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[ABSTRACT] Nonalcoholic fatty liver disease (NAFLD) is regarded as the most common liver disease with no approved therapeutic
drug currently. Silymarin, an extract from the seeds of Silybum marianum, has been used for centuries for the treatment of various liv-
er diseases. Although the hepatoprotective effect of silybin against NAFLD is widely accepted, the underlying mechanism and thera-
peutic target remain unclear. In this study, NAFLD mice caused by methionine-choline deficient (MCD) diet were orally adminis-
trated with silybin to explore the possible mechanism and target. To clarify the contribution of peroxisome proliferator-activated re-
ceptor & (PPARa), PPARa antagonist GW6471 was co-administrated with silybin to NAFLD mice. Since silybin was proven as a
PPARa partial agonist, the combined effect of silybin with PPARa agonist, fenofibrate, was then evaluated in NAFLD mice. Serum
and liver samples were collected to analyze the pharmacological efficacy and expression of PPARa and its targets. As expected, sily-
bin significantly protected mice from MCD-induced NAFLD. Furthermore, silybin reduced lipid accumulation via activating PPARa,
inducing the expression of liver cytosolic fatty acid-binding protein, carnitine palmitoyltransferase (Cpt)-1a, Cpt-2, medium chain acyl-
CoA dehydrogenase and stearoyl-CoA desaturase-1, and suppressing fatty acid synthase and acetyl-CoA carboxylase a. GW6471 abol-
ished the effect of silybin on PPARa signal and hepatoprotective effect against NAFLD. Moreover, as a partial agonist for PPARa,
silybin impaired the powerful lipid-lowering effect of fenofibrate when used together. Taken together, silybin protected mice against
NAFLD via activating PPARa to diminish lipid accumulation and it is not suggested to simultaneously take silybin and classical
PPARa« agonists for NAFLD therapy.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently
regarded as the most common liver disease worldwide, and
about 25% of the world population suffers from NAFLD "',
This incidence is much higher in obese and diabetic popula-
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tion. NAFLD is projected to become the most common indic-
ation for liver transplantation in the next decade . Despite
its high prevalence around the world, there are currently no
approved pharmaceutical therapeutics, highlighting the ur-
gent need to discover and develop effective medicines. The
spectrum of this entity spans from simple hepatic steatosis to
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nonalcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and
even hepatocellular carcinoma. NAFLD is initially triggered
by lipid accumulation in the liver, stemmed from metabolic
disorder, such as increased de novo lipogenesis and reduced
lipid catabolism. Reducing lipid accumulation is regarded as
a fundamental way to rescue NAFLD.

Traditional herbal medicines have garnered increased at-
tention for providing therapeutic candidates for NAFLD 71,
Silybum marianum (L.) Gaernt, one of the oldest medicinal
plants, has already been used in clinical practice for liver dys-
functions and gallbladder disorders. Silymarin, an extract of
its seeds, consists of a range of flavonoids, including silybin
A, silybin B, isosilybin A, isosilybin B, silydianin, sily-
christin, and taxifolin ™ °!. Silybin is one of the major and
pharmacologically active compounds in silymarin "”. As a
safe and well-tolerated phytomedicine, silymarin/silybin has
been marketed as a hepatoprotective drug in China and as a
complementary protection in Europe "', Accumulating stud-
ies have reported the hepatoprotective activity of silybin ',
and the possible mechanisms lying in lipid lowering, antiox-
idant ", anti-inflammatory, and antiviral activities 14 The
metabolic regulatory effect of silybin on lipid homeostasis
may largely contribute to its hepatoprotective effect on
NAFLD . However, the therapeutic target and exact mech-
anism remain unclear.

Peroxisome
(PPARGa) is a ligand-activated transcription factor. Binding of
agonists within the ligand-binding site of PPARa promotes

proliferator-activated ~ receptor  alpha

its binding to the specific DNA element in the regulatory re-
gion of complex networks of target genes "> '®. It has been
shown that, animals with the absence of PPAR« are more
susceptible to hepatic steatosis and have perturbations in cir-
culating free fatty acids '”'®. While PPARa agonists treat-
ment reversed nutritional steatohepatitis in mice "'”. Above
evidence indicated the crucial role of PPARa in the develop-
ment and management of NAFLD.

We have previously demonstrated that silybin can bind
to and activate PPARa M. Thus, in the present study, we in-
tended to investigate the contribution of PPAR«a agonism by
silybin on its hepatoprotective effect against NAFLD. Be-
sides, since silybin was demonstrated to compromise PPARa
agonism by fenofibrate, we further evaluated the combinat-
ory effect of silybin and fenofibrate on NAFLD.

Materials and Methods

Chemicals and reagents

Silybin, fenofibrate, and palmitic acid (PA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). GW6471
was purchased MedChem Express (Monmouth Junction, NJ,
USA).
Animal experiments

6- to 8-week-old male C57BL/6J mice, weighing 20—22
g, were obtained from Vital River Laboratory Animal Tech-
nology Co. Ltd. (Beijing, China). They were kept in an air-
conditioned animal quarter at a temperature of 25 + 2 °C and

®

a relative humidity of 50% + 10% with 12-hour light/dark
cycles. Animals were acclimatized to the facilities for 1 week
with water and food allowed ad libitum. All the animal stud-
ies were approved by the Animal Ethics Committee of China
Pharmaceutical University.

For all the studies, NAFLD model in mice was estab-
lished by MCD diet feeding for 6 weeks as previously de-
scribed ?”. Methionine-choline deficient diet (MCD, Cat No.
TP 3005G) and methionine-choline supplemental diet (MCS,
Cat No. TP 3005GS) were purchased from Trophic Animal
Feed High-tech Co. Ltd. (Jiangsu, China). MCD and MCS
formulas comprise 17% protein (as defined amino acids),
66% carbohydrate (sucrose and starch), and 10% fat (as corn
oil) by weight. MCS formulas contain 3 g-kg™' L-methionine
and 2 g-kg™' choline chloride, while MCD formulas contain
no methionine or choline.

To confirm the efficacy of silybin, NAFLD mice caused
by MCD diet were treated with silybin. Previously study
showed that silybin administration at the dose range from 50
to 300 mg-kg'-d”"' exerted excellent hepatoprotective effect
against NAFLD " '>?'l Besides, silybin gavage at the dose
of 50 and 150 mg-kg'-d”" was demonstrated to significantly
regulate PPARa signal """, Taken together, the dose of sily-
bin was selected as 50 and 150 mg-kg '-d™". Mice were ran-
domly divided into four groups (8 mice per group) as follows:
(1) the first group served as the control group in which mice
were fed an MCS diet for 6 weeks; (2) mice in the second
group were fed an MCD diet for 6 weeks and intragastrically
treated with vehicle from the 3™ week for 4 weeks; (3) mice
in the third group were fed an MCD diet for 6 weeks and in-
tragastrically treated with silybin at 50 mg-kg™'-d”" from the
3™ week for 4 weeks; (4) mice in the fourth group were fed
an MCD diet for 6 weeks and intragastrically treated with
silybin at 150 mg-kg™'-d™" from the 3" week for 4 weeks.

To validate the efficacy of fenofibrate on MCD diet-in-
duced NAFLD, mice were randomly divided into three
groups (6 mice per group) as follows: (1) the first group
served as the control group in which mice were fed an MCS
diet for 6 weeks; (2) in the second group, mice were fed an
MCD diet for 6 weeks and intragastrically treated with
vehicle from the 3" week for 4 weeks; (3) in the third group,
mice were fed an MCD diet for 6 weeks and intragastrically
treated with fenofibrate at 50 mg-kg '-d”' from the 3" week
for 4 weeks.

To evaluate the influence of GW6471 on the hepatopro-
tective effect of silybin, mice were randomly divided into five
groups (6 mice per group) as follows: (1) the first group serve
as the control group in which mice were fed an MCS diet for
6 weeks; (2) in the second group, mice were fed an MCD diet
for 6 weeks and intragastrically treated with vehicle; (3) in
the third group, mice fed an MCD diet were intragastrically
treated with silybin at 150 mg-kg'-d™" from the 3" week for
4 weeks; (4) in the fourth group, mice fed an MCD diet were
intragastrically treated with GW6471 at 10 mg-kg '-d”" from
the 3" week for 4 weeks; (5) in the fifth group, mice fed an
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MCD diet were intragastrically treated with GW6471 (10
mg-kg™'-d™") and silybin (150 mg-kg™'-d™") from the 3" week
for 4 weeks.

To evaluate the combinatory effect of silybin and fen-
ofibrate, mice were randomly divided into five groups (6
mice per group) as follows: (1) the first group serve as the
control group in which mice were fed an MCS diet for 6
weeks; (2) in the second group, mice were fed an MCD diet
for 6 weeks and intragastrically treated with vehicle; (3) in
the third group, mice fed an MCD diet were intragastrically
treated with silybin at 150 mg-kg™'-d”' from the 3" week for
4 weeks; (4) in the fourth group, mice fed an MCD diet were
intragastrically treated with fenofibrate at 50 mg-kg '-d”™
from the 3" week for 4 weeks; (5) in the fifth group, mice fed
with MCD diet were intragastrically treated with fenofibrate
(50 mg-kg'-d™") and silybin (150 mg-kg'-d"') from the 3™
week for 4 weeks.

For all above animal studies, 24 h after the last adminis-
trations, blood samples were collected, the animals were eu-
thanized and hepatic samples were immediately harvested
and stored.

Serum biochemical analysis

Serum alanine aminotransferase (ALT) and aspartate
transaminase (AST) levels were measured using an automat-
ic blood biochemical analyzer (Beckman Counter LX20,
USA). Total triglyceride (TG) and total cholesterol (TC) in
liver tissues were measured as follow: lipids were extracted
from liver with chloroform—methanol (2 : 1), then measured
with commercial kits (Nanjing Jiancheng Bioengineering In-
stitute, Jiangsu, China) following the manufacturer’s instruc-
tions.

Histology evaluation

Liver tissue was fixed in 10% formaldehyde phosphate
buffer saline (pH 7.4) overnight, then embedded in paraffin,
sectioned. General histology was assessed in hematoxylin-
eosin (H&E) stained liver sections, and blindly scored by an
experienced pathologist. The NAFLD activity score (NAS)
was calculated by addition of grades of steatosis (0—3), in-
flammation (0-3) and ballooning (0-2) as previously de-
scribed P, which is based in a semi-quantitative analysis of
the three diagnostic categories of NASH. Total score, indicat-
ing a prognostic status in the liver, ranges from 0 to 8. NAS
from 0 to 2 was considered non-steatohepatitis, score > 5 was
diagnosed as NASH, score from 3 to 5 was identified as non-
defining NASH.

Lipid accumulation in hepatic tissue was determined by
Oil Red O staining. Freshly harvested liver tissues were em-
bedded in optimum cutting temperature on dry ice. After
sliced at —20 °C, the sections were stained with Oil Red O
solution, followed by differentiation with propylene glycol
solution and hematoxylin counterstaining.

RT-PCR analysis

Reverse-Transcriptase Polymerase Chain Reaction (RT-
PCR) was performed as previously described ™). Briefly
speaking, total RNA was isolated from mouse livers or

®

HepG2 cells with the RNAiso Plus reagent (TakaRa Biotech-
nology, Dalian, China), according to the manufacturer’s pro-
tocol. Purified total RNA was reverse-transcribed using the
PrimeScript RT Reagent Kit (TakaRa Biotechnology, Dalian,
China). Real-time PCR was performed using the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Bed-
ford, MA, USA) and SYBR Green Reagent Kit (Applied
Biosystems, Bedford, MA, USA) to determine the mRNA ex-
pressions. Primer sequences are list in Supplemental Table
S1.
Cell culture and treatment

HepG2 cells were obtain from American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine ser-
um (Hyclone, Logan, Utah, USA) and antibiotics (100
U-mL"™" penicillin and 100 pg-mL™" streptomycin) at 37 °C in
a humidified 5% CO, atmosphere **. To investigated the ef-
fect of PA on inflammatory response, HepG2 cells were
seeded in 12-well plate. 24 h after incubation, the cells were
treated with PA (0.5 mmol-L™") for 24 h and harvested for
PCR analysis.
Statistical analysis

All data are presented as the mean = SEM and were ana-
lyzed using a two-tailed Student’s #-test was applied, for com-
parison of multiple groups a one-way ANOVA with Bonfer-
roni post hoc analysis where appreciate. All tests were per-
formed with GraphPad Prism version 8.0.2 (GraphPad Soft-
ware, San Diego, CA, USA) and P values below 0.05 were
considered statistically significant.

Results

Silybin significantly attenuated MCD diet-induced steatohep-
atitis

In order to confirm the effect of silybin on NAFLD,
C57BL/6J mice were fed an MCS or MCD diet for 6 weeks,
and treated with vehicle or silybin (50 and 150 mg-kg™'-d™")
from the 3™ week for 4 weeks. Feeding an MCD diet for 6
weeks caused a large increase in serum ALT and AST levels,
and silybin gavage significantly lowered the serum levels of
ALT and AST (Fig. 1A). This hepatoprotective effect of sily-
bin was further tested by histologic evaluations. H&E stain-
ing data showed that the MCD diet caused pronounced fat ac-
cumulation and neutrophils infiltration, and Oil Red O stain-
ing data further confirmed lipid accumulation in MCD diet-
fed mice. These pathologic changes were significantly attenu-
ated by silybin treatment dose-dependently (Fig. 1B, Table 1).
Consistent with the histopathological analysis, silybin treat-
ment caused significant decreases of hepatic fat contents (TG
and TC, Fig. 1C) and inflammation (//-1b, II-6, and Tnfa,
Fig. 1D). Besides, we also evaluated the effects of silybin on
mice fed with MCS diet. Silybin gavage had marginal effect
on serum ALT and AST levels in MCS diet-fed mice (Fig.
S1). To our surprise, silybin treatment reduced hepatic TG
and TC levels as well as the inflammatory genes in MCS-fed
mice (Fig. S1). Taken together, these data demonstrated that
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Fig. 1 Silybin significantly attenuated MCD diet-induced steatohepatitis (n = 8). (A) Serum ALT and AST levels. (B) H&E stain-
ing and Oil Red O staining of liver sections. (C) Hepatic TG and TC levels. (D) RT-PCR analysis of mRNA levels of hepatic in-
flammation genes. Results are mean £ SEM, P <0.001 vs MCS, p< 0.05, #p <0.01 and P < 0.001 vs MCD control, as as-

sessed with ANOVA. Scale bars 100 pm

Table 1 Silybin treatment significantly decreased NAS in MCD-fed mice (mean + SEM, n=8)
MCD
MCS
Control Silybin (50 mg-kg™) Silybin (150 mg-kg™")
Steatosis 0 2.88+0.13"" 1.38 +0.18" 1.13 £ 0.23"
Inflammation 0 2.75+0.16 1.38 £0.18"™ 0.75+0.16"
Ballooning 0 225+0.16™ 1.25+0.16" 1.00 £ 0.19%
NAS 0 7.88+0.13" 4.00 + 0.38" 2.88 + 0.48"

P <0.001 vs MCS, " P <0.001 vs MCD control, as assessed with ANOVA

silybin gavage significantly attenuated MCD-induced steato-
hepatitis.
Silybin regulated PPARa target genes involved in lipid
homeostasis in NAFLD

Above results showed that silybin attenuated lipid accu-
mulation and inflammation. According to the two-hit hypo-
thesis of NASH development, lipid accumulation accounts

for the stimulation of inflammatory response. Virtually, the
mRNA expression of inflammatory cytokines, including 7L-
1B, IL-6 and TNFA, were significantly enhanced HepG2 cells
loaded with PA (Fig. S2), suggesting that lipid accumulation
is the driver of inflammation in the development of NAFLD.
We then intended to explore the possible mechanism about
the effect of silybin in reducing lipid accumulation. We have
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previously demonstrated that silybin acted as a partial agon-
ist for PPARa " a well-known therapeutic target for
NAFLD treatment. PPAR« inhibits fatty acid synthesis by
suppressing the expression of acetyl-CoA carboxylase o
(ACCa) and fatty acid synthase (FAS), regulates fatty acid
transport by modulating liver cytosolic fatty acid-binding
protein (L-FABP), carnitine palmitoyltransferase la (CPT-
la), CPT-2, and promotes fatty acid metabolism by upregu-
lating medium chain acyl-CoA dehydrogenase (MCAD) and
stearoyl-CoA desaturase-1 (SCD-1) ¥\, Results showed that
the mRNA expression of Ppara was decreased in MCD-fed
mice. Besides, this downregulation was observed for much of
its target genes, including L-fabp, Cpt-2, Mcad and Scd-1.
Additionally, the suppressive target genes of Ppara, includ-
ing Acca and Fas, were upregulated. Silybin treatment re-
versed the mRNA expression of above genes (Fig. 2). What’s
more, in mice fed with MCS diet, silybin alone treatment
slightly activated PPARa signal as the mRNA expression of
L-fabp, Cpt-la, Mcad, and Scd-1 were induced (Fig. S3).
These data indicated that silybin treatment restored the dis-
turbed PPARa signal, especially its targets involved in lipid
homeostasis in NAFLD.
PPARo agonist, fenofibrate, rapidly attenuated MCD diet-in-
duced steatohepatitis

As stated above, PPARa is an important therapeutic tar-
get for NAFLD treatment, we then validated the therapeutic
effect of fenofibrate, a classical PPARa agonist, on MCD-in-
duced NAFLD. As expected, fenofibrate treatment signific-
antly reduced serum ALT and AST levels in MCD diet-in-
duced NAFLD mice (Fig. 3A). Besides, H&E staining
showed that fenofibrate administration obviously alleviated
steatosis and inflammation in MCD-fed NAFLD mice. Mean-

while, Oil Red O staining showed that fenofibrate reduced
lipid deposition in the liver tissue (Fig. 3B). The excellent ef-
fect of fenofibrate on lipid disposition has also demonstrated
by quantitative analysis of hepatic TG and TC levels
(Fig. 3C). Fenofibrate treatment robustly upregulated the
mRNA expression of L-fabp, Cpt-1a, Cpt-2, Mcad and Scd-1,
while downregulated the mRNA expression of Acca and Fas
in NAFLD mice (Fig. 3D). Above results collectively demon-
strated that PPARa agonism by fenofibrate restored lipid
homeostasis via a set of target genes in MCD diet-induced
NAFLD mice.
Silybin protected against MCD diet-induced NAFLD in a
PPARa dependent manner

Considering the regulatory effect of silybin on PPAR«a
and the beneficial effect of PPARa agonism on NAFLD man-
agement, we then wondered whether silybin exerts its hepato-
protective effect via PPARa. GW6471, a typical PPAR« ant-
agonist, was enrolled in the following study, and silybin was
administrated to mice in the presence or absence of GW6471.
GW6471 alone treatment had marginal effect on MCD diet
induced NAFLD, as indicated by serum aminotransferase,
hepatic fat contents, and histological analysis of liver sec-
tions (Fig. 4). Silybin treatment significantly reduced serum
transaminases, while these effects were reversed in the pres-
ence GW6471 (Fig. 4A), suggesting that PPARa agonism
may mediate the hepatoprotective effect of silybin against
NAFLD. Subsequently, we examined the histopathological
features of liver tissues by silybin with or without GW6471.
Results from H&E staining and Oil Red O staining suggested
that silybin alone treatment strongly reduced hepatic lipid ac-
cumulation, while co-treatment of silybin and GW6471
slightly reduced lipid accumulation (Fig. 4B). Consistently,
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Fig. 3 PPARGa agonist, fenofibrate, strongly attenuated MCD diet-induced steatosis (n = 6). (A) Serum ALT and AST levels.
(B) H&E staining and Oil Red O staining of liver sections. (C) Hepatic TG and TC levels. (D) RT-PCR analysis of mRNA levels of
Ppara and its target genes involved in lipid homeostasis. Results are mean + SEM, "P < 0.05, "P < 0.01 and ~"P < 0.001 vs MCS,
#P<0.05,"P<0.01 and P < 0.001 vs MCD control, as assessed with ANOVA. Scale bars 100 pm

results from quantitative analysis of hepatic lipid contents in-
dicated that GW6471 treatment impaired the lipid-lowering
effect of silybin (Fig. 4C). Notably, in the presence of
GW6471, silybin failed to regulate most of the genes, includ-
ing Acca, Fas, L-fabp, Cpt-la, Cpt-2, Mcad and Scd-1
(Fig. 4D). Taken together, these data suggested that silybin
improved steatohepatitis, at least partially, via activating of
PPARa.
Co-administration of silybin and fenofibrate resulted in an
impaired therapeutic efficacy on NAFLD

Silybin has been previously demonstrated as a partial ag-
onist for PPARa. Furthermore, above results indicated that

silybin exerted hepatoprotective effect against NAFLD in a
PPARa-dependent manner. We then suspected that silybin
may impair the efficacy of classical PPARa agonists. In the
next study, NAFLD mice were treated with either silybin or
fenofibrate alone, or both. Elevated serum ALT and AST
levels caused by MCD diet were significantly reduced by
single treatment of either silybin or fenofibrate. However, co-
treatment of silybin and fenofibrate failed to further reduce
serum levels of these serum transaminases (Fig. 5A). Histolo-
gical analysis showed that silybin significantly, and fen-
ofibrate robustly improved the severe steatosis caused by
MCD diet. Silybin treatment diminished the excellent effect
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Fig. 4 Silybin protected against MCD diet-induced NAFLD in a PPAR«a dependent manner (n = 6). (A) Serum ALT and AST
levels. (B) H&E staining and Oil Red O staining of liver sections. (C) Hepatic TG and TC levels. (D) RT-PCR analysis of mRNA
levels of Ppara and its target genes involved in lipid homeostasis. Results are mean + SEM, "P< 0.05, “P<0.01 and ""P < 0.001 vs
MCS, *P < 0.05, P < 0.01 and **P < 0.001 vs MCD control, “P < 0.05, ““P < 0.01 and “““P < 0.001 vs MCD with silybin, ns vs
MCD control, as assessed with ANOVA. Scale bars 100 pm

of fenofibrate, although co-treatment of silybin and fen- Fas, L-fabp, Cpt-la, Cpt-2, Mcad, and Scd-1. However, co-

ofibrate showed remarkable effect compared with MCD diet- treatment of silybin and fenofibrate slightly impaired the ex-

fed group (Fig. 5B), which is supported by the quantitative cellent regulatory effects of fenofibrate on these gene expres-

results of hepatic TG contents (Fig. 5C). Besides, single treat- sion (Fig. 5D). These observations were consistent with the

ment of silybin or fenofibrate rescued the expression of Acca, histological analysis. Taken together, these results indicated
®
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Fig. 5 Co-administration of silybin and fenofibrate resulted in an impaired therapeutic efficacy on NAFLD (n = 6). (A) Serum
ALT and AST levels. (B) H&E staining and Oil Red O staining of liver sections. (C) Hepatic TC and TG levels. (D) RT-PCR ana-
lysis of mRNA levels of Ppara and its target genes involved in lipid homeostasis. Results are mean + SEM, "P < 0.05, P < 0.01
and ""P < 0.001 vs MCS, “P < 0.05, P < 0.01 and "*P < 0.001 vs MCD control, *P < 0.05, ““P < 0.01 and ““*P < 0.001 vs MCD

with fenofibrate, as assessed with ANOVA. Scale bars 100 pm

that co-administration of silybin and fenofibrate resulted an
impaired therapeutic efficacy on NAFLD.

Discussion

Over the past 2 decades, NAFLD has grown from a relat-
ive unknown disease to the most common chronic liver dis-

ease and resulted in a significant clinical and economic bur-
den. However, there is no medicine approved by FDA for
NAFLD/NASH treatment up to now. Silybin, a traditional
herbal medicine, has been widely used for the treatment of
NAFLD/NASH due to its excellent lipid lowering, anti-oxid-
ant and anti-inflammatory effects. However, the molecular
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mechanism and therapeutic target of silybin remain unclear,
which affects the rational usage in clinic. In this study, we
demonstrated that silybin reduced lipid accumulation via ac-
tivating PPARa. However, silybin attenuated the excellent ef-
fect of fenofibrate, a typical PPARa agonist, when adminis-
trated together.

PPARa, a member of PPAR family, functions mainly as
a ligand-activated transcription factor. This nuclear factor is
highly expressed in metabolically active tissues and regulates
the expression of large number of genes involved in energy
homeostasis, lipid metabolism 261 glucose metabolism, in-
sulin sensitivity and inflammatory response. In detail, PPARa
promotes lipid catabolism chiefly through activating targets
involved in fatty acid S-oxidation, including L-FABP, CPT-
la, CPT-2, MCAD and SCD-1, suppressing the expression of
ACCa and FAS ™. Due to its excellent activity in maintain-
ing lipid homeostasis, PPARa is widely accepted as a prom-
ising target for the treatment of various metabolic diseases,
including NAFLD/NASH. The exact role of PPARa in
NAFLD comes from the evidence that deficiency of PPARa
in MCD-fed mice results in a worsening of steatosis and hep-
atitis ' '™ From then on, synthetic agonists of PPARa have
been used for NAFLD therapy. Fenofibrate, a well-known
PPARa agonist that is indicated for the treatment of hyper-
triglyceridemia, was demonstrated to improve hepatic ste-
atosis in animal models ?”\. Besides, activation of PPAR« by
Wy-14643 was demonstrated to reverse fibrosis indirectly by
reducing stimuli, including lipid accumulation and peroxid-
es . Consistently, in a small pilot trial with biopsy-con-
firmed NAFLD patients, the percentage of patients with ab-
normal serum ALT and AST levels (> 45 TU-L™") decreased
significantly after fenofibrate treatment. Besides, a control
biopsy after fenofibrate treatment revealed a decrease in the
grade of hepatocellular ballooning degeneration, but the
grade of steatosis, lobular inflammation, fibrosis or NAS
score did not change significantly ®”. Our study also
provided evidence for the usage of PPARa agonist in
NAFLD/NASH treatment.

Silybum marianum, commonly known as “milk thistle”,
is one of the oldest and thoroughly researched plants in the
treatment of liver diseases, gallbladder diseases, diabetes and
cancer. The extract of milk thistle is being used as a general
medicinal herb from as early as 4" century, and is accepted as
a favored medicine for hepatobiliary diseases since 16™ cen-
tury. Virtually, silymarin is one of the top 10 most popular
natural products consumed by western society and the most
commonly consumed botanical medicine reported in patients
with chronic liver injuries °”. A placebo-controlled, double-
blind, phase III, randomized clinical trial also supported the
benefit of silybin on NAFLD patients. Patients receiving sily-
bin showed significant improvements in liver enzyme levels
and liver histology ®". In another clinical study, administra-
tion of silybin for 6 months, the proportion of NAFLD pa-
tients showed a statistically significant improvements in
metabolic markers, oxidative stress, and endothelial dysfunc-

®

tion, compared with placebo consumption “?. Although the
benefits of silybin have been widely realized, the molecular
mechanism and therapeutic target have not been delineated.
The possible mechanism of its hepatoprotective effect often
explained by its antioxidant, free radical screening, and anti-
inflammation properties. As well known, accumulated lipid
in hepatocyte is the leading cause of inflammation and oxid-
ative stress. Indeed, in cultured steatotic hepatocytes, silybin
incubation was previously demonstrated to counteract lipid
excess % Thus, in the current study, we intended to ex-
plore the possible mechanism for the lipid lowering effect of
silybin. We systemic analyzed the genes involved in de novo
synthesis (FAS and ACCa), lipid uptake (L-FABP), and mi-
tochondrial S-oxidation (CPT-1a, CPT-2, MCAD and SCD-
1). Interestingly, silybin treatment significantly upregulated
the hepatic expression of L-fabp, Cpt-la, Cpt-2, Mcad, and
Scd-1, and downregulated the hepatic expression of Acca and
Fas in MCD diet-induced NAFLD mice. This is consistent
with previous findings that silybin promoted lipid catabolism
by increasing the expression of CPT-la "> 1. Additional
study also showed that silybin treatment enhanced the expres-
sion and activity of SCD-1 and the expression of L-FABP .
Interestingly, above genes are tightly controlled by PPARa.
More importantly, we have previously demonstrated that sily-
bin could bind to and activate PPARa "?. In line with our
conclusion, another recent study also indicated that silybin up-
regulated the expression and the activity of PPARa "%, Thus,
we suspected that silybin attenuated lipid accumulation by ac-
tivating this nuclear receptor. Supporting this, we provided
evidence in the present study that co-administration of
PPARa antagonist, GW6471, abolished the beneficial effect
of silybin on NAFLD, especially reduced lipid accumulation.
Taken together, our results, as well as evidence from other
studies, demonstrated that silybin attenuated lipid accumula-
tion via activating PPARa.

However, it should be kept in mind that silybin is a par-
tial agonist for PPARa. When used alone, silybin signific-
antly activated PPARa signal, which could be abolished by
PPARa antagonist GW6471. When co-administrated with
typical PPARa agonists, silybin may attenuate their regulat-
ory function on PPARa« signal. In the present study, co-ad-
ministration of silybin impaired the hepatoprotective effect of
fenofibrate, a well-known PPARa agonist. Nowadays, it is
generally accepted that combination strategy is necessary to
achieve a satisfying effect in NAFLD therapy “**”. Both
silybin and PPARa agonist serve as promising candidates of
choice for the treatment of NAFLD. These data suggest that it
should be avoid to take silybin and fenofibrate, as well as oth-
er classical PPARa agonists, at the same time.

Conclusion

This study revealed the essential role of PPARa in the
lipid lowering effect of silybin in MCD diet-induced NAFLD
mice. Silybin was demonstrated as a partial agonist for
PPARa. When used alone, silybin attenuated lipid accumula-
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tion in NAFLD mice via PPARa, and this effect was abol-
ished by PPARa antagonist GW6471. However, when co-ad-
ministrated with strong PPARa agonist fenofibrate, silybin
impaired the powerful hepatoprotective effect of fenofibrate.
Thus, it should be avoided to simultaneously take silybin and
classical PPARa agonists, two promising candidates for
NAFLD therapy.

Supplementary Materials

Table S1 Primer sequences in PCR analysis.

Fig. S1 Effects of silybin on liver functions in mice with
MCS diet.

Fig. S2 PA significantly triggered inflammatory re-
sponse.

Fig. S3 Effects of silybin on PPARa signal in mice with
MCS diet.
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