagents

Phosphate buffered saline (PBS) powder, Dulbecco's Modified
Eagle's medium (DMEM), P/S solution (Penicillin 10,000 U/ml,
Streptomycin 10,000 μg/ml), 0.25% (w/v) trypsin/1 mM EDTA, and
fetal bovine serum (FBS) were purchased from Gibco (Waltham, MA,
USA). 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT), dichloro-dihydro-fluorescein diacetate (DCFH-DA), paraf-
ormaldehyde (PFA), Hoechst 33342, MK2206, SC79, AGK7, and
SB216763 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
RIPA lysis buffer was purchased from Beyotime Biotechnology
Company (Shanghai, China). Protein A/G agarose and SIRT3 shRNA
plasmid were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Pierce BCA assay kit, NE-PER Nuclear and Cytoplasmic
Extraction Reagents kit, Goat anti-Rabbit IgG secondary antibody, West
Femto Sensitivity Substrate, and Lipofectamine 2000 were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Primary antibodies
of collagen I, α-SMA, and β-actin were obtained from Abcam
(Cambridge, UK). All other primary and secondary antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA).
Enzyme linked immunosorbent assay (ELISA) kit for determination of
α-SMA and TGF-β1 content in medium were purchased from Shanghai
Yaoyun Chemistry Biological Technology Co., Ltd. (Shanghai, China)
and NeoBioscience Technology Co., Ltd. (Shenzhen, China), respec-
tively. Pinocembrin (PIN, ≥ 98%) was separated from P. chinense pre-
viously (Wang et al., 2016).

2.2. Cell culture

Human immortalized HSCs LX-2 cells and rat immortalized HSCs
HSC-T6 cells were gifts from Professor S. L. Friedman (Liver Disease
Research Center of San Francisco General Hospital, CA, USA). The cells
were cultured in DMEM supplemented with 10% FBS and 1% P/S in a
5% CO2 atmosphere at 37 °C. Cells were seeded onto applicable tissue
culture dishes or plates at 70–80% confluence for the following ex-
periments.

2.3. Cell viability assay

LX-2 or HSC-T6 cells were seeded onto 96-well plates at a density of
1 × 104 cells per well. When approximately 70–80% confluence, cells
were treated with or without different concentrations of designated
compounds for 24 h. Subsequently, cell viability was determined by
incubation with DMEM containing MTT (1 mg/ml) for 4 h, followed by
dissolving the formazan crystals with DMSO. The absorbance at 570 nm
was measured by a FlexStation 3 Multi-Mode Microplate Reader
(Molecular Devices, California, USA). The results were analyzed based
on at least three independent experiments.

2.4. Generation of SIRT3 knockdown cell line

LX-2 cells were cultured in 6-well plate and incubated with anti-
biotics free medium for 24 h. shRNA targeting SIRT3 and empty vector
were transfected to cells using Lipofectamine 2000, following the
manufacturer's instruction. Six hours after transfection, medium was
changed to fresh culture medium. Forty-eight hours after transfection,
10 μg/ml puromycin was added to the medium to select positive cells
for 14 days. Medium was changed every other day. The positive cells
were pooled together.

2.5. Measurement of extracellular α-SMA and TGF-β1

To measure α-SMA and TGF-β1 content in medium, LX-2 cells were
seeded onto 96-well plates at a density of 5 × 103 cells/well. When
reaching approximately 70–80% confluence, cells were treated with or
without different concentrations of indicated compounds for 24 h. Then
culture medium was collected for determination of α-SMA and TGF-β1
content through ELISA assays according to the manufacturer's instruc-
tions.

2.6. ROS determination

A fluorescent probe, DCFH-DA, was used for determination of in-
tracellular ROS levels. LX-2 cells were seeded onto 96-well black plates
at a density of 5 × 103 cells/well for 24 h. Cells were pretreated with or
without different concentrations of concrete compounds for 24 h. Then
cells were washed with PBS for three times and incubated with DCFH-
DA (10 μM) at 37 °C for 15 min. Subsequently, cells were washed with
PBS for three times and the intracellular fluorescent intensity was de-
termined by a FlexStation 3 Multi-Mode Microplate Reader with the
excitation and emission wave lengths at 485 and 535 nm, respectively.
Meanwhile, an Incell Analyzer 2000 was used to observe the in-
tracellular fluorescence. Results were presented as relative fluorescent
intensity based on at least three independent experiments.

2.7. Immunofluorescent assay

LX-2 cells were plated on glass coverslips in dish grown to about
50% confluence and then treated with or without definite compounds
for 24 h. Subsequently, cells were washed twice in PBS and fixed with
4% (v/v) PFA in PBS for 1 h at room temperature. Cells were then
rinsed twice with PBS and permeabilized with 0.1% Triton X-100 in PBS
for 1 h. After rinsing with PBS, cells were blocked with PBS supple-
mented with 5% (w/v) BSA for 1 h. Thereafter, incubated with anti-
collagen I, anti-α-SMA, anti-Smad3 or anti-β-catenin antibody over-
night at 4 °C. Cells were washed three times in PBS and then incubated
for 1 h at room temperature with Texas red- or Alexa Fluor 488-con-
jugated secondary antibody. Cells were then rinsed three times in PBS
and the nuclei were counterstained with Hoechst 33,342 for 5 min at
room temperature. Observation of the intracellular fluorescence was
performed on a Leica TCS SP8 Confocal Laser Scanning Microscope
System.
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2.8. Western blotting

LX-2 or HSC-T6 cells grown on 10 cm tissue culture dishes were
treated with or without different concentrations of indicated com-
pounds for 24 h, and then the cells were harvested by treating with ice-
cold RIPA lysis buffer containing PMSF and protease inhibitor cocktail
(100:1:1, v/v/v). After vortexed thoroughly, the cell debris was re-
moved by centrifugation at 16,000 g for 30 min and the supernatant
was collected for protein concentration determination using the Pierce
BCA assay kit according to the manufacturer's instructions.
Subsequently, the same amount of proteins was separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene difluoride (PVDF) membranes, and then
blocked with 5% non-fat milk in TBST buffer (100 mM NaCl, 10 mM
Tris-HCl, pH 7.5 and 0.1% Tween-20) for 1 h at room temperature.
Then, membranes were incubated with primary antibodies in TBST
buffer overnight at 4 °C with shaking. After washing with TBST buffer
for three times, a secondary HRP-linked antibody was added and in-
cubated at room temperature for 4 h, followed by washing in TBST
wash buffer for another three times. Then the membranes were in-
cubated with West Femto Sensitivity Substrate and protein bands were
detected using a ChemiDoc XRS Molecular Imager system (Bio-Rad,
California, USA). All the western blotting quantifications were con-
ducted on Image Lab (Bio-Rad, California, USA).

2.9. Nucleocytoplasmic fractionation

Nucleocytoplasmic fractionation was conducted using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents kit according to the
manufacturer's protocol. In brief, cells were harvested with trypsin-
EDTA and then washed three times with ice-cold PBS prior to fractio-
nation. Then, appropriate volume of Cytoplasmic Extraction Reagent I
(CER I) containing PMSF and protease inhibitor cocktail (100:1:1, v/v/
v) was added to the cell pellet. After vortex and incubation on ice for
10 min, CER II was added to each tube, followed by vortex and in-
cubating on ice for 1 min. After centrifuging at 16,000 g for 5 min, the
supernatant was collected as cytoplasmic fraction. The insoluble pellet
containing nuclear fraction was suspended in ice-cold Nuclear
Extraction Reagent (NER) containing PMSF and protease inhibitor
cocktail (100:1:1, v/v/v). After vortexed, the solution was centrifuged
at 16,000 g for 10 min, to collect the supernatant as nuclear fraction.
Protein concentrations of cytosol and nuclear fractions were de-
termined with BCA kit. Samples were prepared for subsequent western
blot analysis.

2.10. Immunoprecipitation

To examine the acetylation level of SOD2 and GSK-3β, the IP/
Western blot analysis were performed. The detailed procedure was
described as following: protein A/G agarose beads were washed with
RIPA lysis buffer for three times prior to immunoprecipitation. Primary
SOD2 or GSK-3β antibody was incubated with protein A/G agarose
beads at 4 °C for 1 h with gently mixing. Next, cellular protein samples
were extracted and incubated with the antibody-bead mixture at 4 °C
under rotary agitation overnight. The immune complex was washed by
ice-cold RIPA lysis buffer for three times and boiled in protein loading
buffer for 10 min at 95 °C. Finally, the immunoprecipitate was analyzed
by Western blotting.

2.11. Preparation and HPLC-UV analysis of aqueous extract from P.
chinense

The aqueous extract of P. chinense was kindly gifted by Neautus
Traditional Chinese Medicine Co. (Sichuan, China). The preparation
procedure was described previously (Wang et al., 2016). In brief, the
air-dried whole grass of P. chinense was ground into powder and

extracted with boiling water for three times, each 5 h. After evaporation
of the collected decoction to small volume, alcohol was added in till
60% to precipitate proteins and polysaccharides. Then the supernatant
was collected and condensed to yield the aqueous extract. The accu-
rately weighed extract was dissolved in methanol-water (1:1) solution
and sonicated for 1 h. After filtered by 0.45 μm Millipore membrane,
20 μl filtration was injected into an Agilent SB C18 column
(250 × 4.6 mm, 5 μm), which was maintained at 35 °C for gradient
elution with 0.1% aqueous acetic acid (A) and acetonitrile (B). The
elution program was set as follows: 0–6 min, 95% A; 6–12 min, 95–85%
A; 12–55 min, 85–50% A; 55–60 min, 50–10%. The detection wave-
length was set at 254 nm. Representative chromatogram was analyzed
using a Waters Empower system (Waters, MA, USA) and the content of
PIN and other ingredients (%) in the water extract of P. chinense was
determined by comparing the peak area with that of standard com-
pounds. The water extract was dissolved by 80% methanol solution at
concentration of 3.68 mg/ml, while PIN was dissolved by 60% me-
thanol solution at concentration of 10.25 μg/ml.

2.12. Statistical analysis

The statistical analysis was performed using GraphPad Prism 7.04
(GraphPad Software, California, USA). All values are presented with
mean ± SEM. All of the results took at least three biological replicates.
The statistical differences between control and experimental groups
were determined by one-way ANOVA, with p values < 0.05 con-
sidered significant.

3. Results

3.1. Aqueous extract of P. chinense suppressed the expressions of fibrotic
markers in hepatic stellate cells

In our previous study, the aqueous extract of P. chinense showed
potent hepatoprotective effect against tert-butyl hydroperoxide (t-BHP)
induced oxidative injury in L02 cells (Wang et al., 2016). Till now, the
role of P. chinense in treatment of liver fibrosis is still unexplored.
Currently, LX-2 and HSC-T6 cell lines were recruited to evaluate the
effect of P. chinense aqueous extract (PCE) on suppressing the activation
of HSCs in vitro.

Firstly, the MTT assay indicated that PCE didn't show obvious cy-
totoxicity to LX-2 cells when treated with the concentration up to
100 μg/ml for 24 h (Fig. 1A). Moreover, 100 μg/ml PCE did not affect
LX-2 cell viability up to 24 h, while showed significant cytotoxicity
when prolonging the exposure time to 48 h (Fig. 1B). Thus, LX-2 cells
were treated with up to 100 μg/ml PCE for 24 h in the following ex-
periments. The expression of ECMs, including collagen I and α-SMA,
were detected in LX-2 cells. The results showed that both collagen I and
α-SMA protein levels were decreased by the treatment of PCE in a dose-
dependent manner (Fig. 1C). ELISA assay further supported PCE sig-
nificantly reduced α-SMA secretion in LX-2 cells (Fig. 1D). Regarding
HSC-T6 cells, the MTT assay indicated PCE didn't affect cell viability up
to 100 μg/ml for 24 h (Fig. S1A). Moreover, prolonged incubation time
didn't change the viability of HSC-T6 cells (Fig. S1B). PCE didn't affect
the expressions of ECMs in HSC-T6 cells (Fig. S1C).

To further figure out the chemical principles responsible for the
suppressing effect of PCE on HSCs activation, thoroughly chemical
isolation was performed to identify a series of polyphenols (Table S1).
The cytotoxicity of these isolates were listed on Table S2. The inhibitory
effect of all isolates on α-SMA secretion was evaluated on LX-2 cells
using ELISA assay. The results showed pinocembrin (PIN) was the most
effective compound (Fig. 1D). Moreover, pinocembrin-7-O-D-glucoside
(PING) and 5-methoxy-pinocembrin-7-O-D-glucoside (MPING), two PIN
glucosides, also significantly decreased α-SMA levels (Fig. 1D). Ad-
ditionally, kaempferol (KAE) and quercetin (QCT), structural analogues
of PIN, were also found to obviously suppress α-SMA level (Fig. 1D).
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However, other isolates, including kaempferol-3-O-L-rhamnopyranoside
(KAERP) and kaempferol-3-O-L-arabinofuranoside (KAEAF), did not
show obvious effect on α-SMA secretion (Fig. 1D). Taken together, PCE
dose-dependently suppressed the expressions of ECM markers in LX-2
cells, and PIN was identified as the chemical principle for the anti-fi-
brotic effect of PCE.

3.2. PIN inhibited hepatic stellate cells activation in dose- and time-
dependent manners

Since PIN was identified as the most potent compound to inhibit the
activation of LX-2 cells, the following experiments was performed on
HSCs. Firstly, the MTT assay suggested PIN didn't show obvious cyto-
toxicity to both LX-2 or HSC-T6 cells up to 40 μM for 24 h (Fig. 2A and
B). Prolonged exposure time induced about 15% loss of LX-2 cell via-
bility (Fig. 2C), but didn't affect the viability of HSC-T6 cells (Fig. 2D).
Subsequently, the inhibitory effect of PIN on HSCs activation was
evaluated. The protein levels of collagen I and α-SMA in both LX-2 and

HSC-T6 cells were decreased by PIN treatment in a dose-dependent
manner (Fig. 2E). Meanwhile, the expression of these two proteins were
down-regulated by PIN with prolonged treatment time (Fig. 2F). The
immunostaining images of LX-2 cells also indicated that both collagen I
and α-SMA were significantly reduced when treated with 40 μM PIN for
24 h (Fig. 2G and H). Moreover, ELISA assay indicated that the α-SMA
content in medium was reduced by PIN treatment in LX-2 cells in a
dose-dependent manner (Fig. 2I). The above data suggested that PIN
suppressed HSCs activation in dose- and time-dependent manners.

3.3. PIN suppressed hepatic stellate cells activation through inhibiting TGF-
β-Smad signaling pathway

TGF-β was well documented as the central mediator in fibrosis
(Meng et al., 2016). Intracellular Smad transduced extracellular signals
from TGF-β ligands to the nucleus in response to stressors or post
translation modifications, and then activated downstream gene tran-
scription (Massague et al., 2005; Schmierer and Hill, 2007; Massague,

Fig. 1. PCE suppressed the expressions of ECMs in LX-2 cells. The
viability of LX-2 cells when treated with different concentrations of
PCE for 24 h (A), or 100 μg/ml PCE for different time (B). (C) PCE
decreased collagen I and α-SMA expressions in a dose-dependent
manner. (D) PCE and isolates suppressed the extracellular secretion of
α-SMA. Measurements took n = 6 biological replicates. *p < 0.05,
and **p < 0.01 PCE or compound treated group vs control group.
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Fig. 2. PIN inhibited HSCs activation. The viability of LX-2
(A and C) and HSC-T6 (B and D) cells when treated with
different concentrations of PIN for 24 h, or 40 μM PIN for
different time. The expressions of collagen I and α-SMA
were evaluated with Western blotting, when treated with
different concentrations of PIN for 24 h (E), or 40 μM PIN
for different time (F) in LX-2 and HSC-T6 cells.
Immunostaining of collagen I (G) and α-SMA (H) were as-
sayed in LX-2 cells treated with 40 μM PIN for 24 h. (I) The
extracellular content of α-SMA was determined with ELISA
kit. Measurements took n= 6 biological replicates,
*p < 0.05, and **p < 0.01 PIN treated group vs control
group. Scale bar = 12.5 μm.
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2012). Thus, we speculated PIN might inhibit HSCs activation though
interfering TGF-β-Smad signaling pathway. As expected, the ELISA
assay showed the extracellular TGF-β1 was significantly decreased by
PIN treatment in LX-2 cells (Fig. 3A). Furthermore, the intracellular
TGF-β1 protein in LX-2 cells was lessened by PIN treatment in a dose-
dependent manner (Fig. 3B), which was consistent in HSC-T6 cells
(Fig. 3C). Next, western blot analysis showed that PIN treatment was
associated with decreasing of phosphorylated and total Smad levels in
both cells lines (Fig. 3B and C). Further studies indicated that the nu-
clear Smad was decreased but the cytoplasmic Smad didn't change
much when LX-2 cells were exposed with different concentrations of
PIN (Fig. 3D). The immunostaining results intuitively indicated that
Smad was excluded from the nucleus when treated with PIN (Fig. 3E).
All the results indicated that PIN suppressed HSCs activation through
reducing TGF-β1 production and secretion, suppressing SMAD phos-
phorylation and activation, and further blocking its nuclear localiza-
tion.

3.4. PI3K-Akt signaling was involved in the anti-fibrotic effect of PIN

Inhibition of PI3K-Akt signaling pathway suppressed collagen I
synthesis and ECM deposition, and reduced profibrogenic factors (Reif
et al., 2003; Son et al., 2013; Wang et al., 2013; Han et al., 2016). As a
matter of fact, it was observed that PIN treatment significantly de-
creased the phosphorylation levels of PI3K and Akt in a dose-dependent
manner in both LX-2 and HSC-T6 cells (Fig. 4A and B). To further
confirm the role of these kinases in regulation of HSCs activation,
MK2206 (MK), an Akt inhibitor, was recruited in the validation tests for
LX-2 cells. MK treatment decreased Akt phosphorylation, which was
associated with reduction of collagen I, α-SMA and TGF-β1 levels

(Fig. 4C). Additionally, co-treatment of MK and PIN further enhanced
the suppressing effect of PIN on HSCs activation (Fig. 4C). On the other
hand, SC79 (SC), an Akt activator, enhanced Akt phosphorylation and
the expressions of fibrotic markers in LX-2 cells, and partially abolished
the effect of PIN at the concentration of 10 μM (Fig. 4D). The similar
results were observed in the evaluation of extracellular TGF-β1 content
of LX-2 cells (Fig. 4E), supporting that TGF-β production was transla-
tionally regulated by Akt with subsequent translation initiation factors.

We further investigated the total and phosphorylated Smad levels in
LX-2 cells treated with MK and SC. As expected, the total and phos-
phorylated Smad levels were synergistically suppressed by PIN and MK
(Fig. 4F), which indicated that PIN modulated Smad transcriptions
through other pathways besides Akt. On the contrary, SC reversed PIN-
induced suppression of total and phosphorylated Smad levels (Fig. 4G).
Taken together, PIN suppressed the activation of HSCs, partially
through inhibition of PI3K-Akt signaling pathway.

3.5. SIRT3-mediated ROS reduction was responsible for PIN regulation on
ECMs

ROS were proposed to be crucial for the initiation and development
of fibrosis (Ghatak et al., 2011; Richter et al., 2015). Indeed, PIN
treatment significantly attenuated ROS accumulation in LX-2 cells in a
dose-dependent manner, indicated by the fluorescent images (Fig. 5A)
and flow cytometry analysis (Fig. 5B). SOD2 has been considered as one
of the major antioxidants against ROS accumulation, and its activity
was determined by SIRT3-mediated deacetylation (Qiu et al., 2010; Liu
et al., 2017). Western blot analysis showed a slight increase of SOD2
protein, and a significant increase of SIRT3 level in LX-2 cells when
treated with different concentrations of PIN (Fig. 5C). Similarly, SIRT3

Fig. 3. PIN suppressed HSCs activation through TGF-β-
Smad signaling pathway. (A) PIN suppressed the extra-
cellular secretion of TGF-β1 in LX-2 cells in a dose-depen-
dent manner. PIN decreased TGF-β1, total and Ser423/425
phosphorylated Smad3 expressions in LX-2 (B) and HSC-T6
(C) cells. (D) PIN decreased nuclear (Nuc) Smad3 but not
cytoplasmic (Cyt) Smad3 protein level in LX-2 cells. (E)
Smad3 was excluded from the nucleus in LX-2 cells when
treated with 40 μM PIN, assessed by immunostaining.
Measurements took n = 6 biological replicates.
**p < 0.01 PIN treated group vs control group. Scale bar,
12.5 μm (white) and 5 μm (yellow). (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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expression was elevated in PIN treated HSC-T6 cells (Fig. S2A).
Meanwhile, the acetylated SOD2 was decreased in PIN-treated LX-2
cells in a dose-dependent manner (Fig. 5D), which indicated the activity
of SOD2 was enhanced by PIN treatment.

To verify the role of SIRT3 in anti-fibrotic effect of PIN, SIRT3 si-
lenced LX-2 cell line (S3KD) was generated using shRNA targeting
SIRT3. S3KD cells expressed around 60% less SIRT3 protein compared
with that of the cells expressing scrambled shRNA (SCR) (Fig. 5E).
SIRT3 silence resulted in remarkable increase of α-SMA expression
compared with the SCR cells (Fig. 5E). The PIN-induced suppression of
collagen I and α-SMA expressions was totally abolished in S3KD cells
(Fig. 5E). Similarly, SIRT3 silence or treatment of SIRT3 inhibitor AGK
induced more ROS accumulation, and totally reversed the ROS-alle-
viating effect of PIN (Figs. 5F and S2B). Taken together, PIN increased
SIRT3 expression, which in turn deacetylated and activated SOD2 to
enhance ROS clearance, resulting in inactivation of HSCs.

3.6. PIN activated GSK-3β to promote Smad degradation in hepatic stellate
cells

Many studies reported different functions of diverse Smad phos-
phorylation sites, of which Ser423/425 appertained to the Mad
Homology domains at the N-terminus (MH2) of Smad2/3 were en-
couragingly induced by TGF-β receptor 1 (TβR1) (Wrighton et al.,
2009; Bruce and Sapkota, 2012); while, Thr66 in MH1 domain at the C-
terminus of Smad2/3 was phosphorylated by activated GSK-3β and
turned to degradation (Guo et al., 2008; Bruce and Sapkota, 2012; Lal
et al., 2015). Hence, it was hypothesized that the decrease of total Smad
in PIN treated cells might relate to GSK-3β mediated degradation of
Smad protein. Western blot analysis showed the phosphorylated GSK-
3β was decreased in LX-2 and HSC-T6 cells when treated with PIN in a
dose-dependent manner (Figs. 6A and S2A). Most recently, SIRT3 was
reported to directly deacetylate GSK-3β to prevent fibrosis (Sundaresan

Fig. 4. PI3K-Akt signaling was involved in the anti-fibrotic
effect of PIN. PIN inhibited Akt and PI3K phosphorylation
in LX-2 (A) and HSC-T6 (B) cells. (C) PIN and Akt inhibitor
MK synergistically decreased the fibrotic markers. (D) Akt
activator SC partially reversed the effect of PIN on ECMs
production. (E) Co-treatment of MK or SC with PIN affected
the extracellular secretion of TGF-β1. (F) MK and PIN sy-
nergistically suppressed the expression of total and phos-
phorylated Smad3. (G) SC partly blocked the effect of PIN
on total and phosphorylated Smad3 expressions.
Measurements took n = 6 biological replicates.
**p < 0.01, PIN treated group vs control group;
##p < 0.01, MK or SC treated group vs blank control
group.
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et al., 2016). Thus, we subsequently investigated the acetylation level
of GSK-3β in LX-2 cells. As expected, the IP experiments showed more
SIRT3 was colocalized with GSK-3β and catalyzed the protein deace-
tylation (Fig. 6B).

To further verify the role of GSK-3β in Smad degradation, SB216763
(SB), an inhibitor GSK-3β, was recruited. As expected, SB suppressed
the phosphorylation of GSK-3β, in turn to increase the total Smad level
(Fig. 6C). Divergently, total Smad survived from diminishing when SB
was present (Fig. 6C). Interestingly, treatment of SB partly reversed PIN
induced Smad degradation. The above data suggested GSK-3β was ac-
tivated in both phosphorylation and acetylation levels by PIN, to dually
accelerate Smad degradation.

3.7. PIN suppressed hepatic stellate cells activation through a unified
SIRT3-TGF-β-Smad signaling pathway

Previous study revealed SIRT3 blocked ROS-mediated hyperactiva-
tion of Akt signaling (Pillai et al., 2014). To confirm that PIN inhibited
Akt activation via SIRT3, S3KD and SCR cells were treated with or
without PIN. Western blot analysis indicated that SIRT3 silencing

increased Akt phosphorylation, and totally blocked the suppressing
effect of PIN on Akt phosphorylation (Fig. 7A). Consistently, Smad,
along with TGF-β1 expression was increased in S3KD cells and LX-2
cells treated with AGK (Fig. 7B and Fig. S2C). The suppressing effect of
PIN on the expression of TGF-β1 and Smad was totally abolished in
S3KD cells and AGK treated LX-2 cells (Fig. 7B and Fig. S2C).

4. Discussion

P. chinense has been used for thousands of years to protect liver from
alcoholic injury. Previous studies have disclosed P. chinense extracts
possess protective effect against ethanol- or oxidant-induced liver in-
jury (Cao et al., 2015; Hu et al., 2015; Wang et al., 2016). More than 30
compounds have been identified from this plant with anti-oxidative,
anti-carcinomatous, and hypoglycemic effects (Wang et al., 2015). The
current study further revealed the anti-fibrotic effect of P. chinense in
vitro. Notably, PCE significantly suppressed ECM expressions in LX-2
cells but not in HSC-T6, which was likely due to the differences of the
cell lines. Moreover, PIN was identified as the chemical principle re-
sponsible for the anti-fibrotic effect of P. chinense. PIN is a common

Fig. 5. SIRT3-mediated ROS reduction was responsible for
anti-fibrotic effect of PIN. Intracellular ROS content was
determined by fluorescent images (A) and flow cytometry
(B). (C) SIRT3 expression was increased with the treatment
of PIN. (D) PIN treatment reduced acetylated SOD2 level.
(E) PIN suppressed ECM markers through SIRT3. (F) SIRT3
knockdown totally blocked the ROS alleviating effect of
PIN. Measurements took n = 6 biological replicates.
*p < 0.05 and **p < 0.01, PIN treated group vs control
group; ##p < 0.01, S3KD group vs SCR group; ns, no sig-
nificance. Scale bar = 50 μm.
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flavonoid widely existing in herbal medicines, which has been found
with many pharmacological activities including vascular- and neuron-
protective effects and anti-inflammatory activity (Gao et al., 2008; Gao
et al., 2010; Soromou et al., 2012). Notwithstanding that PIN has been
reported to serve as an anti-cirrhotic and anti-fibrotic component of
propolis in distinct cell lines (Chen et al., 2008; Kao et al., 2013), the
current study firstly demonstrated the treatment effect of hepatic fi-
brosis of PIN isolated from P. chinense.

To figure out the content of PIN in PCE, HPLC-UV analysis was
conducted. Bewilderingly, the results showed that PIN was not the main
constituent, and its content was about 0.1% in PCE (Fig. S3A), which

implied that the potency of PIN could not fully represent that of PCE in
suppressing HSCs activation. Although the content of PIN was low,
PING and MPING, two PIN glucosides existed in PCE, was about 4.5%
and 6.2%, respectively (Fig. S3A). Reports demonstrated that the anti-
oxidation capacity of flavonoid glycosides was weaker than that of the
corresponding flavonoid aglycones (Kim and Lee, 2004), which was in
consistent with the anti-fibrotic results in the current study. The gly-
cosides could be hydrolyzed to replenish PIN, which could partially
explain the more potent anti-fibrotic effect of PCE. Additionally, KAE
(3.7%) and KAE glycosides (5.9% for KAERP and 15.2% for KAEAF) are
highly present in PCE (Fig. S3A), which also showed modest inhibitory
effect on α-SMA expression. For the flavonoid aglycones QCT, KAE and
PIN, it was reported that the hepatoprotective effect may be positively
correlated to the number of phenolic hydroxyl groups in the B ring
(Wang et al., 2016). However, the anti-fibrotic activity of such com-
pounds was proved to be the opposite trends, which need further in-
vestigation on the underlying mechanisms. These flavonoids from PCE
might show additional and/or synergetic effect with PIN. To explore the
possible mechanisms of PCE and the incorporated chemical composi-
tions to inhibit the activation of HSCs, protein analysis was performed.
The results indicated that PCE suppressed HSCs activation through in-
creasing SIRT3 expression, inhibiting AKT signaling, and enhancing
GSK-3β activity (Fig. S3B), which was consistent with the transduction
process demonstrated in PIN effect in the current study. These results
well supported the synergetic effect of the chemical ingredients in PCE
activity, and further suggested that the core active compositions could
be the flavonoids containing a similar chemical structure. Moreover, it
is possible that unidentified constituents in PCE with trace amount
possess more potent anti-fibrotic effect. Therefore, further thoroughly
chemical isolation is needed to fully elucidate the chemical principles of
P. chinense for its anti-fibrotic effect.

Recent findings have demonstrated a concept of redox-fibrosis,
suggesting that over accumulation of ROS is one of the key factors for
fibrogenesis (Kurundkar and Thannickal, 2016; Torok, 2016). Many
etiological factors could result in accumulation of ROS, which damage
the cellular integrity and promote HSCs activation (Ghatak et al., 2011;
Hsieh et al., 2011; Arellanes-Robledo et al., 2013). ROS contribute to
fibrosis in the process of its initiation and evolution via different feed-
forward and feedback loops (Kalogeris et al., 2014; Gorlach et al.,
2015). Studies have shown that increased ROS is associated with TGF-
β1 production (Richter et al., 2015). A perverse cycle was put forward
in fibrotic diseases that TGF-β1 increased ROS production (Liu and
Desai, 2015). Therefore, targeting on decreasing the excessive ROS
accumulation is thought to be an effective therapeutic strategy for
prevention and treatment of hepatic fibrosis. In the current study, PIN
was found to attenuate ROS accumulation in LX-2 cells through ele-
vating SIRT3 expression. It has been reported that increased SIRT3
expression resulted in the improvement of oxygen consumption rate in
mitochondria and restriction of ROS synthesis, to further block Akt
activation (Pillai et al., 2015). It was reported that Akt phosphorylation
state was closely related to TGF-β1 promotion or inhibition, suggesting
that Akt plays the role as a molecular switch for TGF-β1 induced os-
teoblastic differentiation (Suzuki et al., 2014). Our data showed PIN
promoted the deacetylation of SOD2 through SIRT3, to enhance its
activity and improve anti-oxidant capacity. Moreover, Akt phosphor-
ylation was suppressed by PIN treatment as a result of the scarcity of
hyperoxidation incited by ROS. Taken together, PIN prevented HSCs
activation through SIRT3-SOD2-Akt-TGF-β1 pathway. At the current
stage, we could not illustrate clearly how PIN regulates SIRT3 expres-
sion. It was reported that SIRT3 was activated by calorie restriction
(Han and Someya, 2013) and exercise (Palacios et al., 2009), which is
worthy to be further explored.

Existing evidences have manifested that TGF-β could be released as
a result of inflammatory interactions, such as macrophages, or by
structural cells such as airway epithelial cells, endothelial cells, and
fibroblasts (Xiao et al., 2008; Kao et al., 2013). As the predominant

Fig. 6. PIN activated GSK-3β to promote Smad degradation in LX-2 cells. (A) PIN de-
creased phosphorylated GSK-3β expression. (B) the acetylated GSK-3β was reduced by
PIN treatment. (C) SB blocked the effect of PIN of total Smad. Measurements took n = 6
biological implicates. **p < 0.01, PIN treated group vs control group.
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pathogenic factor that drives fibrosis in various organs, TGF-β1 gathers
multitudinous attention. Even though numerous evidences indicated
that TGF-β1 could be the target for therapeutic strategies to inhibit
tissue fibrosis, the adverse effects of adjusting this marker remained to
be clarified (Kubiczkova et al., 2012; Meng et al., 2016). A study on
phagocytes illustrated the production of TGF-β in response to apoptotic
cells through phosphatidylserine recognition structures (PSRS), and
identified the regulation of TGF-β production by inducing its tran-
scription through activated mitogen-activating protein kinases (MAPKs)
including p38, ERK, and JNK, or translation through Rho GTPase
(RhoA), PI3K, Akt, and mammalian target of rapamycin (mTOR) with
subsequent phosphorylation of translation initiation factor eukaryotic
initiation factor 4E (eIF4E) (Xiao et al., 2008). Actually, we indeed
observed the significant decrease of p38 MAPK and ERK phosphoryla-
tion in response to PIN treatment (Fig. S4), implying that TGF-β1
production was modulated by PIN through both transcriptional and
translational processes.

Revocable phosphorylation of Smad plays a pivotal role in reg-
ulating its function (Bruce and Sapkota, 2012). r-Smads contain three
structural features including two highly conserved MH1 and MH2, and
a divergent linker region (LNK) (Massague et al., 2005; Bruce and
Sapkota, 2012; Macias et al., 2015). Functionally, the MH2 domain is
responsible for receptor interaction that allows heteromeric Smad
complexes to be formatted (Macias et al., 2015). On the other hand, the
MH1 domain negatively regulates the function of MH2 domain (Macias
et al., 2015). In an ordinary TGF-β-Smad pathway, phosphorylation of
the C-terminal Ser423/425 residues in MH2 domain by TβR1 drives the
activation of r-Smads (Schmierer and Hill, 2007). In our study, PIN
suppressed Smad3 phosphorylation at Ser423/425 residues. Surpris-
ingly, we observed the consistent attenuation of both the C-terminal
phosphorylated and total Smad proteins. Previous report indicated the
SIRT3-mediated deacetylation and activation of GSK-3β blocked aging-
associated tissue fibrosis in mice, and activated GSK-3β was a blocker of
Smad (Sundaresan et al., 2016). Moreover, activated GSK-3β phos-
phorylated the Thr66 residue of Smad in the MH1 domain, resulted in
the protein degradation (Guo et al., 2008). Currently, the phosphor-
ylation and acetylation of GSK-3β were decreased through Akt and
SIRT3, respectively, which promoted the kinase activity. Furthermore,
abolishing GSK-3β arrested the subsidence of total Smad. The above
results supported that PIN promoted Smad degradation, through SIRT3-
GSK-3β pathway.

GSK-3 is a serine/threonine protein kinase that has been identified

for over forty different proteins in a variety of different pathways (Lal
et al., 2015). Involved in numerous central intracellular signaling
pathways including cellular proliferation, migration, immune responses
and apoptosis, GSK-3 was implicated in a number of diseases, for in-
stance, fibrosis (Guo et al., 2017). Consistent with our findings, emer-
ging evidence suggested that GSK-3β exerted its anti-fibrotic effect by
directly interacting with Smad and negatively regulating the protein
stability and enzymatic activity (Guo et al., 2008). In addition to the
consensus that GSK-3β regulated TGF-β signaling pathway through
phosphorylating Smad at the N-terminal to arouse its ubiquitination
and degradation, recent study demonstrated the phosphorylation at
Ser204 site in the LNK region by GSK-3β led to inhibition of Smad
transcriptional activity (Bruce and Sapkota, 2012; Lal et al., 2015). In
other words, through regulating the phosphorylation of Smad in both
the MH1/2 and LNK domains, GSK-3β exerted dual control on TGF-β1-
Smad signaling.

It is considered that activation of β-catenin dependent gene tran-
scription leads to fibroblast activation and fibrosis in multiple organ
systems (Yin et al., 2013; Affo et al., 2017; Sugimoto and Takei, 2017).
GSK-3β is closely related to Wnt signal transduction pathway for the
requirement of β-transduction repeat-containing protein (β-TrCP) to
recognize the ubiquitination site of β-catenin (Gao et al., 2014). Ade-
quate evidences illustrated that GSK-3β mediated phosphorylation of β-
catenin resulted in the degradation and inactivation of the transcription
factor which finally led to the remission of fibrosis (Arellanes-Robledo
et al., 2013; Sundaresan et al., 2016; Guo et al., 2017). We observed
that total β-catenin was decreased accompanied by the increase of β-
catenin phosphorylation at Ser33/37 sites in PIN treated LX-2 cells (Fig.
S5A), which indicated GSK-3β regulated β-catenin at Ser33/37 and
subsequently caused the protein degradation. Bizarrely, β-catenin was
likely accumulated in nucleus in PNT treated LX-2 cells (Figs. S5B and
S5C), which seemed to be preposterous according to the consensus of
GSK-3β interaction to β-catenin (Caspi et al., 2008). In fact, Akt was
reported to phosphorylate β-catenin at Ser552 site, which took the re-
sponsibility of counterpoising its cytoplasmic accumulation and nuclear
translocation (Fang et al., 2007). Nevertheless, distinct components
involved in Wnt-β-catenin pathway reflected the effects on stability,
localization and transcriptional activity of β-catenin (Gao et al., 2014).
Taken together, we concluded that activated GSK-3β contributed re-
lieve fibrotic symptoms through dual-controlling of TGF-β-Smad sig-
naling and negatively regulated β-catenin activity. Squaring up to the
facts of the multiple modification sites and the complexity of the

Fig. 7. PIN suppressed Akt phosphorylation and TGF-β-
Smad pathway through SIRT3. (A) The suppressing effect of
PIN on Akt phosphorylation was fully blocked by SIRT3
silence. (B) PIN regulated TGF-β-Smad signaling through
SIRT3. Protein quantitative analysis for AKT phosphoryla-
tion (C), TGF-β1 expression (D) and Smad3 expression (E)
in scrambled (SCR) and SIRT3 knockdown (S3KD) LX-2
cells with or without 40 μM PIN treatment. Measurements
took n = 6 biological replicates. *p < 0.05 and
**p < 0.01, PIN treated group vs control group;
##p < 0.01, S3KD group vs SCR group; ns, no significance.
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influence given by the chemical, we consider that PIN was involved in
other induction pathways and regulated β-catenin through some other
mechanisms. Assuredly, the nuclear export of Smad took the more
dominant position than the relocalization and activation of β-catenin in
subsiding fibrotic symptoms in PIN treated LX-2 cells.

5. Conclusion

In conclusion, our study provides compelling evidences that the
water extract of P. chinense remarkable suppresses the activation of
HSCs. PIN, a flavonoid isolated from P. chinense, is verified to be the
chemical principle. PIN inhibits ECM proteins expression through in-
activating TGF-β-Smad signaling pathway. The expression and activity
of SIRT3 is enhanced in PIN treated LX-2 and HSC-T6 cells, which in
turn deacetylates and activates SOD2, attenuates ROS accumulation
and suppresses Akt phosphorylation (Fig. 8). Moreover, PIN treatment

diminishes the total Smad level through SIRT3-mediated activation of
GSK-3β (Fig. 8). To the best of our knowledge, the current study firstly
reports the anti-fibrotic activity of PIN and P. chinense. These results
might provide a promising candidate for treatment of liver fibrosis.
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