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Inhibition of p66Shc Oxidative Signaling via
CA-Induced Upregulation of miR-203a-3p
Alleviates Liver Fibrosis Progression
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We previously found that inhibition of p66Shc confers protec-
tion against hepatic stellate cell (HSC) activation during liver
fibrosis. However, the effect of p66Shc on HSC proliferation,
as well as the mechanism by which p66Shc is modulated, re-
mains unknown. Here, we elucidated the effect of p66Shc on
HSC proliferation and evaluated microRNA (miRNA)-
p66Shc-mediated reactive oxidative species (ROS) generation
in liver fibrosis. An in vivo model of carbon tetrachloride
(CCl4)-induced liver fibrosis in rats and an LX-2 cell model
were developed. p66Shc expression was significantly upregu-
lated in rats with CCl4-induced liver fibrosis and in human
fibrotic livers. Additionally, p66Shc knockdown in vitro atten-
uated mitochondrial ROS generation and HSC proliferation.
Interestingly, p66Shc promoted HSC proliferation via b-cate-
nin dephosphorylation in vitro. MicroRNA (miR)-203a-3p,
which was identified by microarray and bioinformatics ana-
lyses, directly inhibited p66Shc translation and attenuated
HSC proliferation in vitro. Importantly, p66Shc was found to
play an indispensable role in the protective effect of miR-
203a-3p. Furthermore, carnosic acid (CA), the major antioxi-
dant compound extracted from rosemary leaves, protected
against CCl4-induced liver fibrosis through the miR-203a-3p/
p66Shc axis. Collectively, these results suggest that p66Shc,
which is directly suppressed by miR-203a-3p, is a key regulator
of liver fibrosis. This finding may lead to the development of
therapeutic targets for liver fibrosis.
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INTRODUCTION
Liver fibrosis is an inevitable stage in the progression of chronic liver
disease to cirrhosis.1,2 Liver fibrosis development is characterized by
excessive deposition of extracellular matrix (ECM), which is primarily
produced by activated hepatic stellate cells (HSCs).3 Accumulating
evidence indicates that reactive oxidative species (ROS) play an indis-
pensable role in HSC activation and proliferation.4 Furthermore,
oxidative stress markers have been detected in biopsy samples, in
serum from experimental liver fibrosis/cirrhosis animal models, and
in liver cirrhosis patients.5 Accordingly, the decreasing of ROS pro-
duction would be an effective means to attenuate the progression of
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liver fibrosis. However, the source of ROS and the mechanism under-
lying ROS production in liver fibrosis require further investigation.

Recently, an important pathway for ROS regulation mediated by the
adaptor protein p66Shc was discovered. p66Shc, which regulates
cellular redox states, metabolism, and lifespan, is a critical mediator
of oxidative signal transduction.6,7 p66Shc gene knockout mice ex-
hibited significantly reduced oxidative stress injury in a variety of
models, such as high-fat diet, calcium overload, and myocardial
ischemia/reperfusion (I/R) models.8–10 Interestingly, p66Shc acts
not only in the cytosol but also as a specific redox enzyme in mito-
chondria, generating hydrogen peroxide.11 Mitochondrial ROS repre-
sent a major source of cellular ROS production, particularly during
sustained dysfunction.12 p66Shc induces mitochondrial ROS genera-
tion by reducing equivalents of the mitochondrial electron transfer
chain and oxidation of cytochrome c.13 Our recent studies have
demonstrated that high expression of p66Shc promotes HSC activa-
tion in liver fibrosis by inducing mitochondrial ROS generation.14

Nevertheless, the role of p66Shc in HSC proliferation and the mech-
anism by which p66Shc is modulated have not yet been explored.

Recent studies have shown that the expression of p66Shc can be sup-
pressed by microRNAs (miRNAs, or miRs) in different diseases.15,16

miRNAs are small noncoding RNAmolecules that are approximately
21–25 nt in length, which play essential regulatory roles in plants and
animals by inhibiting transcript translation or promoting degrada-
tion.17–19 Although the functions of miRNAs have been widely stud-
ied in regard to apoptosis, development, and differentiation,20,21 only
a few studies have focused on miRNAs in oxidative signaling regula-
tion, especially in the regulation of mitochondrial ROS. The
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Figure 1. CA Attenuates CCl4-Induced Liver Fibrosis

Rats were intraperitoneally injected with olive oil or CCl4 dissolved in olive oil combined with or without CA treatment. (A) a-SMA and COL1A2 protein expression in livers; n =

3. **p < 0.01 versus the control group; #p < 0.05 versus the CCl4 group; ##p < 0.01 versus the CCl4 group. (B) Serum ALT and AST levels; n = 8. **p < 0.01 versus the control

group; #p < 0.05 versus the CCl4 group; ##p < 0.01 versus the CCl4 group. (C) Liver tissue sections stained with H&E (�200); n = 8. (D) Liver tissue sections stained with

Masson (�200); n = 8.
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examination of the function of miRNAs in regulating mitochondrial
ROS generation might shed new light on the machinery that underlies
mitochondrial ROS regulation and might promote effective
therapy for liver fibrosis. Based on the above findings regarding
p66Shc, we hypothesize that miRNA modulation may decrease mito-
chondrial ROS production by targeting p66Shc, thereby alleviating
liver fibrosis.

Carnosic acid (CA), the major antioxidant compound found in Ros-
marinus officinalis, has a variety of biological activities, such as anti-
oxidant and anti-apoptotic activities.22–24 CA can alleviate liver I/R
injury and lipopolysaccharide (LPS)-induced liver injury by inhibit-
ing ROS production.25–27 Our recent studies demonstrated that CA
could reduce dimethylnitrosamine (DMN)-induced and bile duct
ligation (BDL)-induced liver fibrosis through the SIRT1/SMAD3
and miR-29b-3p/HMGB1 signaling pathways.28,29 However, carbon
tetrachloride (CCl4)-induced liver fibrosis is more closely related to
ROS production.30 Whether CA can alleviate CCl4-induced liver
fibrosis, as well as the underlying mechanism, remains unknown.

In this study, our aims were as follows: (1) to determine the potential
role of p66Shc-mediated ROS generation during HSC proliferation in
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liver fibrosis; (2) to identify miRNAs that potentially bind to p66Shc
mRNA through bioinformatic analysis and then screen their expres-
sion in liver fibrosis; and (3) to test whether CA can alleviate CCl4-
induced liver fibrosis through the identified miRNA/p66Shc axis.

RESULTS
CA Attenuates CCl4-Induced Liver Fibrosis

To investigate whether CA could attenuate CCl4-induced rat liver
fibrosis, the protein levels of a-SMA and COL1A2 and the serum
levels of alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) were determined, and hematoxylin and eosin (H&E)
and Masson staining were performed. a-SMA and COL1A2 protein
expression and the serum levels of ALT and AST were significantly
increased in response to CCl4 treatment compared with those in
the control group (Figures 1A and 1B), whereas CA treatment signif-
icantly decreased the expression of a-SMA and COL1A2 and the ALT
and AST levels in a dose-dependent manner, which suggested that CA
is an effective, protective agent against CCl4-induced liver fibrosis in
rats. According to H&E and Masson staining, CCl4-induced hepatic
steatosis, necrosis, and collagen deposition in rat liver tissues were
attenuated by CA (Figures 1C and 1D). These results demonstrated
that CA protects against CCl4-induced liver fibrosis in rats.



Figure 2. p66Shc Contributes to ECM Production during Liver Fibrosis and Is Modulated by CA

(A) p66Shc protein expression in rat livers; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the CCl4 group; ##p < 0.01 versus the CCl4 group. (B) p66Shc, a-SMA,

and COL1A2 protein expression in LX-2 cells. LX-2 cells were treated with CA, PDGF-BB, SHC1 siRNA, or nothing; n = 3. *p < 0.05 versus the control group; **p < 0.01

versus the control group; #p < 0.05 versus the PDGF-BB group; ##p < 0.01 versus the PDGF-BB group. (C) Immunofluorescence images (�200) showing p66Shc (red) and

a-SMA (green) expression in LX-2 cells. DAPI was used as a counterstain.
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p66Shc Plays an Important Role in CA Liver Fibrosis Regulation

To assess the role of p66Shc in liver fibrosis, we first determined the
expression of p66Shc in CCl4-induced rat liver fibrosis. As expected
(Figure 2A), p66Shc expression was significantly increased under
CCl4 treatment compared with control treatment. However, CA
treatment abrogated the increase in p66Shc.

HSC proliferation plays an essential role in promoting ECM pro-
duction and liver fibrosis.3 To assess whether p66Shc is required
for the proliferation of HSCs in vitro, LX-2 cells were transfected
with p66Shc small interfering RNA (siRNA) and then treated
with platelet-derived growth factor-BB (PDGF-BB). As shown in
Figure 2B, p66Shc expression was significantly increased with
PDGF-BB treatment, but CA treatment abrogated the increase in
p66Shc. Additionally, after transfection with p66Shc siRNA, the
a-SMA and COL1A2 protein levels were decreased compared
with those in the model group. Furthermore, double immunofluo-
rescence staining showed that p66Shc localized with a-SMA-posi-
tive cells, and the increase in p66Shc and a-SMA induced by
PDGF-BB was reduced by p66Shc siRNA (Figure 2C). These results
indicate that p66Shc contributes to ECM production in vitro.
Furthermore, to investigate the mechanisms by which p66Shc exerts
its effects on fibrogenesis, flow cytometry, Cell Counting Kit 8
(CCK8), and cyclin D1 expression analyses were performed to
determine whether p66Shc could promote HSC proliferation.31–33

As shown in Figures 3A and B, the percentage of cells in G1 phase
was increased by transfection with p66Shc siRNA. In addition,
p66Shc siRNA attenuated cell proliferation and the expression of
cyclin D1 and p21 (Figures 3C and 3D). These results suggest
that p66Shc contributes to HSC proliferation in vitro. Additionally,
mitochondrial ROS levels were alleviated by transfection with
p66Shc siRNA (Figure 3E). Thus, p66Shc, which contributes to
HSC proliferation, plays an essential role in regulating liver fibrosis,
and CA-mediated protection against liver fibrosis is related to
p66Shc regulation.
p66Shc Promotes HSC Proliferation via b-Catenin

Dephosphorylation

b-catenin activation plays an important role in HSC proliferation.34–36

Recent research has demonstrated that p66Shc knockdown inhibits
Wnt3a-stimulated b-catenin dephosphorylation and accumulation.37

Thus, we next analyzed the potential role of p66Shc-mediated ROS
inb-catenin activation.Wefirst examined b-catenin expression in vivo.
In response to CCl4, the phosphorylated b-catenin level was decreased
compared with that in the control group (Figure 4A). However, CA
treatment abrogated the decrease in phosphorylated b-catenin. Consis-
tently, in vitro, p66Shc siRNA or CA increased the expression of phos-
phorylated b-catenin in LX-2 cells treated with PDGF compared with
the model group (Figure 4B). The qRT-PCR results showed that
p66Shc siRNA or CA decreased the expression of the b-catenin down-
stream targets C-MYC (cellular-myelocytomatosis viral oncogene) and
cyclin D1, suggesting that p66Shc contributes to HSC proliferation
through b-catenin (Figure 4C). In addition, the antioxidants N-acetyl
cysteine (NAC) and polyethylene glycol-catalase (CAT) substantially
inhibited the b-catenin dephosphorylation induced by p66Shc overex-
pression (Figure 4D). Furthermore, we obtained similar results in LX-2
cells treated with H2O2 (Figures 4E–4G). Collectively, these results
suggest that p66Shc-mediated ROS generation promotes HSC prolifer-
ation, which is related to b-catenin activation.

Selection of miRNAs Targeting p66Shc in Liver Fibrosis

To investigate the molecular mechanism underlying the effects of
p66Shc upregulation on liver fibrosis, we assessed the regulation of
p66Shc by miRNA. We referred to the miRNA array data from
Gene Expression Omnibus (GEO): GSE77271 and GSE66278 and a
reference38 to determine the downregulated miRNAs (Table 1).
Among the 57 downregulated miRNAs, 8 were predicted to bind
the 30 UTR of SHC1. Furthermore, only miR-203a-3p and miR-96-
5p were predicted to be conserved among species (Figure 5A). There-
fore, we used qRT-PCR to analyze further the expression of the two
miRNAs, revealing that the miR-203a-3p level was significantly
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Figure 3. p66Shc Contributes to HSC Proliferation during Liver Fibrosis and Is Modulated by CA

(A and B) The percentage of LX-2 cells in the G1 phase in different groups; n = 3. **p < 0.01 versus the control group; ##p < 0.01 versus the PDGF-BB group. (C) CCK8 assays

were used to examine cell proliferation at the indicated time points; n = 6. **p < 0.01 versus the control group; #p < 0.05 versus the PDGF-BB group; ##p < 0.01 versus the

PDGF-BB group. (D) Cyclin D1 and p21 protein expression in LX-2 cells; n = 3. **p < 0.01 versus the control group; ##p < 0.01 versus the PDGF-BB group in different groups.

(E) Immunofluorescence images (�200) showing mitochondrial ROS (red) production in LX-2 cells. Hoechst was used as a counterstain.
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decreased in the model group, whereas miR-96-5p was not signifi-
cantly decreased (Figure 5B). In addition, miR-203a-3p is highly
conserved across humans, rats, and mice, according to bioinformatics
analysis (Figure 6A). Furthermore, the miR-203a-3p level was signif-
icantly decreased in themodel group both in vivo and in vitro, and CA
treatment ameliorated this decrease (Figures 6B and 6C).

CA Downregulates p66Shc through miR-203a-3p

To investigate further whether miR-203a-3p targets the 30 UTR of
p66Shc, we transfected LX-2 cells with a dual-luciferase construct
containing either the wild-type or mutated p66Shc 30 UTR in the
presence or absence of CA. As shown in Figure 6D, antago-miR-
203a-3p clearly increased the luciferase activity of the wild-type re-
porter. Compared with the antago-miR-203a-3p group, the CA pre-
treatment group exhibited decreased luciferase activity. However,
this effect was not observed for the mutated p66Shc 30 UTR. We
next investigated whether the expression of p66Shc is suppressed
by miR-203a-3p. As shown in Figures 6E–6G, p66Shc expression
was significantly increased after transfection with antago-203a-3p,
but CAmarkedly decreased the expression of p66Shc. Taken together,
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these results confirm that p66Shc is a direct target of miR-203a-3p
and that CA can decrease p66Shc expression through miR-203a-3p.

miR-203a-3p Inhibits HSC Proliferation by Targeting p66Shc

To explore whether miR-203a-3p can regulate ECM production,
LX-2 cells were transfected with ago-miR-203a-3p or the control.
As shown in Figure 7A, agomir (ago)-miR-203a-3p increased the
miRNA level of miR-203a-3p after PDGF-BB treatment, and a similar
effect was observed after CA treatment. In addition, the evaluation of
the effect of ago-miR-203a-3p was based on the expression of p66Shc,
b-catenin, a-SMA, and COL1A2 (Figures 7B–7D). Ago-miR-203a-3p
attenuated the p66Shc upregulation and the phosphorylated b-cate-
nin downregulation induced by PDGF-BB. a-SMA and COL1A2,
generally recognized as biomarkers of liver fibrosis, were markedly
decreased in the ago-miR-203a-3p group treated with PDGF-BB.
The above results indicate that ago-miR-203a-3p downregulated
p66Shc, a-SMA, and COL1A2 expression in LX-2 cells.

We then investigated whether p66Shc plays an essential role in the
protective effects of miR-203a-3p on HSC proliferation. We



Figure 4. p66Shc Promotes HSC Proliferation via b-Catenin Dephosphorylation

(A) Phosphorylated b-catenin and b-catenin protein expression in rat livers; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the CCl4 group; ##p < 0.01 versus the

CCl4 group. (B) Phosphorylated b-catenin and b-catenin protein expression in LX-2 cells in different groups; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the

PDGF-BB group; ##p < 0.01 versus the PDGF-BB group. (C) Cyclin D1 and C-MYC mRNA levels in LX-2 cells. **p < 0.01 versus the control group; ##p < 0.01 versus the

PDGF-BB group. (D) Phosphorylated b-catenin and b-catenin protein expression in LX-2 cells. LX-2 cells were treated with pcDNA-p66Shc, N-acetyl cysteine (NAC),

polyethylene glycol-catalase (CAT), or nothing; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the pcDNA-p66Shc group; ##p < 0.01 versus the pcDNA-p66Shc

group. (E–G) p66Shc (E), phosphorylated b-catenin and b-catenin (F), and a-SMA and COL1A2 (G) protein expression in LX-2 cells from different groups. LX-2 cells were

treated with CA, H2O2, SHC1 siRNA, or nothing; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the H2O2 group; ##p < 0.01 versus the H2O2 group.
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employed target protector technology, in which a target protector is
able to disrupt the specific interaction of miRNA-mRNA pairs. To
this end, we produced a p66Shc target protector and observed that
p66Shc expression was increased in the presence of the p66Shc target
protector upon PDGF-BB treatment and transfection with ago-miR-
203a-3p (Figure 7F). In addition, the target protector of p66Shc re-
sulted in decreased phosphorylated b-catenin protein levels and
increased a-SMA and COL1A2 expression (Figures 7G and 7H).
Furthermore, as shown in Figures 7E, 7F, 7I, and 7J, the decrease in
HSC proliferation resulting from transfection with ago-miR-203a-
3p was reversed by the p66Shc target protector. These results indi-
cated that miR-203a-3p exerts its protective effects on HSC prolifer-
ation by modulating p66Shc expression.
Silencing p66Shc Attenuates Liver Fibrosis in Mice

The p66Shc expression in mice was silenced with a p66Shc-specific
short hairpin RNA (shRNA), followed by CCl4 administration.
When challenged with CCl4, mice deficient for p66Shc exhibited
reduced histological liver damage and decreased collagen accumula-
tion in the liver (Figures 8A and 8B). Consistently, the serum levels
of ALT and AST were significantly decreased in response to p66Shc
silencing (Figure 8C). Furthermore, p66Shc silencing increased phos-
phorylated b-catenin expression and markedly decreased p66Shc,
a-SMA, and COL1A2 expression (Figures 8D–8F). These results indi-
cated that silencing p66Shc attenuates CCl4-induced liver fibrosis.
miR-203a-3p Ameliorates Liver Fibrosis in Mice

Mice were administered ago-negative control (NC) or miR-203a-3p
ago-miR (ago-203) intravenously and subjected to CCl4 treatment.
Compared to those in the ago-NC group, animals administered
ago-203 exhibited substantially alleviated liver injury and fibrosis
that was induced by CCl4 stimulation. The morphological changes
were visualized by H&E and Masson staining (Figures 9A and 9B).
Consistently, the serum levels of ALT and AST were significantly
decreased in response to ago-203 (Figure 9C). Furthermore, ago-
203 increased miR-203a-3p and phosphorylated b-catenin expression
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 755
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Table 1. miRNAs in the GEO: GSE77271 and GSE66278 Datasets and aReference Dataset That Are Reportedly Downregulated in a CCl4 Liver FibrosisModel

Downregulation of miRNAs

Decreased miRNAs

miR-434-3p miR-183 miR-22 miR-29b miR-206 miR-877

miR-340-3p miR-705 miR-29a miR-174 miR-341 miR-29c

miR-202-3p miR-101a miR-30c miR-365 miR-677 miR-96

miR-378a-3p miR-148a miR-704 miR-193 miR-378b miR-30b

miR-212-3p miR-1904 miR-let-7 miR-7a miR-378d miR-152

miR-126-5p miR-27b miR-30d miR-361 miR-26b miR-98

miR-542-5p miR-103 miR-185 miR-26a miR-23b miR-107

miR-345-5p miR-10b miR-210 miR-802 miR-194 miR-16

miR-345-3p miR-203 miR-192 miR-30a miR-429 miR-200a

miR-126-3p miR-15a miR-872

TargetScan
miR-212-3p miR-365 miR-203 miR-96 miR-429 miR-7

miR-let-7 miR-200a

Conservation miR-203a-3p miR-96-5p

Based on the human TargetScan database, we predicted that certain miRNAs may bind with p66Shc.
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and markedly decreased p66Shc, a-SMA, and COL1A2 expression
(Figures 9D–9G). These findings thus support that miR-203a-3p
effectively inhibits liver fibrosis.

miR-203a-3p, p66Shc, and b-Catenin Expression Is Correlated

with Liver Fibrosis in Patients

To identify the biological relevance of miR-203a-3p, p66Shc, and
b-catenin in liver fibrosis in clinical situations, the expression of
miR-203a-3p, p66Shc, and b-catenin was compared between healthy
controls and fibrosis patients. As shown in Figures 10A–10C, p66Shc
expression was increased and was negatively correlated with the
expression of miR-203a-3p and phosphorylated b-catenin in patients
with liver fibrosis. These results demonstrate that miR-203a-3p
downregulation and p66Shc upregulation are involved in human liver
fibrosis.

DISCUSSION
Liver fibrosis is widely recognized as a contributor to clinical
morbidity, and there are no effective treatments for this disease.
Therefore, it is essential to propose therapeutic interventions for liver
Figure 5. Selection of miRNAs Targeting p66Shc in Liver Fibrosis

(A) The process of screening for miRNAs involved in liver fibrosis. (B) miR-96-5p and m
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fibrosis. In this study, we provide the first evidence of the following
findings: (1) p66Shc plays an essential role in regulating HSC prolif-
eration during liver fibrosis; (2) miR-203a-3p inhibits HSC prolifera-
tion by targeting p66Shc; and (3) CA has the potential to regulate the
miR-203a-3p/p66Shc pathway to alleviate liver fibrosis.

Excessive ROS production is widely recognized as a key mediator of
liver disease.39 Accumulating evidence links p66Shc to oxidative
stress because this adaptor protein functions as an ROS producer.7

In a previous study, we showed that liver I/R activated p66Shc via
the sirt1-dependent pathway, leading to liver oxidative stress.40 In
addition, we observed that p66Shc is associated with hepatocyte
oxidative stress in chronic alcoholic liver injury.41 These observations
underscore the potential contribution of p66Shc to liver disease. In
this study, we found that p66Shc expression was significantly upregu-
lated in rats with CCl4-induced liver fibrosis and in human fibrotic
livers, and silencing p66Shc markedly attenuated CCl4-induced liver
fibrosis. Furthermore, p66Shc knockdown attenuated mitochondrial
ROS accumulation in vitro. More importantly, upregulation of
a-SMA and COL1A2 induced by H2O2 was prevented by p66Shc
iR-203a-3p expression in rat livers; n = 3. **p < 0.01 versus the control group.



Figure 6. CA Downregulates p66Shc through miR-203a-3p

(A) miR-203a-3p has a predicted binding site in p66Shc from humans, mice, and rats. (B) miR-203a-3p expression in rat livers; n = 3. *p < 0.05 versus the control group; **p <

0.01 versus the control group; #p < 0.05 versus the CCl4 group; ##p < 0.01 versus the CCl4 group. (C) miR-203a-3p expression in LX-2 cells; n = 3. *p < 0.05 versus the

control group; **p < 0.01 versus the control group; #p < 0.05 versus the PDGF-BB group. (D) CA modulates p66Shc via miR-203a-3p. LX-2 cells were transfected with wild-

type or mutant SHC1-30 UTR luciferase constructs and with antago-miR-203a-3p control or antago-miR-203a-3p. After 24 h, the cells were exposed to 20 mMCA for 6 h or

left untreated. *p < 0.05 versus the antago-miR-203a-3p control group; **p < 0.01 versus the antago-miR-203a-3p control group; #p < 0.05 versus the antago-miR-203a-3p

group. (E–G) miR-203a-3p (E), p66Shc (F), and phosphorylated b-catenin and b-catenin (G) expression in LX-2 cells. LX-2 cells were treated with CA, antago-miR-203a-3p

control, antago-miR-203a-3p, or nothing; n = 3. *p < 0.05 versus the antago-miR-203a-3p control group; **p < 0.01 versus the antago-miR-203a-3p control group; #p <

0.05 versus the antago-miR-203a-3p group.
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knockdown, suggesting that p66Shc-mediated ROS generation is
responsible for ECM production. Thus, these data demonstrate that
p66Shc-mediated ROS play crucial roles in liver fibrosis.

HSC proliferation is a critical event in liver fibrosis.4When exposed to
profibrogenic factors, HSCs are activated and transdifferentiate into
myofibroblasts (MFs) that proliferate. Then, ECM protein synthesis
and deposition by MFs are increased, contributing to the progression
of liver fibrosis.2 In this study, we used PDGF-BB, the most potent
HSC proliferation stimulator,42 to further explore the effects of
p66Shc on HSC proliferation. We found that knockdown of p66Shc
in vitro significantly decreased the upregulation of a-SMA and
COL1A2 induced by PDGF-BB, which indicates that inhibition of
p66Shc can attenuate ECM production. In addition, p66Shc knock-
down decreased the proliferation of HSCs, as indicated by decreased
cell viability and cyclin D1 expression and increased G1-phase cell
numbers and p21 expression. Taken together, the above findings
show that p66Shc promotes HSC proliferation, which contributes
to liver fibrosis.

Recent studies have shown that miRNAs regulate liver fibrosis pro-
gression, and aberrant miRNA expression in the liver is related to
liver fibrosis disease.43,44 However, only a few miRNAs have been
found to be involved in HSC proliferation. To clarify thoroughly
the effects of miRNA on HSC proliferation during liver fibrosis, we
utilized miRNA array data from GEO: GSE77271 and GSE66278
and from the study by Roderburg et al.38 to identify 57 miRNAs
that are downregulated in the liver after CCl4 treatment. Based on
the role of p66Shc in HSC proliferation, bioinformatics analysis was
used to investigate whether miR-203a-3p targets p66Shc. The binding
sequences of miR-203a-3p in the p66Shc 30 UTR are highly conserved
across humans, rats, and mice. Therefore, miR-203a-3p was deter-
mined to be the optimal miRNA screen targeting p66Shc in liver
fibrosis. Furthermore, luciferase assays confirmed that p66Shc is a
target of miR-203a-3p in LX-2 cells. Our results also demonstrated
that miR-203a-3p attenuated HSC proliferation in vitro and amelio-
rated liver fibrosis progression in vivo. Taken together, our findings
reveal that miR-203a-3p inhibits HSC proliferation during liver
fibrosis, which is associated with the regulation of p66Shc expression.

It has been reported that a single miRNA targets approximately 200
transcripts.45 Therefore, perhaps other miR-203a-3p targets exist that
can regulate the progression of liver fibrosis. With the consideration
of the results regarding miR-203a-3p targeting p66Shc, it is crucial to
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 757
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Figure 7. miR-203a-3p Inhibits HSC Proliferation by Targeting p66Shc

(A–D) miR-203a-3p (A), p66Shc (B), phosphorylated b-catenin and b-catenin (C), and a-SMA and COL1A2 (D) expression in LX-2 cells from different groups. LX-2 cells were

treated with CA, PDGF-BB, ango-miR-203a-3p control, ango-miR-203a-3p, or nothing; n = 3. **p < 0.01 versus the control group; ##p < 0.01 versus the PDGF-BB group.

(E–H) CCK8 assay results (E) and the p66Shc and cyclin D1 (F), phosphorylated b-catenin and b-catenin (G), and a-SMA and COL1A2 (H) protein expression levels in LX-2

cells. LX-2 cells were treated with PDGF-BB, ango-miR-203a-3p control, ango-miR-203a-3p, target protector-p66Shc, or nothing; n = 3. **p < 0.01 versus the control group;

#p < 0.05 versus the PDGF-BB group; ##p < 0.01 versus the PDGF-BB group; &p < 0.05 versus the ango-miR-203a-3p group; &&p < 0.01 versus the ango-miR-203a-3p

group. (I and J) The percentage of LX-2 cells in the G1 phase; n = 3. **p < 0.01 versus the control group; #p < 0.05 versus the PDGF-BB group; &p < 0.05 versus the ango-

miR-203a-3p group.
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investigate whether p66Shc is indispensable for miR-203a-3p activity
during liver fibrosis. In this study, we found that a p66Shc target pro-
tector abrogated the effect of ago-miR-203a-3p on HSC proliferation
in vitro. Thus, the effect of miR-203a-3p on HSC proliferation may
be primarily dependent on p66Shc regulation. Furthermore, our study
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demonstrated that p66Shc-mediated ROS generation contributes to
b-catenin activation in LX-2 cells. b-catenin activation contributes to
ECM accumulation and HSC proliferation.35–37 We found that phos-
phorylated b-catenin was upregulated when miR-203a-3p was acti-
vated to inhibit p66Shc-mediated HSC proliferation. These data



Figure 8. Silencing p66Shc Attenuates Liver Fibrosis in Mice

Mice were intraperitoneally injected with olive oil or CCl4 dissolved in olive oil combined with or without p66Shc-specific shRNA. (A) Liver tissue sections stained with H&E

(�200). (B) Liver tissue sections stained with Masson (�200). (C) Serum ALT and AST levels; n = 8. **p < 0.01 versus the LV (lentivirus)-control group; ##p < 0.01 versus the

CCl4 group. (D-F) p66Shc, phosphorylated b-catenin, b-catenin, a-SMA and COL1A2 protein expression in the liver; n=3. **p < 0.01 versus the LV-control group; ##p < 0.01

versus the CCl4 group.
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suggest that miR-203a-3p inhibits HSC proliferation and attenuates
liver fibrosis by modulating the p66Shc/b-catenin pathway.

CA, a well-known antiadipogenic and antioxidant agent,29,46 shows
protective effects against liver I/R injury, chronic alcoholic liver
injury, and nonalcoholic fatty liver disease.40,41,47 Here, for the first
time, we provide evidence that CA attenuates PDGF-BB-induced
LX-2 cell proliferation and CCl4-induced liver fibrosis in rats. We
recently reported that CA effectively inhibits p66Shc expres-
sion.40,41,47 Likewise, in our current study, CA treatment protected
against liver fibrosis in association with inhibition of p66Shc. Addi-
tionally, the inhibition of p66Shc was closely associated with the up-
regulation of miR-203a-3p induced by CA. Furthermore, we also
discovered that 12-O-methylcarnosic acid, a main CA active metab-
olite in hepatocytes,48 significantly decreased the expression of
a-SMA and COL1A2 in vitro. These data show that CA, as well as
its main active metabolite, has protective effects against liver fibrosis
via the miR-203a-3p/p66Shc axis.

Above all, our study demonstrated that inhibition of p66Shc-medi-
ated oxidative signaling via CA-induced upregulation of miR-203a-
3p alleviates liver fibrosis progression, potentially representing a
new therapeutic target for liver fibrosis.
MATERIALS AND METHODS
Animals and Treatments

Male Sprague-Dawley (180 to 220 g) rats were obtained from the
Experimental Animal Center of Dalian Medical University (Dalian,
China). CA (98% purity) was obtained from Shanghai Winherb Med-
ical Science (Shanghai, China) and dissolved in olive oil. CCl4
(0.5 mL/kg) was also dissolved in olive oil at a proportion of 1:10.
The experimental rats were randomly divided into five groups: (1)
control, (2) control + CA (40 mg/kg), (3) CCl4, (4) CCl4 + CA
(20 mg/kg), and (5) CCl4 + CA (40 mg/kg). The rats were gavaged
with CA and olive oil every day, and CCl4 and olive oil were intraper-
itoneally injected twice a week. After 4 weeks, the animals were eutha-
nized, and blood and liver tissue samples were collected for analysis.
These procedures were performed according to the guidelines of the
Use Committee of Dalian Medical University and Institutional Ani-
mal Care and were approved by the Institutional Ethics Committee
of Dalian Medical University.

Male C57BL/6 mice (6–8 weeks old) were obtained from the Animal
Center of Dalian Medical University (Dalian, China). CCl4 (2 mL/kg)
was intraperitoneally injected twice a week for 4 weeks (eight total
injections), and additional control group mice were injected with
olive oil. The mice were injected intravenously only once with an
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 759
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Figure 9. miR-203a-3p Ameliorates Liver Fibrosis in Mice

Mice were intraperitoneally injected with olive oil or CCl4 dissolved in olive oil combined with Ago-203 or Ago-NC. (A) Liver tissue sections stained with H&E (�200); n = 8. (B)

Liver tissue sections stained with Masson (�200); n = 8. (C) Serum ALT and AST levels; n = 8. **p < 0.01 versus the Ago-NC group; ##p < 0.01 versus the CCl4 group. (D) miR-

203a-3p expression in the liver; n = 3. **p < 0.01 versus the Ago-NC group; ##p < 0.01 versus the CCl4 group. (E-G) p66Shc, phosphorylated b-catenin, b-catenin, a-SMA

and COL1A2 protein expression in the liver; n=3. **p < 0.01 versus the LV-control group; ##p < 0.01 versus the CCl4 group.
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shRNA-p66Shc or NC lentivirus (1 � 109 viral particles, 100 mL/
mouse) before the first CCl4 injection. In addition, mice received
intravenous injections of ago-203 or ago-NC at a dose of 50 mg twice
per week in addition to CCl4 for 4 weeks. The lentivirus and ago-miR
were purchased from GenePharma (Shanghai, China). Blood and
liver tissue samples were collected at 48 h after the last CCl4 injection.
All procedures involving animals were performed according to ani-
mal-use protocols approved by the Ethics Committee of Dalian Med-
ical University in compliance with the Guide for the Care and Use of
Laboratory Animals.
Cell Culture and Treatment

The human LX-2 cell line was purchased from the China Cell Culture
Center (Shanghai, China) and cultivated in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at
37�C and 5% CO2. DMEM and FBS were both purchased from Life
Biotechnologies (Gibco-BRL, USA). PDGF-BB was obtained from
Sigma-Aldrich (St. Louis, MO, USA). In vitro, LX-2 cells were treated
with 20 mM CA or 10 mM 12-O-methylcarnosic acid (BioBioPha,
Yunnan, China) for 6 h and then with 20 ng/mL PDGF-BB for
24 h before being processed for total RNA and protein extraction.
For NAC and CAT pretreatment, cells were incubated with 3 mM
NAC and 1,000 mg/mL CAT for 1 h before total RNA and protein
extraction.
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Cell Proliferation Assay

CCK8 (Bimake, China) was used to measure cell proliferation accord-
ing to the manufacturer’s recommendations.
Transfection with Agomirs, Antagomirs, siRNA, pcDNA, and

Target Protector

Agomirs, antagomirs, siRNA targeting SHC1, pcDNA-SHC1, and the
corresponding NCs were purchased from GenePharma. The SHC1
miScript target protector and the corresponding NC were purchased
from QIAGEN. The manufacturer’s protocols were used to guide the
transfection procedures.
Cell-Cycle Analysis

A Cell Cycle and Apoptosis Analysis Kit (Beyotime, China) was used
to examine the cell cycle. A FACSCalibur flow cytometer (Becton
Dickinson [BD], USA) was used to perform the fluorescence analysis.
CellQuest Pro software was used to determine the percentage of cells
in different cell-cycle phases.
Serum ALT/AST Activities

Commercial kits from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) were used to determine serum ALT and AST levels
according to the manufacturer’s instructions.



Figure 10. miR-203a-3p, p66Shc, and b-Catenin Expression Is Correlated with Liver Fibrosis in Patients

(A–C) miR-203a-3p (A), p66Shc (B), and phosphorylated b-catenin and b-catenin (C) expression in healthy human livers and fibrotic human livers; n = 3. *p < 0.05 versus the

healthy control group; **p < 0.01 versus the healthy control group.
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Liver Histological Observation

For H&E andMasson staining, liver tissue samples were embedded in
paraffin and then cut into 5 mm-thick sections. The sections were
viewed under a light microscope.

qRT-PCR

Total RNA was isolated from liver tissues or LX-2 cells using TRIzol
reagent (TaKaRa, China). A Transcript All-in-one SuperMix qPCR
Kit (TransGen, Beijing, China) was used to extract miRNA. Mature
miRNA was quantified via real-time PCR with a SYBR Real-time
PCR Kit (TransGen, Beijing, China) and an Applied Biosystems
7300 system (Applied Biosystems, Foster City, CA, USA). mRNA
or miRNA expression was normalized to that of endogenous RNA
b-actin or U6 small nuclear 2 (RNU6B).

Western Blotting

Briefly, 10%–15% SDS-PAGE gels were used to separate equal
amounts of protein, which was then transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After
blocking, primary antibodies specific for p66Shc (Abcam, USA),
b-catenin, a-SMA, COL1A2, cyclin D1 (Proteintech, China), p21
(Proteintech, China), phosphorylated (p)-b-catenin (Bioss, China),
and b-actin (ZSGB-BIO) were used to immunoblot the membranes.
After washing, the appropriate secondary antibodies were incubated
with the membranes. Enhanced chemiluminescence-plus reagents
(Beyotime Institute of Biotechnology, Hangzhou, China) were used
to develop the membranes. The emitted light was captured by a Bio-
Spectrum 410 multispectral imaging system with a Chemi 410 high-
resolution (HR) camera, and the results were analyzed using Gel-Pro
Analyzer Version 4.0 software (Media Cybernetics, MD, USA).

Luciferase Activity Assay

Plasmids containing the miR-203a-3p-p66Shc 30 UTR response
element (30 UTR-wild type [WT]) and the corresponding mutant
(30 UTR-mut) were purchased fromGenePharma. LX-2 cells were co-
transfected with the antagomir or NC, along with the plasmid DNA.
When appropriate, the cells were incubated with or without (control)
20 mL of CA for 24 h after transfection. Reporter assays were conduct-
ed at 36 h after transfection. Luciferase activity was determined with a
Dual-Luciferase Reporter Assay Kit (TransGen, Beijing, China) using
a Dual-Light Chemiluminescent Reporter Gene Assay System (Bert-
hold, Germany), and the results were normalized to Renilla luciferase
activity.

Immunofluorescence

LX-2 cells were fixed and incubated with p66Shc or an a-SMA anti-
body and then with a secondary antibody conjugated to Alexa Fluor
594 or 488 (Proteintech, China) or fixed and incubated withMitoSOX
Red Mitochondrial Superoxide Indicator (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA). Then, 4,6-diamidino-2-phenylindole
(DAPI; Beyotime, China) and Hoechst (Beyotime, China) were
added, and a Leica DM 4000B microscope was used to examine
staining.

Patients

The study was approved by the Institutional Ethics Committee of Da-
lian Medical University (Dalian, China), and patient samples were
collected after informed written consent was obtained. Six normal tis-
sues and six liver fibrosis tissues were obtained from the Second Affil-
iated Hospital of Dalian Medical University (Dalian, China). Biopsies
of livers from healthy donors who were unsuitable for liver transplan-
tation for nonhepatic reasons served as the normal samples. Biopsies
of livers from patients with liver fibrosis served as the liver fibrosis
samples. The tissue samples were immediately snap frozen for west-
ern blot and qRT-PCR analyses.

Statistical Analyses

The results are expressed as the mean ± SD. Statistical analyses were
performed using GraphPad Prism software (version 5.0; GraphPad
Prism Software, La Jolla, CA, USA). The data were analyzed with a
two-tailed unpaired Student’s t test or one-way analysis of variance
to determine the statistical significance of differences between the
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groups. p values <0.05 were considered to indicate statistical
significance.
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