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The present study investigated the effects of matrine on non-alcoholic steatohepatitis
(NASH) in mice induced by a methionine choline-deficient (MCD) diet and the
mechanism involved. The study was performed in C57B/6J mice fed a MCD diet for
6 weeks to induce NASH with or without the treatment of matrine (100 mg/kg/day in
diet). Metformin was used (250 mg/kg/day in diet) as a comparator for mechanistic
investigation. Administration of matrine significantly reduced MCD-induced elevations
in plasma ALT and AST but without changing body or liver fat content. Along with
alleviating liver injury, matrine suppressed MCD-induced hepatic inflammation (indicated
by TNFα, CD68, MCP-1, and NLRP3) and fibrosis (indicated by collagen 1, TGFβ,
Smad3, and sirius-red staining). In comparison, metformin treatment did not show any
clear sign of effects on these parameters indicative of NASH. Further examination of
the liver showed that matrine treatment rescued the suppressed HSP72 (a chaperon
protein against cytotoxicity) and blocked the induction of mTOR (a key protein in a
stress pathway). In keeping with the lack of the improvement of the NASH features,
metformin did not show any significant effect against MCD-induced changes in HSP72
and mTOR. Matrine protects against MCD-induced development of NASH which is
refractory to metformin treatment. Its anti-NASH effects involve enhancing HSP72 and
downregulating mTOR but do not rely on amelioration of hepatosteatosis.

Keywords: matrine, NASH, inflammation, fibrosis, HSP72, mTOR, methionine choline-deficient diet

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease with 25%
prevalence in the adults worldwide. This metabolic liver disease ranges from asymptomatic simple
fatty liver (or hepatosteatosis due to excessive accumulation of triglycerides in liver) to the
irreversible end stages of liver cirrhosis or functional failure (Rinella, 2015; Friedman et al., 2018).

Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; HSF1, heat shock factor 1; HSP72, heat shock
protein 72; HSP90, heat shock protein 90; Mtr, Matrine; MCD, methionine choline-deficient; Met, metformin; mTOR,
mammalian target of rapamycin; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; TGF-β,
transforming growth factor β.
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Non-alcoholic steatohepatitis (NASH) is a critical stage in
the progression from the early and reversible stage of simple
hepatosteatosis toward serious liver damage and fibrosis, which
become irreversible by any treatment. Additionally, constant
repair of the injured hepatocytes during the progression of NASH
can trigger the development of hepatocellular carcinoma, which
is also another end stage of NAFLD (Diehl and Day, 2017).
Therefore, it is important to effectively treat NASH to prevent or
delay the deterioration of NAFLD to the incurable fetal stages.

Non-alcoholic steatohepatitis is characterized by hepatic
steatosis, injury (elevated liver enzymes in the circulation),
inflammation, and variable degrees of fibrosis (Diehl and Day,
2017). Indeed, to effectively treat NASH, a drug must possess the
therapeutic efficacy on these key endpoint pathologies: namely
metabolic stress (indicated by amelioration of hepatosteatosis),
inflammation and fibrosis in the liver (Diehl and Day, 2017).
Currently, most investigational drugs for the treatment of NASH
start from a designated cellular target, such PPARα/δ, PPARα/γ,
FXR, CCR2/5, SCD-1, ASK-1, ACC, caspase inhibitor, THR-β or
a combination of some of them (Friedman et al., 2018). Despite
the enormous efforts, there is still no approved drug specifically
for the treatment of NASH (Diehl and Day, 2017).

It is widely recognized now that NASH may result from
multiple factors (or “hits”) apart from simple hepatosteatosis
(first “hit”) (Tilg and Moschen, 2010). Further, multiple hits
are heterogeneous among different patients and can present
differently in the pathogenesis of NASH (Suzuki and Diehl, 2017).
To overcome the challenges in targeting a particular cellular
site for NASH as a starting point and lack of knowledge of
the safety information, we have taken the repurposing approach
(Turner et al., 2016) and identified matrine as a potential
new drug for the treatment of NASH based on its reported
effects related on metabolic stress, inflammation, and fibrosis
(Diehl and Day, 2017).

Matrine (Mtr, known as Kushen alkaloid) is originally isolated
from the plant Sophora flavescens (Cheng et al., 2006) and
it has been used as a hepatoprotective drug in China with
minimal adverse effects (Liu et al., 2003). This small molecule
drug (MW: 248) has been reported to inhibit inflammation
(Zhang et al., 2011; Sun et al., 2016). Additionally, matrine has
been shown to protect against liver damage in an ischemia-
reperfusion rat model (Zhu et al., 2002). More recently, studies
from our laboratory have demonstrated its therapeutic efficacy
in eliminating hepatosteatosis resulting from either a high-fat
diet or high-fructose diet in mice (Zeng et al., 2015; Mahzari
et al., 2018). Importantly, these therapeutic effects appear to
involve the heat shock protein (HSP) pathway but not those
commonly recognized cellular targets such as PPARα, PPARγ, or
AMPK (Zeng et al., 2015; Mahzari et al., 2018). However, those
two mouse models lack the phenotypes of hepatic inflammation
and fibrosis for us to evaluate its therapeutic effects for NASH
(Friedman et al., 2018).

Therefore, the present study aimed to evaluate the effects
of matrine on hepatic damage, inflammation and fibrosis in
mice induced by a methionine choline-deficient (MCD) diet,
a well-defined model of NASH (Diehl and Day, 2017). The
mechanism involved were further investigated by examining

associated changes in the HSP pathway and comparing with those
produced by metformin, an anti-diabetic drug which has been
suggested to have benefits for NASH (Clarke et al., 2015).

MATERIALS AND METHODS

Animal Care and Experimental Design
Male C57BL/6J mice (10 weeks old) were purchased and
acclimatized for at least 1 week. Mice were randomly assigned
to four groups: feeding ad libitum with a standard chow
diet (CH-Con; Gordon’s Specialty Stock Feeds, Yanderra,
NSW, Australia); MCD alone (MCD-Con); MCD with matrine
treatment as a food additive (MCD-Mtr; Mtr: 100 mg/kg/day);
and MCD with metformin treatment as a food additive (MCD-
Met; Met: 250 mg/kg/day) for 6 weeks. The doses of matrine
and metformin were based used our previous publications (Zeng
et al., 2015; Mahzari et al., 2018). Matrine (purity >99.5%) was
a gift from Professor Li-Hong Hu from the Shanghai Institute
of Materia Medica (China) and metformin was purchased from
Sigma-Aldrich (Australia). The drug powders were stored at
−20◦C then weighted and carefully mixed with diet every day.
All experiments were approved by the Animal Ethics Committee
of RMIT University (#1415) in accordance with the guidelines of
the National Health and Medical Research Council of Australia.

Metabolic Assessments
Body weight and food intake were monitored daily throughout
the experiment. Before the start of the study and at 5 weeks,
following 5–7 h of food removal, tail vein blood was collected for
glucose measurement with a glucometer (Accu-Check II; Roche,
Castle Hill, Perth, Australia). Before the start of the study and at
the end of the study, plasma was collected and stored at −80◦C
for subsequent biochemical testing. Mice were anesthetized with
a ketamine/xylazine mixture (up to 100 mg/kg body weight
ketamine and 20 mg/kg body weight xylazine) was administered
via intraperitoneal injection. Mice fixation was then performed
via transcardial perfusion with heparinized phosphate buffered
saline (PBS; 10–20 mL/mouse) followed by 4% paraformaldehyde
(PFA; 10–20 mL/mouse; #C007, ProSciTech). At the completion
of the PFA perfusion, the right lobe of the liver was dissected
and immersed in 4% PFA-filled glass scintillation vials for
further analysis.

Determination of Body Fat Composition
and Liver Triglyceride Content
Total body fat content in mice was evaluated using the
EchoMRITM-100H body composition analyzer (EchoMRI). Mice
were restrained live inside a tube during this harmless and non-
invasive analysis. The principle of measuring the whole-body
fat composition using the EchoMRITM-100H was based on the
magnetic resonance imaging (MRI) technique measuring live
body composition such as fat tissue, lean tissue and free fluid.
Hepatosteatosis was assessed by measuring TG contents in the
liver using the method of Folch and a colorimetric assay kit
(Triglyceride GPO-PAP; Roche, Castle Hill, NSW, Australia), as
described previously (Ren et al., 2012).
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Assessment of the Effect on
Liver Damage
To examine the effects of matrine on liver damage, the second
component of NASH, plasma ALT, and AST were measured at
baseline and at Week 6 using commercial kits (ALT/SGPT Liqui-
UV; Australia) (Li et al., 2016). Food was removed from mice
cages for 5–7 h, and blood was collected from the tail vein (50 µL
blood + 50 µL saline; fast spin for 1 min), and then mixed with
200 µL reagent (R1:R2 = 5:1, as described in the manufacturer
instructions). The absorbance was measured at 340 nm using
a FlexStation (Molecular Devices, Australia). The total iron,
and heme and non-heme iron, contents of liver samples were
determined colorimetrically (Dang et al., 2011) because iron
deposition is also regarded as a characteristic of NASH (George
et al., 1998; Handa et al., 2016). As described previously
(Riemer et al., 2004), the fixated liver tissue (50–60 mg) was
homogenized with 50 mM NaOH (using suitable volume to
provide uniform homogenisation). The sample was incubated
overnight at 75–80◦C, and then separated into two aliquots for
determination of the total and non-heme iron contents. The
total iron was determined by adding reagent A (a freshly mixed
solution of equal volumes of 1.4 M HCl, 4.5% (w/v) KMnO4
and 40% TCA in H2O), and the non-heme iron was determined
by adding reagent B (same as reagent A without KMnO4), to
the sample (Owen et al., 2014). The iron content of the sample
was calculated by comparing its absorbance to that of a range of
standard concentrations of equal volume. Standards (five diluted
standards) were prepared as a mixture of FeCl3 in 10 mM HCl
and 50 mM NaOH. The standard value was measured using lysis
reagent that either contained or lacked permanganate (Owen
et al., 2014). The mixture was transferred into 96-well plates and
its absorbance was measured at 550 nm.

Real-Time Polymerase Chain Reaction of
Liver RNA
Total RNA was isolated from mouse livers using TRIzol reagent
(Invitrogen, #15596026) as previously described (Zeng et al.,
2012). Real-time PCR was carried out using the IQ SYBR
Green Supermix (Bio-Rad Laboratories Inc., United States) for
genes of interest. Target gene expression was normalized to
the housekeeping gene (18S). The primer sequence (5′ to 3′)
of 18S is CGC CGCTAGAGGTGAAATTCT (sense) and
CGAACCTCCGACTTTCGTTCT (antisense); TNFα: CACA
AGATGCTGGGACAGTGA (sense) and TCCTTGATGGTGG
TGCATGA (antisense); IL-1β: CAACCAACAAGTGATATT
CTCCATG (sense) and GATCCACACTCTCCAGCTGCA
(antisense); CD68: TGACCTGCTCTCTCTAAGGCTACA
(sense) and TCACGGTTGCAAGAGAAACATG (antisense);
Collagen 1: CTGCTGGTGAGAGAGGTGAAC (sense) and
ACCAAGGTCTCCAGGAACAC (antisense).

Western Blotting
Liver lysates were resolved by SDS-PAGE and immunoblotted
with specific antibodies (Chan et al., 2013). Antibodies were
diluted 1:500 (for HSF1, HSP72 and HSP90) or 1:1000 (for
other antibodies) with a TBST buffer containing 1% BSA,

0.02% sodium azide, and 0.0025% phenol red (Sigma-
Aldrich, Australia). Antibodies for HSP72 and HSP90
were purchased from Enzo Life Sciences (Farmingdale,
United States); MCP-1, HSF1, TGFβ, Smad3, mammalian
target of rapamycin (mTOR), phosphoSer2448 mTOR, α-Tubulin
and GAPDH were purchased from Cell Signaling (Danvers,
MA, United States). A nod-like receptor pyrin containing
3 (NLPR3) was purchased from AdipoGen (San Diego,
United States). Goat Anti Mouse, Goat Anti Rabbit and
Goat Anti-Rat from Santa Cruz (United States). Proteins
were quantified using a ChemiDoc, and densitometry
analysis was performed using Image Lab software (Bio-Rad
Laboratories, Australia).

Histological Evaluation of Liver Sections
The liver samples were perfused using PFA and sliced into 5 µm
sections. Free-floating sections were stained with picrosirius
red for liver fibrosis, and then quantified in five non-
overlapping fields of view per animal by using an Olympus
BX41 microscope with a 20× objective lens and an Olympus
DP72 digital camera (Olympus, Australia) (Witek et al., 2009;
Li et al., 2016). The mean value was calculated for each
experimental group using the threshold function in the ImageJ
software package (NIH, Bethesda, MD, United States). Data are
represented as percentage (%) of positive area per field. To
obtain statistical significance, at least five random-field images
were taken per slide, and at least seven mice per group were
scored (n = 7).

Statistical Analysis
All results are presented as means ± SEM. One-way analysis
of variance was used to assess the statistical significance across
all groups. When significant differences were found, the Tukey-
Kramer multiple comparisons post hoc test was used to establish
differences between groups. Differences at p < 0.05 were
considered statistically significant and p < 0.01 were considered
highly significant.

TABLE 1 | Effects on body weight, total food intake and liver triglyceride.

CH-Con MCD-Con MCD-Mtr MCD-Met

Body weight (g) 24.3 ± 0.2 23.5 ± 0.2∗∗ 22.6 ± 0.1†† 22.7 ± 0.1††

Body weight
gain (g)

2.0 ± 0.2 0.4 ± 0.2∗∗ 0.3 ± 0.2 0.7 ± 0.1

Caloric intake
(kcal/kg.day)

268 ± 8 314 ± 9 320 ± 10 335 ± 18

Fasting blood
glucose (mM)

8.0 ± 0.5 7.4 ± 0.4 6.3 ± 0.4 6.4 ± 0.5

Liver
triglyceride
(µmol/g)

13.8 ± 4.2 31.6 ± 3.3∗∗ 28.2 ± 2.5 31.2 ± 3.1

Mice were fed a chow (CH-Con), or MCD alone (MCD-Con), MCD-treated with
matrine (MCD-Mtr; 100 mg/kg/day) or MCD-treated with metformin (MCD-Met;
250 mg/kg/day). Body weight and food intake were measured twice a week. Blood
glucose was performed at week 5. Plasma was collected before tissue collection
at week 6 for the subsequent analysis for ALT and AST. ∗∗p < 0.01 vs. CH-Con;
††p < 0.01 vs. MCD-Con (n = 8 mice/group).

Frontiers in Pharmacology | www.frontiersin.org 3 April 2019 | Volume 10 | Article 405

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


fphar-10-00405 April 19, 2019 Time: 17:29 # 4

Mahzari et al. Matrine Ameliorates NASH in MCD Mice

RESULTS

Effects on Adiposity, Hepatosteatosis,
and Plasma Glucose
Methionine choline-deficient diet feeding is a common dietary
model of NASH despite the absence of several metabolic
phenotype on body weight gain and calorie intake (Rinella
and Green, 2004; Hebbard and George, 2011). As expected,
MCD diet-fed mice showed a reduced body weight, body
weight gain, and fasting blood glucose level despite a
significant increase in calorie intake. As shown in Table 1,
the excess TG accumulation, indicative of hepatosteatosis,
was increased dramatically in the liver of MCD-Con mice
compared with CH-Con (by twofold, p < 0.01). The
difference in weight gain between chow, MCD alone and
MCD with treatments was maintained throughout the 6-week
treatment period.

Matrine had no effect on body weight gain and calorie intake
in MCD diet-fed mice. Consistent with previous studies (Rinella
and Green, 2004; Machado et al., 2015), MCD diet-fed mice
showed increased adiposity and hepatosteatosis but no glucose
intolerance or mild hypoglycemia. There was no change in
fasting blood glucose level in matrine-treated MCD diet-fed mice
compared to MCD diet-fed group. Associated with these effects,
matrine also was had no effect in reducing hepatic TG in MCD
diet-fed mice (Table 1). Similarly, metformin did not show any
effect on any of these parameters in MCD diet-fed mice.

Effects on Body Composition Using MRI
Methionine choline-deficient diet feeding resulted in a lack of
metabolic phenotype possibly due to significantly decreased body
weight (Figure 1A). Total body fat content using the EchoMRI
analyzer was measured in all mice. As illustrated in Figure 1B,
in spite of the reduction in body weight by MCD diet feeding,
there was a significant increase in fat mass in MCD diet-fed mice
compared with the chow-fed group. MRI analysis also revealed
that MCD diet-fed mice and mice treated with either matrine or
metformin had a significant decrease in lean mass compared with
the chow group (Figure 1C). However, matrine and metformin
had no effect on the fat mass.

Effects on Hepatic Inflammation
An important pathological characteristic of NASH is hepatic
inflammation, and MCD diet has previously been shown to
cause marked hepatic inflammation (Chalasani et al., 2012;
Santhekadur et al., 2018). Key inflammatory proteins, including
TNFα, IL-1β, MCP-1, cluster of differentiation 68 (CD68), and
NLRP3 inflammasome, are particularly associated with liver
inflammation and the progression of NASH (Farrell et al., 2012;
Arab et al., 2018). To examine the anti-inflammatory effects of
matrine in MCD diet-fed mice, the protein expression levels of
these inflammatory markers was measured. Consistent with other
studies (Rinella et al., 2008; Sutti et al., 2014; Mridha et al., 2017),
MCD feeding resulted in a marked inflammatory response in the
liver as evidenced by increased expression levels of TNFα and

FIGURE 1 | Effects of Mtr on body composition in MCD mice. The body composition of CH-Con, MCD-Con, MCD-Mtr, and MCD-Met was determined by EchoMRI
analyzer at week 4 (A) Lean+fat mass; (B) Fat mass; (C) Lean mass. ∗p < 0.05, ∗∗p < 0.01 vs. CH-Con; †p < 0.05 vs. MCD-Con; ns, not significant vs. CH-Con or
MCD-Con (n = 8 mice/group).
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FIGURE 2 | Effects of Mtr on inflammation in MCD-fed mice. (A) TNFα mRNA, (B) CD68 mRNA, (C) IL1β mRNA, (D) MCP-1, (E) NLRP3, and (F) representative
western blot images. ∗p < 0.05 vs. CH-Con; †p < 0.01, ††p < 0.01 vs. MCD-Con; ns, not significant (n = 7–8 mice/group).

CD68 ( ± 50 and 80%, respectively; both p < 0.05), an indicator
of KCs activation (Tacke, 2017). Further, livers of MCD-Con mice
with NASH exhibited a substantial increase in MCP-1 and NLRP3
expression (both 38% vs. CH-Con).

Matrine treatment normalized the expression levels of TNFα,
CD68 (both p < 0.05 vs. MCD-Con) and MCP-1 (P < 0.01
vs. MCD-Con), as shown in Figures 2A,B,D. However, no
significant differences were detected in the expression of IL-
1β among the experimental groups (Figure 2C). It has been
suggested that NLRP3 blockade reverses advanced stage liver
inflammation and fibrosis in MCD diet-induced NASH (Mridha
et al., 2017). Consistent with the previous study, there was± 65%
reduction in NLRP3 inflammasome expression (P< 0.05 vs. CH-
Con) (Figure 2E). In contrast to matrine, metformin had no
effect on the expression levels of inflammatory proteins including
TNFα, CD68, MCP-1, and NLRP3 (Figures 2A–F).

Effects on the Hepatic Fibrogenesis
Liver fibrosis is another hallmark of advanced NASH (Suzuki
and Diehl, 2017). As shown in Figures 3A–C, MCD diet-
fed mice exhibited marked increases in the expression of
key proteins of the pro-fibrotic pathway in the liver, namely
collagen 1, TGFβ and Smad3 (all p < 0.05 vs. CH-Con),
and these results were consistent with others (Yamaguchi
et al., 2007; Mridha et al., 2017). Treatment of MCD
diet-fed mice with matrine inhibited hepatic expression of
these proteins ( ± 55, 65, and 45%, respectively) toward
the levels seen in CH-Con mice. In contrast, metformin
treatment had no effect on MCD diet-induced liver fibrosis.
There were no significant changes in caspase-1 protein
expression between groups (Figure 3D). These results revealed
that treatment with matrine attenuated MCD diet-induced
fibrosis in the liver.
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FIGURE 3 | Effects of Mtr on fibrosis in MCD diet-fed mice. (A) A hepatic fibrosis gene of collagen 1 was determined by quantitative RT-PCR analysis. Liver lysates
from mice were immunoblotted for (B) TGFβ, (C) Smad3, and (D) caspase-1 and quantified for statistical analysis. ∗p < 0.05 vs. CH-Con; †p < 0.05, ††p < 0.01 vs.
MCD-Con; ns, not significant (n = 7–8 mice/group).

To further evaluate the effect of matrine on hepatic
fibrogenesis, liver sections were stained with picrosirius red to
quantify the extent of liver fibrosis. As shown in Figure 4, there
was ∼83% increase of liver fibrosis (p < 0.01 vs. CH-Con fed
mice) in MCD-fed mice and this increase was reversed following
treatment with matrine (∼66% reduction, p< 0.01 vs. MCD-Con
mice). In comparison, no significant reduction of liver fibrosis
was observed following metformin treatment.

Effects on Plasma Level of Liver
Enzymes and Iron Deposition
Liver damage has been suggested to be an important factor that
distinguishes NASH from hepatosteatosis (Reid et al., 2016).
We next examined whether matrine treatment may alleviate
liver damage in MCD diet-fed mice. As shown in Figure 5A,
MCD diet-fed mice exhibited marked increases in ALT (by
twofold) and AST (by onefold). Treatment with matrine or
metformin markedly decreased ALT levels ( ± 80 and 25%,
respectively). In addition, matrine treatment but not metformin,

further decreased AST levels (p < 0.05) in MCD diet-fed mice,
indicating matrine may reduce liver damage, a hallmark in the
progression of NASH.

We further examined the effects of matrine on iron levels
in the liver of MCD-fed mice. Neither matrine nor metformin
treatment altered the accumulation of heme and non-heme
iron induced by MCD diet (Figure 5B). Neither matrine nor
metformin treatment altered the accumulation of heme and non-
heme iron induced by MCD diet (Figures 5C,D). This was
likely due to an excessive overload of iron in the liver among
mice fed MCD diet.

Effects on Hepatic mTOR and
HSPs Expression
Dysregulation of mTOR signaling has been implicated in fatty
liver diseases (Han and Wang, 2018). Inhibition of mTOR has
previously been shown to be efficacious in improvement of
NASH-induced by MCD diet (Sapp et al., 2014; Chen et al.,
2016; Gong et al., 2016). To elucidate the mechanism underlying
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FIGURE 4 | Effects of Mtr on fibrosis in MCD diet-fed mice. (A) Representative images showing collagen staining with picrosirius red in liver sections from CH-Con,
MCD alone, and MCD treated groups [scale bar = 200 µm (top set) and 50 µm (below set), 10× magnification]. (B) Mtr treated mice had significantly reduced
fibrosis area compare to MCD-Con group. ∗∗p < 0.01 vs. CH-Con; ††p < 0.01 vs. MCD-Con (n = 7–8 mice/group).

mTOR inhibition-induced by matrine, protein expression using
western blotting was performed to evaluate whether mTOR
contributes to hepatocyte damage, inflammation, and fibrosis
in NASH. Interestingly, treatment with matrine normalized the
protein level of mTOR (p < 0.01 vs. MCD-Con) toward the
levels seen in CH-Con mice (Figure 6A). These results revealed
that treatment with matrine inhibited MCD diet-induced hepatic
mTOR expression. To determine whether matrine treatment is
associated with the upregulation of HSP-induced improvement
in NASH, HSP90, HSF1, and HSP72 expression was measured
in the liver. As shown in Figures 6B–D, HSP90 and HSP72
expression levels were blunted (50% reduction vs. CH-Con,
p < 0.05) by MCD diet feeding, but there was no significant
effect on the protein levels of HSF1. Treatment with matrine
upregulated hepatic HSP72 and HSF1 expression levels (p< 0.01
vs. MCD-Con) in MCD diet-fed mice, but had no significant
effect on HSP90 expression. Therefore, these results indicated
that the beneficial effect of matrine on the development of
MCD diet-induced NASH might be associated with its ability

to limit mTOR and upregulate HSPs. In comparison, metformin
treatment significantly rescued HSF1 but had no significant effect
on the expression of HSP72 and HSP90.

DISCUSSION

Our previous studies, which focused on the metabolic effect of
matrine, have demonstrate that matrine treatment was effective
in reducing hepatosteatosis, adiposity and glucose intolerance
in HFru diet-induced mouse models (Mahzari et al., 2018).
Current study further investigates the effect of matrine on
NASH, a hepatic manifestation of the metabolic syndrome
(Diehl and Day, 2017). This study demonstrated that matrine
markedly ameliorated hepatic damage, inflammation and fibrosis
with inhibition of mTOR and upregulation of HSP72, in a
mouse model of NASH induced by MCD diet feeding. In
comparison, metformin had no effect on inflammation, collagen
deposition, HSP72 or mTOR.
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FIGURE 5 | Effects of Mtr on liver damage and iron level. After 6 weeks of feeding and drug treatment, blood samples were collected for the measurement of
(A) ALT and (B) AST levels. Liver tissue was collected for iron measurement (C) heme iron and (D) non-heme iron. ∗p < 0.05, ∗∗p < 0.05 vs. CH-Con; †p < 0.05,
††p < 0.01 vs. MCD-Con (n = 7–8 mice/group).

While high-fat or high-fructose feeding results in several
prominent features of metabolic syndrome (including obesity,
hepatosteatosis, glucose intolerance etc.), they do not induce
apparent and severe hepatic damage or fibrosis in the liver
(Santhekadur et al., 2018). In contrast, MCD diet feeding is a
well-recognized model of NASH that rapidly induces hepatic
steatosis, damage, inflammation, and fibrosis in mice, despite
of the absence of insulin resistance and hyperglycemia (Rinella
and Green, 2004; Hebbard and George, 2011; Santhekadur et al.,
2018). Therefore, we evaluated the protective effects of matrine
on NASH in mice fed a MCD diet.

Consistent with previous studies, mice fed a MCD diet
developed hepatic inflammation and fibrosis that reflected the
natural course of NASH in human (Rinella and Green, 2004;
Rinella et al., 2008; Machado et al., 2015). Matrine prevented
MCD diet-induced inflammation and fibrosis in the liver after
6 weeks of treatment, as demonstrated by a matrine-induced
suppression of the increases in TNFα, CD68, MCP-1 and NLRP3,
and hepatic fibrosis proteins (TGFβ, Smad3, and collagen 1)
induced by MCD diet.

Several studies indicated that activation of inflammatory
cytokines has a vital role in the progression of NASH (Diehl
and Day, 2017; Schuppan et al., 2018). The increase of pro-
inflammatory cytokines production via the activation of Kupffer
cells, in particular TNFα, was suggested to be the key mediator of

NASH progression (Tosello-Trampont et al., 2012). Alternatively,
inhibition of TNFα activity using anti-inflammatory drugs
improved liver damage, inflammation, and NASH (Li et al.,
2003; Koppe et al., 2004). Furthermore, in line with increased
TNFα production, the increased presence of CD68 and MCP-
1 are associated with the severity of NASH (Li et al., 2016;
Diehl and Day, 2017). The results of the current study proved
that matrine significantly reduced these inflammatory targets-
induced by MCD diet feeding. Another central participator
in the development of NASH is the activation of the NLRP3
inflammasome (Henao-Mejia et al., 2012; Wree et al., 2014).
It has been recently reported that blockage NLRP3 activation
reduced liver inflammation and fibrosis in MCD diet-fed mice
(Mridha et al., 2017). It generally believes that the anti-
inflammatory activities of matrine are largely due to its ability
to scavenge airway inflammation and hepatic inflammation
(Zhu et al., 2002). The result of matrine-induced attenuation of
hepatic inflammation, through inhibiting the activity of TNFα

and suppressing several inflammatory proteins and chemokines
(including CD68, MCP-1, and NLRP3) in the MCD diet-fed mice,
supported the notion that matrine is likely to reduce NASH via
inhibition of the inflammatory pathway.

Consistent with elevated levels of pro-inflammation cytokines
and exacerbated fibrosis, MCD-diet feeding resulted in hepatic
fibrosis, is also known as another hallmark of NASH (Rinella and
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FIGURE 6 | Effects of Mtr on HSF1, HSP90, HSP72, and mTOR in MCD diet-fed mice. Liver lysates from mice were immunoblotted for (A) mTOR (B) HSP90,
(C) HSF1, and (D) HSP72 and quantified for statistical analysis. ∗p < 0.05 vs. CH-Con; †p < 0.01, ††p < 0.01 vs. MCD-Con (n = 7–8 mice/group).

Green, 2004; Diehl and Day, 2017), and it is considered as a result
of repetitive inflammation events (Schuppan et al., 2018). In
NASH, fibrosis closely correlates with the degree of inflammation
and severity of the disease (Tsuchida and Friedman, 2017;
Schuppan et al., 2018). While matrine prevents liver fibrosis
(TGFβ and collagen production) induced by carbon tetrachloride
(CCl4) in rats (Zhang et al., 2001), whether matrine inhibit
fibrosis in a NASH model without the involvement of chemical
toxicity remains unclear. To investigate whether the inhibition
of hepatic inflammation by matrine involves the inhibition of
fibrosis signaling and collagen production (Itagaki et al., 2013;
Wree et al., 2014); we examined the effect of matrine on fibrosis
in a mouse NASH model induced by MCD diet. Consistent with
the reduction in inflammation, our data indicated that matrine
inhibited the activation of fibrosis by suppression of TGFβ,
Smad3 and collagen 1 synthesis in the liver of MCD diet-fed mice.
The effect of matrine in alleviating fibrosis was further support
by the histological data revealing a significant reduction in the
number of collagen proportionate area in MCD diet-fed mice
after matrine treatment.

Consistent with elevated levels of pro-inflammation cytokines
and exacerbated fibrosis, MCD-diet feeding resulted in severe

liver damage as indicated by the elevated plasma level of liver
enzymes, particularly ALT, which has been considered as a
requisite in the diagnosis of NASH (Torres and Harrison, 2013;
Diehl and Day, 2017). Co-administration of matrine prevented
the elevated plasma levels of ALT and AST, indicating a less extent
of liver damage, which is in line with the effects of matrine on
hepatic inflammation and fibrosis.

After demonstrating the effect of matrine in improving
inflammation, fibrosis and liver damage in MCD diet-induced
NASH, we next investigated the possible molecular mechanism
involved. Our previous work suggested that upregulation of
HSP72 may contribute to hepatosteatosis induced by HFD or
HFru feeding in mice (Zeng et al., 2015). Another study from
our lab showed that matrine could reduce glucose intolerance
in mice caused by an increase in de novo lipogenesis (DNL) in
HFru diet-fed mice (Mahzari et al., 2018). The present study
found that mice fed with matrine-MCD diet showed significantly
higher concentrations of HSP72 and HSP90 protein in the
liver. Heat shock protein 72 (HSP72) is a major inducible HSP,
which exerts cytoprotective effects by assisting in protein folding,
protein degradation, signal transduction and translocation of
client proteins across membranes (Hartl et al., 2011). It is been
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FIGURE 7 | A schematic diagram illustrating the proposed mechanism underlying the effects of Mtr against MCD diet-induced NASH.

suggested that HSP72 expression is progressively suppressed
in the liver and muscle of obese and NAFLD patients (Di
Naso et al., 2015), and in skeletal muscle of T2D patients
(Kurucz et al., 2002). An elevation in HSP72 is associated with
the reduction in JNK phosphorylation and attenuation of insulin
resistance (Chung et al., 2008). These results suggest the anti-
inflammatory effects of matrine, at least in part, involving the
activation of HSP72 in the liver.

It is worthwhile noting that matrine also inhibited MCD-
induced expression of mTOR. This is interesting because
overexpression of mTOR contributes to NAFLD progression
(Wang et al., 2014). It has been suggested to play an important
role in the development of NASH by activating inflammation
and fibrosis in mice fed with choline-deficient diet-induced
steatohepatitis (Gong et al., 2016). In comparison, metformin
showed no effect on MCD-induced increase in mTOR or NASH
phenotype. These data suggest that the suppressed mTOR by
matrine may also contribute to its therapeutic effects for NASH.

Previous studies in cultured cell suggest that the
PI3K/Akt/mTOR signaling can mediate the upregulation of

HSP72 (Ma et al., 2015) and potentiate the upregulation of
HSP72 by HSP90 inhibitors (Acquaviva et al., 2014). However,
it has also been reported that overexpression of HSP72
may activate the mTOR pathway under certain conditions
(Dokladny et al., 2013). Our own work suggests that matrine
has a high binding affinity at HSP90 and possibly induce the
upregulation of HSP72 by inhibiting HSP90 (Zeng et al., 2015)
as widely recognized (Acquaviva et al., 2014). Further studies
are required to determine the causal relationship between
HSP72 and mTOR (including their activity and downstream
changes in autophagy) and its role in the molecular of action
in protective effects of matrine against the development of
MCD-induced NASH.

In conclusion, the present study indicates that the
hepatoprotective drug matrine may offer protective effects
against NASH via suppression of hepatic inflammation, fibrosis
and damage, possibly via the upregulation of HSP72 and the
downregulation of mTOR (Figure 7). Further investigation of
the therapeutic effects of matrine for more advanced NASH
is well warranted.

Frontiers in Pharmacology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 405

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


fphar-10-00405 April 19, 2019 Time: 17:29 # 11

Mahzari et al. Matrine Ameliorates NASH in MCD Mice

ETHICS STATEMENT

The animal ethics has been approved by the RMIT University
Animal Ethics Committee (AEC) for the period from August 21,
2014 until August 20, 2017. The animal ethics number is AEC
1415 and the title of the project is therapeutic effects of matrine
on non-alcoholic steatohepatitis (NASH) in mice.

AUTHOR CONTRIBUTIONS

J-MY and AM conceived/designed the study and analyzed
the data. AM, SL, XZ, SF, MA, and WA performed the
experiments. SR and DL provided intellectual input and
technical supports. AM drafted the manuscript. J-MY and XZ
revised the manuscript.

FUNDING

This work was supported by the National Health and
Medical Research Council of Australia (Project Grant 535930
to J-MY) and the Natural Science Foundation of China
(No. 81870608). AM was supported by Al-Baha University
and Ministry of Higher Education of Saudi Arabia and MA
was a recipient of the scholarship of the Taif University of
Saudi Arabia. XZ is currently a Research Fellow at Wuyi
University (China).

ACKNOWLEDGMENTS

The authors would like to acknowledge the assistance from Dr.
Stanley MH Chan.

REFERENCES
Acquaviva, J., He, S., Sang, J., Smith, D. L., Sequeira, M., Zhang, C., et al. (2014).

mTOR inhibition potentiates HSP90 inhibitor activity via cessation of HSP
synthesis. Mol. Cancer Res. 12, 703–713. doi: 10.1158/1541-7786.MCR-13-0605

Arab, J. P., Arrese, M., and Trauner, M. (2018). Recent Insights into the
Pathogenesis of nonalcoholic fatty liver disease. Annu. Rev. Pathol. 13, 321–350.
doi: 10.1146/annurev-pathol-020117-043617

Chalasani, N., Younossi, Z., Lavine, J. E., Diehl, A. M., Brunt, E. M., Cusi, K.,
et al. (2012). The diagnosis and management of non-alcoholic fatty liver disease:
practice Guideline by the american association for the study of liver diseases,
american college of gastroenterology, and the american gastroenterological
association. Hepatology 55, 2005–2023. doi: 10.1002/hep.25762

Chan, S. M., Sun, R. Q., Zeng, X. Y., Choong, Z. H., Wang, H., Watt, M. J.,
et al. (2013). Activation of PPARalpha ameliorates hepatic insulin resistance
and steatosis in high fructose-fed mice despite increased endoplasmic reticulum
stress. Diabetes 62, 2095–2105. doi: 10.2337/db12-1397

Chen, R., Wang, Q., Song, S., Liu, F., He, B., and Gao, X. (2016). Protective role of
autophagy in methionine-choline deficient diet-induced advanced nonalcoholic
steatohepatitis in mice. Eur. J. Pharmacol. 770, 126–133. doi: 10.1016/j.ejphar.
2015.11.012

Cheng, H., Xia, B., Zhang, L., Zhou, F., Zhang, Y. X., Ye, M., et al. (2006).
Matrine improves 2,4,6-trinitrobenzene sulfonic acid-induced colitis in mice.
Pharmacol. Res. 53, 202–208. doi: 10.1016/j.phrs.2005.11.001

Chung, J., Nguyen, A. K., Henstridge, D. C., Holmes, A. G., Chan, M. H., Mesa,
J. L., et al. (2008). HSP72 protects against obesity-induced insulin resistance.
Proc. Natl. Acad. Sci. U.S.A. 105, 1739–1744. doi: 10.1073/pnas.0705799105

Clarke, J. D., Dzierlenga, A. L., Nelson, N. R., Li, H., Werts, S., Goedken, M. J.,
et al. (2015). Mechanism of altered metformin distribution in nonalcoholic
steatohepatitis. Diabetes 64, 3305–3313. doi: 10.2337/db14-1947

Dang, T. N., Bishop, G. M., Dringen, R., and Robinson, S. R. (2011). The
metabolism and toxicity of hemin in astrocytes. Glia 59, 1540–1550. doi: 10.
1002/glia.21198

Di Naso, F. C., Porto, R. R., Fillmann, H. S., Maggioni, L., Padoin, A. V., Ramos,
R. J., et al. (2015). Obesity depresses the anti-inflammatory HSP70 pathway,
contributing to NAFLD progression. Obesity 23, 120–129. doi: 10.1002/oby.
20919

Diehl, A. M., and Day, C. (2017). Cause, pathogenesis, and treatment of
nonalcoholic steatohepatitis. N. Engl. J. Med. 377, 2063–2072. doi: 10.1056/
NEJMra1503519

Dokladny, K., Zuhl, M. N., Mandell, M., Bhattacharya, D., Schneider, S., Deretic,
V., et al. (2013). Regulatory coordination between two major intracellular
homeostatic systems: heat shock response and autophagy. J. Biol. Chem. 288,
14959–14972. doi: 10.1074/jbc.M113.462408

Farrell, G. C., van Rooyen, D., Gan, L., and Chitturi, S. (2012). NASH is an
inflammatory disorder: pathogenic, prognostic and therapeutic implications.
Gut Liver 6, 149–171. doi: 10.5009/gnl.2012.6.2.149

Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., and Sanyal, A. J. (2018).
Mechanisms of NAFLD development and therapeutic strategies. Nat. Med. 24,
908–922. doi: 10.1038/s41591-018-0104-9

George, D. K., Goldwurm, S., MacDonald, G. A., Cowley, L. L., Walker, N. I.,
Ward, P. J., et al. (1998). Increased hepatic iron concentration in nonalcoholic
steatohepatitis is associated with increased fibrosis. Gastroenterology 114, 311–
318. doi: 10.1016/s0016-5085(98)70482-2

Gong, Q., Hu, Z., Zhang, F., Cui, A., Chen, X., Jiang, H., et al. (2016). Fibroblast
growth factor 21 improves hepatic insulin sensitivity by inhibiting mammalian
target of rapamycin complex 1 in mice. Hepatology 64, 425–438. doi: 10.1002/
hep.28523

Han, J., and Wang, Y. (2018). mTORC1 signaling in hepatic lipid metabolism.
Protein Cell 9, 145–151. doi: 10.1007/s13238-017-0409-3

Handa, P., Morgan-Stevenson, V., Maliken, B. D., Nelson, J. E., Washington,
S., Westerman, M., et al. (2016). Iron overload results in hepatic oxidative
stress, immune cell activation, and hepatocellular ballooning injury, leading to
nonalcoholic steatohepatitis in genetically obese mice. Am. J. Physiol. Gastro.
Liver Physiol. 310, G117–G127. doi: 10.1152/ajpgi.00246.2015

Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular chaperones
in protein folding and proteostasis. Nature 475, 324–332. doi: 10.1038/
nature10317

Hebbard, L., and George, J. (2011). Animal models of nonalcoholic
fatty liver disease. Nat. Rev. Gastroenterol. Hepatol. 8, 35–44.
doi: 10.1038/nrgastro.2010.191

Henao-Mejia, J., Elinav, E., Jin, C., Hao, L., Mehal, W. Z., Strowig, T., et al.
(2012). Inflammasome-mediated dysbiosis regulates progression of NAFLD
and obesity. Nature 482, 179–185. doi: 10.1038/nature10809

Itagaki, H., Shimizu, K., Morikawa, S., Ogawa, K., and Ezaki, T. (2013).
Morphological and functional characterization of non-alcoholic fatty liver
disease induced by a methionine-choline-deficient diet in C57BL/6 mice. Int.
J. Clin. Exp. Pathol. 6, 2683–2696.

Koppe, S. W., Sahai, A., Malladi, P., Whitington, P. F., and Green, R. M.
(2004). Pentoxifylline attenuates steatohepatitis induced by the methionine
choline deficient diet. J. Hepatol. 41, 592–598. doi: 10.1016/j.jhep.2004.
06.030

Kurucz, I., Morva, A., Vaag, A., Eriksson, K. F., Huang, X., Groop, L., et al. (2002).
Decreased expression of heat shock protein 72 in skeletal muscle of patients
with type 2 diabetes correlates with insulin resistance. Diabetes 51, 1102–1109.
doi: 10.2337/diabetes.51.4.1102

Li, S., Zeng, X. Y., Zhou, X., Wang, H., Jo, E., Robinson, S. R., et al. (2016).
Dietary cholesterol induces hepatic inflammation and blunts mitochondrial
function in the liver of high-fat-fed mice. J. Nutr. Biochem. 27, 96–103.
doi: 10.1016/j.jnutbio.2015.08.021

Li, Z., Yang, S., Lin, H., Huang, J., Watkins, P. A., Moser, A. B., et al. (2003).
Probiotics and antibodies to TNF inhibit inflammatory activity and improve
nonalcoholic fatty liver disease. Hepatology 37, 343–350. doi: 10.1053/jhep.2003.
50048

Frontiers in Pharmacology | www.frontiersin.org 11 April 2019 | Volume 10 | Article 405

https://doi.org/10.1158/1541-7786.MCR-13-0605
https://doi.org/10.1146/annurev-pathol-020117-043617
https://doi.org/10.1002/hep.25762
https://doi.org/10.2337/db12-1397
https://doi.org/10.1016/j.ejphar.2015.11.012
https://doi.org/10.1016/j.ejphar.2015.11.012
https://doi.org/10.1016/j.phrs.2005.11.001
https://doi.org/10.1073/pnas.0705799105
https://doi.org/10.2337/db14-1947
https://doi.org/10.1002/glia.21198
https://doi.org/10.1002/glia.21198
https://doi.org/10.1002/oby.20919
https://doi.org/10.1002/oby.20919
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1074/jbc.M113.462408
https://doi.org/10.5009/gnl.2012.6.2.149
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1016/s0016-5085(98)70482-2
https://doi.org/10.1002/hep.28523
https://doi.org/10.1002/hep.28523
https://doi.org/10.1007/s13238-017-0409-3
https://doi.org/10.1152/ajpgi.00246.2015
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nrgastro.2010.191
https://doi.org/10.1038/nature10809
https://doi.org/10.1016/j.jhep.2004.06.030
https://doi.org/10.1016/j.jhep.2004.06.030
https://doi.org/10.2337/diabetes.51.4.1102
https://doi.org/10.1016/j.jnutbio.2015.08.021
https://doi.org/10.1053/jhep.2003.50048
https://doi.org/10.1053/jhep.2003.50048
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00405 April 19, 2019 Time: 17:29 # 12

Mahzari et al. Matrine Ameliorates NASH in MCD Mice

Liu, J., Zhu, M., Shi, R., and Yang, M. (2003). Radix Sophorae flavescentis for
chronic hepatitis B: a systematic review of randomized trials. Am. J. Chin. Med.
31, 337–354. doi: 10.1142/S0192415X03001107

Ma, W., Zhang, Y., Mu, H., Qing, X., Li, S., Cui, X., et al. (2015). Glucose regulates
heat shock factor 1 transcription activity via mTOR pathway in HCC cell lines.
Cell Biol. Int. 39, 1217–1224. doi: 10.1002/cbin.10493

Machado, M. V., Michelotti, G. A., Xie, G., Almeida Pereira, T., Boursier, J., Bohnic,
B., et al. (2015). Mouse models of diet-induced nonalcoholic steatohepatitis
reproduce the heterogeneity of the human disease. PLoS One 10:e0127991.
doi: 10.1371/journal.pone.0127991

Mahzari, A., Zeng, X. Y., Zhou, X., Li, S., Xu, J., Tan, W., et al. (2018). Repurposing
matrine for the treatment of hepatosteatosis and associated disorders in glucose
homeostasis in mice. Acta Pharmacol. Sin. 39, 1753–1759. doi: 10.1038/s41401-
018-0016-8

Mridha, A. R., Wree, A., Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van
Rooyen, D. M., et al. (2017). NLRP3 inflammasome blockade reduces liver
inflammation and fibrosis in experimental NASH in mice. J. Hepatol. 66,
1037–1046. doi: 10.1016/j.jhep.2017.01.022

Owen, J. E., Bishop, G. M., and Robinson, S. R. (2014). Phenanthrolines protect
astrocytes from hemin without chelating iron. Neurochem. Res. 39, 693–699.
doi: 10.1007/s11064-014-1256-8

Reid, D. T., Reyes, J. L., McDonald, B. A., Vo, T., Reimer, R. A., and Eksteen, B.
(2016). Kupffer cells undergo fundamental changes during the development
of experimental NASH and are critical in initiating liver damage and
inflammation. PLoS One 11:e0159524. doi: 10.1371/journal.pone.0159524

Ren, L. P., Chan, S. M., Zeng, X. Y., Laybutt, D. R., Iseli, T. J., Sun, R. Q., et al.
(2012). Differing endoplasmic reticulum stress response to excess lipogenesis
versus lipid oversupply in relation to hepatic steatosis and insulin resistance.
PLoS One 7:e30816. doi: 10.1371/journal.pone.0030816

Riemer, J., Hoepken, H. H., Czerwinska, H., Robinson, S. R., and Dringen, R.
(2004). Colorimetric ferrozine-based assay for the quantitation of iron in
cultured cells. Anal. Biochem. 331, 370–375. doi: 10.1016/j.ab.2004.03.049

Rinella, M. E. (2015). Nonalcoholic fatty liver disease: a systematic review. JAMA
313, 2263–2273. doi: 10.1001/jama.2015.5370

Rinella, M. E., Elias, M. S., Smolak, R. R., Fu, T., Borensztajn, J., and Green, R. M.
(2008). Mechanisms of hepatic steatosis in mice fed a lipogenic methionine
choline-deficient diet. J. Lipid Res. 49, 1068–1076. doi: 10.1194/jlr.M800042-
JLR200

Rinella, M. E., and Green, R. M. (2004). The methionine-choline deficient dietary
model of steatohepatitis does not exhibit insulin resistance. J. Hepatol. 40,
47–51. doi: 10.1016/j.jhep.2003.09.020

Santhekadur, P. K., Kumar, D. P., and Sanyal, A. J. (2018). Preclinical models of
non-alcoholic fatty liver disease. J. Hepatol. 68, 230–237. doi: 10.1016/j.jhep.
2017.10.031

Sapp, V., Gaffney, L., EauClaire, S. F., and Matthews, R. P. (2014). Fructose leads to
hepatic steatosis in zebrafish that is reversed by mechanistic target of rapamycin
(mTOR) inhibition. Hepatology 60, 1581–1592. doi: 10.1002/hep.27284

Schuppan, D., Surabattula, R., and Wang, X. Y. (2018). Determinants of fibrosis
progression and regression in NASH. J. Hepatol. 68, 238–250. doi: 10.1016/j.
jhep.2017.11.012

Sun, N., Sun, P., Lv, H., Sun, Y., Guo, J., Wang, Z., et al. (2016). Matrine
displayed antiviral activity in porcine alveolar macrophages co-infected by
porcine reproductive and respiratory syndrome virus and porcine circovirus
type 2. Sci. Rep. 6:24401. doi: 10.1038/srep24401

Sutti, S., Jindal, A., Locatelli, I., Vacchiano, M., Gigliotti, L., Bozzola, C., et al.
(2014). Adaptive immune responses triggered by oxidative stress contribute
to hepatic inflammation in NASH. Hepatology 59, 886–897. doi: 10.1002/hep.
26749

Suzuki, A., and Diehl, A. M. (2017). Nonalcoholic steatohepatitis. Annu. Rev. Med.
68, 85–98. doi: 10.1146/annurev-med-051215-031109

Tacke, F. (2017). Targeting hepatic macrophages to treat liver diseases. J. Hepatol.
66, 1300–1312. doi: 10.1016/j.jhep.2017.02.026

Tilg, H., and Moschen, A. R. (2010). Evolution of inflammation in nonalcoholic
fatty liver disease: the multiple parallel hits hypothesis. Hepatology 52, 1836–
1846. doi: 10.1002/hep.24001

Torres, D. M., and Harrison, S. A. (2013). NAFLD: Predictive value of ALT levels
for NASH and advanced fibrosis. Nat. Rev. Gastroenterol. Hepatol. 10, 510–511.
doi: 10.1038/nrgastro.2013.138

Tosello-Trampont, A. C., Landes, S. G., Nguyen, V., Novobrantseva, T. I.,
and Hahn, Y. S. (2012). Kuppfer cells trigger nonalcoholic steatohepatitis
development in diet-induced mouse model through tumor necrosis factor-
alpha production. J. Biol. Chem. 287, 40161–40172. doi: 10.1074/jbc.M112.
417014

Tsuchida, T., and Friedman, S. L. (2017). Mechanisms of hepatic stellate cell
activation. Nat. Rev. Gastroenterol. Hepatol. 14, 397–411. doi: 10.1038/nrgastro.
2017.38

Turner, N., Zeng, X. Y., Osborne, B., Rogers, S., and Ye, J. M. (2016). Repurposing
drugs to target the diabetes epidemic. Trends Pharmacol. Sci. 37, 379–389.
doi: 10.1016/j.tips.2016.01.007

Wang, C., Hu, L., Zhao, L., Yang, P., Moorhead, J. F., Varghese, Z., et al.
(2014). Inflammatory stress increases hepatic CD36 translational efficiency via
activation of the mTOR signalling pathway. PLoS One 9:e103071. doi: 10.1371/
journal.pone.0103071

Witek, R. P., Stone, W. C., Karaca, F. G., Syn, W. K., Pereira, T. A., Agboola, K. M.,
et al. (2009). Pan-caspase inhibitor VX-166 reduces fibrosis in an animal model
of nonalcoholic steatohepatitis. Hepatology 50, 1421–1430. doi: 10.1002/hep.
23167

Wree, A., Eguchi, A., McGeough, M. D., Pena, C. A., Johnson, C. D., Canbay, A.,
et al. (2014). NLRP3 inflammasome activation results in hepatocyte pyroptosis,
liver inflammation, and fibrosis in mice. Hepatology 59, 898–910. doi: 10.1002/
hep.26592

Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X. X., Pandey, S. K., et al. (2007).
Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates liver
damage and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatology
45, 1366–1374. doi: 10.1002/hep.21655

Zeng, X. Y., Wang, H., Bai, F., Zhou, X., Li, S. P., Ren, L. P., et al. (2015).
Identification of matrine as a promising novel drug for hepatic steatosis and
glucose intolerance with HSP72 as an upstream target. Br. J. Pharmacol. 172,
4303–4318. doi: 10.1111/bph.13209

Zeng, X. Y., Wang, Y. P., Cantley, J., Iseli, T. J., Molero, J. C., Hegarty, B. D., et al.
(2012). Oleanolic acid reduces hyperglycemia beyond treatment period with
Akt/FoxO1-induced suppression of hepatic gluconeogenesis in type-2 diabetic
mice. PLoS One 7:e42115. doi: 10.1371/journal.pone.0042115

Zhang, B., Liu, Z. Y., Li, Y. Y., Luo, Y., Liu, M. L., Dong, H. Y., et al. (2011).
Antiinflammatory effects of matrine in LPS-induced acute lung injury in mice.
Eur. J. Pharm. Sci. 44, 573–579. doi: 10.1016/j.ejps.2011.09.020

Zhang, J. P., Zhang, M., Zhou, J. P., Liu, F. T., Zhou, B., Xie, W. F., et al. (2001).
Antifibrotic effects of matrine on in vitro and in vivo models of liver fibrosis in
rats. Acta Pharmacol. Sin. 22, 183–186.

Zhu, X. H., Qiu, Y. D., Shen, H., Shi, M. K., and Ding, Y. T. (2002). Effect of matrine
on Kupffer cell activation in cold ischemia reperfusion injury of rat liver. World
J. Gastroenterol. 8, 1112–1116.

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

Copyright © 2019 Mahzari, Li, Zhou, Li, Fouda, Alhomrani, Alzahrani, Robinson
and Ye. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 12 April 2019 | Volume 10 | Article 405

https://doi.org/10.1142/S0192415X03001107
https://doi.org/10.1002/cbin.10493
https://doi.org/10.1371/journal.pone.0127991
https://doi.org/10.1038/s41401-018-0016-8
https://doi.org/10.1038/s41401-018-0016-8
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1007/s11064-014-1256-8
https://doi.org/10.1371/journal.pone.0159524
https://doi.org/10.1371/journal.pone.0030816
https://doi.org/10.1016/j.ab.2004.03.049
https://doi.org/10.1001/jama.2015.5370
https://doi.org/10.1194/jlr.M800042-JLR200
https://doi.org/10.1194/jlr.M800042-JLR200
https://doi.org/10.1016/j.jhep.2003.09.020
https://doi.org/10.1016/j.jhep.2017.10.031
https://doi.org/10.1016/j.jhep.2017.10.031
https://doi.org/10.1002/hep.27284
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1038/srep24401
https://doi.org/10.1002/hep.26749
https://doi.org/10.1002/hep.26749
https://doi.org/10.1146/annurev-med-051215-031109
https://doi.org/10.1016/j.jhep.2017.02.026
https://doi.org/10.1002/hep.24001
https://doi.org/10.1038/nrgastro.2013.138
https://doi.org/10.1074/jbc.M112.417014
https://doi.org/10.1074/jbc.M112.417014
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1016/j.tips.2016.01.007
https://doi.org/10.1371/journal.pone.0103071
https://doi.org/10.1371/journal.pone.0103071
https://doi.org/10.1002/hep.23167
https://doi.org/10.1002/hep.23167
https://doi.org/10.1002/hep.26592
https://doi.org/10.1002/hep.26592
https://doi.org/10.1002/hep.21655
https://doi.org/10.1111/bph.13209
https://doi.org/10.1371/journal.pone.0042115
https://doi.org/10.1016/j.ejps.2011.09.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Matrine Protects Against MCD-Induced Development of NASH via Upregulating HSP72 and Downregulating mTOR in a Manner Distinctive From Metformin
	Introduction
	Materials and Methods
	Animal Care and Experimental Design
	Metabolic Assessments
	Determination of Body Fat Composition and Liver Triglyceride Content
	Assessment of the Effect on Liver Damage
	Real-Time Polymerase Chain Reaction of Liver RNA
	Western Blotting
	Histological Evaluation of Liver Sections
	Statistical Analysis

	Results
	Effects on Adiposity, Hepatosteatosis, and Plasma Glucose
	Effects on Body Composition Using MRI
	Effects on Hepatic Inflammation
	Effects on the Hepatic Fibrogenesis
	Effects on Plasma Level of Liver Enzymes and Iron Deposition
	Effects on Hepatic mTOR and HSPs Expression

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


