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Fibrosis reflects a progression to liver cancer or cirrhosis of the liver. Recent studies have
shown that high-mobility group box-1 (HMGB1) plays a major role in hepatic injury and
fibrosis. Carnosic acid (CA), a compound extracted from rosemary, has been reported
to alleviate alcoholic and non-alcoholic fatty liver injury. CA can also alleviate renal
fibrosis. We hypothesized that CA might exert anti-liver fibrosis properties through an
HMGB1-related pathway, and the results of the present study showed that CA treatment
significantly protected against hepatic fibrosis in a bile duct ligation (BDL) rat model. CA
reduced the liver expression of α-smooth muscle actin (α-SMA) and collagen 1 (Col-1).
Importantly, we found that CA ameliorated the increase in HMGB1 and Toll-like receptor
4 (TLR4) caused by BDL, and inhibited NF-κB p65 nuclear translocation in fibrotic livers.
In vitro, CA inhibited LX2 cell activation by inhibiting HMGB1/TLR4 signaling pathway.
Furthermore, miR-29b-3p decreased HMGB1 expression, and a dual-luciferase assay
validated these results. Moreover, CA down-regulated HMGB1 and inhibited LX2 cell
activation, and these effects were significantly counteracted by antago-miR-29b-3p,
indicating that the CA-mediated inhibition of HMGB1 expression might be miR-29b-3p
dependent. Collectively, the results demonstrate that a miR-29b-3p/HMGB1/TLR4/NF-
κB signaling pathway, which can be modulated by CA, is important in liver fibrosis, and
indicate that CA might be a prospective therapeutic drug for liver fibrosis.

Keywords: carnosic acid, bile duct ligation, high-mobility group box-1, miR-29b-3p, liver fibrosis

Abbreviations: α-SMA, α-smooth muscle actin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BDL, bile
duct ligation; CA, carnosic acid; Col-1, collagen 1; HMGB1, high-mobility group box 1; MMP9, matrix metalloprotein 9; NF-
κB, nuclear factor kappa B; TGF-β1, transforming growth factor-beta 1; TGF-β R1, transforming growth factor-beta receptor
type 1; TLR4, toll-like receptor 4.
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INTRODUCTION

Liver fibrosis, a symptom of the progression of chronic liver
diseases, is characterized by excessive extracellular matrix (ECM)
deposition, distorted hepatic architecture and damaged normal
function, which is a main reason for the development of fibrosis
into cirrhosis or even hepatocellular carcinoma (Hernandez-
Gea and Friedman, 2011; Schuppan and Kim, 2013). In the
recent years, the mechanisms underlying the pathogenesis of
liver fibrosis have been increasingly studied. Previous studies
have reported that the activation of hepatic stellate cells (HSCs)
plays an important role in the progression of liver fibrosis
(Friedman, 2008; Mallat and Lotersztajn, 2013). HSCs become
activated and differentiate into fibroblasts when liver injury
occurs; specifically, these cells lose their epithelial characteristics
and acquire the characteristics of mesenchymal cells, which show
increased expression of α-smooth muscle actin (α-SMA) and
Col-1 (Zhou et al., 2007). Therefore, controlling the activation of
HSCs is essential to liver fibrosis.

High-mobility group box-1 (HMGB1) as a nuclear
non-histone chromosomal protein that can bind to the minor
groove of DNA, participates in DNA repair and replication
and energy homeostasis (Bianchi and Manfredi, 2007; Kang
et al., 2009). Several recent experimental reports have proven
that HMGB1 is markedly increased in fibrotic liver diseases
(Tu et al., 2012; Seo et al., 2013; Wang et al., 2013; Li X. et al.,
2016). HMGB1 is an important inflammatory response mediator
(Scaffidi et al., 2002), and HMGB1/toll-like receptors (TLRs)
have been shown to play critical roles in liver inflammation and
liver fibrosis (Mencin et al., 2009; Berzsenyi et al., 2011; Tu et al.,
2012). Following BDL, TLR4-deficient mice exhibits significantly
reduced inflammation and hepatic fibrosis, indicating that
TLR4 is essential in liver fibrosis (Zhu et al., 2012; Hoshino
et al., 2016). Moreover, HMGB1 also promotes the release of
pro-inflammatory mediators by acting on its target receptors,
leading to nuclear translocation of transcription factors such as
NF-κB (Li X. et al., 2016). Therefore, the HMGB1/TLR4/NF-κB
signaling pathway plays a pivotal role in liver fibrosis, and
modulation of this signaling pathway is an appealing strategy for
the inhibition of liver fibrosis.

Rosmarinus officinalis L (Lamiaceae) is an herbal plant that is
extensively used by the food industry due to its beneficial health
properties (Rašković et al., 2014). CA, phenolic compound that
is extracted from the leaf of rosemary (Rašković et al., 2014),
exhibits many pharmacological activities, including antisteatosis,
antioxidant, antiapoptosis and antitumor activities (Jordan et al.,
2012; Park and Mun, 2013; Petiwala et al., 2014; Shan et al., 2015).
CA can stimulate SIRT1 activity, and subsequently mediates
anti-apoptosis by deacetylating downstream factors, including
p66Shc and CHREBP (Rašković et al., 2014; Yan et al., 2014;
Shan et al., 2015; Gao et al., 2016). CA can alleviate alcoholic
and non-alcoholic fatty liver (Rašković et al., 2014; Shan et al.,
2015; Gao et al., 2016) and hepatic ischemia reperfusion injury
in rats (Yan et al., 2014). Moreover, CA has been reported to
alleviate renal fibrosis in rats by mediating the NOX signaling
pathway (Jung et al., 2016). However, its effect on hepatic
fibrosis and mechanism of action remain unclear. Alcoholic and

non-alcoholic fatty liver disease, particularly in the late stages, are
more likely to develop into the progression of liver fibrosis. We
hypothesized that CA might have anti-liver fibrosis properties.

MicroRNA (miRNAs), which constitute a type of post-
transcriptional regulators, are highly conserved, small,
non-coding RNAs that bind to the 3′ untranslated region
(3′-UTR) complementary sequences of many target mRNAs.
miRNAs are important modulators of pathophysiological
processes (Neilson and Sharp, 2008; Pirola et al., 2015), are
expressed in a developmental stage-specific and tissue-specific
manner and specifically reduce mRNA stability (Neilson
and Sharp, 2008). In recent years, an increasing number of
polyphenols extracted from herbal medicines have been reported
to exhibit pharmacological activity by acting on miRNA.
Salvianolic acid B inhibits the Hh signaling pathway and reduces
liver fibrosis by promoting the expression of miR-152 (Yu et al.,
2015). CA exerts antitumor activity by down-regulating miR-15b
(Gonzalez-Vallinas et al., 2014), and increases miR-34a to exert
an anti-apoptotic effect (Shan et al., 2015).

Based on the miRNA database and our preliminary
experiment, we found that miR-29b-3p might play a key
role in control of HMGB1 expression in BDL-induced liver
fibrosis. The main objectives of this study were as follows: (1) to
elucidate the role of the antifibrosis effect of CA in protecting
against BDL; (2) to test whether the activity of CA against
liver fibrosis is associated with the signaling mechanisms of
HMGB1/TLR4/NF-κB pathway in BDL; and (3) to investigate
whether CA inhibits HMGB1/TLR4/NF-κB by promoting the
expression of miR-29b-3p.

MATERIALS AND METHODS

Reagents
The purity of CA, which was purchased from Shanghai Winherb
Medical Science Co., Ltd. (Shanghai, China), was 98%. CA was
extracted from rosemary through ethanol extraction, and the
coarse extracts were dissolved in macroporous adsorption resin,
eluted with different concentrations of alcohol, and concentrated
under reduced pressure.

The olive oil used was Aceite De Oliva Virgen Extra of
BELLINA and was purchased from Joybuy.com (Beijing, China).

Experimental Animals
Adult male Sprague-Dawley rats weighing between 180 and
220 g were obtained from the Experimental Animal Center of
Dalian Medical University (Dalian, China). CA was dissolved in
olive oil. The rats were maintained in a temperature-controlled
chamber (22 ± 2◦C) with a 12-h light/dark cycle and a relative
humidity of 40–60%. The rats had free access to food and
water. Forty experimental rats were divided into five groups
with eight rats per group: (A) sham-operated; (B) sham+CA
(60 mg/kg/day); (C) BDL; (D) BDL-CA (30 mg/kg/day); and
(E) BDL-CA (60 mg/kg/day). The abdominal cavities of the
rats in Groups A and B were opened, and the common bile
duct was isolated but not ligated. The bile ducts of the rats
in Groups C, D, and E were ligated (Aubé et al., 2007). The
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CA concentration administered intragastrically to the rats in
Group D was 30 mg/kg/day. The rats in Groups B and E were
given CA intragastrically at 60 mg/kg/day, whereas those of
Groups A and C were intragastrically given the same amount
of solvent olive oil. Twenty-four hours after surgery, the rats
in Groups B, D, and E were subjected to the CA treatment for
21 days. After 3 weeks of treatment, the rats were sacrificed by
anesthesia after an entire night of fasting. Serum and liver samples
were collected for further experiments. The study was subject to
approval by the institutional animal care committee of Dalian
Medical University. All procedures in this study were performed
according to institutional guidelines and the Guide for the Care
and Use of Laboratory Animals.

Cell Culture and Transfection
The human LX2 hepatic cell line was purchased from China
Cell Culture Center (Shanghai, China). The cells were cultured
in 1640 medium (GIBCO BRL, United States) that containing
10% fetal bovine serum (FBS, GIBCO BRL, United States)
in an incubator with 5% CO2 at 37◦C. Following the
manufacturer’s instructions, the cells were treated with 20 µM
CA dissolved in DMSO and diluted with DMEM for 12 h
before the extraction of total protein or RNA. Transfected
experiments were performed using 2 µg pcDNA3.1/HMGB1,
50 nM mimic-miR-29b-3p, 50 nM mimic-miR-300 or 50 nM
antagomiR-29b-3p (GenePharma) and Lipofectamine 3000
(Invitrogen, United States) according to the manufacturer’s
instructions. pcDNA3.1 (GenePharma) and a random RNA
duplex (GenePharma) was used as negative control. After
transfection for 24 h, the mimic group was harvested, the
pcDNA3.1/HMGB1 and the antagomir group was cultured with
or without 20 µM CA for another 12 h. LX2 cells were
harvested post-transfection and processed for total RNA and
protein extraction. The CA concentration and exposure time
were determined based on the previous reports (Shan et al., 2015)
combined with the cytotoxicity of CA on LX2 cells and L02
cells (Supplementary Figure S1). The cytotoxicty of transfection
or plasmid with/without CA on LX2 cells were also assayed
(Supplementary Figure S2). The supplementary results were
obtained by the method described in the part of Supplementary
Materials and Methods.

Serum Levels of Total Bilirubin (Tbil),
Alanine Aminotransferase (ALT), and
Aspartate Aminotransferase (AST)
Blood samples were collected from the abdominal aorta and
centrifuged at 3000 rpm for 15 min to obtain serum. The
manufacturer’s recommended protocols (Nanjing Jiancheng
Corp, China) were used for measurements of the serum Tbil, ALT
and AST levels.

Liver Histological Examination
Liver tissue samples were embedded in paraffin and cut
into 5-µm-thick sections for hematoxylin and eosin (H&E)
staining, Masson staining and immunohistochemistry (IHC)
staining (Tao et al., 2017). The sections were examined by light
microscopy.

Quantitative RT-PCR
Total RNA from livers and cells was isolated using the
TRIzol reagent (TaKaRa, China) according to the manufacturer’s
protocols, and reverse transcribed using a TaqMan miRNA
Reverse Transcription Kit. The RNA was quantified using
an Applied Biosystems 7300 System (Applied Biosystems,
United States) using Quantitative RT-PCR (qPCR) with TaqMan
miRNA assay Kit (GenePharma Corp, China). The quantity and
purity of total RNA samples were tested by UV spectroscopy
(Thermo Fisher Scientific, United States). The miRNA expression
level was normalized to endogenous expression of RNA U6.

Western Blotting
Total protein was extracted from liver tissues, and cells were
lysed with RIPA buffer, PMSF (Beyotime, China) and Cocktail
(Biotool, China). Nuclear extracts were isolated with the Protein
Ext Mammalian Nuclear and Cytoplasmic Protein Extraction
Kit (TransGen Biotech). The protein from each sample was
selected by electrophoresis in 8–12% SDS-PAGE gels (Bio-Rad,
United States). These strips were cultured overnight with
the designated primary antibodies: HMGB1 (Cell Signaling
Technology, United States), TLR4 (Proteintech, China),
NF-κB p65 (Proteintech, China), α-SMA (Proteintech, China),
Col-1 (Abcam, British), TGF-β1 (ABclonal, China), MMP9
(Wanleibio, China), TGF-β R1 (Wanleibio, China) and GAPDH
(Proteintech, China). After incubation with corresponding
secondary antibodies at 37◦C, bands were exposed and
developed after the addition of enhanced chemiluminescence-
plus reagents (Advansta, United States). Western blot (WB)
images were analyzed with a Gel-Pro Analyzer (Version 5.0;
Media Cybernetics, Rockville, MD, United States).

Dual-Luciferase Reporter
Dual-luciferase reporter plasmids of miR-29b-3p-HMGB1 were
purchased from GenePharma Corp. (GenePharma, China). The
plasmid and the miR-29b-3p mimic or the miR-29b-3p negative
mimic were co-transfected into LX2 cells. Twenty-four hours
post-transfection, the firefly and Renilla luciferase activities
were measured with a Double-Luciferase Reporter Assay Kit
(TransGen Biotec, China), and the firefly luciferase activity was
normalized to the Renilla luciferase activity.

Statistical Analyses
A two-tailed unpaired Student’s t-test or one-way analysis
was used for comparison among the groups, and for one-way
ANOVA, Tukey’s method was used for statistical analysis.
(version 5.0; GraphPad Prism Software, United States).
Differences with P-value < 0.05 were considered significant.

RESULTS

Effects of CA on Liver Injury in BDL Rats
To confirm the effects of CA on rat liver injury caused
by BDL, we performed H&E to determine the degree of
liver injury. As indicated by H&E staining, BDL-induced
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the formation of regenerative nodules and prominent hepatic
necrosis in rat liver tissues, and these effects were ameliorated
by CA (Figure 1A). The dynamic alterations in the liver
architecture of BDL rats after 3 weeks of CA treatment
were reflected by quantitative biochemical assessments of liver
damage. As shown in Figures 1B–D), the serum ALT, AST,
and Tbil levels clearly increased in response to BDL compared
with those of the sham-operated group (P < 0.01). CA
treatment significantly decreased the ALT and AST levels in
a dose-dependent manner (P < 0.01). However, the Tbil
levels did not change after CA supplementation. These data
confirmed that CA protects rats against BDL-induced liver
injury.

CA Ameliorates BDL-Induced Liver
Fibrosis in Rats
Hepatic fibrosis is characterized by excessive ECM deposition,
particularly type 1 collagens and α-SMA (Hernandez-Gea and
Friedman, 2011). The effect of CA against BDL-induced hepatic
fibrosis was evaluated through Masson staining, which is a
classical histopathological technique used for observing collagen.
In BDL rats, extensive accumulation of collagen was observed,
and this accumulation was characterized by hyperplasia of the
lattice fibers and collagenous fibers in the portal area without
ward extension (Figure 2A). The expression of α-SMA in liver
was revealed by immunohistochemistry staining (Figure 2B). It
showed that CA supplementation markedly decreased α-SMA
expression in the liver. Then we investigated whether CA
could ameliorate BDL-induced fibrogenic gene expression by
western blot. As is shown, CA significantly reduced the
protein expression of α-SMA and Col-1 (Figure 2C). These
results suggested that CA can alleviate BDL-induced liver
fibrosis.

CA-Mediated Protection against
BDL-Induced Liver Fibrosis Involves the
Down-Regulation of HMGB1, TLR4, and
NF-κB
The HMGB1/TLR4/NF-κB signaling pathway induces the
proliferation, migration and pro-fibrotic effects of HSCs and
enhances the related collagen expression and pro-fibrotic
cytokine production in liver fibrosis (Berzsenyi et al., 2011; Zhu
et al., 2012; Hoshino et al., 2016). We measured changes in
the protein expression of HMGB1 and TLR4 and the nuclear
translocation of NF-κB in the liver through western blot. As
shown in Figure 3A, the HMGB1, TLR4, and nuclear NF-κB
p65 expression levels were significantly increased in the BDL
group compared with those in the sham-operated group, and this
up-regulation was abrogated by CA in a dose-dependent manner.
We also observed the expression of the key protein HMGB1
by immunohistochemistry (Figure 3B), and the results were
consistent with the western blot finding. These findings suggested
that CA-mediated protection against BDL-induced liver
fibrosis might involve the down-regulation of HMGB1, TLR4
and NF-κB.

CA Inhibits LX2 Cell Activation by
Inhibiting HMGB1/TLR4/NF-κB
To determine whether the CA-mediated reduction in the
activation of LX2 cells was related to the inhibition of HMGB1
expression, we transfected LX2 cells treated with CA with an
HMGB1 over-expression plasmid, and the protein expression
levels of α-SMA, HMGB1, TLR4 and NF-κB p65 were detected by
western blot. As shown in Figure 4, CA decreased the expression
of α-SMA, HMGB1, TLR4 and nuclear NF-κB p65 protein in
LX2 cells, and this decrease was abrogated by HMGB1 over-
expression.

Regulatory Effect of miR-29b-3p on
HMGB1 Expression
miRNAs regulate gene expression by binding to the 3′-UTR
of target gene mRNAs and control approximately 60% of
mammalian genes (Neilson and Sharp, 2008). Therefore, we
hypothesized that miRNAs might be associated with the
regulation of HMGB1 in BDL-induced liver fibrosis. To
investigate the miRNA expression profiles in cholestatic liver,
we referred to the literature associated with the BDL model to
determine the down-regulated miRNAs (Yang et al., 2012, 2015;
Shifeng et al., 2013; Marzioni et al., 2014; Meng et al., 2014; Xiao
et al., 2015; Wang et al., 2015) (Table 1). Among the 25 down-
regulated miRNAs, miR-300 and miR-29b-3p were predicted to
bind to the 3′-UTR of HMGB1 mRNA. Therefore, the expression
of the two miRNAs was further analyzed by qPCR. The qPCR
results indicated that the miR-300 and miR-29b-3p levels were
significantly lower (P < 0.01) in the BDL rats than in the controls
(Figure 5A). Based on the miRNA database and the results of
our experiment, we determined the effect of mimic-miR-300
and mimic-miR-29b-3p on the expression of HMGB1 in LX2
cells. As shown in Figures 5B,C, mimic-miR-29b-3p significantly
decreased HMGB1 protein expression, whereas mimic-miR-300
had no effect on HMGB1 protein expression in LX2 cells.

CA Reduces HMGB1 Expression and LX2
Activation by Enhancing miR-29b-3p
To investigate the effects of miR-29b-3p over-expression on
the activation of HSCs, α-SMA expression in LX2 cells was
determined by western blot. The results revealed that the level
of α-SMA was decreased by treatment with mimic-miR-29b-
3p (Figure 6A), indicating that miR-29b-3p can inhibit the
activation of LX2 cells. Given that HMGB1 was predicted to
be a putative target of miR-29b-3p (Figure 6B), the protein
levels of HMGB1 were found to be decreased by mimic-miR-
29b-3p (Figure 5B). We then generated an HMGB1 3′-UTR
luciferase reporter containing the miR-29b-3p-binding sites
(HMGB1 wild-type 3′-UTR) or mutated sites (HMGB1 Mut
3′-UTR). The construct was cotransfected into LX2 cells with the
miR-29b-3p mimic or the miRNA negative control (con-mimic).
The experimental results showed that the miR-29b-3p mimic
significantly reduced the luciferase activity driven by the wild-
type 3′-UTR of HMGB1 compared with the con-mimic in LX2
cells. Moreover, the luciferase activities of the mutated HMGB1
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FIGURE 1 | Effects of CA on liver injury in BDL-induced rat models. (A) Histological changes in the liver of BDL rats visualized through hematoxylin and eosin (H&E)
staining (x100). The hepatic necrosis and foci has been marked with arrows. The experimental groups subjected to H&E staining were as follows: sham; sham + CA
(60 mg/kg); BDL; BDL + CA (30 mg/kg); and BDL + CA (60 mg/kg). (B) Serum ALT levels (n = 8); (C) serum aspartate aminotransferase (AST) levels (n = 8);
(D) serum total bilirubin (TBil) levels (n = 8). The data are presented as the means ± SD. ∗∗P < 0.01 versus the sham group; ##P < 0.01 versus the BDL group.

FIGURE 2 | Carnosic acid significantly ameliorates BDL-induced liver fibrosis in rats. (A) Masson staining for collagen deposition in rat liver sections (x200). The
hyperplasia of the lattice fibers and collagenous fibers has been marked with arrows. (B) Immunohistochemistry for α-SMA in rat livers (x200). (C) The protein
expression of α-SMA and type 1 collagen in the liver was measured by western blot (n = 3); the results were normalized relative to the expression of GAPDH. The
data are presented as the means ± SD. ∗∗P < 0.01 versus the sham group; ##P < 0.01 versus the BDL group.

3′-UTR and the empty vector were not inhibited by the miR-29b-
3p mimic (Figure 6C). These results confirmed that HMGB1 is a
direct target of miR-29b-3p.

For further studies on the effects of CA on HMGB1 in
cells, we detected the expression of miR-29b-3p by qPCR. As
shown in Figures 5A, 6D, the in vivo, miR-29b-3p expression
was significantly increased by CA treatment, and this increase
was positively associated with the protective effect of CA in
BDL rats. In vitro experiments revealed the same tendency.

We subsequently transfected LX2 cells with the miR-29b-3p
antagomir in the presence or absence of CA treatment and
assessed the expression levels of HMGB1, TLR4, and α-SMA
and the translocation of p65 to the nucleus. Significantly lower
levels of HMGB1, TLR4, nuclear NF-κB p65 and α-SMA protein
were observed in the CA treated compared with the control,
and these proteins were increased by the miR-29b-3p antagomir
(Figure 6E). Therefore, we concluded that CA might target
miR-29b-3p to inhibit HMGB1 expression in BDL-induced
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FIGURE 3 | Carnosic acid-mediated protection against BDL-induced liver fibrosis involves the down-regulation of HMGB1, TLR4 and NF-κB. (A) The protein levels
of HMGB1, TLR4 and nuclear NF-κB p65 in the liver were analyzed by western blot (n = 3). (B) Immunohistochemistry for HMGB1 in rat livers (x200). The data are
presented as the means ± SD. ∗∗P < 0.01 versus the sham group; ##P < 0.01 versus the BDL group.

FIGURE 4 | Carnosic acid inhibits LX2 activation by inhibiting HMGB1. LX2 cells were randomly divided into three groups: pcDNA3.1-control,
pcDNA3.1-control + CA (20 µM), and pcDNA3.1-HMGB1 + CA (20 µM). After transfection with the plasmid for 24 h, the cells were treated with CA for 12 h, and
protein was then extracted. The protein expression levels of α-SMA, HMGB1, TLR4 and nuclear NF-κB p65 in LX2 cells were detected by western blot (n = 3). The
data are presented as the means ± SD. ∗∗P < 0.01 versus the control group; #P < 0.05 versus the CA group; ##P < 0.01 versus the CA group.
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TABLE 1 | Down-regulation of putative HMGB1-targeting miRNA in BDL-induced rat model, which through the literature and TargetScan human database
(http://www.targetscan.org/vert_70/).

Down-regulation of putative HMGB1-targeting miRNA in BDL-induced rat model

Decreased miRNAs miR-124 miR-138 miR-878 miR-151 miR-543 miR-3593

miR-23a miR-10a miR-295 miR-291a miR-125b miR-466c

miR-300 miR-343 miR-29 miR-329 miR-150 miR-3571

miR-672 miR-196c miR-361 miR-802 miR-3068 miR-3068

miR-3541

Targetscan miR-300 miR-29

liver fibrosis. The results showed that CA decreased HMGB1
expression and LX2 activation at least partially in an miR-29b-
3p-dependent manner.

CA-Mediated Protection against
BDL-Induced Liver Fibrosis Involves the
Down-Regulation of MMP9, TGF-β1, and
Its Receptor
Matrix remodeling and the TGF signaling pathway are also
important in liver fibrosis (Hu et al., 2009; Li X.M. et al.,
2016; Xu et al., 2016; Wu et al., 2017; Yu et al., 2017). We
investigated whether CA treatment would alter the expression
of MMP9 (a class of enzymes that involved in the degradation
of the ECM), as well as TGF-β1 and its receptor, TGF-β R1, in
BDL-induced liver fibrosis. The expressions of MMP9, TGF-β1,
TGF-β R1 were abnormally increased in the BDL groups, and CA
reversed these increases (Figures 7A,B). Furthermore, we found
the same outcomes in LX2 cells (Figures 7C,D), indicating that
CA-induced inhibition of hepatic fibrosis might be associated
with the down-regulation of MMP9, TGF-β1, and the TGF-β1
receptor.

DISCUSSION

Carnosic acid, a phenolic compound extracted from Rosmarinus
officinalis L, is a well-known antiadipogenic and antioxidant

agent (Petiwala et al., 2014; Rašković et al., 2014). In recent
years, CA has been reported to regulate cell proliferation
and differentiation, maintain normal cell function and exhibit
antiapoptotic properties (Wang et al., 2011, 2012; Kar et al.,
2012). In addition, CA reportedly ameliorates liver injury
(Gao et al., 2016) and inflammation (Tang et al., 2016) and
inhibits kidney fibrosis by inhibiting the NOX signaling pathway
(Jung et al., 2016). However, the mechanisms of hepatic
fibrosis regulation by CA are unclear. Here, we generated a
BDL-induced liver fibrosis model exhibiting liver fibrosis and
injury and we found that CA has favorable characteristics
for the treatment of BDL-induced liver fibrosis, as indicated
by the improved liver pathology, decreased expression of
α-SMA and Col-1. Furthermore, we illuminated the molecular
mechanisms through which CA protects against BDL-induced
liver fibrosis.

It has been reported that chronic hepatic inflammation
could result in hepatic fibrosis and cirrhosis (Schuppan
and Kim, 2013). Accumulating evidence indicates that
HMGB1 is closely involved in fibrotic diseases, including
lung fibrosis, cystic fibrosis, liver fibrosis and pulmonary
fibrosis (He et al., 2007; Hamada et al., 2008; Rowe et al.,
2008; Tu et al., 2012), whereas the inhibition of HMGB1
signaling can act against experimental models of fibrotic
disorders (Ge et al., 2011; Entezari et al., 2012). Moreover,
HMGB1 can bind to cell surface receptors, such as RAGE,
TLR2, and TLR4, to exert its effects (Mencin et al., 2009;
Berzsenyi et al., 2011). In particular, TLR4 plays a crucial role

FIGURE 5 | Regulatory effect of miR-29b-3p on HMGB1 expression. (A) The levels of miR-300 and miR-29b-3p in the liver of rats were assayed by qPCR (n = 6).
The data are presented as the means ± SD. ∗∗P < 0.01 versus the sham group; #P < 0.05 versus the BDL group; ##P < 0.01 versus the BDL group. (B,C) LX2
cells were randomly divided into four groups: mimic-miR-29b-3p-control, mimic-miR-29b-3p, mimic-miR-300-control, and mimic-miR-300. The cells were exposed
to various treatments for 24 h before extraction of total protein. The HMGB1 protein level in LX2 cells was detected by western blotting (n = 3). The data are
presented as the means ± SD. ∗∗P < 0.01 versus the control group.
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FIGURE 6 | Carnosic acid inhibits HMGB1 expression and LX2 activation by enhancing miR-29b-3p. (A) LX2 cells were exposed to mimic-miR-29b-3p for 24 h, and
the protein expression of α-SMA in LX2 cells was measured by western blot (n = 3). (B) Schema representing the functional interaction between miR-29b-3p and the
seed sequence in the 3′UTR of HMGB1 as predicted by TargetScanHuman 7.0 (http://www.targetscan.org/vert_70). (C) Luciferase assay of LX2 cells
co-transfected with reporter constructs containing HMGB1 3’UTRs with (HMGB1-UTRwt) or without (HMGB1-UTRmt) miR-29b-3p-binding sites and the
miR-29b-3p mimic or control (n = 3). The data are presented as the means ± SD. ∗∗P < 0.01 versus the control group. (D) The level of miR-29b-3p in LX2 cells after
CA treatment for 12 h was assayed with qPCR (n = 3). The data are presented as the means ± SD. ∗∗P < 0.01 versus the control group. (E) The expression level of
α-SMA, HMGB1, TLR4, and nuclear NF-κB p65 protein in LX2 cells were determined by western blot (n = 3). For functional analyses, LX2 cells were transfected with
antago-miR-29b-3p or antago-miR-29b-3p control. After 24 h, the cells were exposed to 20 µM CA for 12 h. The data are presented as the means ± SD.
∗∗P < 0.01 versus the control group; #P < 0.05 versus the CA group.

in hepatic inflammation and liver fibrosis (Zhu et al., 2012;
Wang et al., 2013; Hoshino et al., 2016). We found that the
CA-mediated protection against BDL involves HMGB1/TLR4
down-regulation and the nuclear translocation of NF-κB.
Furthermore, CA decreased the expression of α-SMA,

HMGB1, and TLR4 protein and nuclear NF-κB p65 in LX2
cells; however, the decreases were abrogated by HMGB1
over-expression. Therefore, CA-induced protection against
liver fibrosis is associated with the HMGB1/TLR4/NF-κB
pathway.
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FIGURE 7 | Carnosic acid-mediated protection against BDL-induced liver fibrosis might involve the down-regulation of MMP9, TGF-β1, and its receptor. The
expression levels of MMP9 mRNA and MMP9, TGF-β1 and TGF-β R1 protein in livers and LX2 cells were detected. (A) The protein levels of MMP9, TGF-β1 and
TGF-β R1 in the liver were analyzed by western blot (n = 3). (B) The mRNA levels of MMP9 in the liver were analyzed by qPCR (n = 6). The data are presented as the
means ± SD. ∗∗P < 0.01 versus the sham group; #P < 0.05 versus the BDL group; ##P < 0.01 versus the BDL group. LX2 cells were randomly divided into two
groups: control group and CA (20 µM) group. The cells were treated with 20 µM CA for 12 h before the extraction of total protein or RNA. (C) The protein levels of
MMP9, TGF-β1 and TGF-β R1 in LX2 cells were analyzed by western blot (n = 3). (D) The mRNA levels of MMP9 in LX2 cells were analyzed by qPCR (n = 3). The
data are presented as the means ± SD. ∗∗P < 0.01 versus the control group; ∗P < 0.05 versus the control group.

In recent years, miRNAs have been identified as regulators
of many biological processes (Neilson and Sharp, 2008). The
silencing and over-expression of miRNAs might be involved in
the progression of specific diseases, including fibrosis-related
diseases (Sekiya et al., 2011; Yu et al., 2015, 2016). It has
been reported that some miRNAs were down-regulated in
BDL-induced liver fibrosis (Yang et al., 2012, 2015; Shifeng
et al., 2013; Marzioni et al., 2014; Meng et al., 2014; Wang
et al., 2015; Xiao et al., 2015). We predicted that miR-300
and miR-29b-3p bind to the 3′-UTR of HMGB1 mRNA and
found that the expression of miR-300 and miR-29b-3p in the
liver was consistent with that obtained in a previous report.
We subsequently discovered that the protein level of HMGB1
decreased only following treatment with the miR-29b-3p mimic.
In addition, the expression of α-SMA in LX2 cells was inhibited
by mimic-miR-29b-3p. Luciferase assays also confirmed that
HMGB1 is a target of miR-29b-3p. These data suggest that
miR-29b-3p might play a key role in the control of HMGB1
expression.

The animal experiments revealed that CA treatment
could significantly alleviate BDL-induced liver fibrosis in
rats and reverse the decrease in miR-29b-3p. Therefore, we
hypothesized that CA-induced protection against BDL-induced
liver fibrosis occurred through miR-29b-3p up-regulation.
We then explored this possibility in vitro and found
that miR-29b-3p was up-regulated in LX2 cells after CA
treatment. In addition, decreased HMGB1 expression was
observed in the mimic-miR-29b-3p group compared with
that in the control group. Importantly, the miR-29b-3p
antagomir could reverse the CA-mediated inhibition of the

HMGB1/TLR4/NF-κB pathway and α-SMA levels. Therefore,
CA increases miR-29b-3p to inhibit the HMGB1/TLR4/NF-
κB pathway, thereby attenuating BDL-induced liver
fibrosis.

Effects of drugs on disease is achieved through a variety
of channels, while Matrix remodeling and the TGF signaling
pathway have essential roles in fibrosis (Hu et al., 2009; Li X.M.
et al., 2016; Xu et al., 2016; Wu et al., 2017; Yu et al., 2017).
We found that CA provides protection against BDL-induced liver
fibrosis by inhibiting MMP9 as well as TGF-β1 and its receptor,
TGF-β R1. We will further investigate whether CA inhibits
fibrosis relative to matrix remodeling and the TGF signaling
pathway. We hope to provide more ideas for future research of
CA and liver fibrosis.

In summary, our data indicate that the miR-29b-
3p/HMGB1/TLR4/NF-κB signaling pathway might be
essential for liver fibrosis and that CA could be a promising
therapeutic agent in liver fibrosis by modulating the miR-29b-
3p/HMGB1/TLR4 signaling pathway. The antifibrotic functions
of CA require further clinical investigation for the treatment of
patients with chronic liver diseases.
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FIGURE S1 | Detection of LX2 and L02 cell viability after CA treatment by CCK8
assay. (A) Impact of a 12-h treatment with different concentrations of CA,
including 0, 5, 10, 20, and 40 µM to the survival rate of LX2 cells. (B) Effect of CA

(20 µM) on the survival rate of LX2 cells at different time including 0, 3, 6, 12, and
24 h. (C) Impact of treatment with CA (20 µM) for 12 h on the survival
rate of L02 cells. The data are presented as the means ± SD (n = 8).
∗P < 0.05 versus the control group; ∗∗P < 0.01 versus the control
group.

FIGURE S2 | The cytotoxicity of transfection or plasmid with/without CA in LX2
cells was assessed through a CCK8 assay. (A) Survival rate of LX2 cells
transfected with con-29b-3p/antagomir-29b-3p with/without CA. The cells were
divided into five groups: control, con-29b-3p, con-29b-3p + CA,
antagomir-29b-3p, and antagomir-29b-3p + CA. (B) Survival rate of LX2 cells
transfected with pcDNA3.1 or pcDNA3.1/HHMGB1 with/without CA. The cells
were divided into five groups; control, pcDNA3.1-control, pcDNA3.1-control + CA
(20 µM), pcDNA3.1-HMGB1, and pcDNA3.1-HMGB1 + CA. The data are
presented as the means ± SD (n = 8). ∗P < 0.05 versus the control group;
∗∗P < 0.01 versus the control group; #P < 0.05 versus the antagomir-29b-3p or
pcDNA3.1-HMGB1 group.
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Mikov, M., (2014). Antioxidant activity of rosemary (Rosmarinus officinalis L.)

Frontiers in Pharmacology | www.frontiersin.org 10 January 2018 | Volume 8 | Article 976

https://www.frontiersin.org/articles/10.3389/fphar.2017.00976/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2017.00976/full#supplementary-material
https://doi.org/10.1007/s10620-006-9143-z
https://doi.org/10.1111/j.1365-2893.2010.01390.x
https://doi.org/10.1111/j.1600-065X.2007.00574.x
https://doi.org/10.2119/molmed.2012.00024
https://doi.org/10.1152/physrev.00013.2007
https://doi.org/10.1152/physrev.00013.2007
https://doi.org/10.1002/mnfr.201500878
https://doi.org/10.3748/wjg.v17.i36.4090
https://doi.org/10.1371/journal.pone.0098556
https://doi.org/10.1371/journal.pone.0098556
https://doi.org/10.1165/rcmb.2007-0330OC
https://doi.org/10.1152/ajplung.00075.2007
https://doi.org/10.1146/annurev-pathol-011110-130246
https://doi.org/10.1016/j.jhep.2009.02.025
https://doi.org/10.1021/jf302881t
https://doi.org/10.1016/j.freeradbiomed.2016.05.020
https://doi.org/10.1038/labinvest.2009.47
https://doi.org/10.1007/s10495-012-0715-4
https://doi.org/10.1016/j.toxlet.2016.09.002
https://doi.org/10.1038/aps.2016.35
https://doi.org/10.1152/ajpcell.00230.2013
https://doi.org/10.1002/hep.27262
https://doi.org/10.1136/gut.2008.156307
https://doi.org/10.1016/j.ajpath.2013.11.008
https://doi.org/10.1016/j.cell.2008.09.006
https://doi.org/10.4162/nrp.2013.7.4.294
https://doi.org/10.1371/journal.pone.0089772
https://doi.org/10.1136/gutjnl-2014-306996
https://doi.org/10.1136/gutjnl-2014-306996
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-08-00976 January 17, 2018 Time: 16:30 # 11

Zhang et al. Carnosic Acid Alleviates Liver Fibrosis

essential oil and its hepatoprotective potential. BMC Complement. Altern. Med.
14:225. doi: 10.1186/1472-6882-14-225

Rowe, S. M., Jackson, P. L., Liu, G., Hardison, M., Livraghi, A., Solomon, G. M.,
et al. (2008). Potential role of high-mobility group box 1 in cystic fibrosis airway
disease. Am. J. Respir. Crit. Care Med. 178, 822–831. doi: 10.1164/rccm.200712-
1894OC

Scaffidi, P., Misteli, T., and Bianchi, M. E. (2002). Release of chromatin
protein HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195.
doi: 10.1038/nature00858

Schuppan, D., and Kim, Y. O. (2013). Evolving therapies for liver fibrosis. J. Clin.
Invest. 123, 1887–1901. doi: 10.1172/JCI66028

Sekiya, Y., Ogawa, T., Yoshizato, K., Ikeda, K., and Kawada, N. (2011). Suppression
of hepatic stellate cell activation by microRNA-29b. Biochem. Biophys. Res.
Commun. 412, 74–79. doi: 10.1016/j.bbrc.2011.07.041

Seo, Y. S., Kwon, J. H., Yaqoob, U., Yang, L., De Assuncao, T. M., Simonetto, D. A.,
et al. (2013). HMGB1 recruits hepatic stellate cells and liver endothelial cells to
sites of ethanol-induced parenchymal cell injury. Am. J. Physiol. Gastrointest.
Liver Physiol. 305, G838–G848. doi: 10.1152/ajpgi.00151.2013

Shan, W., Gao, L., Zeng, W., Hu, Y., Wang, G., Li, M., et al. (2015). Activation of
the SIRT1/p66shc antiapoptosis pathway via carnosic acid-induced inhibition
of miR-34a protects rats against nonalcoholic fatty liver disease. Cell Death Dis.
6:e1833. doi: 10.1038/cddis.2015.196

Shifeng, H., Danni, W., Pu, C., Ping, Y., Ju, C., and Liping, Z. (2013). Circulating
liver-specific miR-122 as a novel potential biomarker for diagnosis of cholestatic
liver injury. PLOS ONE 8:e73133. doi: 10.1371/journal.pone.0073133

Tang, B., Tang, F., Wang, Z., Qi, G., Liang, X., Li, B., et al. (2016). Upregulation
of Akt/NF-kappaB-regulated inflammation and Akt/Bad-related apoptosis
signaling pathway involved in hepatic carcinoma process: suppression by
carnosic acid nanoparticle. Int. J. Nanomed. 11, 6401–6420. doi: 10.2147/IJN.
S101285

Tao, R., Fan, X. X., Yu, H. J., Ai, G., Zhang, H. Y., Kong, H. Y., et al. (2017).
MicroRNA-29b-3p prevents Schistosoma japonicum- induced liver fibrosis by
targeting COL1A1 and COL3A1. J. Cell Biochem. doi: 10.1002/jcb.26475 [Epub
ahead of print].

Tu, C. T., Yao, Q. Y., Xu, B. L., Wang, J. Y., Zhou, C. H., and Zhang, S. C.
(2012). Protective effects of curcumin against hepatic fibrosis induced by carbon
tetrachloride: modulation of high-mobility group box 1, Toll-like receptor 4 and
2 expression. Food Chem. Toxicol. 50, 3343–3351. doi: 10.1016/j.fct.2012.05.050

Wang, F. P., Li, L., Li, J., Wang, J. Y., Wang, L. Y., and Jiang, W. (2013). High
mobility group box-1 promotes the proliferation and migration of hepatic
stellate cells via TLR4-dependent signal pathways of PI3K/Akt and JNK. PLOS
ONE 8:e64373. doi: 10.1371/journal.pone.0064373

Wang, J., Chu, E. S., Chen, H. Y., Man, K., Go, M. Y., Huang, X. R., et al.
(2015). microRNA-29b prevents liver fibrosis by attenuating hepatic stellate
cell activation and inducing apoptosis through targeting PI3K/AKT pathway.
Oncotarget 6, 7325–7338. doi: 10.18632/oncotarget.2621

Wang, T., Takikawa, Y., Satoh, T., Yoshioka, Y., Kosaka, K., Tatemichi, Y., et al.
(2011). Carnosic acid prevents obesity and hepatic steatosis in ob/ob mice.
Hepatol. Res. 41, 87–92. doi: 10.1111/j.1872-034X.2010.00747.x

Wang, T., Takikawa, Y., Tabuchi, T., Satoh, T., Kosaka, K., and Suzuki, K. (2012).
Carnosic acid (CA) prevents lipid accumulation in hepatocytes through the
EGFR/MAPK pathway. J. Gastroenterol. 47, 805–813. doi: 10.1007/s00535-012-
0546-7

Wu, L., Zhang, Q., Mo, W., Feng, J., Li, S., Li, J., et al. (2017). Quercetin prevents
hepatic fibrosis by inhibiting hepatic stellate cell activation and reducing
autophagy via the TGF-β1/Smads and PI3K/Akt pathways. Sci. Rep. 7:9289.
doi: 10.1038/s41598-017-09673-5

Xiao, Y., Wang, J., Yan, W., Zhou, Y., Chen, Y., Zhou, K., et al. (2015). Dysregulated
miR-124 and miR-200 expression contribute to cholangiocyte proliferation in
the cholestatic liver by targeting IL-6/STAT3 signalling. J. Hepatol. 62, 889–896.
doi: 10.1016/j.jhep.2014.10.033

Xu, M., Zhang, F., Wang, A., Wang, C., Cao, Y., Zhang, M., et al. (2016).
Tumor necrosis factor-like weak inducer of apoptosis promotes hepatic stellate
cells migration via canonical NF-κB/MMP9 pathway. PLOS ONE 11:e0167658.
doi: 10.1371/journal.pone.0167658

Yan, H., Jihong, Y., Feng, Z., Xiaomei, X., Xiaohan, Z., Guangzhi, W., et al.
(2014). Sirtuin 1-mediated inhibition of p66shc expression alleviates liver
ischemia/reperfusion injury. Crit. Care Med. 42:e373-81. doi: 10.1097/CCM.
0000000000000246

Yang, H., Li, T. W., Zhou, Y., Peng, H., Liu, T., Zandi, E., et al. (2015). Activation
of a novel c-Myc-miR27-prohibitin 1 circuitry in cholestatic liver injury
inhibits glutathione synthesis in mice. Antioxid. Redox. Signal. 22, 259–274.
doi: 10.1089/ars.2014.6027

Yang, S., Wu, Y., Wang, D., Huang, S., Wen, Y., Cao, J., et al. (2012). Establishment
of an experimental method for detecting circulating miRNAs in BDL mice. Clin.
Exp. Med. 12, 273–277. doi: 10.1007/s10238-011-0168-z

Yu, F., Lu, Z., Chen, B., Wu, X., Dong, P., and Zheng, J. (2015). Salvianolic
acid B-induced microRNA-152 inhibits liver fibrosis by attenuating DNMT1-
mediated Patched1 methylation. J. Cell Mol. Med. 19, 2617–2632. doi: 10.1111/
jcmm.12655

Yu, F., Lu, Z., Huang, K., Wang, X., Xu, Z., Chen, B., et al. (2016). MicroRNA-17-
5p-activated Wnt/beta-catenin pathway contributes to the progression of liver
fibrosis. Oncotarget 7, 81–93. doi: 10.18632/oncotarget.6447

Yu, Y., Duan, J., Li, Y., Li, Y., Jing, L., Yang, M., et al. (2017). Silica nanoparticles
induce liver fibrosis via TGF-β1/Smad3 pathway in ICR mice. Int. J. Nanomed.
21, 6045–6057. doi: 10.2147/IJN.S132304

Zhou, Y., Zheng, S., Lin, J., Zhang, Q. J., and Chen, A. (2007). The interruption of
the PDGF and EGF signaling pathways by curcumin stimulates gene expression
of PPARgamma in rat activated hepatic stellate cell in vitro. Lab. Invest. 87,
488–498. doi: 10.1038/labinvest.3700532

Zhu, Q., Zou, L., Jagavelu, K., Simonetto, D. A., Huebert, R. C., Jiang, Z. D.,
et al. (2012). Intestinal decontamination inhibits TLR4 dependent fibronectin-
mediated cross-talk between stellate cells and endothelial cells in liver fibrosis
in mice. J. Hepatol. 56, 893–899. doi: 10.1016/j.jhep.2011.11.013

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Zhang, Wang, Zhu, Xu, Zhao, Zhao, Tang, Li, Zhou, Gao, Tian
and Yao. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 11 January 2018 | Volume 8 | Article 976

https://doi.org/10.1186/1472-6882-14-225
https://doi.org/10.1164/rccm.200712-1894OC
https://doi.org/10.1164/rccm.200712-1894OC
https://doi.org/10.1038/nature00858
https://doi.org/10.1172/JCI66028
https://doi.org/10.1016/j.bbrc.2011.07.041
https://doi.org/10.1152/ajpgi.00151.2013
https://doi.org/10.1038/cddis.2015.196
https://doi.org/10.1371/journal.pone.0073133
https://doi.org/10.2147/IJN.S101285
https://doi.org/10.2147/IJN.S101285
https://doi.org/10.1002/jcb.26475
https://doi.org/10.1016/j.fct.2012.05.050
https://doi.org/10.1371/journal.pone.0064373
https://doi.org/10.18632/oncotarget.2621
https://doi.org/10.1111/j.1872-034X.2010.00747.x
https://doi.org/10.1007/s00535-012-0546-7
https://doi.org/10.1007/s00535-012-0546-7
https://doi.org/10.1038/s41598-017-09673-5
https://doi.org/10.1016/j.jhep.2014.10.033
https://doi.org/10.1371/journal.pone.0167658
https://doi.org/10.1097/CCM.0000000000000246
https://doi.org/10.1097/CCM.0000000000000246
https://doi.org/10.1089/ars.2014.6027
https://doi.org/10.1007/s10238-011-0168-z
https://doi.org/10.1111/jcmm.12655
https://doi.org/10.1111/jcmm.12655
https://doi.org/10.18632/oncotarget.6447
https://doi.org/10.2147/IJN.S132304
https://doi.org/10.1038/labinvest.3700532
https://doi.org/10.1016/j.jhep.2011.11.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Carnosic Acid Alleviates BDL-Induced Liver Fibrosis through miR-29b-3p-Mediated Inhibition of the High-Mobility Group Box 1/Toll-Like Receptor 4 Signaling Pathway in Rats
	Introduction
	Materials And Methods
	Reagents
	Experimental Animals
	Cell Culture and Transfection
	Serum Levels of Total Bilirubin (Tbil), Alanine Aminotransferase (ALT), and Aspartate Aminotransferase (AST)
	Liver Histological Examination
	Quantitative RT-PCR
	Western Blotting
	Dual-Luciferase Reporter
	Statistical Analyses

	Results
	Effects of CA on Liver Injury in BDL Rats
	CA Ameliorates BDL-Induced Liver Fibrosis in Rats
	CA-Mediated Protection against BDL-Induced Liver Fibrosis Involves the Down-Regulation of HMGB1, TLR4, and NF-B
	CA Inhibits LX2 Cell Activation by Inhibiting HMGB1/TLR4/NF-B
	Regulatory Effect of miR-29b-3p on HMGB1 Expression
	CA Reduces HMGB1 Expression and LX2 Activation by Enhancing miR-29b-3p
	CA-Mediated Protection against BDL-Induced Liver Fibrosis Involves the Down-Regulation of MMP9, TGF-1, and Its Receptor

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


