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Abstract

Hepatic stellate cell (HSC) activation plays an indispensable role in hepatic fibrosis. Inducing apoptosis of activated HSCs
can attenuate or reverse fibrogenesis. In this study, we initially found that oroxylin A (OA) protected CCl,-induced liver injury
accompanied by endoplasmic reticulum stress (ERS) activation of HSCs in mice. In vitro, OA treatment markedly reduced
fibrogenesis by modulating extracellular matrix synthesis and degradation. OA inhibited cell proliferation and induced cell
cycle arrest of HSCs at S phase. Further, OA was observed to induce HSC apoptosis, as indicated by caspase activation. Using
the eIF2a dephosphorylation inhibitor salubrinal, we found that ERS pathway activation was required for OA to induce HSC
apoptosis. ERS-related proteins were significantly upregulated by OA treatment, and salubrinal abrogated the effects of OA
on HSCs. Thus, we inferred that OA attenuated HSC activation by promoting ERS. In vivo, inhibition of ERS by salubrinal
partly abrogated the hepatoprotective effect of OA in CCl,-treated mice. In conclusion, our findings suggest a role for ERS

in the mechanism underlying amelioration of hepatic fibrosis by OA.
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Introduction

Hepatic fibrosis, a reversible process that occurs during heal-
ing of insults to the liver, is characterized by hepatic stellate
cell (HSC) activation, which is accompanied by massive
accumulation of extracellular matrix (ECM), especially the
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production of collagen [1]. Hepatic fibrosis is induced by
multiple factors, including alcohol consumption, chronic
viral hepatitis, fatty liver, cholestasis, and autoimmune hep-
atitis, which cause excessive ECM deposition and hyper-
trophic scarring [2]. Persistent fibrosis causes cirrhosis and
even hepatocellular carcinoma. Currently, liver transplanta-
tion is considered the most feasible and effective method to
treat end-stage cirrhosis.

Under normal physiological conditions, HSCs are in a
resting state and their major function is storage of vitamin A

and retinoic acid [3]. Platelet-derived growth factor (PDGF)
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and epidermal growth factor (EGF) induce activation and
proliferation of HSCs, which adopt a fibroblast-like pheno-
type [3, 4]. HSC activation is highly promoted during the
process of hepatic fibrosis, and induction of activated HSC
apoptosis has been shown to be an effective strategy to pro-
mote recovery from fibrosis [5]. Apoptosis mostly occurs
via a mitochondrial system and death-receptor pathways,
but also occurs in response to cellular activities such as
endoplasmic reticulum stress (ERS) [6]. The endoplasmic
reticulum (ER) is an important organelle necessary for cell
survival and normal cellular functions. ERS plays a vital role
in the mechanism of cell clearance, which is also mediated
by death receptor and mitochondrial pathways [7]. Folded
proteins are transported to the Golgi apparatus, where accu-
mulation of many unfolded proteins further aggravates ERS,
which are degraded by the proteasome [8]. However, little
is known about the role of ERS in apoptosis during hepatic
fibrosis. Therefore, it is vital to investigate mechanisms of
apoptotic signaling pathways in activated HSCs.

Oroxylin A (OA) widely exists in plants and is derived
from the natural flavonoid molecule wogonin [9]. In recent
years, OA has attracted great attention for its emerging role
in treating liver cancer [10]. Inducing apoptosis of activated
HSCs is an effective strategy to treat hepatic fibrosis. There-
fore, the aim of the current research was to investigate the
effects of OA on apoptosis during HSC activation, and to
further examine the underlying mechanisms.

Materials and methods
Reagents and antibodies

OA of a purity higher than 99% was isolated from the
medicinal plant Scutellaria baicalensis and dissolved in
dimethyl sulfoxide (DMSO) [9]. The control group was
treated with 0.1% DMSO. Salubrinal was purchased from
Sigma (St Louis, MO, USA), dissolved in DMSO, and stored
at —20 °C. For western blot analyses, primary antibodies
against caspase-3, -7, -8, and -9; poly (ADP-ribose) poly-
merase (PARP); cytochrome c; Bax; and Bcl-2; as well as
all secondary antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against cal-
nexin, C/EBP homologous protein (CHOP), protein kinase
RNA-like endoplasmic reticulum kinase (PERK), inositol-
requiring enzyme-1 (IRE1), and activating transcription
factor 6 (ATF6) were purchased from Wan Lei Biology
Antibody (Shenyang, China). The anti-f-actin antibody
was purchased from Sigma. Antibodies against fibronectin,
a-smooth muscle actin (a-SMA), and al(I) procollagen
were purchased from Epitomics (San Francisco, CA, USA).
Primers used for quantitative real-time polymerase chain
reactions (qQRT-PCR) were purchased from GenScript Co.
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Ltd. (Nanjing, Jiangsu, China). Phosphate-buffered saline
(PBS), Dulbecco’s Modified Essential Medium (DMEM),
fetal bovine serum (FBS) and trypsin-EDTA were purchased
from Gibco BRL (Grand Island, NY, USA).

Animals and experimental procedures

All experiment protocols involving mice (Yangzhou Uni-
versity, China) were approved by institutional and local eth-
ics committees. In accordance with National Institutes of
Health (Bethesda, MD, USA) guidelines, all mice received
humane care. 5-week-old male ICR mice (18-22 g) were
randomly divided into eight groups (n=38). All animals
were housed under standardized conditions at room tem-
perature, with suitable humidity and light/dark cycle with
dawn/dusk effect. Water and standard pathogen-free chow
diet were provided ad libitum [11]. A mixture of carbon
tetrachloride (CCl,; 0.5 mL/100 g body weight) and olive
oil [1:9 (v/v)] was used to induce liver fibrosis in mice by
intraperitoneal injection. Group 1 was the vehicle control,
in which mice did not receive CCl, or OA treatment. Group
2 was the CCl, model group. Groups 3, 4, and 5 were drug
treatment groups, in which mice received CCl, and OA at
20, 30, or 40 mg/kg, respectively. Group 6 was the positive
control group, in which mice received CCl, and colchicine
treatment (0.1 mg/kg). Group 7 received an intraperitoneal
injection of salubrinal at 1 mg/kg. Group 8 received salubri-
nal and OA at the same time. Groups 2—8 were injected with
CCl, (5 mL/kg) twice a week for 8 weeks to induce hepatic
fibrosis. Groups 3-8 were intraperitoneally injected with
OA or salubrinal daily for the last 4 weeks. OA, salubrinal,
and colchicine were dissolved in physiological saline. After
8 weeks of administration, blood and livers were collected.
Livers were fixed in 4% buffered paraformaldehyde for his-
tological analysis and western blot analysis.

Cell culture conditions

The HSC-T®6 rat hepatic stellate cell line (Cell Bank of Chi-
nese Academy of Sciences, Shanghai, Chinese) was cultured
in DMEM containing 10% FBS and 1% antibiotics, in a 95%
air 5% CO, humidified atmosphere at 37 °C. A Leica Qwin
System (Wetzlar, Germany) was used to observe HSC mor-
phology [6].

Quantitative real-time polymerase chain reaction

TRIzol reagent was used to extract HSC RNA according
to the manufacturer’s instructions. Real-time PCR was
carried out using a 7500 RT-PCR System as previously
described [12]. mRNA levels of target genes were calcu-
lated and reported from triplicate experiments. The fol-
lowing primers (GenScript, Nanjing, China) were used:



Apoptosis (2019) 24:905-920

907

GAPDH: (forward) 5-TGGTATCGTGGAAGGACTCAT
GAC-3', (reverse) 5'-ATGCCAGTGAGCTTCCCGTTC
AGC-3’; CHOP: (forward) 5'-AGCAGAGGTCACAAG
CACCT-3', (reverse) 5'-CTCCTTCATGCGCTGTTT
CC-3’; calnexin: (forward) 5'-GATGCTGTCAAGCCA
GATGA-3', (reverse) 5'-TTAGGGTTGGCAATCTGA
GG-3’; Bcl-2: (forward) 5'-TTCGGGATGGAGTAAACT
GG-3'; (reverse) 5'-AAGGCTCTAGGTGGTCATTCAG-
3'; Bax: (forward) 5'-TGGAGATGAACTGGACAGCA-3;
(reverse) 5'-CAAAGTAGAAGAGGGCAACCAC-3'; type
I collagen: (forward) 5'-ACGTCCTGGTGAAGTTGG
TC-3'; (reverse) 5'"TCCAGCAATACCCTGAGGTC-3";
oa-SMA: (forward) 5'-TCTCACCGACTACC-3’, (reverse)
5'-TCCAGAGCGACATAGCACAG-3'.

Immunoblotting analysis

Cell lysates were prepared using RIPA buffer containing pro-
tease and phosphatase inhibitors. A bicinchoninic acid assay
kit was used to determine protein levels (Pierce, Thermo
Fisher Scientific, Waltham, MA, USA). Proteins were elec-
trophoresed and transferred to a polyvinylidene difluoride
membrane (Millipore, Burlington, MA, USA), which was
blocked with 5% skim milk for 2 h. Subsequently, mem-
branes were incubated with primary antibodies overnight
followed by conjugated secondary antibodies for 2 h the fol-
lowing day. A chemiluminescence reagent (Millipore) was
used to detect antibody binding. -actin was used as a refer-
ence protein to determine levels of target proteins densito-
metrically with Quantity One software (Bio-Rad, Hercules,
CA, USA).

Immunofluorescence analysis

Liver tissues or treated HSCs underwent immunofluores-
cence analysis as previously reported [13], with 4',6-diami-
dino-2-phenylindole (DAPI) to stain nuclei. Briefly, HSCs
were seeded in 24-well plates and cultured for 24 h, followed
by treatment with OA or salubrinal for another 24 h. Sub-
sequently, HSCs were incubated with primary antibody at
4 °C overnight, followed by anti-rabbit or anti-mouse IgG
for 2 h at room temperature, and then washed with PBS three
times. Immunofluorescence was detected with a fluorescence
microscope (Nikon, Tokyo, Japan). For liver tissues, sections
(5 um) were blocked with 1% bovine serum albumin and
incubated with primary antibodies overnight at 4 °C over-
night, followed by incubation with secondary antibodies for
another 2 h at room temperature. Sections were washed three
times with PBS between reagents. Immunofluorescence was
detected in a single plane using an MRC 1024 laser confocal
microscope (Bio-Rad).

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits were used to determine serum levels of tumor
necrosis factor (TNF)-a, interleukin 6 (IL-6), IL-8, hyalu-
ronic acid (HA), laminin (LN), procollagen type III (PCIII),
and type IV collagen (Col IV) according to the manufactur-
er’s protocols (Sen Bei Jia Biological Technology, Nanjing,
China). Absorbance was observed with a SpectraMax™
microplate spectrophotometer (Molecular Devices, Sunny-
vale, CA, USA).

Transmission electron microscopy

Livers were fixed with 1% glutaraldehyde in 0.1 M caco-
dylate buffer, cut into small pieces, and post-fixed with
4% 0OsO, in the same buffer. Tissue samples were then
dehydrated and embedded in epoxy resin (Spurr; Electron
Microscopy Sciences, Ft. Washington, PA). An Olympus
EM208S transmission electron microscope (Tokyo, Japan)
was used to acquire images of tissue sections.

Biochemical analysis

Sera was separated from whole blood and levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and lactate dehydrogenase
(LDH) were determined using commercial assay kits (Nan-
jing Jiancheng Bioengineering Institute, China) following
the manufacturer’s protocols. A SpectraMax™ microplate
spectrophotometer was used to determine the absorbance
values (Molecular Devices).

Cell proliferation assay

HSCs proliferation was tested with a Cell Counting Kit
8 (CCK-8) kit (Dojindo, Japan). Cells were seeded into
96-well plates in a volume of 200 uL per well and cultured
overnight at 37 °C. According to the manufacturer’s proto-
col, after treatment with varying concentrations of DMSO
or OA for 24 h, 20 pL of CCK-8 solution was added to each
well and cells were incubated for 2 h at 37 °C. A scanning
multiwell spectrophotometer was then used to determine the
absorbance of the each well at 450 nm.

Terminal deoxynucleotidyl transferase (TdT) dUTP
nick-end labeling (TUNEL) staining

HSCs were seeded in 24-well plates as described above for
24 h. The next day, cells were treated with DMSO, OA,
or salubrinal at the indicated concentrations for another
24 h. Morphology of apoptotic HSCs was evaluated using a
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TUNEL staining kit (KeyGen Biotech, Nanjing, China). A
fluorescence microscope (Nikon) was used to capture images
of HSCs.

Analysis of cell cycle and apoptosis by flow
cytometry

HSCs were seeded in six-well plates at a density of 2 x 10*
cells/well and cultured for 24 h. Next, HSCs were treated
with DMSO or OA at indicated concentrations for another
24 h. Cellular DNA flow cytometry kits (KeyGen Biotech)
were used according to the manufacturer’s protocol to evalu-
ate the cell cycle stage of cells (specifically GO/G1, S, or
G2/M) by flow cytometry (FACS Calibur; BD Biosciences,
Franklin Lakes, NJ, USA).

Apoptosis was determined by fluorescein isothiocyanate
(FITC)-labeled annexin V/propidium iodide (PI) double
staining. An annexin V-FITC apoptosis assay kit (KeyGen
Biotech) was used according to the manufacturer’s protocol.
Percentages of annexin-positive HSCs without PI staining
were determined by flow cytometry (FACS Calibur). Data
were analyzed using Cell Quest software (BD Biosciences).

Statistical analysis

Data are expressed as mean + standard deviation and were
analyzed using Prism 5.0 (GraphPad Software, La Jolla, CA,
USA). Statistical significance of differences was determined
by one-way analysis of variance (ANOVA) with post-hoc
Dunnett’s test. P-values < 0.05 were considered statistically
significant.

Results

OA protected mouse livers from CCl,;-induced injury
and inflammation accompanied by ERS activation

To assess the protective effect of OA, we used a mouse
model to explore its therapeutic potential to treat hepatic
fibrosis. To this end, we analyzed biochemical markers of
liver injury after CCl, treatment for 8 weeks. Levels of AST,
ALT, ALP, and LDH were effectively increased in Group 2
(the model group) but were reduced by OA in CCl,-treated
mice. Notably, high-dose OA reduced AST and ALT levels
more significantly than colchicine (Fig. 1a). During chronic
liver disease, inflammation is commonly accompanied by
hepatic fibrogenesis. As demonstrated by ELISA results,
OA also decreased serum levels of IL-6, IL-8, and TNF-«
(Fig. 1b). Thus, we proposed that OA protected the liver
against CCl,-induced injury by suppressing inflammation.
In addition, H&E staining showed that treatment with OA
significantly improved morphological changes in liver tissue
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(Fig. 1c). As fibrogenesis is accompanied by accumulation
of collagen, liver tissue sections were stained with Masson’s
reagent and Sirius red to examine collagen deposition. The
results indicated that collagen was markedly deposited in
the CCl,-injured liver, but dose-dependently reduced in the
livers of mice in OA-treated groups (Fig. 1c). In addition,
OA significantly reduced upregulated levels of HA, LN, PC-
III, and C-IV in serum by CCl, (Fig. 1d). To further con-
firm these phenomena, we investigated protein expression
of three major markers of hepatic fibrosis: a-SMA, al(I)
procollagen, and fibronectin. The results indicated that OA
effectively diminished their protein expression (Fig. S1A).
Severe inflammatory cell infiltration in livers exposed to
CCl,, characterized by reduced intrahepatic CD45- and
F4/80-positive cells, was suppressed by OA (Fig. S1B).
These data confirmed that the process of hepatic fibrosis
was accompanied by both inflammation and activation of
HSCs in vivo.

Interestingly, ultrastructural studies using transmission
electron microscopy to observe morphological changes in
the ER revealed that OA caused a striking dose-dependent
change in the cytosol, such as ER enlargement and charac-
teristic translucent vacuoles [8], indicating that OA activates
ERS (Fig. 2a). Considering the results described above,
liver sections were used to evaluate expression of a-SMA,
a major marker of HSC activation, by immunofluorescence.
The results of double staining with «-SMA showed that
CHOP and calnexin were increased in HSCs. Specifically,
CHOP and calnexin were absent in fibrotic mouse livers but
elevated by OA at various doses (Fig. 2b). Together, these
data showed that OA could protect mice against liver injury
during CCl,-induced fibrosis in vivo, which was accompa-
nied by ERS activation in HSCs.

OA inhibited HSC proliferation in vitro and induced
cell cycle arrestin S phase

We next investigated the effect of OA on HSCs in vitro.
Activation and proliferation of HSCs are hallmarks of
hepatic fibrosis [14]. Therefore, we initially examined the
inhibitory effects of OA on HSC proliferation using a CCK-8
assay. OA dose-dependently inhibited HSC growth and had
a significant inhibitory effect at 30 uM (Fig. 3a). Inhibi-
tion of HSC viability is necessary for inducing apoptosis
of activated HSCs. CCK-8 analysis indicated that OA had
a striking anti-proliferative effect on activated HSCs that
occurred in a dose- and time- dependent manner (Fig. 3a).
As an ideal anti-fibrotic agent should be selective for HSCs
without affecting other hepatic cells, we also examined the
effect of OA on the human hepatocyte cell line LO,. Our
results showed that OA significantly inhibited the prolifera-
tion of LO, cells at 70 uM (Fig. 3b), demonstrating that OA
had a selective inhibitory effect on HSC growth within a
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1. vehicle control 2. CCl, 3. CCI,+OA (20 mg/kg) 4. CCI,+OA (30 mg/kg) 5. CCI,+OA (40 mg/kg) 6. CCl+ colchicine

Fig.2 OA increases ERS in CCl -induced injury. Mice were injected
i.p. with CCl, for 8 weeks, to induce hepatic fibrosis. During the
weeks 5-8, mice in treatment groups were treated with OA (20, 30,
40 mg/kg) or colchicine (0.1 mg/kg). a Transmission electron micros-
copy (TEM) showed that OA in a dose-dependent manner caused
dramatic morphological changes with appearance of cytoplasmic
vacuoles. b Liver sections were stained with immunofluorescence

certain dose range. Furthermore, according to the results of
an LDH release assay, OA had cytotoxic effects on LO, only
at doses higher than 70 uM (Fig. 3b).

Activation of HSCs is accompanied by reactive oxygen
species (ROS) generation [15, 16]. Therefore, we evalu-
ated ROS levels in activated HSCs treated with DMSO or
OA for 24 h. OA dose-dependently suppressed ROS gen-
eration in activated HSCs (Fig. 3c). Moreover, according
to flow cytometry analysis, OA dose-dependently induced
S-phase accumulation (Fig. 3d, e). Multiple mechanisms
potentially underly the inhibition of inappropriate cell pro-
liferation, including the main regulator proteins cyclins,
cyclin-dependent-kinases (CDKs), and CDK inhibitors
[17]. Cyclin A and cyclin E are central proteins involved
in S-phase entry, whereby they induce DNA replication by
controlling thymidine kinase and cyclin [18]; notably, cyc-
lin E1 can activate CDK2. Thus, we investigated whether
these molecules were modulated by OA treatment. Western
blot analysis indicated that OA down-regulated cyclins and
CDK expression (Fig. 3f). Furthermore, we observed that
OA dose-dependently increased expression of pl5, p21,
and p27, which regulate cell cycle progression by inhibit-
ing the cyclin-CDK complex (Fig. 3g). Activated HSCs are
responsible for increased collagen synthesis and deposition
in the liver. HSC activation is accompanied by upregulated
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using antibodies against CHOP and Calnexin. Antibody against
a-SMA was used to specifically stain HSC, and DAPI to stain the
nucleus (original magnification, x40). Scale bar =100 um. Scale
bar =100 pm. For the statistics of each panel in this figure, data are
expressed as mean+SD (n=8); P <0.001 compared with group
one, *P<0.05, **P<0.01 and ***P<0.001 compared with group
two

expression of PDGF-f, transforming growth factor-p, and
EGF receptors, which increase the transduction of pro-
fibrogenic signals [19]. OA dose-dependently inhibited the
expression of these three receptors and attenuated HSC acti-
vation (Fig. 3h). Thus, these results collectively indicated
that OA suppressed HSC proliferation and caused cell cycle
arrest in S phase by altering levels of the main proteins regu-
lating cell cycle.

OA induced apoptosis of activated HSCs
through caspase activation

Induction of apoptosis, which plays an important role in
clearing activated HSCs, is characterized by HSC shrinkage,
chromatin condensation, and nuclear fragmentation [20].
Therefore, we examined the effects of OA on the progression
of apoptosis. As evident by phase contrast microscopy, OA
treatment caused dramatic morphological changes in HSCs
in a dose-dependent manner, as manifested by cell shrink-
age, semi-detachment, and sphere-shaped cells (Fig. 4a).
We next explored the pathway underlying OA-induced HSC
apoptosis. Flow cytometry demonstrated that OA enhanced
apoptosis in activated HSCs in a dose-dependent manner
(Fig. 4b). Furthermore, TUNEL staining revealed that OA
effectively induced apoptosis in activated HSCs (Fig. 4c).
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gRT-PCR consistently demonstrated that OA dose-depend-
ently reduced Bcl-2 mRNA levels in HSCs, while increas-
ing Bax mRNA levels; however, RNA expression of these
factors was not significantly altered in LO, cells (Fig. 4d).
Increasing the Bax/Bcl-2 ratio facilitates cytochrome ¢
release into the cytosol and further activates caspase cas-
cades [21]. Therefore, we examined the expression of Bcl-2
family-related proteins localized to the mitochondrial inner
membrane. In activated HSCs, OA reduced the level of
Bcl-2 and increased the level of Bax, which act as anti-
apoptotic and pro-apoptotic proteins, respectively (Fig. 4e).
Caspases are produced in cells as catalytically inactive
proenzymes, which undergo proteolytic activation during
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mean+SD (n=3); *P<0.05, **P <0.01 and ***P <0.001 compared
with DMSO

apoptosis [22]. As such, we investigated protein expression
levels of both the cleaved active form and inactive pro-form
of two caspases [23]. As shown in Fig. 4f, OA dose-depend-
ently upregulated cleaved-caspase-9 and cleaved-caspase-3
without affecting the expression of pro-caspase-9 or pro-
caspase-3, suggesting that OA-induced HSC apoptosis was
accompanied by caspase activation. Notably, the cleaved
form of PARP, a zinc-dependent DNA binding protein that
recognizes DNA strand breaks (and marker of apoptosis)
[24], was increased by OA, consistent with caspase activa-
tion and nuclear morphological changes (Fig. 4f). Caspase-8
activates almost all apoptotic downstream cascades, induc-
ing caspase-7, and leads to the apoptosis of HSCs [25]. Both
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of these caspases were activated by OA in a dose-dependent
manner, as determined by western blot analyses (Fig. 4g).
These data consistently indicated that OA stimulated apop-
tosis of activated HSCs.

OA inhibited collagen synthesis and induced
collagen degradation in activated HSCs

Next, we evaluated expression of a-SMA, type I collagen,
and fibronectin. OA treatment markedly reduced mRNA
levels of type I collagen and a-SMA compared with DMSO
treatment (Fig. 5a). Western blot results indicated that OA
decreased fibronectin, a-SMA, and type I collagen levels
(Fig. 5b). Notably, fibrogenesis is greatly influenced by the
rate of collagen synthesis in relation to matrix metallopro-
teinase (MMP) degradation [26]. The actual proteolytic
activity of MMPs depends on the ratio of MMPs to their
corresponding tissue inhibitor of matrix metalloprotein-
ases (TIMPs) [27]. As such, the balance between MMPs
and TIMPs is a key regulator of adaptive and maladap-
tive responses to ECM production [28]. Thus, we explored
whether OA treatment contributed to the regulation of fibro-
sis by MMPs. As shown in Fig. Sc, western blot analysis
suggested that OA treatment increased MMP-9 expression,
but inhibited TIMP-2 expression. Thus, the MMPs/TIMPs
balance changed during ECM degradation. These alterations
were confirmed by immunofluorescence analysis (Fig. 5d).
Altogether, these data indicated that OA could improve
hepatic fibrosis by both decreasing the expression of ECM
proteins and inducing ECM degradation in HSCs.

Activation of the ERS pathway by OA treatment
induced apoptosis of activated HSCs

We next investigated the mechanism of OA-induced HSC
apoptosis by examining two major mediators of the ERS
pathway, calnexin and CHOP, an ER chaperone and major
marker of prolonged ERS, respectively [29]. Immunofluores-
cence showed that OA markedly upregulated expression of
CHOP and calnexin (Fig. 6a). Notably, OA at 40 uM signifi-
cantly upregulated mRNA levels of both calnexin and CHOP
in HSCs but did not significantly alter their mRNA expres-
sion in LO, cells (Fig. 6b). Similar results were observed
for protein levels in HSCs by western blot analysis (Fig. 6¢).
Furthermore, triggered by many physiological and patho-
physiological stimuli, the accumulation of unfolded proteins
leads to activation of the unfolded protein response, which
is mediated by three types of ER transmembrane receptors:
PERK, IRE1, and ATF6 [30, 31]. PERK promotes elF2a
phosphorylation as an immediate response, leading to elF2a
activation and decreased mRNA translation, thus resulting
in further accumulation of unfolded proteins in the ER [31].
IRE1, an ER transmembrane protein with both kinase and

endoribonuclease activity, includes an N-terminal luminal
sensor domain, a single transmembrane domain, and C-ter-
minal cytosolic effector region [32]. ATF6 is a regulatory
gene that includes sequences with a site referred to as the
cAMP response element [29]. The related receptor proteins
work together to maintain the balance of ERS and contribute
to ER homeostasis during the early stages of ERS. Western
blot analyses showed that OA significantly upregulated pro-
tein expression of these regulatory molecules (Fig. 6d—f).
Collectively, these data indicated that OA selectively acti-
vated the ERS pathway in activated HSCs.

Activation of ERS is required for OA to induce
apoptosis in activated HSCs

Prolonged ERS triggers pro-apoptotic signals. However,
ERS sensors do not directly lead to cell death. Instead,
they stimulate the activation of downstream factors, such
as CHOP, that promote the progression of cell death path-
ways [33]. Thus, we next investigated whether OA-mediated
HSC apoptosis was dependent on ERS activation. Notably,
immunofluorescence analysis showed that OA promoted
the expression of CHOP and calnexin, but this effect was
inhibited by treatment with salubrinal (Fig. S2A), a selec-
tive inhibitor that protects cells from ERS-induced apoptosis
[34]. Similarly, OA at 40 uM markedly upregulated mRNA
levels of both calnexin and CHOP in HSCs, but this was
inhibited by salubrinal. However, OA did not significantly
alter mRNA expression of calnexin and CHOP in LO, cells
(Fig. S2B). Results of western blot analyses confirmed
similar results at the protein level in HSCs (Fig. S2C). Our
subsequent examinations showed that OA at 40 pM signifi-
cantly promoted phosphorylation of PERK, and stimulated
cleavage of ATF6 in HSCs. These results were consistent at
the protein level, as demonstrated by western blot analyses
(Fig. S2D-F). Collectively, our experiments showed that OA
selectively activated the ERS pathway in HSCs.

The ERS signaling pathway results in caspase activation
and, ultimately, the ordered and sequential dismantling of
the cell [35]. Interestingly, caspase activation further pro-
motes ERS. Using TUNEL staining to assess the nuclear
morphology of apoptotic cells (Fig. 7a), we observed that
OA induced HSC apoptosis, while salubrinal attenuated this
proapoptotic effect. Further studies of apoptosis-regulating
proteins showed that OA activated the caspase cascade and
PARP, which was again attenuated by salubrinal (Fig. 7b—d).
Next, we evaluated the expression of ECM components
at mRNA and protein levels using western blot and qRT-
PCR analyses, respectively. Interestingly, OA significantly
reduced protein levels of intracellular a-SMA, type I col-
lagen, and fibronectin compared with HSCs treated with
DMSO, and salubrinal prevented this decrease in fibronectin
and a-SMA levels (Fig. 7e). Coincidently, mRNA analysis

@ Springer



Apoptosis (2019) 24:905-920

914

OSINQ s paredwod 100°0 > dxsx PUB 10°0> dsx ‘SO°0> dx (€ =U) S F ueow se passaidxa a1e eje( "(Of X ‘uoneoyruSew [eurSro) usSejooord ()10 pue
VIAS-B ‘U1joauoIqr Jo SISA[eUe 90UdSIONJounw] p ‘[0NU0d JUIPEO] B SB Pasn sem Unoe-g ‘sisA[eue j10[q uId)som Aq umoys se ‘g-dINJA PUe Z-dINLL JO suolssaidxa oy paje[n3ar yQ 9 ‘[01U0d
SuIpeo] B se pasn sem Uroe-g "1o[q UI)sam AQq paInsealll aJom YIAS-0 pue uade[[od [ 2dA) ‘unosuoiqr] Jo s[ead] urajord oy, q YDd SWn-[eal SUISn POUILLIAIOP A1oM YIAS-0 pue uaSer[oo [ odK)
JO S[OAJ] YNJW 2, B 'Y 4 10J SUOTIBIUIIUOD PIJedIpul Je VO 10 ‘(A/M ‘9%70°0) OSINA WM pajear) a1om SOSH "onIA ur uonisodop uaSe[[od soonpal pue uoneAnoe DSH sNqIuul vO § b4

(wr) vo m (W) vo 3 (W) vo 3
or og 0z a ov 02 0z b or o¢ 0z -
. . - .. ¥ o . . o
...:wmﬂ__oo::d .. - .. :_uuwcohn_m
a
o n (e}
o o0 02 3 oF 08 02 3 2
° ®
SE o [ewm g SN @ | unoc-d _p o7 [ e - —— uioe- I,
83 Sa [ = = g @
g% _ e e - -_ ¢-diiL =3 8 - . usbeyiod(i)ie c53
5% o) Sx2
32 a % . o w
o oam e 7 P ‘A 6-dININ 5% NvE VNS -0 S %M
S TdAL z2 2
WAIS- b
upauoiqld Ol lgy (ea) :%m__owhw_‘.w m ¢l m
0] g \'

pringer

Qs



Apoptosis (2019) 24:905-920

915

Calnexin

- ---
DAPI
DAPI

R Merge
g 30 40
8 OA (M)
B o OA (M)
. . = 2.0 i
H 1513 calnexin o E gﬂg?,xm
n W CHOP @ c b
2 3 S S5
5 2 10 = £ 0 Ry CHop
ne a alnexin
58 2Ss ( ) g 2, & SRE%S
=22 =210 GRP78 78 89 o (kDa)
x’ - o xco = *
» o o ©Oq¢ 6
k-] © Chd 1 .
N : . p- et 0 ] e [ ]
0- 0
9 ] ]
2 2 30 4 S 2 N & g 30 40 g 2 . 2 » %
w D 3
o OA (uV) 2 OA (M) o OA (uM) o OA (uM) o OA (uM)
(kDa)
- P-PERKIPERK 813 REla
PPERK [ v o s 170 418 PRERKIRER (0a) P
< s El P-JNKIUNK s
2353 g< $2
3 5 28
o2 ° © 2
s 53 52
ATF4 [ WD -0 S0 K [ o o s 390 E
- o
. o o 20 3 4 g 2 2 g 2 1 4
2 20 30 40 2 20 30 4 g —— g ongm 2 OA (M)
e — @ OA (UM o
g oM g OA (M) 8 (M)

Fig.6 OA activates ERS pathway in activated HSCs. a Immunofluo-
rescence analysis of CHOP and Calnexin (original magnification,
x40). b Real-time PCR analyses of Calnexin and CHOP in HSC and
human LO, hepatocytes. ¢ Western blot analysis of ERS-associated

indicated that OA treatment resulted in decreased expression
of both a-SMA and type I collagen, which was prevented
by salubrinal (Fig. 7f). Taken together, our data indicated
that OA triggered apoptosis through activation of the ERS
pathway.

Activation of the ERS signaling pathway alleviated
liver fibrotic injury and inflammatory reaction
in mice

ERS is an early and essential biological event in tissue
injury. Moderate ERS acts as a self-defense system and
protects cells from injury, whereas over-activated ERS can
lead to cell death by activating CHOP, JNK, and other sign-
aling pathways [36]. Thus, we finally attempted to confirm
these actions of OA in vivo using mice with CCl-induced
hepatic fibrosis. Chronic liver disease is accompanied by
inflammatory responses throughout the pathological process.
Notably, OA improved CCl,-induced liver inflammation.
The inhibitory effect of OA on activation of proinflamma-
tory signaling pathways and secretion of proinflammatory

proteins in HSC. d—f Western blot analyses of PERK, IREland ATF6
signaling pathway in HSC. Data are expressed as mean+SD (n=3);
*P<0.05, **P<0.01 and ***P <0.001 compared with DMSO

cytokines was diminished by salubrinal (Fig. 8a). In these
mice, OA significantly decreased serum levels of ALT, ALP,
AST, and LDH, and improved liver injury (Fig. 8b). Further-
more, H&E, Masson, and Sirius red staining showed that OA
reduced CCl,-induced excessive collagen deposition, which
was partly abolished by salubrinal (Fig. 8c). Examination of
key fibrogenic indicators indicated that serum levels of HA,
LN, PCIII, and C-IV were decreased significantly by OA
in fibrotic mice (Fig. 8d). Moreover, caspase-1 expression
indicated OA reduced levels of inflammation (Fig. S3A).
These alterations were further demonstrated in HSCs of
intact mouse liver by immunofluorescence and western blot
analyses (Figs. 8f, S3B), which were consistent with in vitro
observations. Furthermore, upon detecting levels of inflam-
mation, our results showed a clear increase in the level of
proinflammatory cytokines in serum from Group 2, which
was significantly decreased by OA treatment (Fig. S4). Col-
lectively, these results provided further in vivo evidence that
activation of ERS signaling inhibited the accumulation of
collagen and alleviated inflammatory reactions in our mouse
model of hepatic fibrosis.
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Discussion

Hepatic fibrosis might be prevented or even reversed by
inducing apoptosis of activated HSCs. OA has been rec-
ognized as an important compound with a wide spectrum
of pharmacological functions, including anti-cancer prop-
erties [9]. In this study, we established that OA induces
apoptosis through ERS in activated HSCs, which may offer
a new strategy for the treatment of hepatic fibrosis.

The production of ECM by activated HSCs, particularly
type I collagen, plays an important role in hepatic fibrosis
and cirrhosis [37]. Intact type I collagen promotes the per-
sistence of activated HSCs, as ECM degradation is critical
for induction of HSC apoptosis [38]. We discovered that OA
decreased both mRNA and protein expression of a-SMA and
type I collagen in activated HSCs. In the current study, OA
significantly elevated the MMP-9/TIMP-2 ratio and altered
the balance between collagen synthesis and degradation in
activated HSCs in vitro. Thus, our results indicated that OA
mediates the reduction of collagen deposition by directly
decreasing type I collagen protein synthesis and indirectly
increasing the MMP-9/TIMP-2 ratio, which potentially
enhances ECM degradation.

We also found that OA upregulated the expression of
ER-resident chaperones, such as CHOP, calnexin, and glu-
cose-regulated protein 78 (GRP78). The signaling pathways
involved this process represent adaptive responses to avoid
unfolded proteins accumulation [39]. However, persistent
activation of ERS leads to the failure of ER functions and
cell death, typically through apoptosis [40]. As such, the role
of ERS was further confirmed by evidence indicating that
OA-induced HSC apoptosis was mediated through activation
of the ERS pathway, and inhibited by salubrinal. In acti-
vated HSCs, salubrinal effectively attenuated OA-induced
apoptosis and diminished expression of apoptotic markers,
including cleaved PARP and caspase-3/9. These results
strongly indicate that ERS is a key target to trigger apopto-
sis of activated HSCs. Interestingly, the proapoptotic effect
of OA exhibited greater specificity for activated HSCs than
hepatocytes. This is important, as during the progression of
hepatic fibrosis, apoptosis of hepatocytes, which comprise
the majority of the liver, should be prevented, while apop-
tosis of activated HSCs should be promoted. Our results
indicated that low doses of OA caused significantly higher
levels of apoptosis in activated HSCs, while apoptosis, pro-
liferation, and inhibition of LO, were reduced compared
with HSCs treated with the same dosage of OA. Thus, OA
is an effective drug to induce apoptosis of activated HSCs
while having little influence on hepatocyte vitality during
treatment of hepatic fibrosis.

Our results indicated that OA had both antiprolifera-
tive and apoptosis-promoting effects on cultured HSCs.

@ Springer

Moreover, OA inhibited collagen synthesis and induced
collagen degradation in activated HSC. Furthermore, OA
induced HSC apoptosis through a mechanism involving
ERS and the caspase-dependent mitochondrial pathways.

Taken together, our study provides novel insights iden-
tifying ERS as a new pharmacologic target for the treat-
ment of hepatic fibrosis. We also found that OA limited HSC
activation through an ERS-dependent pathway in vivo and
in vitro, suggesting OA should be further investigated as a
prospective therapeutic agent for the treatment of hepatic
fibrosis.
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