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Calculus Bovis Sativus Improves Bile
Acid Homeostasis via Farnesoid X
Receptor-Mediated Signaling in Rats
With Estrogen-Induced Cholestasis

Dong Xiang, Jinyu Yang, Yanan Liu, Wenxi He, Si Zhang, Xiping Li, Chenliang Zhang*
and Dong Liu*

Department of Pharmacy, Tongji Hospital Affiliated, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China

Cholestatic diseases are characterized by toxic bile acid (BA) accumulation, and
abnormal BA composition, which subsequently lead to liver injury. Biochemical synthetic
Calculus Bovis Sativus (CBS) is derived from natural Calculus Bovis, a traditional
Chinese medicine, which has been used to treat hepatic diseases for thousands of
years. Although it has been shown that CBS administration to 17a-ethinylestradiol
(EE)-induced cholestatic rats improves bile flow and liver injury, the involved underlying
mechanism is largely unknown. In this study, we showed that CBS administration
to EE-induced cholestatic rats significantly decreased serum and hepatic BA levels
and reversed hepatic BA composition. DNA microarray analysis suggested that the
critical pathways enriched by CBS treatment were bile secretion and primary BA
synthesis. These findings led us to focus on the effects of CBS on regulating BA
homeostasis, including BA transport, synthesis and metabolism. CBS enhanced hepatic
BA secretion by inducing efflux transporter expression and inhibiting uptake transporter
expression. Moreover, CBS reduced BA synthesis by repressing the expression of BA
synthetic enzymes, CYP7A1 and CYP8B1, and increased BA metabolism by inducing
the expression of metabolic enzymes, CYP3A2, CYP2B10, and SULT2A1. Mechanistic
studies indicated that CBS increased protein expression and nuclear translocation
of hepatic and intestinal farnesoid X receptor (FXR) to regulate the expression of
these transporters and enzymes. We further demonstrated that beneficial effects
of CBS administration on EE-induced cholestatic rats were significantly blocked by
guggulsterone, a FXR antagonist. Therefore, CBS improved BA homeostasis through
FXR-mediated signaling in estrogen-induced cholestatic rats. Together, these findings
suggested that CBS might be a novel and potentially effective drug for the treatment of
cholestasis.

Keywords: Calculus Bovis Sativus, cholestasis, FXR, 17«-ethinylestradiol, bile acid
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CBS Improves Estrogen-Induced Cholestasis

INTRODUCTION

Cholestatic liver diseases, including estrogen-induced cholestasis,
primary biliary cholangitis (PBC), and primary sclerosing
cholangitis (PSC), result from intrahepatic accumulation of toxic
bile acids (BAs) that cause liver injury and ultimately lead to
fibrosis and cirrhosis (Trauner et al., 2017). When treatment
is delayed, many patients would require a liver transplantation
at the end-stage of cholestatic diseases (Wang et al., 2017).
Estrogens and their metabolites are known to cause intrahepatic
cholestasis in susceptible women during pregnancy as well
as administration of oral contraceptives and postmenopausal
hormone replacement therapy (Li et al., 2017). Currently, only
few therapies to effectively treat cholestatic diseases are available,
and the curative effect is limited (Jansen et al., 2017). Thus,
developing novel therapeutic strategies for treating and managing
cholestatic liver diseases is of utmost importance.

Considering clinical implications, experimental cholestasis
induced by 17a-ethynylestradiol (EE) administration in
rodents has been widely used to investigate the underlying
molecular/cellular mechanisms involved in estrogen-induced
cholestasis (Zhang et al, 2018). In experimental animals,
treatment with EE decreased bile flow and BA synthesis,
thereby leading to accumulation of high levels of BAs and an
abnormal BA composition in the liver (Fischer et al., 1996). BA
homeostasis is tightly controlled by hepatic nuclear receptors,
including the farnesoid X receptor (FXR, NR1H4), pregnane
X receptor (PXR, NR11I2), vitamin D receptor (VDR, NR1I1),
constitutive androstane receptor (CAR, NR1I3), liver X receptor
(LXR, NR1H3), and the peroxisome proliferator-activated
receptor & (PPARa, PPARA) (Zollner and Trauner, 2009).
Importantly, FXR is one of the main mediators in the liver and
intestine and regulates BA transporters and enzymes to maintain
BA homeostasis Li and Chiang, 2013. Ligand-activated FXR
promoted BA secretion through inducing the expression of efflux
transporters, including bile salt export pump (BSEP, ABCBI11)
and multidrug resistance-associated protein 2 (MRP2, ABCC2),
and reduced BA reabsorption via decreasing the expression
of uptake transporters, such as Na'-dependent taurocholate
cotransport peptide (NTCP), and sodium-independent organic
anion transporters (OATPs) (Halilbasic et al, 2013). In
addition, FXR inhibited cholesterol 7a-hydroxylase (CYP7A1)
and microsomal sterol 12a-hydroxylase (CYP8B1) to reduce
BA synthesis and induce CYP3A2 (a homolog of human
CYP3A4) and sulfotransferase family 1E member 1 (SULT1E1)
to promote BA detoxification (Chiang, 2013). In previous
studies, it has been demonstrated that targeting FXR is
promising for treating cholestatic liver diseases (Beuers et al.,
2015).

Calculus Bovis is a traditional Chinese medicine, which has
been widely used in Oriental and Southeast Asian countries,
especially China, to relieve fever, alleviate inflammation,
maintain sedation, and recover gallbladder function (Chen,
1987). Due to the extremely scarce resources (gallstones of
Bos Taurus domesticus Gmelin), and high prices, countless
studies have strived to substitute natural Calculus Bovis.
According to the formation principle of gallstones in vivo and

the methods of biochemical synthesis, Calculus Bovis Sativus
(CBS) is cultivated from bovine bile in vitro by modern
bioengineering techniques. CBS is an ideal substitute, which
is identical in terms of properties and components and has
been included in the Pharmacopoeia of the People’s Republic
of China since 2005 Edition (Feng et al., 2015). According to
pharmacopeia, CBS has a definite chemical profile, containing
cholic acid, deoxycholic acid, and bilirubin as its principal
bioactive components. As reported, CBS has been successfully
used to treat many severe liver diseases, such as hepatic cancer,
hepatitis B, and non-alcoholic fatty liver disease in both humans
and experimental animals (Liu et al., 2010; Bai and Zhao, 2011;
Cheng et al, 2014). In our previous study, we showed that
CBS exerted beneficial effects on EE-induced cholestatic rats, at
least in part by improving functions of MRP2, breast cancer
resistance protein (BCRP), and P-glycoprotein (P-gp) (Liu et al,,
2014).

In the present study, we aimed to fully understand the
hepatoprotective effects of CBS on EE-induced cholestasis and
investigated the underlying mechanisms involved. We utilized
DNA microarray to screen the critical pathways involved in
CBS treatment and studied the effects of CBS on hepatic BA
composition as well as regulatory functions on BA synthesis,
metabolism, and transport. The findings of our study suggested
that FXR-mediated signaling plays a critical role in the beneficial
effects of CBS on EE-induced cholestasis.

MATERIALS AND METHODS

Chemicals and Reagents

Calculus Bovis Sativus was provided by Wuhan Jianmin
Dapeng Pharmaceutical Co., Ltd. (Lot: 2016-05-16, Wuhan,
China), and the same preparation and lot number was
used in our previous study (He et al, 2017). We also
successfully established a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) approach to determine the main
components in CBS, and subsequently established a quality
control method to ensure the stability, uniformity, and quality
of CBS (Feng et al, 20155 He et al, 2017). EE was
purchased from Sigma-Aldrich (St. Louis, MO, United States,
purity >98%). Guggulsterones (GS) was purchased from Dibo
biochemical Co., Ltd. (Shanghai, China). Standards for BAs for
cholic acid (CA), deoxycholic acid (DCA), chenodeoxycholic
acid (CDCA), B-muricholic acid (B-MCA), taurocholic acid
(TCA), taurodeoxycholic acid (TDCA), p-tauromuricholic acid
(TB-MCA), and tauroursodeoxycholic acid (TUDCA) were
obtained from Steraloids (Newport, RI, United States). The
internal standard (IS) was from Isoreag (Shanghai, China).
Antibodies directed against NTCP, FXR, CYP7Al, LXR, VDR,
CAR, PXR, PPARa, CK19, Lamin B, and B-actin were purchased
from Absin Biochemical Company (Shanghai, China). An
antibody directed against BSEP was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, United States) and an antibody
directed against MRP2 was obtained from Abcam (Cambridge,
United Kingdom). All other chemical agents used were from
analytical grade or HPLC grade.
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Animals and Treatments

The present study was conducted in strict accordance with the
National Institutes of Health guide for the care and use of
laboratory animals (Muhler et al., 2011). The animal protocol was
approved by the Ethical Committee on Animal Experimentation
of the Tongji hospital (Tongji, Wuhan, China). Male Sprague-
Dawley rats, 8 weeks of age and weighing 220 £ 20 g were
obtained from the Center of Experimental Animal of Hubei
Province (Wuhan, China). All animals were housed under
standard laboratory conditions at a temperature of 25 + 2°C
and a 12-h light/dark cycle. To induce cholestatic rats, EE
(5 mg/kg) was subcutaneously injected for five consecutive
days. Non-cholestatic control rats received the EE vehicle
(propylene glycol). CBS (150 mg/kg) or vehicle (0.5% sodium
carboxymethyl cellulose) was administered to rats by oral gavage
once per day for five consecutive days with co-administration
of EE or EE vehicle. GS, an FXR antagonist, was dissolved as
previous described (Meng et al., 2015), and rats were injected
intraperitoneally with 10 mg/kg of GS 4 h prior to CBS or vehicle
treatment. Body weight was recorded daily. Animals were fasted
overnight and sacrificed randomly between 8:00 and 11:00 am.
Blood, bile, liver, and ileum samples were collected for further
analyses.

Serum Biochemistry Assay and Histology
Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP) as well as
serum and hepatic levels of total bile acid (TBA) were determined
using commercial kits (JianCheng, Nanjing, China) according
to the manufacturer’s instructions. After rats were sacrificed,
livers were collected, fixed in 4% formaldehyde, embedded in
paraffin, sectioned at 5 m, and stained with hematoxylin and
eosin (H&E). Images were taken by EVOS FL Auto microscope
(Life Technologies, Carlsbad, CA, United States) and Olympus
microscope (Olympus, Tokyo, Japan).

DNA Microarray Analysis

Total RNA of three randomly chosen livers from non-cholestatic,
EE, and EE+CBS rats was isolated by a Takara RNAiso Plus
kit and purified using an RNeasy Mini Kit (Qiagen, GmBH,
Darmstadt, Germany) following the manufacturer’s instructions.
Total RNA was amplified and labeled by an Agilent Quick Amp
Labeling Kit. Each slide was hybridized with Agilent Whole Rat
Genome Oligo Microarray (4 x 44K). Data were collected by
Agilent Feature Extraction software 10.7 (Agilent Technologies,
Santa Clara, CA, United States) and then filtered for significant
detection (Students t-test, p < 0.05, and fold change >1.2
or <0.8). Technical support was provided by Biotechnology
Corporation (Shanghai, China) for determining the whole gene
expression profile. Gene ontology (GO) and Kyoto encyclopedia
of genes and genomes (KEGG) analyses of differentially expressed
genes were performed by using the common public online
database DAVID Bioinformatics Resources 6.8 Tools'.

Uhttps://david.ncifcrf.gov

Analysis of Bile Acids in the Liver by
Liquid Chromatography-Tandem Mass
Spectrometry

In brief, approximately 100 mg of liver tissue was homogenized
in 4 volumes of methanol-water (50:50 v/v). A total of 150 L
of liver homogenate was added to 20 pL IS (5 pwmol/L d4-
GCDCA) and 1 mL of ice-cold alkaline acetonitrile (containing
5% NHj3-H,O v/v), then samples were vortexed and shaken
for 60 min, and centrifuged at 12,000 x g for 10 min at 4°C.
Subsequently, supernatants were evaporated and reconstituted in
100 pL methanol. A high-performance liquid chromatography
(HPLC; LC-20AD, Shimadzu, Japan) system coupled to an
Applied Biosystems 4000 Q trap (AB Sciex, CA, United States)
mass spectrometer with electrospray ionization source (ESI) was
used. Chromatographic separation of BAs was performed using
a C18 column (3.5 pm, 2.1 mm x 150 mm, Symmetry®Waters,
MA, United States). The mobile phase consisted of A (water
with 10 mM ammonium acetate and 0.1% formic acid) and B
(methanol with 10 mM ammonium acetate and 0.1% formic
acid). A gradient elution was used, starting with 60% B
for the first 2 min, then linearly increased to 90% B in
38 min, and kept constant for 5 min. All BAs were detected
in the negative ionization mode with the following mass
spectrometer source settings: ion spray voltage = —4500 V;
ionsource heater = 300°C; source gas 1 = 40 psi; source gas
2 = 40 psi, and curtain gas = 20 psi. Data were collected
and analyzed using Analyst 1.6.1 software (AB Sciex, CA,
United States).

Quantitative Real-Time PCR Assay

Total RNA from liver and intestine was extracted using TRIzol
Reagent (Invitrogen, CA, United States) according to the
manufacturer’s instructions. Total RNA was reverse transcribed
into cDNA using PrimeScript™ RT Master Mix (Takara, Dalian,
China), and then obtained cDNA was used as a template for
real-time PCR amplification, performed by using SYBR Green
(Takara, Dalian, China) and forward/reverse primer pairs for
the tested genes. Independent reactions were performed in
triplicate using an ABI StepOne Plus system (Applied Biosystems,
CA, United States). Threshold cycle values were normalized to
B-actin. Both forward and reverse primers used are presented in
Supplementary Table 1.

Western Blot Analysis

Western blot analysis of membrane and total protein samples
was performed as described in our previous study (Liu et al.,
2014). In brief, nuclear protein samples from hepatic and
intestinal tissues were extracted following standard protocols
(Beyotime Institute of Biotechnology, Shanghai, China).
Proteins were subjected to SDS-PAGE, then transferred to
PVDF membranes. After blocking for 1 h with 5% non-
fat milk in TBST, membranes were incubated overnight at
4°C with primary antibodies directed against MRP2, BSEP,
NTCP, CYP7A1, FXR, LXR, VDR, CAR, PXR, PPARa,
Lamin B, and f-actin. Next, membranes were incubated
with horseradish peroxidase (HRP)-conjugated antibodies
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FIGURE 1 | CBS alleviates liver injury and reduces serum bile acid levels in rats with 17a-ethinylestradiol-induced cholestasis. (A) Changes in body weight in each
group during the six experimental days. Determination of (B) liver weight, (C) liver/body weight, and (D) serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), and (E) total bile acid (BA) levels. (F) Hematoxylin and eosin (H&E) staining was used to investigate hepatic
structural changes under non-cholestatic and cholestatic conditions in rats. (G) Immunohistochemistry of CK19 was performed to evaluate proliferation of the bile
duct. Data are presented as the mean + SD (n = 6). Significant differences compared with the non-cholestatic group, *p < 0.05; **p < 0.01; compared with the
17a-ethinylestradiol (EE) group, *p < 0.05; #p < 0.01.

for 1 h at room temperature at a 1:2500 dilution. Protein
expression was evaluated by an enhanced chemiluminescence
(ECL) approach and membranes were imaged with a
BOX Chemi XRQ imaging system (SynGene, Cambridge,
United Kingdom).

Immunohistochemistry

Immunohistochemical analysis for CK19, FXR, and CYP7A1
was performed as previously described (Liu et al,, 2014). In
brief, hepatic or intestinal tissues sections were incubated
with antibodies directed against CK19, FXR, or CYP7Al for
5 h at 37°C, then treated with corresponding secondary
antibodies. Images were taken using an Olympus microscope
(Tokyo, Japan), and analyzed by Image-Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD, United States). Positive
staining was quantified by counting three different fields per
section (200x).

Statistical Analysis

Data are expressed as the mean =+ SE. Significance was
determined by one-way analysis of variance (ANOVA) followed
by Tukey’s test using GraphPad Prism 7 software. P < 0.05 was
considered statistically significant.

RESULTS

CBS Alleviates Liver Injury and Reduces
Serum Bile Acid Levels

In our preliminary study, we found the best hepatoprotective
effects of CBS in the high dose group. Therefore, in the present
study, 150 mg/kg of CBS was chosen. At the first 4 days,
the body weight of the animals in the four groups was not
significantly changed. However, at days 5 and 6, the body weight
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FIGURE 2 | CBS improves intrahepatic bile acid accumulation and composition. (A) Bile was collected for four 15-min periods over 60 min under basal,
non-stimulated conditions. The bile flow rate was calculated by gravimetry, assuming the density of the bile of 1.0 g/mL. Representative collection tubes are shown
here. (B) Liver total bile acids (BAs). (C) Hepatic individual BAs were assessed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (D) Analysis of
BA composition. Data are presented as the mean + SD (n = 6). Significant differences when compared with the non-cholestatic group, *p < 0.05; **p < 0.01;
compared with the 17a-ethinylestradiol (EE) group, *p < 0.05; #p < 0.01. Abbreviations: MCA, muricholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid;
DCA, deoxycholic acid; TMCA, tauromuricholic acid; TCA, taurocholic acid; TDCA, taurodeoxycholic acid; TUDCA, tauroursodeoxycholic acid.
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of EE cholestatic rats was markedly reduced when compared
to that of non-cholestatic rats. In contrast, the body weight of
cholestatic rats treated with CBS was slightly reduced but not
significantly different from the body weight of non-cholestatic
rats (Figure 1A). This suggested that CBS treatment improved
the overall condition of cholestatic animals. This beneficial effect
was also noted in the liver weight and liver/body weight: the
weight or relative weight of livers of rats in the EE4+CBS group
was markedly lower when compared to that of rats in the EE
group (Figures 1B,C).

As previously reported (Liu et al., 2014; Meng et al., 2015),
serum ALT, AST, and ALP levels were significantly higher in EE
cholestatic rats when compared to that of non-cholestatic rats.
These biochemical indicators of hepatotoxicity were reduced by
CBS treatment (Figure 1D). Serum TBA levels were markedly
higher in EE cholestatic rats, whereas CBS administration
resulted in a striking reduction in serum TBA levels in cholestatic
rats (Figure 1E).

Histological assessments of the liver further indicated EE-
induced hepatotoxicity. EE groups associated with significant
increases in inflammatory cell infiltration, edema, bile duct
proliferation, and severe hepatic necrosis (Figure 1F).
Immunohistochemistry of CK19 further confirmed the bile
duct proliferation in EE groups. These pathological changes

were markedly reduced by CBS treatment (Figure 1G and
Supplementary Figure 1). CBS administration in non-
cholestatic rats did not cause significant changes in body
weight, liver weight, liver/body weight, serum biomarkers, or
liver histology.

CBS Improves Intrahepatic Bile Acid

Accumulation and Composition

Figure 2 shows the basal bile flow, liver total BAs as well as
hepatic BA composition in EE cholestatic and non-cholestatic
rats treated with CBS or vehicle. As expected, remarkable bile
flow obstruction (approximately down to 16.3%) and hepatic
BA accumulation (up to 183.7%) were observed in EE-induced
cholestasis when compared with non-cholestatic rats. However,
CBS administration significantly increased bile flow 5.0-fold
and decreased liver total BAs 1.4-fold in EE cholestatic rats
(Figures 2A,B). Individual BA levels and BA composition
was performed in liver tissues using an LC-MS/MS method.
Representative chromatograms are shown in Supplementary
Figure 2 and the method details are provided in Supplementary
Tables 2, 3. Together, these results suggested that EE-induced
rats increased hepatic DCA, TMCA, TCA, and TUDCA levels,
and decreased CA and TDCA levels, as well as impaired
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FIGURE 3 | DNA microarray analysis of non-cholestatic, 17a-ethinylestradiol (EE) and EE+CBS rat livers. (A) Venn diagram analysis of differentially expressed genes
of non-cholestatic, EE and EE+CBS groups. (B) Heat map of differentially expressed genes in non-cholestatic, EE and EE+CBS groups (C) gene ontology (GO)
analysis of differentially expressed genes (D) Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis of differentially expressed genes. Arrows point to
the pathways related to bile acid (BA) homeostasis; (n = 3). Abbreviations: BP, biological process; CC, cellular component; MF, molecular function. Interpretation:
G0:0042493, response to drug; GO:1903298, negative regulation of hypoxia-induced intrinsic apoptotic signaling pathway; GO:0000122, negative regulation of
transcription from RNA polymerase Il promoter; GO:0050821, protein stabilization; GO:0060662, salivary gland cavitation; GO:0070062, extracellular exosome;
G0:0031012, extracellular matrix; GO:0005790, smooth endoplasmic reticulum; GO:0005925, focal adhesion; GO:0005794, Golgi apparatus; GO:0005515, protein
binding; GO:0019900, kinase binding; GO:0042803, protein homodimerization activity; GO:00055086, iron ion binding; and GO:0004305, ethanolamine kinase
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BA composition (Figures 2C,D). However, CBS administration
reversed individual BA levels (Figure 2C) and nearly shifted the
abnormal BA composition to non-cholestatic level (Figure 2D).

Gene Expression Profile of CBS on
EE-Induced Cholestasis

To systematically investigate the molecular mechanisms
underlying the hepatoprotective effects of CBS on EE-induced
cholestasis, we first performed DNA microarray analysis. The
results of the significant difference (p < 0.05 and fold change
>1.2) gene showed that: compared with non-cholestatic rats,
there were 2511 differentially expressed genes in EE cholestatic
rats. In addition, compared with EE cholestatic rats, there were
281 differentially expressed genes in CBS-treated cholestatic
rats. When comparing all three groups, a total of 109 genes
overlapped (Figure 3A). The heatmap of 109 differentially
expressed genes is presented in Figure 3B. GO analysis suggested
that the main biological process involved a response to drugs
(GO: 0042493), the molecular function primary involved protein
binding (GO: 0070062), and the main cellular component was

associated with extracellular exosome (GO: 0005515) (Figure 3C
and Supplementary Table 4). The KEGG pathways were
mainly enriched in metabolic pathways, bile secretion, primary
BA biosynthesis, and chemical carcinogenesis (Figure 3D
and Supplementary Table 5). In conclusion, CBS improved
intrahepatic BA accumulation involved in regulating multiple
pathways.

CBS Promotes Bile Acid Efflux and

Reduces Bile Acid Influx
Because CBS improved hepatic BA accumulation, and the
gene expression profile of CBS treatment was enriched in
bile secretion and primary BA biosynthesis (Figure 3D), we
hypothesized that CBS alleviating EE-induced cholestasis might
be involved in the modulation of BA homeostasis, including
BA transport, metabolism, and synthesis. Therefore, we first
evaluated changes in expression of various BA transporters after
CBS administration.

The basolateral uptake transporter Ntcp showed a significant
decrease in CBS administration when compared to EE cholestatic
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FIGURE 4 | CBS promotes bile acid efflux and reduces bile acid influx in cholestatic rats. mRNA expression of (A) basolateral uptake transporters, Ntcp, Oatplal,
and Oatp1b2, as well as (B) basolateral efflux transporters, Mrp3 and Mrp4, and (C) canalicular efflux transporters, Bsep, Mrp2, and Mdr2, was determined by
real-time PCR and normalized to B-actin. (D) Protein levels of NTCP, BSEP, and MRP2 were determined by Western blot analysis and normalized with B-actin. Data
are presented as the mean + SD (n = 6). Significant differences compared to the non-cholestatic group, *p < 0.05; **p < 0.01; compared with the

17a-ethinylestradiol (EE) group, #p < 0.05; # p < 0.01. N.S., no significance.
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rats, whereas Oatplal and Oatp1b2 were unaffected (Figure 4A).
In addition, CBS administration in EE-treated rats significantly
induced mRNA expression of Mrp3 and Mrp4 in the liver, which
predominantly secreted BAs into the circulation (Figure 4B).
However, apical transporters such as Bsep, Mrp2, and Mdr2
decreased in rats after EE treatment but increased after
CBS administration when compared to EE cholestatic rats
(Figure 4C). Western blot results for the main efflux and influx
transporters corresponded with real-time PCR findings. The
protein expression of BSEP, MRP2, and NTCP was decreased in
EE cholestatic rats, whereas NTCP levels further reduced, and
MRP2 and BSEP levels markedly increased with CBS treatment
(Figure 4D). Thus, CBS protected the liver from toxic BA
accumulation involved in decreasing BA uptake from the portal
circulation and increased the excretion of BA from hepatocytes.

CBS Reduces Bile Acid Synthesis and

Promotes Bile Acid Metabolism

Next, we investigated BA synthesis and metabolism. As shown
in Figure 5A, mRNA levels of Cyp7al and Cyp8bI, two enzymes
involved in the classic pathway of BA synthesis, were significantly
reduced by 50 and 90%, respectively, in EE-induced cholestatic
rats when compared to non-cholestatic rats. In addition, CBS
administration further inhibited the transcription of Cyp7al,
and completely abolished Cyp8bl expression. Western blot

analysis showed that CYP7Al was modestly but markedly
decreased in CBS-treated livers when compared to the EE
group (Figure 5B). Moreover, immunohistochemical staining
of CYP7A1 further confirmed these results (Figure 5C and
Supplementary Figure 3).

It has been shown that phase I (CYP3A2 and CYP2B10)
and phase II (SULT2A1, BAL and BAAT) metabolic enzymes
mainly mediate BAs detoxification in the liver (Li and Chiang,
2013). In our study, we showed that expression levels of Cyp3a2
and Cyp2b10 mRNA were dramatically decreased in EE-induced
cholestatic rats, which were mildly, but markedly increased by
CBS treatment (Figure 5D). EE decreased mRNA expression of
Sult2al, Bal, and Baat, whereas CBS administration significantly
enhanced Sult2al expression level but did not affect Bal and
Baat (Figure 5E). Taken together, CBS not only improved BA
transport but CBS also decreased BA synthesis and increased BA
phase I and phase II metabolism in the liver, with the net result
being decreased accumulation of toxic BAs.

CBS Activates Protein Expression and
Nuclear Translocation of FXR in the Liver

and Intestine

Numerous studies have demonstrated that liver nuclear receptors
including FXR, PXR, CAR, VDR, LXR, and PPARa, play
important roles in BA homeostasis through controlling BA

Frontiers in Pharmacology | www.frontiersin.org

1"

February 2019 | Volume 10 | Article 48


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Xiang et al.

CBS Improves Estrogen-Induced Cholestasis

A B s C
Ll . loct: _chc "
= ronchesttc o“'°“°\es::' o“o\es\ﬁ‘ s non-ch non-ch +ch
1 5- non-cholestatic+CBS o h ;
* CYP7A1 56kDa
2 1.0-
| B ;
g .18 S
3 2 5
< 3
2 05 E1.2
€ H
5 0.6
g 5
o v Z
0.0- 0.0 =]
Cyp7at Cyp8b1 EE EE+CBS
D E
1.5- i sitinsices 15 et
T - z: CBS # - :: CBS
1.0 -iEEH - EE
5 T | T
@ 0.5 #
4] #i#
g | ™= e
o 0.02
s = =
€ 0.011
0.00-
Cyp3a2 Cyp2b10 Sult2a1 Bal Baat
FIGURE 5 | CBS reduces bile acid synthesis and promotes bile acid metabolism in cholestatic rats. (A) mRNA expression of bile acid (BA) synthetic enzymes,
Cyp7al and Cyp8b1, was determined by real-time PCR and normalized to B-actin. (B) Protein expression of hepatic CYP7A1 was determined by Western blot
analysis and normalized to B-actin. (C) Representative images of immunohistochemical staining of hepatic CYP7A1. mRNA expression of (D) Cyp3a2, Cyp2b10 and
(E) Sult2at, Bal, and Baat was evaluated by real-time PCR and normalized to B-actin. Data are presented as the mean + SD (n = 6). Significant differences
compared with the non-cholestatic group, *p < 0.05; **p < 0.01; compared with the 17a-ethinylestradiol (EE) group, *p < 0.05; ##p < 0.01. N.S., no significance.

synthesis, metabolism, and transport (Li and Chiang, 2013).
CBS alleviated EE-induced cholestasis, which was associated with
mediating hepatic BA transporters and enzymes, therefore we
next examined whether those nuclear receptors were involved
in this regulatory progress. Unexpectedly, microarray analysis
showed that there was no significant alteration between the
EE+4CBS group and EE group among these nuclear receptors
(Supplementary Figure 4), which was consistent the real-time
PCR results (Figure 6A). Interestingly, Western blot analysis
showed that FXR was dramatically decreased by 50% in EE
cholestatic rats, but was totally reversed to the non-cholestatic
level after CBS treatment (Figures 6B,C). Furthermore, CBS
administration significantly increased FXR nuclear translocation
in cholestatic rats (Figures 6D,E). However, protein levels
and nuclear translocation of other nuclear receptors did not
change in CBS-treated cholestatic rats when compared with
EE cholestatic rats (Figures 6B-E). Moreover, hepatic small
heterodimer partner (SHP), a direct target gene of FXR, was
markedly increased (Figure 6G). These results may indicate that
FXR-mediated signaling, but not PXR, CAR, VDR, LXR, and
PPARa, play a critical role in CBS administration in EE-induced
cholestatic rats.

In our study, CYP7A1 was severely inhibited in the rat
liver. Recent studies have shown that hepatic CYP7Al is
down-regulated by both hepatic FXR-SHP and intestinal FXR-
fibroblast growth factor 15 (FGF15)-mediated pathways (Kong
et al, 2012). Therefore, we investigated if intestinal FXR
participated in CBS treatment in EE cholestatic rats. Consistent
with the liver observations, CBS administration did not alter

mRNA expression of intestinal Fxr, but dramatically increased
protein expression and nuclear translocation of intestinal FXR
(Figure 6F), and increased mRNA expression of its target gene
Fgf15 (Figure 6G). In addition, immunohistochemical staining
showed increased expression of hepatic and intestinal FXR after
CBS treatment (Figures 6H,I and Supplementary Figure 5).
Thus, CBS administration activated both hepatic and intestinal
FXR and increased their nuclear translocation to regulate the
expression of BA transporters and enzymes.

CBS Improved Hepatic Bile Acid
Homeostasis Is Abrogated by FXR

Antagonist GS

To further confirm that CBS activated FXR to regulate BA
homeostasis, the FXR antagonist GS was used in rats. Because
of abrogation of the FXR after GS treatment, there was a
significant serum elevation of ALP, AST, and TBA levels, whereas
serum ALT levels were unchanged (Figures 7A,B). In the
liver, GS directly decreased protein expression and nuclear
translocation of CBS-activated FXR (Figure 7C). Similarly,
GS decreased the expression of Shp and Bsep, classical FXR
target genes, and enhanced the expression of Cyp7al in CBS-
treated cholestatic rats (Figure 7D). In the intestine, GS
decreased protein expression and nuclear translocation of CBS-
induced FXR (Figure 7E). FgfI5, a direct target gene of FXR
in the intestine, was reduced by GS treatment (Figure 7F).
Because FGF15 and SHP were both decreased, the reduced
expression of Cyp7al by CBS was abrogated by GS administration
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non-cholestatic group, *p < 0.05; **p < 0.01; compared with the 17a-ethinylestradiol (EE) group, #*p < 0.05; ##p < 0.01. N.S., no significance.
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(Figure 7D). Furthermore, liver histology showed that GS
blocked the hepatoprotective effect of CBS, with markedly
increased inflammatory cell infiltration, necrosis, and bile duct
proliferation observed (Figure 7G). Taken together, these results
demonstrated that in rats CBS protected against EE-induced liver
injury and dysfunction of BA homeostasis primarily through
activating FXR signaling.

DISCUSSION

Estrogen-induced cholestasis is characterized by impairment of
BA uptake and secretion, resulting in the accumulation of toxic

BAs and alteration of BA composition, subsequently leading to
liver injury (Marrone et al.,, 2016). In the present study, CBS
played a role in protecting against estrogen-induced cholestasis
as evidenced by ameliorative liver histology and significant
decreases in serum levels of AST, ALT, ALP, and TBA, as well as
increases in bile flow and decreases in hepatic BA accumulation.
Our data suggested that CBS exhibited hepatoprotective effects
and predominantly improved BA homeostasis through FXR-
mediated regulation of BA transporters and enzymes (Figure 8).
First, CBS decreased hepatic BA uptake and increased BA
efflux through downregulation of uptake transporter (NTCP)
and upregulation of efflux transporters (BSEP, MRP2, MRP3,
and MRP4). In addition, CBS reduced BA biosynthesis in
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FIGURE 8 | Schematic diagram of potential mechanisms that CBS improves
liver injury and hepatic bile acid accumulation in estrogen-induced cholestasis.
In liver and intestine, CBS activates protein expression and nuclear
translocation of FXR, and then alters the expression of downstream genes.
Regarding transporters, CBS decreases NTCP levels to reduce hepatic bile
acid (BA) uptake and increases BSEP, MRP2, MRP3, and MRP4 levels to
augment BA efflux. Moreover, CBS reduces BA biosynthesis in the liver by
repressing BA synthetic enzymes, CYP7A1 and CYP8BH1, via hepatic
FXR-SHP and intestinal FXR-FGF15 axes. Lastly, CBS increases BA
metabolism by increasing the expression of CYP3A2, CYP2B10, and
SULT2A1.

the liver via repressing BA synthetic enzymes (CYP7A1l and
CYP8B1) through both hepatic FXR-SHP and intestinal FXR-
FGF15 axes. Finally, CBS increased BA metabolism by inducing
phase I enzyme (CYP3A2 and CYP2B10) and phase II enzyme
(SULT2A1).

Bile acids are not only detergents for lipid absorption,
but also signaling molecules, which play essential roles in
regulating lipid, glucose, and energy homeostasis (Chiang, 2013).
In many livers, the synthesis and clearance of BAs in diseases
can be disturbed, thereby potentially leading to alterations
in the concentration and composition of BAs in the liver
(Liu et al., 2018). The consequential BA accumulation can
result in hepatotoxicity and even hepatic necrosis (Woolbright
et al., 2015). Therefore, BAs have been considered biomarkers
of hepatic diseases and therapeutic efficacy of several drugs
(Han et al, 2015; Woolbright et al, 2015; Marrone et al,
2016; Yang et al, 2016; Liu et al, 2018). In this study, the
analysis of hepatic BAs showed that major endogenous BAs,
such as DCA, TMCA, TCA, and TUDCA, were significantly

increased, leading to an abnormal BA composition in EE-
induced cholestasis. CBS effectively reversed EE-induced changes
in individual BAs and abnormal BA composition in cholestatic
rats (Figure 2).

Presently, genomics is widely used in identifying key
targets or pivotal pathways for traditional Chinese medicine in
treating diseases (Wen et al., 2011). In our study, differentially
expressed genes were screened among non-cholestatic, EE,
and EE4-CBS liver tissues through DNA microarray analysis.
We focused on two top enriched pathways, bile secretion, and
primary BA synthesis, which are involved in BA homeostasis
(Figure 3). In addition, analysis of individual BAs in the
liver suggested that anti-cholestatic effects of CBS markedly
correlated with mediating BA homeostasis (Figure 2). Therefore,
in this study, we focused on the effects of CBS on regulating
BA homeostasis, including BA transport, synthesis, and
metabolism.

Bile acid transporters and metabolic enzymes play crucial
roles in the maintenance of BA homeostasis (Staudinger et al.,
2013). BSEP and MRP2 are two main transporters in the
canalicular membranes of hepatocytes that are involved in
transporting conjugated and unconjugated BAs into bile in
human and rodents. This process constitutes the rate-limiting
step in hepatic BA excretion (Kast et al, 2002; Plass et al,
2002). Our data showed that EE reduced BSEP and MRP2
protein expression, leading to a decrease in bile flow and hepatic
BA accumulation. Moreover, EE decreased the expression of
MDR2 to efflux phosphatidylcholine, which is an important
ingredient for bile formation (Ghonem et al., 2014). However,
CBS administration upregulated the expression of BSEP, MRP2,
and MDR2 and recovered the impairment of bile flow and
hepatic retention of toxic BAs. In addition, CBS increased
the expression of basolateral transporters, MRP3 and MRP4,
to increase BAs efflux into the systemic circulation. Hepatic
uptake of BAs from the circulation takes place at the basolateral
membrane of hepatocytes, and is mediated by NTCP and
OATPs (Slijepcevic and van de Graaf, 2017). NTCP takes up
most of the reabsorbed BAs in their conjugated form and
OATPs mainly uptake some unconjugated BAs into hepatocytes
(Slijepcevic and van de Graaf, 2017; Slijepcevic et al.,, 2018).
Combined, previous publications as well as the current study
showed that NTCP, OATP1A1, and OTAP1B2 were markedly
inhibited by EE to defense against excessive BAs entering
hepatocytes (Muchova et al, 2015; Yu et al, 2016), whereas
CBS reduced the mRNA and protein expression of NTCP
for further inhibition of BA reabsorption. In addition, BA
synthetic and metabolic enzymes also play important roles in
mediating BA homeostasis. CBS treatment reduced CYP7Al
and CYP8BI1 expression leading to suppression of BA synthesis.
CBS treatment further increased CYP3A2, CYP2B10, and
SULT2A1 expression, which had been shown to contribute to BA
detoxification.

In previous studies, it has been shown that several hepatic
nuclear receptors, including FXR, PXR, CAR, VDR, LXR, and
PPARa participate in regulating BA homeostasis. It has been
suggested that PXR and CAR activation results in coordinated
stimulation of major hepatic BA metabolizing and detoxifying
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enzymes (CYP3A, CYP2 isoforms, SULT2A1, CYP7Al) and
hepatic key alternative efflux systems (MRP2, MRP3, and MRP4)
(Li and Chiang, 2013, 2014). In both mouse and primary human
hepatocytes, activation of VDR induced CYP3A and CYP2B
expression and repressed CYP7A1l gene expression (Drocourt
et al,, 2002; Han and Chiang, 2009). LXR, a sterol sensor, affected
sensitivity to BA toxicity and cholestasis (Uppal et al., 2007).
Cholestatic resistance in LXR transgenic mice was associated with
enhancing expression of SULT2A, BSEP, MRP4, and repressing
CYP7B1 expression (Uppal et al.,, 2007). Activation of PPARa
had a beneficial effect on cholestatic liver diseases, and was
mainly involved in the inhibition of CYP7A1 and upregulation
of CYP3A4, UGT1A, and SULT2A1, and induction of MDR2 to
increase biliary phospholipids secretion (Ghonem et al., 2015).
In previous studies, it was shown that FXR is an extremely
important upstream nuclear receptor in the regulation of BA
signaling (Massafra et al., 2018). In the liver, FXR directly
activated BSEP and SHP, whereas SHP was determined as the
upstream gene of NTCP, CYP7A1, and CYP8BI, which can be
suppressed by activating FXR-SHP axis (Li and Chiang, 2014).
In addition, activation of FXR enhanced CYP3A, CYP2B as
well as SULT2A1, BAL, and BAAT expression to increase BA
metabolism (Li and Chiang, 2013). In the intestine, FXR activates
FGF15, which encodes a hormone that travels to the liver where
it interacts with its receptor fibroblast growth factor receptor
4 (Fgfr4), and activates the ERK or JNK signaling cascade to
decrease Cyp7al and Cyp8b1 expression and inhibit BA synthesis
(Zhou et al,, 2016). Above all, BA transporters, synthetic and
metabolic enzymes may be synergetically controlled by these
nuclear receptors.

In the present study, we demonstrated that mRNA and
protein levels of hepatic nuclear receptors, including PXR, CAR,
VDR, LXR, and PPARa were not significantly different between
cholestatic rats or CBS-treated cholestatic rats (Figure 6).
In contrast, although the FXR mRNA level was similar
between EE and CBS-treated cholestatic rats, FXR protein
levels were markedly different in CBS-treated cholestatic rats.
CBS administration in cholestatic rats significantly increased
FXR protein levels and their nuclear translocation in liver and
intestine, and then enhanced the expression of downstream genes
(Figure 6). These studies suggest that CBS alleviated EE-induced
cholestasis through activating FXR in a posttranscriptional
regulation manner. Furthermore, we used FXR antagonist GS
to confirm if CBS activated FXR that contributed to recovering
BA homeostasis. As expected, GS blocked CBS-induced FXR
upregulation and nuclear translocation in liver and intestine, and
consequently blocked FXR direct target genes, Shp and Fgfl5.
In addition, the beneficial changes in hepatic BA transporters
and enzymes, as well as ameliorative serum biomarkers, and
liver histology in CBS-treated rats were abrogated by GS
(Figure 7).

Farnesoid X receptor is a ligand-activated nuclear receptor
that can be activated by free and conjugated-BAs (Ding et al.,
2015). The most efficacious BA ligand of FXR is CDCA,
followed by LCA, DCA, and CA (Ding et al., 2015). The
main constituents of CBS as published in the 2015 edition
of the Chinese Pharmacopoeia are BAs and bilirubin. In our

previous study, we successfully identified twelve main BAs
including CDCA, DCA, and CA as well as their glycine-
conjugated and taurine-conjugated derivatives in CBS (Feng
et al,, 2015). These BAs may be partial bioactive constituents for
CBS activating FXR to treat cholestasis. With in-depth research,
targeting FXR signaling has been considered to have potential
for cholestatic diseases (Fiorucci et al.,, 2014). In recent years,
many FXR agonists have been studied in animal experiments
and clinical trials (Fiorucci et al., 2012; Sepe et al., 2015),
among which obeticholic acid (OCA) has been successfully
approved by U S Food and Drug Administration (FDA) to
treat patients with PBC (Kowdley et al., 2018). Thus, there is a
great prospect for the development of CBS as an anti-cholestatic
drug.

CBS is composed of multiple ingredients, including at
least 26 types of BAs (Kai et al, 2018). Future studies are
needed to identify the effective substances in CBS and the
role of these ingredients on activating FXR in cholestatic
animals. Except for dysfunction in BA homeostasis, estrogen
cholestasis-induced inflammation, and oxidative stress in vivo
are also important factors to promote tissue injury (Ozler
et al., 2014). Our unpublished studies indicated that CBS
markedly alleviated hepatic inflammation and oxidative stress
in estrogen-induced cholestatic animals. In this study, even
though the effects of CBS on regulating BA homeostasis
were suggested, other pathways analyzed by DNA microarray
may also play important roles in alleviating cholestasis. Thus,
the anti-cholestatic role of CBS needs further investigation,
and we will continue to focus on this matter in our future
studies.

In summary, CBS improved BA homeostasis in EE-induced
cholestatic rats through activating hepatic and intestinal FXR
signaling pathways to up-regulate hepatic efflux and metabolism
of BAs, and decreased hepatic uptake and synthesis of BAs. Our
data suggested that CBS may have considerable potential as a
therapeutic in cholestatic liver diseases.
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Wilson’s disease (WD) is a rare autosomal recessive inherited disorder of chronic copper
toxicosis. Currently, Chinese herbal medicines (CHM) is widely used for WD. Here, we
conducted an updated systematic review to investigate the efficacy and safety of CHM
for WD and its possible mechanisms. Randomized-controlled clinical trials (RCTs), which
compared CHM with Western conventional medicine or placebo for WD, were searched
in six databases from inception to July 2017. The methodological quality was assessed
using 7-item criteria from the Cochrane’s collaboration tool. All the data were analyzed
using Rev-Man 5.3 software. Eighteen studies involving 1,220 patients were identified for
the final analyses. A score of study quality ranged from 2/7 to 4/7 points. Meta-analyses
showed that CHM could significantly increase 24-h urinary copper excretion and improve
liver function and the total clinical efficacy rate for WD compared with control (o < 0.05).
Additionally, CHM was well tolerated in patients with WD. The underlying mechanisms of
CHM for WD are associated with reversing the ATP7B mutants, exerting anti-oxidation,
anti-inflamsmation, and anti-hepatic fibrosis effects. In conclusion, despite the apparent
positive results, the present evidence supports, to a limited extent because of the
methodological flaws and CHM heterogeneity, that CHM paratherapy can be used for
patients with WD but could not be recommended as monotherapy in WD. Further
rigorous RCTs focusing on individual CHM formula for WD are warranted.

Keywords: Wilson’s disease, Chinese herbal medicine, ATP7B, anti-oxidation, systematic review

INTRODUCTION

Wilson’s disease (WD) is a rare autosomal recessive inherited disorder that causes copper poisoning
in the body, predominantly in the liver and the brain (Walshe, 2009). The global prevalence of
WD is between 1 in 5,000 and 1 in 30,000 (Gomes and Dedoussis, 2015). Epidemiological studies
have shown a higher incidence and prevalence of WD in China than in western countries (Hu
et al,, 2011). The WD gene was identified as the trans-membrane copper transporter ATP7B in
hepatocytes (Bull et al., 1993; Petrukhin et al., 1993). An absent or reduced function of ATP7B
protein causes decreased hepatocellular excretion of copper into bile. In WD, the ever-increasing
positive copper balance overwhelms the copper chaperones (copper-binding proteins), causing
elevated levels of free copper and copper-induced tissue injury (Patil et al., 2013). Copper
metabolism disorder results in multifaceted neurological, hepatic and psychiatric symptoms
(Brewer, 2009). When left untreated, WD is fatal. With early diagnosis and appropriate treatment,
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patients can obtain excellent prognosis (Roberts and Schilsky,
2008; Coffey et al., 2013). Currently, medical treatments and
liver transplantation are two main therapeutic approaches that
can achieve the generation of a negative copper balance (Hedera,
2017). The EASL Clinical Practice Guidelines of Wilson’s disease
by European Association for Study of Liver recommended
D-penicillamine, trientine, zinc, tetrathiomolybdate, and
dimercaprol as medications. However, many side effects such as
nephrotoxicity, dermatological toxicity, bone marrow toxicity,
severe thrombocytopenia, and total aplasia have been observed
in patients with lifelong pharmacological therapy (European
Association for Study of Liver, 2012). Liver transplantation
is an effective treatment for patients of WD with acute liver
failure but it is used only in particular scenarios because of
the risks including relatively low engrafting efficiency and
lifelong immunosuppression (Filippi and Dhawan, 2014).
Thus, an alternative and/or complementary strategy for WD is
increasingly sought.

Chinese herbal medicine (CHM) is widely used for WD
in the clinic (Ren et al, 1997; Han et al, 1999, 2014; Hong
et al.,, 2000; Cui and Zhao, 2001; Xiao, 2003; Xue et al., 2007;
Zhang, 2007; Chen and Wang, 2008, 2010; Wang et al., 2010;
Xu et al, 2012a,b; Hu, 2014; Zhang et al, 2014a,b; Fang,
2015; Jiang, 2016; Li et al, 2016), and has been extensively
tested by experimental research (Zhang et al., 2011; Lin et al.,
2015). Pharmacological studies have shown that CHM can
improve the urinary copper excretion and hepatic fibrosis,
and protect the brain, liver and kidney (Lutsenko et al,
2007). These beneficial effects are associated with ATP7B gene
reversing, anti-oxidant functions, anti-inflammatory actions and
suppression of apoptosis (Rosencrantz and Schilsky, 2011). Our
group has demonstrated that CHM brings benefits to some
patients with WD (Wang et al,, 2012). In addition, emerging
randomized-controlled clinical trials (RCTs) continuously report
the effectiveness and safety of CHM for WD. Therefore, in
the present study we aimed to conduct an updated systematic
review of CHM for WD focusing on the clinical evidence and
possible mechanisms.

METHODS

Database and Search Strategies
Two trained researchers systematically searched the following
databases from their inception to July 2017: PubMed, Cochrane
Central Register of Controlled Trials, Chinese National
Knowledge Infrastructure, Chinese VIP information and
WanFang database. The search strategy of PubMed was
as follows, and it was modified to suit other English or
Chinese databases.

PubMed search strategy:

#1. Wilson’s disease [mh]

#2. Hepatolenticular degeneration [mh]

#3. Copper storage disease [tiab]

#4. Progressive lenticular degeneration [tiab]

#5. or/1-4

#6. Medicine, Chinese Traditional [mh]

#7. Herbal Medicine [mh]

#8. Integrative Medicine [mh]

#9. Traditional Chinese medicine [tiab]#10. herbs[tiab]
#11. or/6-10

#12. #5 and #11

#13. Randomized controlled trial [pt]

#14. Controlled clinical trial [pt]

#15. Randomized [tiab]

#16. placebo [tiab]

#17. drug therapy [sh]

#18. randomly [tub]

#19. groups [tub]

#20. or/13-19

#21. animals [mph] not (humans [min] and animals [min])
#22.20 not 21

#23. #12 and #22

Eligibility Criteria

Types of Studies

Only RCTs were included, irrespective of population
characteristics, blinding, publication status, and language.
Quasi-RCTs, such as those in which patients were allocated
according to date of birth and order of admission number,
were excluded.

Types of Participants

We included participants with a diagnosis of WD, according
to Chinese Yang Renmin criteria (1995) (Yang, 1995), Chinese
Medical Association of Neurology Guidelines for the diagnosis
and treatment of hepatolenticular degeneration (2008) (Chinese
Medical Association of Neurology, 2008), American Association
for the Study of Liver Diseases practice guidelines of Wilson
Disease (2008) (Roberts and Schilsky, 2008), and European
Association for the Study of the Liver clinical practice guidelines:
Wilson’s disease (2012) (European Association for Study of Liver,
2012), regardless of age, gender, disease course and severity.
The other diagnostic criteria with comparable definitions were
also used.

Types of Interventions

Analyzed interventions were CHM monotheism or adjunct
therapy using any form, any dose or any administrated methods.
Comparator treatments were placebo or Western conventional
medication (WCM) (Chinese Medical Association of Neurology,
2008; European Association for Study of Liver, 2012). WCM
refers to the combination of needed therapies of the following
aspects according to the EASL clinical practice guidelines
of WD (European Association for Study of Liver, 2012): (1)
General supportive care and low copper diet; (2) Medical
therapy: D-penicillamine, trientine, zinc, tetrathiomolybdate,
or dimercaprol; (3) Liver transplantation. Chinese guideline for
diagnoses and treatment of WD (Chinese Medical Association
of Neurology, 2008) is similar to the EASL guideline; however,
some recommended drugs such as Trientine are not accessible in
China, whereby Dimercaprol, including dimercaptosuccinicacid
(DMSA) or sodium dimercaptosulphonate (DMPS), are
recommended and commonly used for patients with WD.
Thus, DMSA or DMPS used as control is also included.
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Studies comparing one kind of CHM therapy to another CHM
were excluded.

Types of Outcome Measures

The primary outcome measures were: (1) the amount of copper
excreted in the urine in a 24h period, liver function, and
the indicator of hepatic fibrosis; (2) clinical deficit score: the
Unified Wilson’s Disease Rating Scale (Leinweber et al., 2008) or
the Novel Global Assessment Scale (GAS) for Wilson’s Disease

(Aggarwal et al.,, 2009); (3) imaging: Brain MRI and functional
neuroimaging. The secondary outcome measures were: the total
clinical effective rate, laboratory values and adverse events.

Selection and Data Extraction

The data were extracted using a standardized data extraction
form, including study design, eligibility criteria, characteristics of
the sample, the course of treatment, interventions, outcomes, the
constituent of CHM and pharmaceutical quality control. Reasons

Records identified through database
c searching CNKI (540), Wangfang
-,g database(139), VIP(125),Pubmed Additional records identified
§ (n=243),cochrance central (n=2) through other sources
e
-E (n - 0 )
[}
S
— Y \ 4
Records after duplicates removed
P (n=364)
oo
£ v Records excluded
o (n= 320)
1}
5 Records screened -case report or lack
2 (n=364) [~ incomparisom group(190)
-not reports of clinical
— trials(117)
-not focused on the efficacy of
\4 CHM(47)
Full-text articles assessed
for eligibility Full-text articles excluded, with
-~ (n=44) reasons(n = 26)
= -not RCTs or not real RCTs (7)
E,, -control group included CHM
w treatment (3)
-control group included
oxiracetam or tiopronin (2)
~—— . .
-inapprppriate outcome
indicator(6)
-double publication(8)
— Studies included in
— quantitative synthesis
% (meta-analysis)
£ (n=18)
~—
FIGURE 1 | Summary of the process for identifying candidate studies Adapted from Moher et al. (2009).
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for the exclusion of studies were recorded. Any disagreements
were resolved by discussion with or by involving a third author.

Assessment of Risk of Bias

The RoB of included articles was assessed using the 7-item
criteria from the Cochrane’ s collaboration tool (Higgins et al.,
2011). Two authors independently evaluated the study quality,
and the final result was identified by discussion when countering
the disagreement.

CHM Composition
The frequency of use of the particular herb was calculated and
those used at a high frequency were described in detail.

The Reporting Completeness of the

Clinical Studies

In order to assess the reporting completeness with a rating
system quality of the clinical studies, we used a rating system
according to our previous articles (Wang et al, 2019) as
follows: (1) high quality: full information about the botanical
material is provided, including a voucher specimen; (2) moderate
quality: only partial information about the botanical material is
provided and a voucher specimen is missing; there are taxonomic
inaccuracies; (3) low quality: inadequate information and overall
taxonomically is inadequate.

Statistical Analysis

The pooled analyses were carried out with RevMan 5.3 software.
Heterogeneity was assessed using the Cochrane Q-statistic test
(p < 0.05 was considered statistically significant) and the I*-
statistic test. A fixed effects model (I> < 50%) or a random
effects model (I2 > 50%) was used depending on the value
of I2. Funnel plots were used to visually estimate publication
bias. We calculated the standard mean difference (SMD) with
95% Confidence Intervals (Cls). Sensitivity analyses omitting
everyone, which study at a time from the original analysis were
conducted to demonstrate our main results to be robust.

RESULTS

Description of Studies

We identified 1,049 hints, of which 364 articles remained after
removal of duplicates. Through screening titles and abstracts, 320
studies were excluded because they were case reports, they lacked
a comparison group, they were not CHM studies or reports
of clinical trials. After full-text evaluation of the remaining 44
articles, 26 studies were excluded for the following reasons: (1)
7 articles were not RCTs; (2) 3 articles included CHM treatment
in control groups; (3) 2 articles included oxiracetam or tiopronin
in control group; (4) 6 articles have inappropriate outcome
measures; (5) 8 articles were suspected of being published
more than once. Eventually, 18 eligible studies were identified
(Figure 1).

Study Characteristics
Eighteen studies with 1,220 participants were included from 1997
to 2016. The sample size ranged from 33 to 146 with an age of

3 to 59 years. The duration of diseases lasted from 1 month to
31 years. The course of treatment ranged from 28 to 90 days.
Five studies (Han et al, 2014; Hu, 2014; Zhang et al., 2014a;
Fang, 2015; Jiang, 2016) were diagnosed according to Chinese
Medical Association of Neurology (2008), 9 studies (Han et al.,
1999; Hong et al., 2000; Xue et al., 2007; Zhang, 2007; Chen
and Wang, 2010; Wang et al., 2010; Xu et al., 2012a,b; Zhang
et al., 2014b) were diagnosed according to Yang criteria (1995)
and 4 studies used comparable definitions (Ren et al., 1997;
Cui and Zhao, 2001; Xiao, 2003; Chen and Wang, 2008). Three
studies (Han et al., 1999; Chen and Wang, 2008, 2010) used
CHM monotherapy, and the others used CHM paratherapy. The
control group used penicillamine (Xiao, 2003; Zhang, 2007; Chen
and Wang, 2008, 2010), DMSA (Ren et al., 1997; Xiao, 2003;
Zhang et al., 2014a; Fang, 2015), DMPS (Hong et al., 2000; Xue
etal.,, 2007; Wang et al., 2010; Xu et al., 2012a,b; Han et al., 2014;
Hu, 2014; Zhang et al., 2014b; Jiang, 2016), Zinc sulfate (Cui and
Zhao, 2001; Xiao, 2003). The characteristics of the 18 trials are
summarized in Table 1. In four studies (Han et al., 1999; Hong
et al., 2000; Xiao, 2003; Chen and Wang, 2010), the preparations
were made in hospitals including the associated pharmaceutical
quality control. Six studies (Wang et al., 2010; Xu et al., 2012b;
Han et al., 2014; Zhang et al., 2014a; Fang, 2015; Jiang, 2016) used
a commercial preparation and in 8 studies (Ren et al., 1997; Cui
and Zhao, 2001; Xue et al., 2007; Zhang, 2007; Chen and Wang,
2008; Xu et al., 2012a; Hu, 2014; Zhang et al., 2014b) no data
on quality control were reported. The constituent of CHM and
pharmaceutical quality control in each included study was listed
in detail in Table 2.

The Reporting Completeness of the

Clinical Studies

We accessed the reporting completeness of the material in each
study with a rating system, which is related to the information
about the botanical material and voucher specimens. Only two
studies (Han et al., 2014; Zhang et al., 2014a) are of high quality,
which provided the full information about the botanical material
and included voucher specimens. Twelve studies (Ren et al., 1997;
Han et al.,, 1999; Hong et al., 2000; Cui and Zhao, 2001; Xiao,
2003; Xue et al., 2007; Zhang, 2007; Chen and Wang, 2008, 2010;
Xu et al,, 2012a; Hu, 2014; Zhang et al., 2014b) are of moderate
quality, which provided partial information about the botanical
material and did not provide voucher specimens. Four studies
(Wang et al, 2010; Xu et al,, 2012b; Fang, 2015; Jiang, 2016)
are of low quality with inadequate information and were overall
taxonomically inadequate. The quality of each included clinical
study is summarized in Table 3.

Risk of Bias in Included Studies

The score of RoB ranged from 2/7 to 4/7. Of which, 10 studies got
two points (Ren et al., 1997; Cui and Zhao, 2001; Xiao, 2003; Xue
et al,, 2007; Zhang, 2007; Chen and Wang, 2008, 2010; Xu et al.,
2012b; Fang, 2015; Jiang, 2016); 7 studies got three points (Han
et al,, 1999; Hong et al.,, 2000; Wang et al., 2010; Xu et al., 2012a;
Hu, 2014; Zhang et al., 2014a,b); and 1 study got four points
(Han et al., 2014). Two studies (Xu et al., 2012a; Han et al., 2014)
described the detailed methods for random sequence generation
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TABLE 2 | Ingredients, usage and quality control of CHM.

References Prescription Ingredients of herb prescription Usage of Preparations Quality control
name prescription

Jiang, 2016 GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, 5i#tid Tablet Traditional Chinese
Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Fang, 2015 GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, 54 tid Tablet Traditional Chinese
Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Zhang et al., GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, 5#tid Tablet Traditional Chinese

2014a Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Zhang et al., GDT Radix et Rhizoma Rhei, Rhizoma Coptidis, Radix Scutellariae, 200mL qd Decoction UR

2014b Herba Andrographis, Herba Scutellariae Barbatae, Rhizoma po
Dioscoreae Hypoglaucae, Cortex Phellodendri, Rhizoma Alismatis,
Herba Houttuyniae

Hu, 2014 GDT Radix et Rhizoma Rhei, Rhizoma Coptidis, Radix Scutellariae, 1# bid po Decoction UR
Herba Andrographis, Herba Scutellariae Barbatae, Rhizoma
Dioscoreae Hypoglaucae, Cortex Phellodendri, Rhizoma Alismatis,
Herba Houttuyniae

Han et al., 2014 GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, 3-5g Tablet Traditional Chinese
Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma (80 mg/kg) patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba tid po WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Xuetal., 2012a GDT Radix et Rhizoma Rhei, Rhizoma Coptidis, Radix Scutellariae, 1# bid po Decoction UR
Herba Andrographis, Herba Scutellariae Barbatae, Rhizoma
Dioscoreae Hypoglaucae, Cortex Phellodendri, Rhizoma Alismatis,
Herba Houttuyniae

Xu et al., 2012b GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, UR Tablet Traditional Chinese
Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Wang et al., 2010 GDL Radix Curcumae, Radix Salviae Miltiorrhizae, Caulis Spatholobi, 5#tid Tablet Traditional Chinese
Rhizoma Acori Tatarinowii, Rhizoma Curcumae Longae, Rhizoma patented medicine
Curcumae, Rhizoma Coptidis, Radix et Rhizoma Rhei, Herba WY:Z20050071
Scutellariae Barbatae, Herba Andrographis

Chen and Wang, CHGD Radix Bupleuri, Radix et Rhizoma Rhei, Herba Lysimachiae, Herba 59 tid po powder Hospital Preparation

2010 Artemisiae Scopariae, Radix Aucklandiae, Pericarpium Citri
Reticulatae Viride, Rhizoma Alismatis, Rhizoma Dioscoreae
Hypoglaucae, Caulis Spatholobi, Radix Salviae Miltiorrhizae

Chen and Wang, SGLDPD Herba Lysimachiae 30 g, Radix Bupleuri 15 g, Radix Curcumae 1969 qd Decoction UR

2008 159, Herba Artemisiae Scopariae 15 g, Rhizoma Alismatis15 g, po
Pericarpium Citri Reticulatae Viride 20 g, Pericarpium Citri
Reticulatae 20 g, Rhizoma Dioscoreae Hypoglaucae 12 g, Radix
Clematidis 18 g, Caulis Spatholobi 18 g, Rhizoma Ligustici
Chuanxiong 9 g, Radix et Rhizoma Rhei 9g

Zhang, 2007 DHGD Rhizoma Polygonati 20 g, Radix et Rhizoma Rhei 10 g, Herba 250 ml# Decoction UR
Lysimachiae 20 g, Gypsum Fibrosum 9 g, Radix Curcumae 9g, bid po
Radix Angelicae Sinensis 20 g, Radix Salviae Miltiorrhizae 15 g,
Radix Asparagi 15 g, Poria 20 g, Flos Chrysanthemi 9 g, Radix
Paeoniae Alba 15 g, Pericarpium Citri Reticulatae 9 g, Rhizoma
Atractylodis 9 g, Rhizoma Acori Tatarinowii 6 g

Xue et al., 2007 GDT No. 2 Radix et Rhizoma Rhei, Radix Salviae Miltiorrhizae, Radix 1# qd po Decoction UR
Sophorae Flavescenti, Radix Astragali seu Hedysari, Rhizoma
Alismatis

Xiao, 2003 RJ Radix Codonopsis, Radix Bupleuri, Radix Pagoniae Rubra, Radix 15-30ml syrup Hospital Preparation
Paeoniae Alba, Rhizoma Sparganii, Rhizoma Curcumae, Radix tid po

Curcumae, Concha Ostreae, Fructus Lycii

(Continued)
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TABLE 2 | Continued

References Prescription Ingredients of herb prescription Usage of Preparations Quality control
name prescription
Cui and Zhao, GDT Radix et Rhizoma Rhei 6-9 g, Rhizoma Coptidis 20 g, Radix 250 ml bid Decoction UR
2001 Scutellariae 20 g, Herba Scutellariae Barbatae 20 g, Herba po
Andrographis 20 g, Rhizoma Dioscoreae Hypoglaucae 209
Hong et al., 2000 GDP Radix et Rhizoma Rhei 0.25 g, Rhizoma Coptidis 0.25 g, Rhizoma <15 years Tablet Hefei Chinese Medicine
Curcumae Longae 0.25 g, Herba Lysimachiae 0.625 g, Rhizoma old: 6# tid Factory
Alismatis 0.625 g, Radix Notoginseng 0.042 g po
>15 years
old: 8#
tid po
Han et al., 1999 GDP Radix et Rhizoma Rhei 0.25 g, Rhizoma Coptidis 0.25 g, Rhizoma <15 years Tablet
Curcumae Longae 0.25 g, Herba Lysimachiae 0.625 g, Rhizoma old: 6# tid Hefei Chinese Medicine
Alismatis 0.625 g, Radix Notoginseng 0.042 g po Factory
>15 years
old: 8#
tid po
Ren et al., 1997 GDT Radix et Rhizoma Rhei, Rhizoma Coptidis, Radix Scutellariae, 1# bid po Decoction UR

Herba Andrographis, Herba Scutellariae Barbatae, Rhizoma
Dioscoreae Hypoglaucae, Cortex Phellodendri, Rhizoma Alismatis,

Herba Houttuyniae

GDL, Gandouling Tablet; SGLDPD, Shugan Lidan Paidu Decoction; CHGD, Chaihuang Gandou Powder; GDT, Gandou Tang; GDF, Gandou Pian; RJ, Ruanjian Syrup; GDT No. 2,
Gandou Tang No. 2; DHGD, Dahuang Gandou Decoction;, UR, Unreported.bid, bis in die; d:day; po, peros; qd, quaquedie; tid, ter in die;#, tablet.

and no studies described allocation concealment. No blinding
on patients or personnel was applied. All studies reported drop-
out data. Ten studies (Cui and Zhao, 2001; Xiao, 2003; Xue
et al., 2007; Zhang, 2007; Chen and Wang, 2008, 2010; Xu et al.,
2012a,b; Fang, 2015; Jiang, 2016) were judged as unclear risk of
bias for selective reporting. There were baseline comparisons and
patients’ consent were well reported, and other biases were not
found in all included studies. The RoB in each included study is
concluded in Table 4.

Effectiveness

CHM vs. Placebo

None of RCTs used a specific comparison between CHM
and placebo.

CHM vs. WCM

Two studies (Chen and Wang, 2008, 2010) showed that CHM
monotherapy had no significance for increasing the amount
of copper excreted in the urine in a 24h period (n = 149,
SMD—1.32, 95% CI [-1.70 to —0.95], p < 0.01; heterogeneity:
%% =0.02,df =1 (p = 0.88); I> = 0%) (Figure 2).

CHM Plus WCM vs. WCM

24 h excretion of urinary copper

Nine studies were included. Meta-analysis of 5 studies (Xu
et al, 2012a,b; Hu, 2014; Zhang et al., 2014b; Fang, 2015)
reported a significant effect of CHM on increasing the
amount of 24h excretion of urinary copper in patients
with WD compared to the control (n = 228, SMD 0.93,
95% CI [0.65 to 1.21], p < O0.0Lheterogeneity: x> =
401, df = 4 (p = 040); I> = 0%) (Figure3). Four
studies (Ren et al., 1997; Hong et al., 2000; Cui and Zhao,
2001; Zhang, 2007) failed for pool analysis because the

measurement unit of 24h excretion of urinary copper was
different from the remaining. However, they all got the significant
effects of improving the 24h excretion of urinary copper on
patients (p < 0.05).

Liver function and the indicator of hepatic fibrosis

Two studies (Xue et al., 2007; Xu et al., 2012a) used the value of
serum alanine aminotransferase (ALT) as the indicator of liver
function. Pooled data showed that CHM was significantly better
at decreasing the ALT compared with control group [n = 117,
SMD—-0.62, 95% CI [—1.00 to —0.24], p < 0.01; heterogeneity:
x2 =140, df = 1 (p = 0.24); I? = 29%], (Figure4). One
study (Xiao, 2003) used ALT recovery rate as the indicator
of liver function, and it demonstrated significant effects on
decreasing the ALT (p < 0.05). One study (Xiao, 2003) showed
that CHM had significant effects on reducing HA, PCIII, and
LN (p < 0.05), however, another study (Xue et al., 2007) showed
that CHM had no effect on reducing HA, PCIII and LN in short
time (p > 0.05).

The total clinical effective rate

Data on the rate of total clinical effectiveness were available from
eight studies with 487 participants included. Meta-analysis of 8
studies showed a significant effect of CHM on increasing the total
clinical effective rate compared with control group (n = 487, RR
1.27, 95% CI [1.15 to 1.39], p < 0.01; heterogeneity: x> = 6.56,
df =7 (p = 0.48), I = 0%) (Figure 5).

Laboratory values or imaging indices

One study (Xu et al., 2012b) showed that CHM paratherapy is
significant for increasing portal venous flow (PVF) and splenic
vein flow (SVF) (p < 0.05) compared with WCM, whereas
another study (Zhang et al., 2014b) showed no difference. One
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TABLE 3 | The quality of the clinical studies.

TABLE 4 | Risk of bias of the included studies.

References Botanical material Voucher Quality
information specimen

Zhang et al., 2014a P + High

Han et al., 2014 P + High
Zhang et al., 2014b P - Moderate
Hu, 2014 P - Moderate
Xu et al., 2012a P - Moderate
Chen and Wang, 2010 P - Moderate
Chen and Wang, 2008 P - Moderate
Zhang, 2007 P - Moderate
Xue et al., 2007 P - Moderate
Xiao, 2003 P - Moderate
Cui and Zhao, 2001 P - Moderate
Hong et al., 2000 P - Moderate
Han et al., 1999 P - Moderate
Ren et al., 1997 P - Moderate
Jiang, 2016 | + Low
Fang, 2015 | + Low

Xu et al., 2012b | + Low
Wang et al., 2010 | + Low

F, Full information about the botanical material is provided; B, Partial information about the
botanical material is provided; I, Inadequate information about the botanical material is
provided; +, includes a voucher specimen; —, a voucher specimen is missing.

study (Fang, 2015) showed that CHM could significantly improve
the cardiac function according to electrocardiogram, ejection
fraction, and myocardial enzyme spectrum relative to WCM
(p < 0.05). One study (Han et al, 2014) showed that CHM
is significant for improving the Mini-mental State Examination
(MMSE) and Montreal Cognitive Assessment (MoCA) (p < 0.05)
compared with WCM.

Adverse Events

Adverse effects were reported in 8 studies (Ren et al., 1997; Han
et al, 1999; Chen and Wang, 2008, 2010; Xu et al., 2012a,b;
Hu, 2014; Fang, 2015). There were no significant differences
in routine blood, routine urine, routine stool, and osteoporosis
after CHM treatment in three studies (Ren et al., 1997; Xu
et al., 2012a,b). Five studies (Han et al., 1999; Chen and Wang,
2008, 2010; Hu, 2014; Fang, 2015) reported that CHM could
significantly reduce the adverse events of acne, gastrointestinal
reaction, joint pain, and blood reduction compared with WCM.
However, life-threatening adverse effects were not mentioned in
all of these studies.

Description of the CHM

Twenty-five herbs were included in the 18 studies. The top 13
most frequently used herbs were Radix et Rhizoma Rhei, Rhizoma
Coptidis, Rhizoma Curcumae Longae, Rhizoma Curcumae, Radix
Salviae Miltiorrhizae, Herba Andrographis, Herba Lysimachiae,
Herba Scutellariae  Barbatae, Caulis Spatholobi, Rhizoma
Alismatis, Radix Curcumae, Radix Scutellariae and Rhizoma
Acori Tatarinowii, and all of them were used more than 5 times.

A B C

O
m
m

Included studies G Total

Jiang, 2016

Filippi and Dhawan, 2014
Zhang et al., 2014a
Zhang et al., 2014b
Hu, 2014
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Xuetal., 2012b

Wang et al., 2010
Chen and Wang, 2010
Chen and Wang, 2008
Zhang, 2007

Xue et al., 2007

Xiao, 2003

Cui and Zhao, 2001
Hong et al., 2000

Han et al., 1999

Ren et al., 1997
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Cochrane Collaboration’s tool: A, Random sequence generation; B, Allocation
concealment; C, Blinding of participants or personnel; D, Blinding of outcome
assessment; E, Incomplete outcome data; F, Selective reporting; G, Anything else; 1, Low
risk of bias; O, High risk of bias; ?, Uncertain risk of bias.

The full and validated botanical names of herbs were generalized
in Table 5.

The Possible Mechanisms of CHM for WD

The possible mechanisms of the most frequently used herbs and
the main active ingredients are as follows: (1) Curcumin: an active
ingredient from commonly used herbs like Rhizoma Curcumae
Longae, Rhizoma Curcumae, Radix Curcumae and Radix
Curcumae can partially restore protein expression of most ATP7B
mutants to restore functional copper export (van den Berghe
et al., 2000; Zhang et al., 2011; European Association for Study
of Liver, 2012). Furthermore, curcumin is an ideal antioxidant,
an effective scavenger of reactive oxygen species (Samarghandian
et al., 2017), and it exerts anti-fibrotic effect through regulating
hepatic stellate cells (HSCs) function (Jin et al, 2016; Liu
et al, 2016; Mustafa, 2016). (2) Radix et Rhizoma Rhei:
Rhubarb root and its active components have anti-oxidation
(Shia et al., 2009), anti-fibrotic (Jin et al., 2005), and anti-
inflammation effects (Hwang et al., 2013). (3) Rhizoma Coptidis:
Berberine from Rhizoma Coptidis exerted anti-fibrotic and anti-
oxidation effects (Zhang et al., 2008). (4) Herba Scutellariae
Barbatae: P-coumaric acid from Herba Scutellariae Barbatae
possess anti-oxidative activities (Ibrahim et al., 2007) and reverse
the ATP7B function defect via regulating pre-mRNA splicing
(Lin et al, 2015). (5) Herba Andrographis: Andrographolide
from Herba Andrographis displayed anti-inflammatory activity
through reducing the expression of pro-inflammatory mediators
(Panossian et al., 2002) and exhibited hepatoprotective effects
through anti-oxidative effect (Vetriselvan et al., 2011).
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Experimental Control Std. Mean Difference Std. Mean Difference
_Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI 1V, Fixi % Cl
Chen 2008 556 235 40 868 247 21 41.6% -1.29 [-1.87, -0.71] =
Chen 2010 554 227 59 869 242 29 58.4% -1.35[-1.83, -0.86] i
Total (95% Cl) 99 50 100.0%  -1.32[-1.70, -0.95] -

-2 -1 0 1 2
Favours [control] Favours[experimental]

Heterogeneity: Chi? = 0.02, df = 1 (P = 0.88); I = 0%
Test for overall effect: Z = 6.94 (P < 0.00001)

FIGURE 2 | The forest plot: The 24 h excretion of urinary copper of CHM vs. WCM.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Fixed, 95% ClI 1V, Fi % Cl
Fang 2015 1,009 116 30 893.51 56.7 30 24.7% 1.25[0.69, 1.80] -
Hu 2014 956.36 268.25 35 806.14 191.61 32 31.6% 0.63[0.14, 1.12] — &
Xu 2012a 1,198.76 312.74 20 956.36 268.25 21 18.7% 0.82[0.18, 1.46] - =
Xu 2012b 1,9954 569.8 11 1,056.4 610.8 8 6.8% 1.53[0.47, 2.59] -
Zhang 2014 1,236.52 335.25 21 956.36 268.25 20 18.3% 0.90 [0.26, 1.55] - =
Total (95% CI) 117 111 100.0% 0.93 [0.65, 1.21] 4

2 B 0 1 2
Favours [control] Favours [experimental]

Heterogeneity: Chi? = 4.01, df = 4 (P = 0.40); I? = 0%
Test for overall effect: Z = 6.59 (P < 0.00001)

FIGURE 3 | The forest plot: The 24 h excretion of urinary copper of CHM plus WCM vs. WCM.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean  SD Total Weight IV, Random, 95% ClI IV, Random, 95% Cl
Xu 2012b 29.1 20.3 36 36.7 189 20 48.2% -0.38 [-0.93, 0.17]
Xue 2007 3236 201 31 5268 2735 30 51.8% -0.84 [-1.36, -0.31] —
Total (95% Cl) 67 50 100.0%  -0.62[-1.07, -0.17] -

-2 -1 0 1 2
Favours [experimental] Favours [control]

Heterogeneity: Tau? = 0.03; Chi? = 1.40, df = 1 (P = 0.24); I = 29%
Test for overall effect: Z = 2.68 (P = 0.007)

FIGURE 4 | The forest plot: The liver function of CHM plus WCM vs. WCM.

Experimental Control Risk Ratio Risk Ratio
Even Total Events Total Weight M-H, Fix: 5% Cl M-H, Fixed, 95% CI
Cui 2001 15 17 9 16 5.5% 1.57 [0.98, 2.50] |
Fang 2015 28 30 23 30 13.6% 1.22[0.98, 1.52] T
Hu 2014 33 35 24 32 14.9% 1.26 [1.01, 1.56] —
Ren 1997 34 40 25 40 14.8% 1.36[1.04, 1.79] e
Wang 2010 49 58 43 54 26.4% 1.06 [0.89, 1.26] i
Xiao 2003 24 26 8 12 6.5% 1.38[0.91, 2.10] T
Xu 2012b 33 36 14 20 10.7% 1.31[0.97,1.77] T
Zhang 2007 19 20 13 21 7.5% 1.53[1.08, 2.18] -
Total (95% CI) 262 225 100.0% 1.27 [1.15, 1.39] L 4
Total events 235 159 . .

Heterogeneity: Chi? = 6.56, df = 7 (P = 0.48); I = 0% !

o 0.2 0.5 1 2 5
Test foroverall effect Z,= 4.80 [F< 0.00001) Favours [control] Favours [experimental]

FIGURE 5 | The forest plot: the total clinical effective rate of CHM plus WCM vs. WCM.

DISCUSSION adjuvant therapy could increase 24 h urinary copper excretion,
s f Evid and improve liver function and the total clinical efficacy rate for
ummary o vidence WD. Two trails (Chen and Wang, 2008, 2010) indicated that

Eighteen RCTs involving 1,220 patients suffering from WD were v monotherapy was not superior to the WCM. Eight out of
identified. The main findings of this study were that CHM eighteen studies reported no serious adverse events relevant to
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TABLE 5 | Details of the most commonly used herbs for WD.

Chinese name Pharmaceutical name Species Family Record N/18 (%)
Dahuang Radix et Rhizoma Rhei Rheum officinale Baill. Polygonaceae - 17(94%)
Huanglian Rhizoma Coptidis Coptis chinensis Franch. Ranunculaceae - 13(72%)
Banzhilian Herba Scutellariae Barbatae Scutellaria barbata D.Don Lamiaceae 188943 11(61%)
Chuanxinlian Herba Andrographis Andrographis paniculata (Burm.f.) Nees Acanthaceae - 11(61%)
Danshen Radix Salviae Miltiorrhizae Salvia miltiorrhiza Bunge Lamiaceae 183206 9(50%)
Zexie Rhizoma Alismatis Alisma orientale (Sam.) Juz. Alismataceae 294832 9(50%)
Ezhu Rhizoma Curcumae Curcuma phaeocaulis Valeton Zingiberaceae 235270 9(50%)
Yujin Radix Curcumae Curcuma wenyujin Y.H.Chen & C.Ling Zingiberaceae 235308 9(50%)
Jianghuang Rhizoma Curcumae Longae Curcuma longa L. Zingiberaceae 235249 8(44%)
Shichangpu Rhizoma Acori Tatarinowii Acorus tatarinowii Schott Acoraceae 2337 7(39%)
Jixueteng Caulis Spatholobi Spatholobus suberectus Dunn Leguminosae 32974 8(44%)
Huangqin Radix Scutellariae Scutellaria baicalensis Georgi Lamiaceae 188938 5(28%)
Jingiancao Herba Lysimachiae Lysimachia christinae Hance Primulaceae - 5(28%)

CHM formulas, indicating that CHM formulas were generally
safe and well tolerated for patients with WD. The possible
mechanisms are associated with reversing the ATP7B mutants,
and exerting anti-oxidation, anti-inflammation and anti-fibrotic
effects. Thus, the findings of the present study suggested, to
a limited extent, that CHM paratherapy can be used for WD
according to the methodological flaws, whereas the beneficial use
of CHM monotherapy for WD still lacks evidence.

Limitations

There are several limitations in the primary studies. Firstly,
although we included RCTs, some inherent and methodological
weaknesses still existed in the primary studies: only 2 trials
provided sufficient information on how the random allocation
was generated, while none of the other trials included reported
the allocation concealment. No study employed the blinding
procedure, making it difficult to bias results intentionally or
unintentionally and to help ensure the credibility of study
conclusions. A placebo effect is conceptually defined as the
beneficial effect associated with an intervention that does not
include the presumed active ingredients; however, CHM placebo
are hard to mimic identical interventional herbal prescription
due to the fact that CHM is special in color, smell and taste.
Thus, placebo-controlled randomized trials are well-recognized
method when evaluating the efficacy of CHM treatment. In
addition, most trials are without calculating the formal pretrial
sample size. The trials with inadequate sample sizes seem to be
one risk in exaggerating intervention benefits. Secondly, WD is
a chronic disease, which needs life-long treatments. Long-term
efficacy and safety are important assessments to determine the
clinical effectiveness of an agent in treatment. However, in the
present study, treatment duration ranged from 28 to 90 days.
Long-term safety of CHM for WD could not be determined
because duration of treatment is short and dropouts were only
reported in one study. According to other clinical trials for WD
(Brewer et al., 2009; Weiss et al., 2015; Nicholl et al., 2017), it
is recommended that the treatment duration of further trials
must not be >60 days, and must last more than 1 year. Thirdly,
clinical heterogeneity would be very significant due to the

variations in study quality, intervention of CHM prescriptions,
comparators, and outcome measures. Owing to being highly
variable in composition and dosage of CHMs, it is difficult to
assess the efficacy of a specific CHM by performing pooling
analysis. Fourthly, all trials were conducted in China, which
may limit the generalizability. Further international multicenter
RCTs of CHM for WD are needed, in order to generalize the
results worldwide.

Implications for Practice

Use of CHM for WD patients has increased in the past decades.
However, the choice of CHM is mainly empirical and lacking
consensus among clinical doctors. The available evidence from
the present study supported, to a limited extent, that CHM
paratherapy can be used for patients with WD but should not
be recommended as monotherapy in WD. In addition, the most
frequently used herbs selected by the present study should be
considered as herbal prescription for WD and as a candidate for
further clinical trials.

Implications for Research
In the present study, we identified an area that is worthy
of further study. Firstly, the potential benefit of CHM as an
adjunct treatment for WD still needs to be further confirmed by
high-quality RCTs. Thus, we recommend that CONSORT 2010
statement (Schulz et al., 2010), CONSORT for CHM Formulas
(Cheng et al., 2017), and RCTs investigating CHM (Flower et al.,
2011) should be used as the guidelines when the designing,
registering and reporting of further RCTs. Secondly, WD was
thought of as a “rare” autosomal disorder by neurologists, and
it proved difficult to conduct large sample RCT. However, this
review identified 1,220 subjects with WD from 1997 to 2016. If
the primary clinical data of all RCTs were recorded in standard,
the evidence would be more reliable. Thus, it is necessary to
promote clinical data sharing, as has been suggested by the
International Committee of Medical Journal Editors (ICMJE)
(Taichman et al., 2017).

WD is caused by ATP7B mutations, resulting in copper
accumulation and toxicity. The possible mechanisms of CHM for
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WD not only involve the targets of the ATP7B gene, but also the
multiple targets of copper accumulation in various tissues and
organs. Curcumin and P-coumaric acid were reported to reverse
the ATP7B function defect. Curcumin could partially restore
protein expression by directly enhancing the protein expression
of mutant ATP7B with residual copper export activity (van den
Berghe et al., 2000; Zhang et al., 2011; European Association for
Study of Liver, 2012). The EASL Guidelines recommended that
treatment with curcumin might be a novel therapeutic strategy
in WD (European Association for Study of Liver, 2012). P-
coumaric acid, another ingredient of herbs, can also reverse the
ATP7B function defect via a different mechanism by regulating
pre-mRNA splicing (Lin et al., 2015).

Copper accumulates in hepatocytes where it induces damage
through oxidative stress due to its highly reactive redox
capacity (Rosencrantz and Schilsky, 2011). In addition, necrosis
and apoptosis triggered immune reaction and inflammation
to activate the quiescent HSCs, causing hepatic fibrosis (Jin
et al, 2016). The possible pharmacological mechanisms of
CHM for copper accumulations of WD are as follows: (1)
Antioxidant effects: Curcumin, Anthraquinone (from Radix et
Rhizoma Rhei), Danshensu and Salvianolic acid B (from Radix
Salviae Miltiorrhizae), were shown to ameliorate the oxidative
stress by reducing oxidative stress parameters malondialdehyde,
thereby improving the hepatic glutathione content and hepatic
superoxide dismutase (SOD) (Liu et al., 2016; Samarghandian
et al, 2017), inhibiting the formation of superoxide anions
(Shia et al., 2009), and exerting a low level of lipid peroxidase
(Mishra et al., 2014; Lee et al, 2016, 2017), leading to
maintenance of mitochondrial activity (Zhou et al., 2015). Radix

Scutellariae improved the antioxidant capacity by induction
of the antioxidative enzymes and removal of reactive oxygen
species (ROS) (Pan et al, 2015). P-coumaric acid (Ibrahim
et al, 2007), Andrographolideand (Vetriselvan et al., 2011),
Caulis Spatholobi (Jeon et al., 2008) and Tanshinone IIA, (Shu
et al., 2016) have also been shown to exhibit antioxidant
effects; (2) Anti-inflammatory effects: Emodin (from Radix et
Rhizoma Rhei), Andrographolide (from Herba Andrographis),
Radix Salviae Miltiorrhizae and Curcumin analog demonstrated
anti-inflammatory properties by reducing the expression of pro-
inflammatory mediators via the NF-kB activation pathway (Lee
etal,, 2003; Hwang et al., 2013; Yue et al., 2014) and MAPK/AP-1
pathway (Choi et al., 2013), and by inhibiting iNOS and COX-2
expression (Paulino et al., 2016).The bioactive components from
Radix Scutellariae (Liu et al., 2016) and Quercetin from Herba
Lysimachiae (Wang et al., 2015) have been reported to exhibit
anti-inflammatory activity; (3) Anti-fibrotic effects: activation
of quiescent HSCs is the major event in hepatic fibrosis (Jin
et al., 2016). Skullcapflavone I (from Radix Scutellariae) (Park
et al,, 2005) and Curcumin (Jin et al., 2016) exerted anti-
fibrotic effects by inducing apoptosis or senescence in activated
HSCs. Furthermore, Curcumin was found to be an anti-fibrotic
mediator that inhibits HSCs activation and the transition to
myofibroblast-like cells (Mustafa, 2016). In contrast, Radix et
Rhizoma Rhei exerted anti-fibrotic effects by the direct inhibition
of stellate cell activation without reducing hepatocyte cell death
(Jin et al., 2005). Salvianolic acid A and B from Danshen (Tsai
et al., 2011), Berberine (Zhang et al., 2008), Radix Scutellariae
(Chen et al., 2013) and Radix et Rhizoma Rhei (Pan et al., 2015)
have been reported to prevent hepatic fibrosis in different aspects,
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including inhibition of proliferation and fibrogenesis of HSCs,
and regulation of the antioxidant system and lipid peroxidation.
Thus, CHM is likely to be useful as a multi-targeting therapy for
WD pathogenesis (Figure 6).

CONCLUSION

Despite the apparent positive results, the present evidence
supports, to a limited extent because of the methodological
flaws and CHM heterogeneity, that CHM paratherapy can be
used for patients with WD but should not be recommended
as monotherapy in WD. The possible mechanisms involved are
associated with reversing the ATP7B mutants, and exerting anti-
oxidation, anti-inflammation and anti-hepatic fibrosis effects.
Further rigorous RCTs, focusing on an individual CHM formula
for WD, are warranted.
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Purpose: The root of Cynanchum auriculatum Royle ex Wight, known as Baishouwu,
has been widely used for a tonic supplement since ancient times. The current study
was performed to explore the effect of Baishouwu extract on the development of
experimental hepatocellular carcinoma (HCC) and the potential mechanism involved.

Methods: Rats were injected diethylnitrosamine (DEN) to initiate the multistep
hepatocarcinogenesis. Animals were treated concurrently with Baishouwu extract given
daily by oral gavage for 20 weeks to evaluate its protective effects. Time series sera
and organ samples from each group were collected to evaluate the effect of Baishouwu
extract on hepatic carcinogenesis.

Results: It was found that Baishouwu extract pretreatment successfully attenuated liver
injury induced by DEN, as shown by decreased levels of serum biochemical indicators
(AST, ALT, ALP, TP, and T-BIL). Administration of Baishouwu extract inhibited the fibrosis-
related index in serum and live tissue, respectively from inflammation stage to HCC
stage after DEN treatment. It significantly reduced the incidence and multiplicity of DEN-
induced HCC development in a dose-dependent manner. Macroscopic and microscopic
features suggested that pretreatment with Baishouwu extract for 20 weeks was effective
in inhibiting DEN-induced inflammation, liver fibrosis, and HCC. Furthermore, TLR4
overexpression induced by DEN was decreased by Baishouwu extract, leading to the
markedly down-regulated levels of MyD88, TRAF6, NF-«B p65, TGF-81 and a-SMA in
hepatitis, cirrhosis, and hepatocarcinoma.

Conclusion: In conclusion, Baishouwu extract exhibited potent effect on the
development of HCC by altering TLR4/MyD88/ NF-«B signaling pathway in the
sequence of hepatic inflammation-fibrosis-cancer, which provided novel insights into
the mechanism of Baishouwu extract as a candidate for the pretreatment of
HCC in the future.

Keywords: Baishouwu extract, pretreatment, hepatocellular carcinoma, TLR4, inflammation-fibrosis-cancer axis
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common
cancer in the world and the third cause of cancer-related deaths
(Jemal et al., 2011). Chronic inflammation, caused by chemical,
biological and physical factors, is found to be related to certain
human cancers. The effect of inflammation-fibrosis-cancer (IFC)
axis acts as a bridge from inflammation to cancer, and therefore
promotes inflamed liver evolving to fibrosis/cirrhosis and HCC
(Lam et al, 2016; Ding et al., 2017). Upon exposure to risk
factors like alcohol, viruses, parasitesand toxic substances, hepatic
injury resulted in the degeneration and inflammation, leading to
chronic liver diseases, which may further progress to different
stages of fibrosis, cirrhosis, and HCC. HCC is the final stage
of this process.

Traditional Chinese medicines contain natural active
constituents, which demonstrate remarkable antitumor effect
with little untoward effects. Cynanchum auriculatum Royle
ex Wight is widely distributed in China. The root of this
plant, known as “Baishouwu,” has been used for thousands of
years as a tonic supplement. It is wildly used to replenish the
liver and kidney, enrich vital essence and blood, strengthen
the bones and muscles, clear away toxins, and prolong life
(Liu and Ma, Song Dynasty). Modern studies indicated that
the extract of this herb possessed various pharmacological
activities, such as hepatoprotection, immune enhancement,
antiaging, and antitumor (Zhang et al., 2015). Phytochemical and
pharmacological studies have demonstrated that C-21 steroidal
glycosides are the major active components of Baishouwu (Zhang
et al., 2000; Wang et al., 2007; Peng et al., 2008a). Recently,
C-21 steroidal glycosides are of considerable interest because of
their bioactivities, including prevention and therapy of chronic
hepatitis (Yin et al., 2007), hepatic fibrosis (Lv et al., 2009), and
liver cancer (Wang et al., 2007, 2014). And our early studies
showed that C-21 steroidal glycosides inhibited the growth of
human hepatoma cell lines SMMC7721 and HepG2 (Peng et al.,
2011; Peng and Ding, 2015]. Based on the literature and our
studies, the C-21 steroidal glycosides were commonly accepted
as the most important active ingredients of Baishouwu and
could be considered as markers for the quality control. Hence,
the C-21 steroidal glycosides constituents of Baishouwu extract
have been identified and characterized in our following studies
(Wang et al., 2017).

However, to date, limited information is known regarding
the therapeutic effects of C-21 steroidal glycosides on HCC as
well as their underlying mechanisms about IFC axis. In the
present study, we aim to reveal the prevention of Baishouwu
on diethylnitrosamine (DEN) -induced HCC model in rats
at various stages of the disease’s progression, from hepatic
inflammation to cancer.

MATERIALS AND METHODS

Experimental Animals
Male Sprague-Dawley rats, weighing 150-180 g, were purchased
from S.L.A.C. Laboratory Animal Co., Ltd. (Shanghai, China).

Care of the animals used in this study was conducted according
to the Guide for the care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (publication
no. 85-23, revised 1996). Rats were housed under controlled
temperature (22 + 2°C) and relative humidity (40-70%)
with a 12 h light/dark cycle, and allowed free access to
standard rat-chow diet and tap water. All the experimental
protocols were approved by our Academy Animal Experimental
Ethical Committee.

Extract Preparation

The root tubers of C. auriculatum Royle ex Wight were collected
from Binhai County, Jiangsu Province, China. The plant
was authenticated by Prof. Shi-Hui Qian (Jiangsu Province
Academy of Traditional Chinese Medicine). The voucher
specimen (No. WFC-20151225) was deposited in the herbarium
of this academy. The root tubers were cut into small pieces
and extracted with boiling 95% ethanol (1:10) two times,
each for 2 h. The ethanol extract was evaporated in vacuo
and further extracted by chloroform and ethyl acetate. The
two fractions were merged together and analyzed for major
components. As detected according to the vanillin-vitriol
colorimetric method, C-21 steroidal glycosides were the main
components of Baishouwu extract and the total glycosides
content was 52.89% (Wang et al., 2017). In order to identify
the main chemical components of Baishouwu extract, an
Ultra High-Performance Liquid Chromatography/Quadrupole-
Time-of-Flight-Mass ~ Spectrometry ~ (UHPLC-Q-TOF-MS)
method was developed. An Acquity UHPLC BEH C;g column
(2.1 mm x 100 mm, 1.7 pm) was used for separations. The
mobile phase was composed of (A) water (0.1% (v/v) formic
acid) and (B) acetonitrile, and a linear gradient elution was
used. It was revealed that Baishouwu extract mainly contained
eight C-21 steroidal glycoside components including caudatin
2,6-dideoxy-3-O-methy-p-D-cymaroseglycoside, wilfoside C1IN,
caudatin, wilfoside KIN, wilfoside CI1G, cynauricuoside A,
cynauricuoside C, and auriculoside IV. The chemical structures
were presented in our previous studies (Wang et al,, 2017).
The total ion chromatograms of the eight compounds are
presented in Figure 1.

Experimental Design
Treatment schedules are illustrated in Figure 2. The rats
were randomly divided into 4 groups. Control group was
intraperitoneally injected with 0.9% normal saline solution
twice a week. Rats in model group (DEN-bearing non-treated
group) were given intraperitoneal injection of DEN (Sigma
Aldrich, St. Louis, MO, United States) at a dose of 30 mg/kg
body weight (b.w.) on the same day as control group for
11 weeks (Peng and Ding, 2015; Zeng et al., 2015; Ding et al,,
2017). Rats in Baishouwu-H and Baishouwu-L groups were
treated with DEN as in model group and daily orally fed with
Baishouwu extract (4 g/kg b.w and 2 g/kg b.w, respectively)
until 20 weeks.

Body weight of the animals was recorded once every
2 weeks throughout the study. To monitor the progress of
stepwise hepatocarcinogenesis, according to our previous study,
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FIGURE 1 | Total ion chromatograms in the negative mode of the reference compounds and the sample of Baishouwu extract. (A) Reference compounds and
(B) Sample of Baishouwu extract. M1, caudatin 2,6-dideoxy-3-O-methy-g-D-cymaroseglycoside; M2, wilfoside C1N; M4, caudatin; M5, wilfoside K1N; M6, wilfoside

C1G; M7, cynauricuoside A; M8, cynauricuoside C; M9, auriculoside V.
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FIGURE 2 | Experimental schedule.

DEN 30 mg/kg b.w. intraperitoneal

a time-serial sera set was collected at the end of 6th week
(inflammation stage), 10th week (fibrosis stage), and 20th week
(HCC stage). To examine the preventive effects of Baishouwu
extract on HCC about IFC axis, 8 rats from every group were
sacrificed by diethyl ether at 6th week, 10th week, and 20th week.
Livers were removed and weighed. The tissues were cut and fixed
in 10% formalin for histopathology and immunohistochemiacal
examinations. The remaining portions were frozen and stored at
—80°C until analysis.

Serum Biochemical Indicators Levels

and Hydroxyproline Contents
Measurement

Serum aspartate transaminase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), total protein (TP), albumin
(ALB), and total bilirubin (T-BIL) levels were measured using
an automatic analyzer (C8000 Roche; Hoffmann-La Roche Inc.,
Switzerland). Serum levels of tumor necrosis factor-a (TNF-a)
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and interleukin 6 (IL-6) were measured using ELISA kits (R&D
Systems, Inc.), according to the manufacturer’s instructions.

The hydroxyproline (Hyp) contents in whole liver specimens
quantified using ultraviolet spectrophotometry as
previously reported (Ding et al, 2013). Hyp contents were
expressed as pLg/gram of livers wet weights.

were

Morphometric Evaluation

Hepatic tissues of experimental groups of rats were examined
morphologically for visible neoplastic nodules when the rats
were sacrificed at the end of the study. The nodules were easily
recognized and distinguished from the surrounding reddish-
brown liver parenchyma. The nodules with a diameter of
2 mm or more in each rat were counted by two independent
investigators. The incidence was expressed as percentage of
rats with tumors. The multiplicity as average hepatocellular
neoplasm number per rat was calculated (Ansil et al., 2014;
Rui et al., 2014).

Histologic Examination

Maximum sagittal section of each liver lobe was used for
histopathological examination. Tissues were fixed in formal-
dehyde neutral buffer solution and embedded in paraffin
blocks. 4 pm-thick sections were stained with hematoxylin-eosin
(HE) for cell morphometry and with collagen-specific Masson’s
trichrome for detection of fibrosis.

The degrees of liver necroinflammation were assessed against
the METAVIR necroinflammatory activity score from A0-A3
(A0, no activity; Al, mild activity; A2, moderate activity; and
A3, severe activity). The degrees of liver fibrosis were assessed
using the METAVIR fibrosis score range FO-F4 (F0, no fibrosis;
F1, portal fibrosis without septa; F2, portal fibrosis with rare
septa; F3, numerous septa without cirrhosis; and F4, cirrhosis)
(Bedossa and Poynard, 1996; Praneenararat et al., 2014). All
sections were examined microscopically (200 x magnification)
on an Axioskop 2 microscope (Carl Zeiss, Germany) by two
blinded independent investigators.

Immunohistochemical Analyses
Immunohistochemistry was employed to assess NF-kB
expression in the rat liver tissue. The detection of NF-«kB
p65 was performed using paraffin-embedded sections. After
deparaffinization and rehydration, sections were soaked in
3% H;0; and skim milk to block endogenous peroxidase
activity and non-specific protein binding, respectively. Samples
were then incubated with anti-NF-kB p65 antibody (1:500,
ab16502, Abcam) to detect bound antibodies. After staining, the
sections were counterstained with hematoxylin for microscopy
analyses. All sections were examined by light microscopy
(Axioskop 2 microscope, Carl Zeiss, Germany). Five fields
(200 x magnification) were randomly selected in each sample for
analysis. Positive NF-kB signals appeared brown. The percentage
of positive area was determined using Image-Pro Plus software
6.0 (Media Cybernetics Inc., Baltimore, MD, United States).
The image analysis was conducted by pathologists blinded
to the treatments.

Western Blotting Analysis

Proteins were extracted from liver tissues randomly from
three individual rats in each group using RIPA. Samples were
separated by SDS-PAGE and transferred to PVDF membrane.
Subsequently, membranes were blocked and probed with primary
antibodies followed by secondary horseradish peroxidase-
conjugated antibody. Immunolabeled proteins were detected
by incubation with ECL substrate and the gray density was
measured. Target proteins levels were normalized against the
level of B-actin or Lamin Bl. The following antibodies were
used: TLR4 (1:1000, ab22048, Abcam, United Kingdom), MyD88
(1:1000, #4283, Cell Signaling Technology, United States),
TRAF6 (1:800, sc-7221, Santa Cruz, CA, United States), NF-
kB p65 (1:2000, ab16502, Abcam, United Kingdom), TGF-8;
(1:2000, ab25121, Abcam, United Kingdom), a-SMA (1:1000,
ab5694, Abcam, United Kingdom), B-actin (1:1000, sc-47778,
Santa Cruz, CA, United States), and Lamin B1 (1:10000, ab16048,
Abcam, United Kingdom).

RNA Extraction and Quantitative
Real-Time PCR Detection

Total RNA was extracted from frozen liver tissues randomly
from three individual rats in each group using Trizol reagent.
Gene-specific prime sequences were designed using Primer 5.0
software and custom-synthesized by GenScript Inc., Nanjing,
China. Real-time PCR samples were prepared using the SYBR
premix EX Taq Kit (TaKaRs, Dalian, China) and amplification
was performed on a LightCycler 480 SYBR Green I Master device
(Roche Applied Science, Basel, Switzerland). GAPDH gene was
used as an internal control. The relative expression levels of the
target genes were calculated by the 274 A€t method. The primer
sequences utilized are shown in Table 1.

Statistical Analysis

Data were expressed as mean =+ standard deviation (SD). All
statistical analyses were performed using the statistical package
for social science (SPSS, Version 11.5, SPSS Inc., Chicago, IL,
United States). Experimental and control groups were compared
by one-way ANOVA. The incidences of hepatocellular neoplasm
were analyzed by Chi-square test. The Kruskal-Wallist test was
used to compare the METAVIR score. Statistical significance was
set at p-value < 0.05.

RESULTS

Effect of Baishouwu Extract on
Body and Liver Weights

Average body weights of different groups at various time points
are shown in Figure 3. Animals in model group receiving
30 mg/kg of DEN exhibited slowly increased weight and the body
weights were lower compared to control group. Body weights in
Baishouwu-H and Baishouwu-L groups were higher than that in
model group after the 20-week experimental period.

Relative liver weights of various groups are presented in
Table 2. Relative liver weight were increased in model group
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TABLE 1 | Primer sequences of target genes.

Gene Forward primer Reverse primer

Collagen | 5-CTGCTGGTCCTAAGGGAGAG-3 5-GACAGCACCATCGTTACCAC-3
Collagen Il 5-TCCTGGATACCAAGGTCCTC-3 5-GACCAATAGCACCAGGAGGT-3
TLR4 5-GATTGCTCAGACATGGCAGT-3 5-CCCACTCGAGGTAGGTGTTT-3
MyD88 5-TGGTGGTTGTTTCTGACGAT-3 5-GATCAGTCGCTTCTGTTGGA-3
TRAF6 5-GACATTCATGCACCTGGAAG-3 5-CATGTCAAAGCGGGTAGAGA-3
GAPDH 5-GGCCTTCCGTGTTCCTACC-3 5-CGCCTGCTTCACCACCTTC-3
a-SMA 5-CACGCGAAGCTCGTTATAGA-3 5-GGGATCCTGACCCTGAAGTA-3
TGF-B1 5-CTTGCCCTCTACAACCAACA-3 5-CTTGCGACCCACGTAGTAGA-3
NF-«xB p65 5-GGTTTGAGACATCCCTGCTT-3 5-TATGGCTGAGGTCTGGTCTG-3

induced by DEN than that in control group (P < 0.01). Liver
to body weight ratios were significantly or tended to be lower
in Baishouwu extract pretreated groups compared to the model
group (P < 0.05~0.01), respectively.

Baishouwu Extract Improves

Liver Functions

As shown in Figures 4A-F, serum biochemical analyses were
performed to determine hepatic function. Both serum levels of
ALT and AST were significantly increased in DEN-treated group
which were prevented by Baishouwu extract from inflammation
stage (week 6) to HCC stage (week 20). In parallel, there was
a decrease in serum concentration of TP in Baishouwu extract
group at week 10 and week 20 (P < 0.05~0.01, compared to
the model group). But no significant changes of serum ALB
levels were found between all groups. Serum level of ALP was
higher in the DEN-treated group compared to the control group.
Baishouwu extract pre-administration resulted in suppression of
ALP levels in the blood serum in a dose-dependent manner as
compared with the model group. Serum T-BIL level was also
significantly higher in the model group than that in the control.
Pretreatment with Baishouwu extract dramatically reduced the

Weight

100 T T T T T T T T T
Ow 2w 4w 6w 8w 10w 12w 14w 16w 18w 20w

—¢—control group —B—model group —#—BaishouwuL =<—Baishouwu-H

FIGURE 3 | Effect of Baishouwu extract on growth curve of rats treated with
DEN. Results are expressed as mean + SD (1st~6th week n = 24, 7th~10th
week n = 16, 11th~20th n = 8, respectively). 2P < 0.01 vs. control group,

**P < 0.01 vs. model group.

T-BIL levels from week 6 to week 20 (P < 0.05~0.01, compared
to the model group).

The serum levels of inflammatory factors, such as IL-6
and TNF-a, were analyzed subsequently. Serum IL-6 levels in
the model group were obviously increased in inflammation,
liver fibrosis and HCC and they were suppressed by pre-
administration of Baishouwu extract at week 12 and week 20
(Figure 4G). Serum TNF-a levels were higher in the model group
than in control group from week 6 to week 20 (P < 0.01).
Baishouwu extract pretreated group with high dose displayed
a decrease in comparison to that from the model group
(P < 0.05; Figure 4H).

Baishouwu Extract Inhibits the

Expression of Collagen

As a biomarker of total collagen content, Hyp was detected.
Data was showed in Figure 5A. DEN administration markedly
increased the liver Hyp content in rats. Compared with the model
group, the elevated Hyp contents were significantly suppressed
by the pretreatment of Baishouwu extract at both dose levels
throughout the experiment period (P < 0.05~0.01).

A gradual increase in mRNA expression of Collagen I and
Collagen ITI was observed after administration of DEN compared
with the control group (P < 0.01 Figures 5B,C). Prereatment
with Baishouwu extract prevented the increase in Collagen I and
Collagen III mRNA levels in inflammation, fibrosis, and HCC
stages. This result was consistent with the observation in Hyp.

TABLE 2 | Effect of Baishouwu extract on liver weights of rats treated with
diethylnitrosamine.

Group n 6th week 10th week 20th week
Relative Relative Relative
(/100 g b.w.) (/100 g b.w.) (/100 g b.w.)
Control group 8 1.972 + 0.221 2.388 + 0.2424 2.515 £ 0.280
Model group 8 4.224+0.663%% 6.621+1.25%%  8.430+0.7732%
Baishouwu-L 8 3.707 + 0.566 5.464 + 0.74* 6.612 &+ 0.524**
Baishouwu-H 8  3.405 + 0.230**  4.284 + 0.332**  4.568 + 0.615**

Relative liver weight = [Liver weight (g9)/Body weight (b.w., g) *100]. Values are
expressed as the mean + SD. 2P < 0.01 vs. control group, *P < 0.05 vs. model
group, **P < 0.01 vs. model group.
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FIGURE 4 | Effect of Baishouwu extract on serum biochemical indicators induced by DEN. Serum levels of (A) ALT, (B) AST, (C) TP, (D) ALB, (E) ALP, (F) T-BIL,
(G) IL-6, and (H) TNF-a. Results are expressed as mean + SD (n = 8). 24P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs. model group.
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Baishouwu Extract Reduces the
Hepatoma Incidence and Multiplicity
Induced by DEN

Morphological changes were observed in the livers of different
groups at different stages (inflammation, fibrosis, and HCC
stages). As expected, livers from the control group of rats were
normal in appearance, without any morphological changes. The
surface of the liver of the control group was brown, soft in
texture and smooth, with an evident gloss. Macroscopically,
the appearance of the liver was not evidently abnormal in
the model group in the inflammation stage at 1-6 weeks
(Figure 6). Following DEN exposure, the livers with dark color

and granulose appearance in the model group were slightly
bigger and harder than those of control-rats in fibrosis stage
(Figure 6). The livers of rats treated with Baishouwu extract
showed decreased hepatic fibrosis progression. As shown in
Figure 6, the rats at week 20 post-DEN exposure were observed
white nodules, indicating that HCC had developed by this
stage. Nodules were easily recognized and distinguished from
the surrounding non-nodular reddish-brown liver parenchyma
at the end of week 20. The livers in the model group were
rough and nodular, with uniform micronodules (<2 mm)
and macronodules (>2 mm) throughout. Pretreatment with
Baishouwu extract remarkably enhanced the recovery of
DEN-induced liver structure damage (Figure 6). The nodule
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FIGURE 5 | Effect of Baishouwu extract on fibrosis related indicators induced by DEN. Tissue levels of (A) hydroxyproline, (B) Collagen |, and (C) Collagen IIl.
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FIGURE 6 | Effect of Baishouwu extract on macroscopic features of livers in DEN-treated rats. Representative photographs of the livers from each group at the
stages of inflammation (6 weeks), fibrosis (10 weeks), and HCC (20 weeks). Arrows indicate the representative tumors.

incidence was 100% in model rats, while the incidence a significant difference at week 20 (p < 0.01; Table 3).
decreased to 87.5% in Baishouwu extract group (4 g/kg). So the incidence and multiplicity of HCC development in
Furthermore, the number of liver nodules in Baishouwu- Baishouwu-pretreated rats were significantly lower than that in
pretreated rats was less as compared to the model rats, with  the model rats.
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TABLE 3 | Effect of Baishouwu extract on incidence and multiplicity of tumor in
diethylnitrosamine induced hepatoma rats.

Group n Incidence Multiplicity
Control group 8 0 0+0
Model group 8 8/8 155.4 + 34.284
Baishouwu-L 8 8/8 70.8 £ 12.5™
Baishouwu-H 8 7/8 50.1 £ 17.4*

Values are expressed as the mean + S.D. AP < 0.01 vs. control group,
**P < 0.07 vs. model group.

Baishouwu Extract Alleviates Hepatic
Pathological Changes

The histopathological changes observed in the livers of control
and experimental animals are represented in Figure 7. Livers
from control rats showed normal liver histology with no signs of
liver injury manifested as normal hepatic lobules and central vein
(Figure 7). Exposure to DEN resulted in a sequence of lesions
that evolved over time, from inflammation observed at 6th week,
fibrosis observed at 10th week, to the HCC observed at 20th week.
Six weeks after DEN injection (inflammation stage), liver sections

control group

6w

10w

20w

representative tumors. Original magnification: 200x.

model group

FIGURE 7 | Effect of Baishouwu extract on the liver histological changes in the DEN-treated rats. Representative photomicrographs of HE (A) and Masson (B)
staining of the livers in the DEN-treated rats from each group at the stages of inflammation (6 weeks), fibrosis (10 weeks), and HCC (20 weeks). Arrows indicate the

Baishouwu-L Baishouwu-H

Baishouwu-H
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TABLE 4 | Effect of Baishouwu extract on the distribution of inflammatory features in the diethylnitrosamine treated rats assessed by METAVIR score.

Time Group A0 A1 A2 A3 P value (vs. model)
Inflammation stage (6 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) 0 (0%) 0 (0%) 8 (100%)
Baishouwu-L 0 (0%) 3 (37.5%) 3 (37.5%) 2 (25.0%) 0.001
Baishouwu-H 0 (0%) 4 (50.0%) 4 (50.0%) 0 (0%) 0.001
Fibrosis stage (10 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) 0 (0%) 0 (0%) 8 (100%)
Baishouwu-L 0 (0%) 2 (25.0%) 2 (25.0%) 4 (50.0%) 0.001
Baishouwu-H 0 (0%) 3 (37.5%) 3 (37.5%) 2 (25.0%) 0.001
HCC stage (20 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) 0 (0%) 0 (0%) 8 (100%)
Baishouwu-L 0 (0%) 0 (0%) 3 (37.5%) 5 (62.5%) 0.001
Baishouwu-H 0 (0%) 1(12.5%) 4 (50.0%) 3 (37.5%) 0.001

Compared to model group; calculated using the Chi-Square test. METRAVIR inflammation stages: AO, no activity;, A1, mild activity; A2, moderate activity; A3,

severe activity.

TABLE 5 | Effect of Baishouwu extract on the distribution of fibrosis features in the diethyinitrosamine treated rats assessed by METAVIR score.

Time Group FO F1 F2 F3 F4 P value (vs. model)
Inflammation stage (6 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) (0%) 8 (100%) 0 (0%) 0 (0%)
Baishouwu-L 0 (0%) 6 (75.0%) 2 (25.0%) 0 (0%) 0 (0%) 0.001
Baishouwu-H 0 (0%) 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0.001
Fibrosis stage (10 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) 0 (0%) 0 (0%) 2 (25.0%) 6 (75.0%)
Baishouwu-L 0 (0%) 2 (25.0%) 2 (25.0%) 2 (25.0%) 2 (25.0%) 0.001
Baishouwu-H 0 (0%) 4 (50.0%) 2 (25.0%) 1(12.5%) 1(12.5%) 0.001
HCC stage (20 weeks) Control 8 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.001
Model 0 (0%) 0 (0%) 0 (0%) 0 (0%) 8 (100%)
Baishouwu-L 0 (0%) 0 (0%) 1(12.5%) 3 (37.5%) 4 (50.0%) 0.001
Baishouwu-H 0 (0%) 1(12.5%) 2 (25.0%) 3 (37.5%) 2 (25.0%) 0.001

Compared to model group; calculated using the Chi-Square test. METRAVIR fibrosis stages: FO, no fibrosis; F1, portal fibrosis without septa, F2, portal fibrosis with rare

septa; F3, numerous septa without cirrhosis; F4, cirrhosis.

showed evidence features of chronic inflammatory infiltrates
with diffuse ballooning degeneration, dilated lymph vessels, and
proliferating bile ducts in the portal area (Figure 7). Liver from
rats pretreated with Baishouwu extract showed no significant
hepatic injury manifested as minimal vascular congestion and
focal lymphoplasmacytic infiltrates (Figure 7), which correspond
to the METAVIR score (Table 4).

After 10 weeks of DEN injury (fibrosis stage), the animals
exhibited fibrosis, and many also had cirrhosis. As Figure 7
shown, lobules of livers in model group exhibited a disordered
arrangement of hepatocytes and a pile of deposition of fibrous
tissue. Lipid droplets, hydropic degeneration, necrosis, and
regeneration of hepatocytes were found. According to the
METAVIR liver fibrosis assessment scales, Baishouwu extract
preadministration decreased the extent of liver fibrosis induced
by DEN (Table 5). By preadministration of Baishouwu extract,
the animal models had successfully developed the different stages
of early liver fibrosis.

After 20 weeks of DEN injection (HCC stage), the liver
lesions of model group were classified as the high or middle

differentiation of HCC. DEN alone (model group) showed loss
of architecture, hepatic parenchyma with granular cytoplasm and
cancerous focus with patchy necrosis (Figure 7). Liver nodules
consisted of relatively giant hepatocytes with large nuclei and
eosinophilic cytoplasm surrounded by fibrotic stroma. HCC
features appeared as malignant hepatocytes, multinodular areas
of necrosis, and nodules of necrotic malignant hepatocytes. DEN-
bearing Baishouwu extract-pretreated groups showed moderately
malignant with focal necrosis and less mitotic count (Figure 7).

Baishouwu Extract Down-Regulates the
Expression of NF-kB p65 by

Immunohistochemistry

NE-kB p65 positive staining was mainly located in the nucleus of
the hepatic cells, stained as brown granules or dots. Its expression
was estimated as the percentage of cells positively stained by the
antibody. In normal control liver section there was a limited
number of NF-kB p65 positive cells as shown in Figure 8A.
Rats which received DEN showed a significant increase compared
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FIGURE 8 | Effect of Baishouwu extract on the expression of NF-kB p65 in the livers of the DEN-treated rats. Representative photomicrographs of
immunohistochemical analysis of NF-kB p65 in the livers developed in DEN-treated rats. (A) Representative liver tissues immunostained with anti- NF-kB p65
antibody in hepatitis, cirrhosis and hepatocarcinoma control at 6th week, 10th week, and 20th week (magnification: 200x). (B) The percentage of NF-kB p65
positive cells in control and experimental groups. Results are expressed as mean =+ SD (1 = 3). 2AP < 0.01 vs. control group, **P < 0.01 vs. model group.
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with the control group. The positive expression rates of the
NF-kB p65 protein in the inflammation, fibrosis and HCC
tissues were 27.9, 34.5, and 59.4%, respectively. The expression
of the NF-kB p65 protein in HCC stage was significantly higher
than those in the inflammation and fibrosis. On the other
hand, Baishouwu extract-pretreated rats showed considerable
reduction compared with the model group (p < 0.05~0.01;
Figure 8B) in inflammation, fibrosis and HCC stages.

Baishouwu Extract Pretreatment Is
Associated With Down-Regulated
TLR4/MyD88/NF-«kB Signaling Pathway

TLR4 is an important mediator of the inflammatory response to
infection and plays a role in the development and progression of
HCC (Wang et al., 2015). TLR4 drives myofibroblast activation
and fibrogenesis in HCC and TLR4-dependent modulation of
TGF-B signaling provides a link between proinflammatory and
profibrogenic signals through the MyD88- NF-kB pathway (Seki
et al., 2007). TLR signaling involves the recruitment of MyD88
adapter protein and final activation of NF-kB. To confirm the
hepatoprotective effect of Baishouwu extract, the protein and

mRNA expression levels of TLR4, MyD88, TRAF6, NF-kBp65,
TGF-B1, and a-SMA in the livers were examined at inflammation,
fibrosis and HCC stages in DEN-induced HCC model. After
DEN treatment, the mRNA levels of TLR4, MyD88, TRAF6,
and NF-kB p65 were significantly increased compared to the
control group from week 6 to week 20 (Figure 9A), which
were demonstrated by western blotting (Figure 9B). All of these
results suggested that TLR4/MyD88/NF-kB signaling pathway
was activated in the liver of DEN-treated rats (Figure 9).
However, these elevations were reversed by the pretreatment with
Baishouwu extract (Figure 9). At the same time, the changes
of TGF-f; and a-SMA after Baishouwu extract pretreatment
for 6 weeks, 10 weeks, and 20 weeks were consistent with the
changes of TLR4 (Figure 9). The results indicated that Baishouwu
extract may inhibit hepatic inflammation, fibrosis, and HCC by
inhibiting TLR4/MyD88/NF-kB signaling pathway.

DISCUSSION

As the main active components of Baishouwu, C-21 steroidal
glycosides have shown to possess anticancer activity including
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FIGURE 9 | Effect of Baishouwu extract on the TLR4/MyD88/NF-kB signaling pathway. The expression levels of TLR4, MyD88, TRAF6, NF-kB p65, TGF-B1, and
a-SMA were detected by Real-time PCR (A) and western blot (B): (1) control group, (2) model group, (3) Baishouwu extract-L group, and (4) Baishouwu extract-H
group. Resuilts are expressed as mean = SD (n = 3). 24P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs. model group.

mRNA

Relative expressionof

control =model = BaishouwuL ®BaishouwuH

TGF-p1 a-SMA

Relative expressionof

Relative Densitometry of
MyDS$8

Relative Densitometry of
NF-KBp6S

TGF-B1

™"

“model

a-SMA

Relative Densitometry of

20w
control =Baishouwul ®BaishouwuH

6w 10w 20w
control  =model = Baishowwul = BaishouvuH

modulating cell cycle and apoptotic signaling, inhibiting inva-
sion, and metastatic potential in cancer cells (Shan et al,
2005; Fei et al, 2012; Wang et al, 2017). Our previous
studies found that C-21 steroidal glycosides could inhibit
the proliferation of human hepatoma cell by inducing cell
apoptosis through caspase-3 activation (Peng et al., 2008b,
Peng et al.,, 2011). It was also reported that a C-21 steroidal
glycoside from Baishouwu exhibited anti-tumor activity
against human gastric cancer cells by inducing G1 phase
cell cycle arrest and capase-dependent apoptosis cascades
(Wang et al., 2013). Recent studies have demonstrated that
ERK/JNK/MAPK pathways were involved in C-21 steroidal
glycosides induced tumor cells apoptosis (Fei et al., 2012;
Fu et al, 2015). It has been widely accepted that Baishouwu
extract, especially the C-21 steroidal glycosides, is effective
in anticancer, but the potential molecular mechanism

remains largely unknown. In the present study, a rat
model with HCC was developed to evaluate the effect of
Baishouwu extract on different stages of DEN-induced
hepatic IFC sequence by influencing the inflammatory
signaling pathway.

Chronic inflammation of the liver is a well-recognized
risk factor for carcinogenesis, the molecular link between
inflammation, hepatic fibrogenesis, and HCC remains elusive.
The liver is the main site of inflammatory response to
intestine-derived bacterial products crossing the intestinal
barrier. Recently, several studies implicated that toll-like
receptors (TLRs) and their proinflammatory mediators may
be of the host inflammatory response to infection and plays
a role in the human hepatic IFC axis (Abastado, 2012;
Soares et al, 2012; Li W. et al, 2015). TLRs represent
one important receptor family which enables the innate
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immune system to immediately react to infections. They
contribute to adaptive immune reactions and the regulation
of sterile inflammation and tissue regeneration as well as
carcinogenesis (O’Neill et al, 2013; Roh and Seki, 2013).
Of the TLRs, TLR4 responsibles for detecting Gram-negative
bacteria including lipopolysaccharide (LPS), whereas TLR2
identifies components of Gram-positive bacteria such as
peptidoglycan (Kawai and Akira, 2010). There are several types
of TLR-expressing cells in the liver, including hepatocytes,
Kupffer cells (Mcdonald et al., 2013), stellate cells (Zhu et al.,
2012), sinusoidal endothelial cells (Suzuki et al., 2016), and
biliary epithelial cells (Kim et al, 2016). Of these cells,
the role of hepatic stellate cells (HSC) has been extensively
investigated in the development of liver inflammation, fibrosis
and subsequent tumor via TLR4 (Dapito et al., 2012). TLR4-
mediated inflammation is critical in both host defenses
against invading pathogens and for physiological responses to
inflammatory stimuli. Ligation of TLR4 also markedly promotes
liver fibrosis (Aoyama et al., 2010). Similarly, TLR4 ligation
by LPS derived from selected intestinal microbiota promotes
hepatocellular carcinogenesis (Dapito et al., 2012). Overall,
hepatic expression of TLR4 is increased in chronic hepatitis and
cirrhosis and is maintained in hepatocarcinoma.

It had been suggested that DEN-induced liver injury was
accompanied by elevation of plasma LPS level, and then LPS
can transiently exaggerated DEN-induced liver damage (Yu
et al., 2010). After binding to TLR4, two critical intracellular
signaling pathways are triggered, including the myeloid
differentiation primary response 88 (MyD88) dependent
and MyD88-independent signaling cascades (Pang et al,
2018). The MyD88-dependent signal transduction activates
NF-kB through activation of its inhibitory protein IkBa,
which allows NF-kB nuclear translocation and controls the
expression of a multitude of proinflammatory cytokines and
other immune-related genes, such as TNF-a, IL-1, IL-1p, IL-6,
and IL-12 (Shi et al,, 2013; Li X. et al, 2015). In the parallel
MyD88-independent, TIR-domain-containing adaptor-inducing
interferon-p (TRIF) pathway, TRIF associates with TRAF3
and TRAF6 to activate tank-binding kinase-1 (TBK1) and
I-kappa-B kinase epsilon (IKKi), which results in the activation
of interferon regulatory transcription factor 3 (IRF3) and
IRF7 (Bagchi et al., 2007; Yu et al, 2010). Activated IRF3
and IRF7 drive transcription of interferon-a (IFN-a), IFN-
p and IFN-responsive genes. It is reasonable that both of
TLR4 signals can induce liver inflammation, promote fibrosis,
and aggravate progression toward malignancies in TLR4-
dependent cancers such as HCC (Demaria et al., 2010; Szabo
and Petrasek, 2015). In the present work, the antinflammatory
capability of Baishouwu extract mainly resulted in decreased
levels of MyD88, TRAF6, NF-kB, IL-6 and TNF-a via the
reduction of TLR4 expression in hepatitis, cirrhosis, and
hepatocarcinoma stages of the HCC models induced by DEN.
Thus, TLR4 signaling pathway was involved in the inhibition
of proinflammatory cytokines expression by Baishouwu extract
rich in C-21 steroidal glycosides. Therefore, these results
supported a novel effect of C-21 steroidal glycosides on
the antinflammatory ability, which suggested C-21 steroidal

glycosides as a promising pretreatment agent for ameliorating
the development of HCC.

We and others have previously shown that chronic
hepatic inflammation was tightly linked to fibrosis and
hepatocarcinogenesis (Wai et al, 2015; Ding et al, 2017),
but the molecular link remains elusive. Our study has identified
TLR4 signaling as a central mediator in liver tumor via
TLR4-MyD88-NF-kB pathway. On the other hand, it is well-
known that TGF-p pathway caused by activation of at least
one of the TGF-B signaling components is an important risk
factor for fibrogenesis and HCC in man and animal models
(Yang et al, 1999; Kitisin et al., 2007). Activation of TLR4
enhances TGF-f signaling in the development of hepatic
fibrosis. The lack of functional type I and type II TGF-8
receptors and Smad3 results in extensive inflammation due
to increased TLR4 expression (Yang et al, 1999; Lucas et al,
2000; Mccartneyfrancis et al., 2004). Studies on TLR4-deficient
mice uncovered that TLR4 mediated the regulation of the
TGF-B; pseudoreceptor BAMBI (bone morphogenic protein
and active membrane bound inhibitor) by TLR4-MyD88-
NF-kB-dependent pathway, thus sensitizing HSCs to TGF-;
signaling. HSCs were being activated and consequently increased
proliferation and caused overexpression of o-SMA. The
enhanced expression of a-SMA indicated that the invasion
of numerous fibroblasts (Friedman, 2007; Seki et al., 2007).
The cross talk between TLR4 and TGEF-f pathway provides
a link between proinflammatory and profibrogenic signals in
HCC. Here, we demonstrated that TLR4, MyD88, TGEF-8;
expressions, and NF-kB p65 nuclear translocation increased
in model rats at 6th, 10th and 20th week, but Baishouwu
extract pretreatment downregulated TLR4, MyD88, and TGF-
P1 expressions and even suppressed downstream signaling
through NF-kB p65 nuclear translocation. Moreover, the
expression of a-SMA and collagen I and II, the marker of
HSCs activation and the major components of extracellular
matrix in fibrotic liver, were significantly elevated in the
DEN-treated rats and were inhibited by Baishouwu extract.
Taken together, our results suggest that Baishouwu extract
maybe contribute to modulation of TGF-f signaling by
TLR4-MyD88-NF-kB-dependent pathway in HCC, but
the precise molecule mechanism of Baishouwu extract on
the crosstalk between TLR4 and TGF-p pathway requires
further investigation.

In conclusion, based on IFC axis, Baishouwu extract exhibited
potent effect on the development of HCC, and their underlying
mechanism might by associate with altering TLR4/MyD88/
NF-kB signaling pathway in the sequence of hepatic IFC.
Our study provided novel insights into the mechanism of
Baishouwu extract as a candidate for the pretreatment of
HCC in the future.
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Acute inflammation is an important component of the pathogenesis of hepatic ischemia/
reperfusion injury (HIRI). Magnesium lithospermate B (MLB) has strong neuroprotective
and cardioprotective effects. The purpose of this study was to determine whether MLB
had underlying protective effects against hepatic I/R injury and to reveal the potential
mechanisms related to the hepatoprotective effects. In this study, we first examined the
protective effect of MLB on HIRI in mice that underwent 1 h ischemia followed by 6 h
reperfusion. MLB pretreatment alleviated the abnormal liver function and hepatocyte
damage induced by I/R injury. We found that serum inflammatory cytokines, including
IL-6, IL-1B, and TNF-a, were significantly decreased by MLB during hepatic ischemia/
reperfusion (I/R) injury, suggesting that MLB may alleviate hepatic I/R injury via inhibiting
inflammatory signaling pathways. Second, we investigated the protein level of p-dak2/
Jak2 and p-Stat3/Stat3 using Western blotting and found that MLB could significantly
inhibit the activation of the Jak2/Stat3 signaling pathway, which was further verified by
AG490 in a mouse model. Finally, the effect of MLB on the Jak2/Stat3 pathway was further
assessed in an in vitro model of RAW 264.7 cells; 1 pg/ml LPS induced the secretion of
inflammatory mediators, including IL-6, TNF-a, and activation of the Jak2/Stat3 signaling
pathway. MLB significantly inhibited the abnormal secretion of inflammatory factors and
the activation of the Jak2/Stat3 signaling pathway in RAW264.7 cells. In conclusion, MLB
was found for the first time to reduce inflammation induced by hepatic I/R via suppressing
the Jak2/Stat3 pathway.

Keywords: magnesium lithospermate B, hepatic ischemia/reperfusion, acute injury, anti-inflammation, Jak2/Stat3
signaling pathway

INTRODUCTION

Hepatic ischemia/reperfusion injury (HIRI) is a major complication during various diseases and
liver surgery procedures, such as hemorrhagic shock, trauma, liver transplantation, and hepatectomy
(Arkadopoulos et al., 2011; Douzinas et al., 2012; Lu et al., 2018). HIRI is characterized by high
morbidity and mortality, which is attributed to the fact that oxidative stress, immune responses,
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and cell apoptosis are activated by ischemia/reperfusion (I/R)
(Bzeizi et al., 1997; Van Golen et al., 2012; Van Golen et al.,
2013). Currently, ischemic preconditioning and pharmacological
agents are employed in clinics to prevent and mitigate I/R injury
(Li et al., 2015). However, ischemic preconditioning is effective
only in some young patients (Clavien et al., 2003), and the efficacy
of available drugs is limited. There is no well-established method
to prevent and mitigate I/R injury, which will improve the safety
of major liver surgery and liver transplantation (Robertson et al.,
2017). Thus, there is an urgent need to find effective methods/
drugs for the treatment of hepatic I/R injury.

The dominant pathogenesis for HIRI involves two phases:
the early process of ischemia-induced hepatocyte injury and the
successive process of reperfusion-induced immune response
(Juetal., 2016; Zhang et al., 2018). During the ischemic process,
damage-associated molecular patterns (DAMPs), such as reactive
oxygen species (ROS), DNA fragments, nuclear factors, cytosolic
proteins, and others, are released from the dead cells (Lu et al.,
2018; Mihm, 2018). DAMPs will be recognized by Toll-like
receptors (TLRs) on the cell membrane and then activate hepatic
resident macrophages, Kupffer cells (KCs) (Chang and Toledo-
Pereyra, 2012). KCs will secrete excessive proinflammatory
cytokines to cause high levels of hepatocyte death, exacerbate
liver damage, and even lead to systemic inflammatory response
syndrome and multiple-organ failure (Guo, 2013; Triantafyllou
et al,, 2018). Suppression of the inflammatory response may be a
powerful way to reduce I/R-induced hepatic injury.

According to previous studies, in addition to TLR recognition
of DAMPS, the Janus kinase/signal transducers and activators of

0
“sdnt (9]
o
0]
0
(0]
0
(o)
o
FIGURE 1 | The molecular structure of magnesium lithospermate B obtained
from PubChem substance SID: 135075733.

the transcription (Jak/Stat) signaling pathway plays a vital role in
the inflammatory responses (Wang et al., 2015a; Roskoski, 2016;
Rahimifard et al., 2017; Bousoik and Montazeri Aliabadi, 2018);
Jak2 and Stat3 are the most important family members of the
Jak and Stat proteins. Mutations in the Jak and Stat genes lead to
multiple immune syndromes (Banerjee et al., 2017). The expression
of cytokines is impacted due to the change in the Jak/Stat signaling
pathway (Gurzov et al,, 2016). In addition, the Jak2/Stat3 signaling
pathway participates in the multiple-organ damage caused by I/R,
such as brain (Hu et al., 2017), myocardial (Chen et al., 2019), and
renal I/R injury (Luo et al., 2016). Organ damage was alleviated by
changing Jak2/Stat3 activation or phosphorylation.

Magnesium lithospermate B (MLB, Figure 1) is a water-soluble
component and is extracted from the traditional Chinese medicine
Salvia miltiorrhiza Bunge, known as DanShen, which has been
used to cure cardiac—cerebral vascular disease and chronic renal
failure (Zhou et al., 2005; Bu et al., 2013; Huang et al., 2018). In
past studies, substantial scientific evidence has suggested that
MLB could protect against stroke (Cao et al., 2015), myocardial
infarction (Du et al,, 2010), and depression (Quan et al., 2015).
Meanwhile, MLB could protect against neuroinflammation
induced by lipopolysaccharide (LPS) in BV2 microglial cells and
inhibit the inflammatory response via inhibiting the nuclear factor-
kappa B signaling pathway in activation T cells (Cheng et al., 2012;
Tai et al., 2018). It is unclear whether the anti-neuroinflammatory
efficacy of MLB could help alleviate hepatic I/R damage.

In this study, we established HIRI in mice to investigate
whether MLB could ameliorate this condition. The potential
mechanisms of MLB anti-I/R in the liver were investigated,
especially from inflammatory response perspectives.

MATERIALS AND METHODS

In Vivo Experiment
Animals
The animals used in our study were obtained from the Shanghai
Laboratory Animal Co. (Shanghai, China). Male C57BL/6 mice
weighing 22-24 g and aged 6-8 weeks were housed in a specific
pathogen-free environment with air-conditioned animal quarters
at a controlled temperature of 23 + 1.5°C and a relative humidity
of 70 + 20%. The mice were fed ad libitum with laboratory chow.
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Shanghai Institute of Materia
Medica, Chinese Academy of Sciences.

Animal Surgery

All animals underwent sham operations or hepatic I/R surgery.
A warm partial (~70%) hepatic I/R model was conducted
as previously described (Castellaneta et al., 2014). In brief,
mice were anesthetized by injection intraperitoneally (i.p.)
with pentobarbital sodium (50 mg/kg). The animals were
laparotomized, and the portal vein, hepatic artery, and bile duct
were clamped with an atraumatic vascular clip blocking blood
supply to the median and left lateral lobes of the liver. The sham
mice were only laparotomized without hepatic ischemia. After
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60 min of hepatic ischemia, the clip was removed, and the blood
supply was restored. After 6 h of reperfusion, blood was drawn
from the hearts of mice under isoflurane anesthesia, and liver
tissues were collected.

Drug Treatment

MLB (purity = 99%) was kindly provided by Professor Lijiang
Xuan (Shanghai Institute of Materia Medica, Chinese Academy
of Sciences). It was administered by the intravenous route
(30 mg/kg body weight, dissolved in sterile physiological saline
solution) 24 h, 12 h, and 1 h before surgery. The Jak2 inhibitor
AG490 (12 mg/kg body weight) was obtained from Selleck
Chemical (Houston, TX, USA) and dissolved in 5% DMSO and
95% PBS. AG490 was administered i.p. as a positive control.

Blood and Tissue Samples

All blood samples were centrifuged (3,000 rpm, 4°C) for 15 min
to obtain serum stored at —80°C for biochemistry analyses. The
liver tissues were collected, and parts were stored at —80°C for
Western blot analysis, while others were immediately fixed in
10% formalin for hematoxylin-and-eosin staining.

Blood Biochemical Analyses

Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and lactate dehydrogenase (LDH) levels in serum were
measured by a standard clinical automatic analyzer (SYSMEX
JCA-BM6010C) in the laboratory of the Chinese National
Compound Library.

Hematoxylin-Eosin Staining

Three or four liver tissues were randomly selected for pathology
analysis. Briefly, the fixed liver tissues were embedded in paraffin
wax, and then, 4-um-thick liver sections were cut for the next
experiment. The prepared sections were stained with hematoxylin
and eosin (H&E). The morphology results were assessed by a
pathologist who was blinded to the experimental groups. The
liver injury score was determined according to Suzuki’s method
(Geetal., 2017).

Detection of Superoxide Dismutase
Activity and Malondialdehyde Production
Appropriate liver tissues were lysed using the specific lysate,
and the supernatants were separated from the homogenization
by centrifugation (12,000xg, 10 min, 4°C) to detect superoxide
dismutase (SOD) activity and MDA content. SOD activity and
malondialdehyde (MDA) content were detected using the SOD
and MDA assay kit (Beyotime Biotechnology, Jiangsu, China)
according to the manufacturer’s instructions.

In Vitro Experiment

Cell Culture

RAW?264.7 macrophage cells were kindly provided by Professor
Likun Gong, Shanghai Institute of Materia Medica, Chinese

Academy of Sciences. Cells were cultured with DMEM containing
10% (v/v) FBS at 37°C in an atmosphere of 5% CO,.

Cell Viability Assays

Cells were seeded into 96-well plates (3 x 10> cells/ml) for
12 h prior to the experiment. After incubation with different
concentrations of MLB (0.1-500 pg/ml) for 24 h, Cell Counting
Kit-8 (CCK-8, Yeasen Biotech Co. Ltd., Shanghai, China) was used
to determine the cell viability according to the manufacturer’s
instructions. Briefly, 10 pL CCK-8 was added to each well
and incubated for 1-4 h at 37°C, and then, the absorbance of
each well was measured at 450 nm using a microplate reader
(BioTek, USA).

Measurement of Nitric Oxide in Culture
Medium

Cells were seeded into six-well plates (3 x 10° cells/ml) for 12 h
before the experiment. After incubation with or without AG490
(75 uM) or different concentrations of MLB for 2 h, RAW264.7
cells were stimulated with 1 pug/ml LPS (Sigma Aldrich, USA)
for 8 h. The nitric oxide (NO) content was investigated by Griess
reagent according to the manufacturer’s instructions on the NO
assay kit (Beyotime Biotechnology, Jiangsu, China). In brief, cell
media were mixed with an equal volume of Griess reagent, and the
absorbance of the mixture was measured using a microplate reader
(BioTek, USA) at 540 nm. All experimental results were repeated
at least five times independently. The concentrations of nitrite can
be relatively calculated to use the content of NO in cell media.

Enzyme Linked Immunosorbent Assays
(ELISAs)

ELISA kits, obtained from R&D and Multi Science, were used to
detect the concentrations of proinflammatory factors, including
interleukin-6 (IL-6), interleukin-1p (IL-1pB), and tumor necrosis
factor-a (TNF-a), in the serum and culture medium, respectively.
All the studies were conducted according to the specific
manufacturer’s instructions. The absorbance was tested using a
microplate reader (BioTek, USA) at 450 nm. All data are shown
as pictograms per milliliter serum (pg/ml).

Western Blot Assay

For protein extraction, the frozen liver tissues or cell samples
were lysed using cold RIPA lysis buffer (Beyotime Biotechnology,
Jiangsu, China) with 1% protease inhibitor cocktail (Bimake,
Shanghai, China),and the supernatants ofliver tissuehomogenates
or cell lysis solutions were obtained by centrifugation at 12,000
rpm for 10 min. The protein concentrations were quantified using
a BCA assay kit (Thermo, USA) according to the manufacturer’s
instructions. Equal amounts of protein samples were intermixed
with sodium dodecyl sulfate (SDS)-loading buffer (Yeasen
Biotech Co. Ltd, Shanghai, China) and then boiled for 10 min
at 100°C. Subsequently, protein samples were separated by 10%
SDS-polyacrylamide gel electrophoresis and then transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore,
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USA) with Trans-Blot system (Bio-Rad, Hercules, CA). The
membrane was blocked for 1 h with 3% bovine serum albumin
(BSA) in Tris-buffered saline (TBS) containing 0.1% Tween 20
(TBST) at room temperature and then incubated overnight at 4°C
with the primary antibodies. The membranes, washed with TBST
three times, were treated with horseradish peroxidase (HRP)-
labeled secondary antibody for 1 h at room temperature. Finally,
the bands were identified using chemiluminescence (ECL) kits
(Yeasen Biotech Co. Ltd, Shanghai, China). The signal intensity
of the target bands was determined with Image-Pro Plus (IPP).

Statistical Analysis

GraphPad Prism 5.0 software was used for statistical analyses, and
all data are expressed as mean + SD. The results were obtained
by one-way analysis of variance (ANOVA) followed by Tukey’s
multiple-comparison tests. There was a statistically significant
difference when the P value was less than 0.05.

RESULTS

Effect of MLB on Liver Damage Induced
by I/R

ALT, AST, and LDH in mouse serum were examined using a
standard clinical automatic analyzer. The ALT, AST, and LDH

levels (Figure 2A-C) were not significantly different in the
sham+MLB group compared to the sham group, suggesting
that MLB has no adverse effect on the function of the mouse
liver. The animals in the I/R group had significantly elevated
ALT, AST, and LDH contents in the serum. MLB pretreatment
significantly reduced the serum ALT, AST, and LDH levels in
the mice after I/R surgery. Liver pathological changes were
mainly revealed as varying degrees of hepatocellular swelling/
necrosis, sinusoidal/vascular congestion, and inflammatory
cell infiltration. The changes were more severe in the I/R group
than in the sham group (Figure 2D) and were reversed in the
MLB pretreatment group. The pathological score of the MLB
group was significantly lower than that of the I/R-alone group
(Figure 2E). These results suggest that MLB could protect
against I/R-induced hepatic injury.

Effect of MLB on Oxidative Stress in Liver

and Proinflammatory Mediators in Serum

To evaluate the effects of MLB on oxidative stress, the concentrations
of SOD and MDA in liver tissue were measured. SOD and MDA
concentrations did not change significantly in the sham+MLB
group (Figure 3A, B). The concentrations of SOD and MDA
were significantly changed due to I/R. MLB pretreatment could
alleviate these changes and reduce oxidative stress. Serum IL-6,
IL-1f, and TNF-a in the sham+MLB group were not significantly
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FIGURE 2 | MLB pretreatment attenuates liver injury caused by ischemia-reperfusion. (A-C) The levels of ALT, AST, and LDH in sham, I/R, and MLB pretreatment
groups. (D, E) Classical images of sham, I/R, and MLB treatment groups were examined by H&E staining, and histopathological score was calculated by Suzuki’s
scoring standard, magnification x200, scale bar 50um. Data shown are mean + SD; ns: no statistical significance; **P < 0.001 versus sham group; **P < 0.01, and
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FIGURE 3 | MLB pretreatment affected oxidative stress in liver and inhibited inflammatory factors’ expression. (A, B) The levels of SOD and MDA in liver
tissue of sham, I/R, and MLB pretreatment groups. (C-E) Serum IL-6, IL-1B, and TNF-a were detected by ELISA in sham, I/R, and MLB group. The data are
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for each group.

altered compared with the sham group (Figure 3C-E). However,
serum IL-6, IL-1B, and TNF-a concentrations were abnormally
elevated in the I/R group, and MLB pretreatment significantly
decreased the concentrations of serum IL-6, IL-1p, and TNF-a
throughout the observation period.

Effect of MLB on Jak2/Stat3 Signaling
Pathway

To explore the underlying mechanism of MLB on HIRI, we
detected the ratio of p-Jak2/Jak2 and p-Stat3/Stat3 in the liver
tissue of I/R animals. As described in Figure 4A-D, p-Jak2 and
p-Stat3 levels were significantly higher in the I/R group versus
the sham group. After MLB pretreatment, there was a significant
decrease in the levels of p-Jak2 and p-Stat3.

Effect of AG490 or MLB on Hepatic Injury
Induced by I/R

In addition, to further explore whether the mechanism of MLB
alleviation of hepatic I/R is related to the inhibition of Jak2
signaling pathway, we selected AG490, a specific inhibitor of Jak2,
as a positive control or in combination with MLB. The contents
of ALT, AST, and LDH (Figure 5A-C) were significantly reduced
by AG490 pretreatment after I/R surgery, but there was no
significant difference compared to the MLB pretreatment group.
Thus, we combined MLB with AG490 to further investigate the

protective mechanism of MLB. AG490 was given i.p. 1 h prior
to MLB treatment. As shown in Figure 5D-F, serum ALT, AST
and LDH levels were also reduced by MLB+AG490, but there was
also no significant difference between the MLB+AG490 group
and the MLB group.

Subsequently, we found that liver pathological changes were
also significantly reversed in the AG490 pretreatment group
compared to the I/R group, and the serious liver pathological
changes were also reversed by MLB+AG490, but all the
pathological scores in the AG490 or MLB+AG490 group were
not significantly different compared to the group with MLB
pretreatment alone (Figure 5G-J).

Effect of AG490 or MLB on Oxidative
Stress in Liver and Proinflammatory
Mediator in Serum

Next, we repeated assays to detect oxidative stress-related enzymes
and proinflammation factors. As shown in Figure 6A and B, oxidative
stress—related enzymes such as SOD and MDA were altered by Jak2
inhibitor AG490 pretreatment versus those of the I/R group (Figure
6A and B). However, AG490 pretreatment did not significantly
improve the expression of SOD and MDA in liver tissues compared
with the MLB group. Analogously, proinflammatory cytokines
including IL-6, IL-1B, and TNF-a were observably decreased by
AG490 in serum, as shown in Figure 6C-E.
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Subsequently, we also investigated the oxidative-stress
markers, including SOD and MDA, in the MLB+AG490
pretreatment group compared to the MLB pretreatment group.
As shown in Figure 6F, G, the expression of SOD and MDA
were also altered by MLB+AG490 pretreatment versus the I/R
group, while their expression also had no significant difference
between the two groups. The levels of proinflammatory
mediators were also significantly decreased by MLB+AG490
pretreatment versus MLB pretreatment (Figure 6H-J). In this
study, we also found that the levels of IL-1p and TNF-a had no
significantly difference in the MLB group compared with the
AG490 group or MLB+AG490 group, expect for the expression
of IL-6 in serum.

Effect of MLB+AG490 on Jak2/Stat3
Signaling Pathway

Moreover, to confirm the effect of MLB on Jak2/Stat3, we
investigated the levels of proteins such as p-Jak2/Jak2 and
p-Stat3/Stat3. As shown in Figure 7A-D, the expression levels of
p-Jak2/Jak2 and p-Stat3/Stat3 were significantly decreased in the
MLB+AG490 group versus the I/R group. However, the levels of
these proteins were not significantly different between the MLB
group and the MLB+AG490 group. These results suggested that

MLB could inhibit the Jak2/Stat3 signaling pathway in the liver,
which prevented the liver from the injury by I/R.

Effect of MLB on Macrophage

RAW264.7 Cells

To further clarify the anti-inflammatory mechanism of MLB, we
verified it in macrophage RAW264.7 cells. First, the cytotoxicity
of MLB on RAW264.7 was investigated using a CCK-8 kit. As
shown in Figure 8A, there was no cytotoxicity at concentrations
of 0-100 ug/ml of MLB. The cell viability was increased at
concentrations of 25-50 ug/ml of MLB. As shown in Figure 8B,
the NO content was significantly increased after LPS stimulation
compared to that of the native control (NC) group.

Proinflammatory factors such as IL-6 and TNF-a were
also investigated by ELISAs in cell media. The levels of IL-6
(Figure 8C) and TNF-a (Figure 8D) were significantly elevated
after 8-h treatment with LPS compared to NC. MLB dose-
dependently reduced the concentrations of IL-6 and TNF-a.

To further analyze the effect of MLB on Jak2/Stat3, we
performed Western blotting to measure the levels of characteristic
proteins in the Jak2/Stat3 pathway, including p-Jak2, Jak2,
p-Stat3, and Stat3. As shown in Figure 8E-G, LPS stimulation
observably may increase the ratio of p-Jak2/Jak2 and p-Stat3/
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FIGURE 7 | MLB+AG490 pretreatment inhibited Jak2/Stat3 signal pathway in the liver tissue of I/R. (A) Western blot was utilized to detect the level of p-Jak2.
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Stat3 in RAW264.7 cells. However, MLB pretreatment strikingly
inhibited the expressions of p-Jak2/Jak2 and p-Stat3/Stat3 due to
LPS-induced elevation. These results also suggest that the anti-
inflammatory effect of MLB is closely related to the inhibition of
the Jak2/Stat3 signaling pathway.

DISCUSSION

MLB is a hydrophilic constituent of Salvia miltiorrhiza, which was
widely used for the treatment of cardiovascular and cerebrovascular
disease (Zhu Jingiang, 2010). As the natural existing form in the
herb, MLB is different from its free acid form, salvianolic acid B
(or lithospermic acid B) in its physicochemical properties and its
bioacticity because the chelating magnesium stabilizes the molecule
and makes its conformation different. MLB possesses multitudinous
pharmacological ~properties, including antioxidative, anti-
inflammatory, and antiapoptotic effects, in various experimental
disease models (Wu and Wang, 2012). MLB was shown to inhibit
inflammatory mediator production via regulation of nuclear factor-
kappa B signaling pathways in activated T cells (Cheng et al., 2012).
Moreover, MLB was shown to protect against stroke by upregulating
p-Akt (Cao et al, 2015). The reports about MLB in liver diseases

are limited. Paik et al. (2011) found that MLB had an antifibrotic
effect in thioacetamide (TAA)-induced cirrhotic rats via inhibiting
fibrogenic responses. However, the protective effect of MLB on
hepatic I/R needs more research. In this study, we found that MLB
can protect the liver from HIRI by inhibiting the Jak2/Stat3 signaling
pathway. To our knowledge, this is the first report demonstrating
that MLB attenuates liver I/R injury through Jak2 inhibition.

HIRI is a common pathological phenomenon and an acute
injury with high morbidity and mortality during liver surgery,
liver transplantation, and hepatectomy (Arkadopoulos et al,
2011; Douzinas et al., 2012; Lu et al., 2018). Liver function was
impacted after I/R surgery (Nakazato et al., 2018). The drug could
not get into the ischemic liver to reduce injury during the ischemia
period. Therefore, the present study assessed the impact of MLB
pretreatment on hepatic function and its therapeutic efficacy
against liver I/R injury. The data showed that hepatic I/R aggravated
the contents of ALT, AST, and LDH and increased histopathological
features compared to the sham group, indicating liver dysfunction
and hepatocyte damage induced by I/R in mice. We also found that
MLB had no adverse effect on liver function (ALT, AST, and LDH)
compared with the sham treatment. MLB pretreatment significantly
protected the mice against liver I/R injury, as confirmed by
alterations in abnormal liver function and histopathology.
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FIGURE 8 | MLB inhibited inflammation via Jak2/Stat3 in RAW264.7. (A) Cell viability was examined using CCK-8. (B) The NO production was measured by Griess
assays in cell media, and the levels of IL-6 (C) and TNF-a (D) were ascertained by ELISA. (E-G) The levels of the Jak2/Stat3 signaling pathway were measured by
Western blotting. All samples were from 5 independent experiments. Each value is expressed as mean + SD; n = 5 for each group; ns: no statistical significance;
#P < 0.05, and *"P < 0.001 versus NC group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus LPS group.

In the process of ischemia, some parenchymal hepatic cells
are killed because of metabolic dysfunction due to hypoxia
and innutrition (Zhai et al, 2013). Oxidative stress plays an
important role during I/R (Ma and Jin, 2019; Yao et al.,, 2019).
SOD activity is closely related to oxygen free radical clearance
and lipid oxidation resistance, and all of these indicators are
also important markers of I/R injury (Okado-Matsumoto and
Fridovich, 2001). If the SOD activity is inhibited during I/R, MDA
will be produced due to lipid oxidation in cells, and the balance
of antioxidants and oxidants will also be disturbed (Demiryilmaz
etal,, 2014; Wang et al., 2015b). The present experiment showed
that MLB pretreatment could increase SOD activity and decrease
MDA production in the process of hepatic I/R.

When the blood supply is restored, there is a shift from metabolic
dysfunction caused by ischemia to an excessive innate immune
response caused by reperfusion. After DAMP recognition by the
TLRs on the membrane of the KCs, excessive proinflammatory

mediators are secreted during the I/R injury (Langdale et al., 2008;
Harari and Liao, 2010; Zhao et al., 2018). Our data showed that the
proinflammatory cytokines, including IL-6, IL-1f, and TNF-a, were
abnormally elevated in the serum during liver I/R. Our results are
consistent with numerous research reports showing that increased
contents of inflammatory factors were induced by the I/R injury
(Walsh et al., 2009; Van Golen et al., 2012; Gendy et al., 2017; Rong
etal, 2017). A clinical study found that KC activation was inhibited
using glycine in human liver transplantation and that the damage
caused by I/R was also reduced (Schemmer et al., 2001). Meanwhile,
John D. etal. (Lang et al., 2014) found that preemptive inhaled nitric
oxide could protect against I/R injury and reduce the inflammatory
effects during human liver transplantation. Therefore, controlling
the inflammatory response may be helpful for the prevention
and treatment of HIRI. Our data indicated that the production
of inflammatory mediators was significantly reduced by MLB
pretreatment after I/R surgery.
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According to a previous report, the Jak2/Stat3 pathway is an
important signaling pathway that has been confirmed to regulate
the inflammatory response during I/R injury (Si et al, 2014;
Luo et al,, 2016). The Jak/Stat signaling pathway is activated by
proinflammatory cytokines when excessive proinflammatory
cytokines such as interleukin and interferon are secreted (Aaronson
and Horvath, 2002; Banerjee et al, 2017; Li et al, 2018). The
expression of inflammatory cytokines could also be regulated by
the Jak2/Stat3 signal pathway (Zhou et al., 2016; Kim et al., 2017;
Zhang et al.,, 2017; Li et al., 2018). Therefore, the efficacy of MLB
on Jak2/Stat3 signaling was investigated in a mouse hepatic I/R
model. Jak2 was activated via phosphorylation during I/R injury
(Freitas et al., 2010; Luo et al., 2016; Zhao et al., 2016; Hu et al.,
2017). The data showed that I/R significantly increased the level
of p-Jak2 compared to that of the sham group. We found that Jak2
activation was significantly suppressed by pretreatment of mice with
MLB, and the level of p-Jak2 was significantly reduced in the MLB
pretreatment group compared with the I/R group. Stat3 is the most
widely studied member of the Stat family of proteins, which is closely
related to the Jak family of proteins, and cytosolic Stat3 undergoes
phosphorylation following Jak2 activation (Banerjee et al., 2017;
Bousoik and Montazeri Aliabadi, 2018). Xiong et al. (2018) also
found that when the Stat3 activation was depressed in hepatic I/R
injury, hepatic injury was alleviated. Han et al. (2018) reported that
Stat3 upregulation or activation is one critical molecular mechanism
of hepatic I/R injury. The level of p-Stat3 was detected in the
ischemic liver, and p-Stat3 level was abnormally elevated in the I/R
group versus the sham group. And p-Stat3 was significantly lower in
mice pretreated with MLB than mice in the I/R group.

To further clarify the anti-inflammatory mechanism of MLB,
we selected Jak2 inhibitor AG490 as a positive control. Mascareno
et al. (2001) found that interfering with activation of the Jak/
Stat pathway promotes recovery in cardiac function. Freitas et
al. (2010) also showed that the blockade of the Jak2 signaling
pathway ameliorates mouse liver injury induced by I/R. In this
study, we found that the liver I/R injury was reduced by blockade
of Jak2 activation using AG490, while all results of the AG490
pretreatment group showed no significant difference from those

of the MLB pretreatment group, expect for IL-6. To confirm
the correlation between the anti-inflammatory effect of MLB
and Jak2, mice were pretreated using MLB+AG490. Compared
with the I/R group, MLB+AG490 pretreatment could recover
abnormal liver function and reduce the degree of liver tissue
damage, inflammatory response, and oxidative stress caused by
I/R, but there was no significant difference between the MLB
group and the I/R group. Moreover, MLB+AG490 significantly
inhibited the Jak2 and Stat3 activation. These results suggest that
the anti-inflammatory mechanism of MLB was related to the
inhibition of Jak2.

RAW?264.7 cells, as murine macrophages, were selected for
this study. According to a previous report, macrophages or
immune systems are activated by some toxicant, such as LPS
(Hsu and Wen, 2002; Lawrence et al., 2002; Pestka and Zhou,
2006). Therefore, we established an in vitro model in RAW264.7
cells with LPS stimulation. After the LPS stimulation, the
inflammatory mediators, including NO, IL-6, IL-1f, and TNF-
a, were secreted from the macrophage (Yun et al., 2008; Ham
et al., 2015). MLB pretreatment could reverse these abnormal
phenomena. Research also finds that Jak2 and Stat3 are
specifically activated by IL-6 or INF-y (Ivashkiv and Hu, 2003;
Murray, 2007). We also observed that IFN-y reversed the MLB's
inhibition effect on content of NO and IL-6 after LPS stimulation
(Figure S2A and B). LPS provoked various signal pathways
including Jak/Stat (Okugawa et al., 2003; Li et al., 2019). In this
study, we also observed that the levels of p-Jak2 and p-Stat3 were
abnormally elevated after the LPS stimulation. MLB pretreatment
significantly decreased these effects in a dose-dependent manner.
The in vivo results were confirmed by these in vitro findings.

In conclusion, we identified the protective effect of MLB
in hepatic I/R injury and a key mechanism underlying the
hepatoprotective properties of MLB (Figure 9). Mechanistic studies
suggested that MLB pretreatment could inhibit Jak2/Stat3 signaling
pathway activation, which contributes to its liver-protective role in
liver I/R injury. Collectively, these data support the conclusion that
MLB pretreatment may be used as an alternative therapy for the
prevention of liver I/R injury in clinical practice.

Ischemia/Reperfusion

pro-inflammatory cytokines to reduce the hepatic I/R injury.

FIGURE 9 | The protective mechanism of MLB against hepatic I/R. The Jak2/Stat3 signaling pathway was activated when excessive proinflammation mediators
were secreted, and then the inflammatory cytokines were further expressed. MLB could inhibit the activation of the Jak2/Stat3 signaling pathway and decrease the
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Reynoutria multifiora (Thunb.) Moldenke (He Shou Wu) has been used for about 20 centuries
as a Chinese medicinal herb for its activities of anticancer, anti-hyperlipidemia, and anti-
aging. Previously, we found that He Shou Wu ethanol extract could induce apoptosis in
hepatocellular carcinoma cells, and we also screened its active components. In this study,
we investigated whether lowering lipid metabolis