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Abstract Non-alcoholic steatohepatitis (NASH) is a chronic metabolic syndrome and the CFLAR-JNK
pathway can reverse the process of NASH. Although silibinin is used for the treatment of NASH in
clinical, its effect on CFLAR-JNK pathway in NASH remains unclear. This study aimed to investigate the
effect of silibinin on CFLAR-JNK pathway in NASH models both in vivo and in vitro. The in vivo study
was performed using male C57BL/6 mice fed with methionine– choline-deficient diet and simultaneously
treated with silibinin for 6 weeks. The in vitro study was performed by using mouse NCTC-1469 cells
which were respectively pretreated with oleic acid plus palmitic acid, and adenovirus-down Cflar for 24 h,
then treated with silibinin for 24 h. After the drug treatment, the key indicators involved in CFLAR-JNK
pathway including hepatic injury, lipid metabolism and oxidative stress were determined. Silibinin
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significantly activated CFLAR and inhibited the phosphorylation of JNK, up-regulated the mRNA
expression of Pparα, Fabp5, Cpt1α, Acox, Scd-1, Gpat and Mttp, reduced the activities of serum ALT and
AST and the contents of hepatic TG, TC and MDA, increased the expression of NRF2 and the activities of
CAT, GSH-Px and HO-1, and decreased the activities and expression of CYP2E1 and CYP4A in vivo.
These effects were confirmed by the in vitro experiments. Silibinin prevented NASH by regulating
CFLAR-JNK pathway, and thereby on one hand promoting the β-oxidation and efflux of fatty acids in
liver to relieve lipid accumulation, and on the other hand inducing antioxidase activity (CAT, GSH-Px and
HO-1) and inhibiting pro-oxidase activity (CYP2E1 and CYP4A) to relieve oxidative stress.

& 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-alcoholic steatohepatitis (NASH) is a metabolic syndrome
causing changes in the liver resembling those of alcoholic liver
disease without a history of excessive drinking. These changes are
characterized by excessive fatty degeneration in liver cells. The
pathologic changes of NASH include simple fatty liver, fatty liver
fibrosis, associated cirrhosis and liver cancer1–4. NASH has the
highest incidence among chronic liver diseases, and it may be
the leading cause of liver transplantation in the next 10 years5,6.
The “two hit hypothesis” of NASH suggests that the excessive fat
accumulation in the liver parenchyma is the first hit, which is
related to drugs, diet, exercise and insulin resistance. The second
hit is a cytotoxic reaction caused by the first hit, including
oxidative stress and inflammatory responses7. As a chronic multi-
system disease, NASH can also lead to many complications in
other organs, such as chronic kidney disease, type 2 diabetes,
cardiovascular and heart disease8.

Silibinin is a flavonolignan isolated from the fruit and seeds of
Compositae Milk thistle. It has a wide range of pharmacological
activities such as the functions of hepatoprotective, antioxidant,
antineoplastic and maintaining the stability of liver cell membrane,
and is reported to be the most effective flavonoid compound
against hepatic disease9,10. Silibinin can regulate insulin receptor
substrate 1(IRS-1)/phosphatidylinositol 3-hydroxy kinase (PI3K)/
serine–threonine protein kinase (Akt) pathway to ameliorate
dyslipidemia and insulin resistance in Sprague–Dawley (SD) rats
fed by high-fat diet and in BRL3A and HepG2 cells pretreated by
palmitic acid11, inhibit nuclear factor κB (NF-κB) activity and
improve hepatic nitrosative stress in db/db mice fed by methio-
nine–choline deficiency (MCD) diet12. It was reported that a
silibinin–phospholipid complex prevented the mitochondrial dys-
function in Wistar rats fed by MCD diet13, and the mixture of
silibinin, phosphatidylcholine and vitamin E was applied to treat
patients with NASH in clinical14.

Caspase 8 and Fas-associated protein with death domain-like
apoptosis regulator (CFLAR) can reverse the process of NASH15.
Recent studies showed that CFLAR inhibited the phosphorylation
of c-Jun N-terminal kinase (JNK), thereby ameliorated the
pathological features of NASH, such as glucolipid metabolic
disorder, oxidative stress, inflammation and liver fibrosis15. How-
ever, the effect of silibinin on CFLAR-JNK pathway related to
NASH remains unclear. Given the important association between
CFLAR-JNK pathway and the development of NASH, we
investigated the effect of silibinin on CFLAR-JNK pathway and
its downstream key genes involved in lipid metabolism and
oxidative stress in C57BL/6 mice fed with MCD diet and in
NCTC-1469 cells (normal liver cell line of mice) pretreated with
oleic acid (OA) and palmitic acid (PA)16,17, and adenovirus-down
Cflar in this paper. Our study will be beneficial for the further
research of the preventive and therapeutic actions of silibinin and
its structural analogues against NASH.
2. Materials and methods

2.1. Materials

C57BL/6 mice was obtained from Centers for Disease Prevention
and Control of Hubei Province (Wuhan, China; the license number:
SCXK 2011-0012). Methionine- and choline-sufficient (MCS) diet
(Nantong Trophy Feed Technology Co. Ltd., Jiangsu, China)
contains (per 1000 g): amino acid premix (methionine free)
175.7 g, methionine 8 g, choline chloride 2 g, sucrose 441.9 g,
dextrin 50 g, corn starch 150.0 g, corn oil 100.0 g, cellulose
30.0 g, mineral mix 52.4 g. MCD diet (Nantong Trophy Feed
Technology Co. Ltd.) contains (per 1000 g): amino acid premix
(methionine free) 175.7 g, methionine 0 g, choline chloride 0 g,
sucrose 431.9 g, dextrin 50 g, corn starch 150.0 g, corn oil 100.0 g,
cellulose 30.0 g, mineral mix 52.4 g. Silibinin (HPLCZ98%) was
from Shanghai Dingrui (Shanghai, China; CAS:32888-70-6).
NCTC-1469 cells were provided by Hangzhou Haisheng Biotech-
nology Company (Hangzhou, China). Dulbecco's modified Eagle's
medium (DMEM) and fetal bovine serum (FBS) were bought from
Gibco (Carlsbad, CA, USA). Penicillin and streptomycin were from
Hyclone (Hangzhou, China). Oleic acid (OA) was product of
Aladdin (Shanghai, China). Palmitic acid (PA), 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), DMSO, and 12-
hydroxylauric acid were product of Sigma (St. Louis, MO, USA).
Cellular TG detection kit was provided from Applygen (Beijing,
China). 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxy-
glucose (2-NBDG) and Trizol were from Invitrogen (Carlsbad,
CA, USA). Glucose-free DMEM was from Hyclone (Logan, UT,
USA). BCA kit was from Thermo (San Diego, CA, USA), Rever
Tra Aces qPCR RT kit from Toyobo (Shanghai, China), SYBR
Green I fluorescent quantitative PCR kit from Bio-Rad (Hercules,
CA, USA), kits for alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), total cholesterol (TC), triglyceride (TG),
malondialdehyde (MDA), catalase (CAT), glutathione peroxidase
(GSH-Px) and heme oxygenase 1 (HO-1) from Nanjing Jiancheng
Biological Engineering Institute (Nanjing, China). Chlorzoxazone,
6-hydroxy chlorzoxazone, and 40-hydroxytolbutamide were product
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of TRC (Canada). Lauric acid was from Nu-Chek Prep (USA), and
NADPH from BioFroxx (German). RIPA, PMSF, enhanced che-
miluminescence liquid (ECL) were all products of Beyotime
(Shanghai, China). Cooktail and phosphatase inhibitors were bought
from Roche (Basel, Switzerland). PVDF membranes were products
of Millipore (USA). Primary antibodies included polyclonal rabbit
anti-mouse CFLAR, JNK, phosphorylation of JNK (p-JNK), insulin
receptor substrate 1 (IRS1) and nuclear factor erythroid 2-related
factor 2 (NRF2) were from Wanlei (Shenyang, China), phosphor-
ylation of IRS1 (pIRS1) from Millipore (USA), CYP2E1 from
Boster (Wuhan, China), CYP4A from Abcam (USA), and poly-
clonal mouse anti-mouse β-actin from Santa (USA). Secondary
antibodies for CFLAR, JNK, p-JNK, IRS1, pIRS1, NRF2, CYP2E1
and CYP4A are horseradish peroxidase labeled goat anti-rabbit IgG
(HþL) and for β-actin is horseradish peroxidase labeled goat anti
mice IgG (HþL) (KPL, USA).

2.2. In vivo experiment

6–8 weeks male C57BL/6 mice were kept in a controlled environ-
ment (22 7 2 1C, 60 7 5% relative humidity and 12/12 h day/dark
cycle). Water and food were provided ad libitum. The handling of
animals was approved by Ethics Committee for Scientific Research
of Hubei University (Wuhan, China) and all experiments were
performed in accordance with the institutional guidelines for the
care and use of laboratory animals. Animals were randomly divided
into 4 subgroups (n ¼ 8): Group 1 was fed with for 6 weeks (MCS
group); Group 2 was fed with MCD diet for 6 weeks (MCD group);
Groups 3 and 4 were fed with MCD diet and administered
simultaneously with silibinin by gavage at the respective dose of
10 and 20mg/kg BW, once a day for 6 weeks. After the treatment
mentioned above, mice were fasted for 12 h before being sacrificed.
Body weight and liver weight were recorded. The serum was
separated from the blood collected by extirpating the eyeballs. The
liver was excised and perfused with saline. One portion of the liver
from each mouse was fixed in 4% paraformaldehyde solution for
histological analysis. One portion of the liver was used to prepare
liver S9 fraction for the activity assay of cytochrome P450 2E1
(CYP2E1) and cytochrome P450 4A (CYP4A)18. One portion
of the liver was used to prepare liver homogenate (liver-saline,
1:9, w/v) in ice water for the biochemical analysis. And one portion
of the liver was frozen in liquid nitrogen for the detection of the
mRNA and protein expression of target genes.

2.3. In vitro experiment

NCTC-1469 cells were cultured in DMEM supplemented with
10% FBS and 100 U/mL penicillin and 100 μg/mL streptomy-
cin at 37 1C with 5% CO2 and allowed to grow to 80%
confluence.

In the in vitro experiment of NCTC-1469 cells pretreated by
PA and OA, 1� 106 cells were inoculated into each well of a
6-well plate. After cells adhered to the wells, they were divided
into four groups: Group 1 was treated with cell culture medium
(control group); Group 2 was pretreated with 0.25 mmol/L PA
(dissolved in double distilled water) and 0.5 mmol/L OA
(dissolved in methanol) at 37 1C for 24 h (model group); Groups
3 and 4 were pretreated with PA and OA at 37 1C for 24 h,
and then treated with different concentrations (50 and
100 μmol/L) of silibinin (dissolved in DMSO) at 37 1C for
24 h (silibinin groups).
In the in vitro experiment of NCTC-1469 cells transfected by
adenovirus-mediated knock-down of Cflar, adenoviruses were pre-
pared as previously described19. Short-hairpin RNA (shRNA)-encod-
ing DNA sequences were synthesized and constructed into
adenovirus plasmids by Haisheng Biological Technology Co. Ltd.
(Shenzhen, China). The sequence of shRNA against Cflar were: F-50-
GGGAAGAGTGTCTTGATGAAGATTCAAGAGATCTTCATCA
AGACACTCTTCCTTTTTTG-30, R-50-GATCCAAAAAAGGAAG
AGTGTCTTGATGAAGATCTCTTGAATCTTCATCAAGACACT
CTTCCCTGCA-30. NCTC-1469 cells were inoculated into 6-well
plate and divided into 4 groups: Group 1 was treated with
adenoviruses expressing shRNA against luciferase (Ad-shCtrl) (con-
trol group); Group 2 was infected with adenovirus expressing shRNA
against CFLAR (Ad-shCflar) at 100 plaque-forming units (PFU)/cell
for 24 h (model group); Groups 3 and 4 were pretreated with Ad-
shCflar for 24 h, and then treated with different concentrations of
silibinin for 24 h (silibinin groups).

2.4. Cytotoxicity analysis

The cytotoxicity of silibinin on NCTC-1469 cells was measured
by the MTT assay. Briefly, 1� 103 cells were inoculated into each
well of a 96-well plate. Cells were allowed to adhere to
the wells and were then treated with different concentrations
(0–200 μmol/L) of silibinin (dissolved in DMSO) at 37 1C for
24 h. After addition of 20 mL of MTT (5 mg/mL) and 180 mL of
PBS to each well for 4 h, the culture solution in the plate was
removed and 150 μL of DMSO was added to each well to dissolve
the formazan. Finally, the absorbance of each well was detected at
570 nm using a microplate reader (BIO-RAD). The amount of
organic solvent in cell culture medium was consistent and
controlled within 0.3%.

2.5. Cellular TG analysis

The content of TG in the tested cells was measured using a cellular
TG detection kit according to the manufacturer's instruction after
the treatment of PA and OA and silibinin (50 and 100 μmol/L) for
24 h in 6-well plates.

2.6. Glucose uptake analysis

The uptake 2-NBDG in NCTC-1469 cells were measured as follows:
Cells inoculated in 6-well plate were co-treated with PA and OA for
24 h and then treated with silibinin (50 and 100 μmol/L) for 24 h, and
finally were incubated in glucose-free DMEM with 50 mmol/L
2-NBDG at 37 1C for 30min. The fluorescent intensity was measured
using a multimode microplate reader (Berthold TriStar LB941,
Germany) at excitation/emission wavelengths of 485 nm/535 nm.
The protein concentration of each well was detected by BCA kit to
normalize the data.

2.7. Real-time quantitative PCR

Total RNA was extracted from liver tissues using Trizol regent and
reverse transcribed to cDNA with Rever Tra Aces qPCR RT kit
as a template. SYBR Green I fluorescent quantitative PCR kit was
used for the quantification of the mRNA expression of Pparα,
Fabp5, Cpt1α, Acox, Scd-1, Gpat, Mttp, Srebp-1c, Pnpla3, Cflar
and β-actin using the CFX ConnectTM real-time system (BIO-
RAD). The primer sequences used for real-time quantitative PCR



Table 1 Primer sequences used for real-time
quantitative PCR.

Gene Primer Sequence (5-3)

β-Actin Forward AACCGTGAAAAGATGACCCAGAT
Reverse CACAGCCTGGATGGCTACGTA

Pparα Forward CGGGAAAGACCAGCAACAAC
Reverse ATAGCAGCCACAAACAGGGA

Fabp5 Forward GGAAGGAGAGCACGATAACAAGA
Reverse GGTGGCATTGTTCATGACACA

Cpt1α Forward TCCACCCTGAGGCATCTATT
Reverse ATGACCTCCTGGCATTCTCC

Acox Forward CGGAAGATACATCCCGGAGACC
Reverse AAGTAGGACACCATACCACCC

Scd-1 Forward TACTACAAGCCCGGCCTCC
Reverse CAGCAGTACCAGGGCACCA

Gpat Forward CCATTGTGGAGGATGAAGTG
Reverse TGGATCGTGCCAGATAGGGA

Mttp Forward GCTAAGAAGCTGATAATGGGAGG
Reverse CCACTCTTGGAGAAACGGTCATA

Srebp-1c Forward TGGTAGACAACAGCCGCATC
Reverse CACTTCTGGAGACATCGCAAAC

Pnpla3 Forward ATTCCCCTCTTCTCTGGCCTA
Reverse ATGTCATGCTCACCGTAGAAAGG

Cflar Forward CTGTGTCTGCCGAGGTCATTC
Reverse AGAGCAATTCAGCCAAGGTAGC

Acox, acyl-coenzyme A oxidase X; Cflar, caspase 8 and Fas-
associated protein with death domain-like apoptosis regulator;
Cpt1α, carnitine palmitoyl transferase 1α; Fabp5, fatty acid-binding
proteins 5; Gpat, glycerol-3-phosphate acyltransferase; Mttp, micro-
somal triglyceride transfer protein; Pnpla3, phospholipase domain
containing 3; Pparα, peroxisome proliferator activated receptor α;
Scd-1, stearoyl-coenzyme A desaturase-1; Srebp-1c, sterol regula-
tory element binding protein-1C.
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were shown in Table 1. RT-qPCR were performed for 40 cycles at
the following conditions: pre-denaturation at 95 1C for 5 min,
denaturation at 95 1C for 30 s, annealing at 58.3 1C for 30 s,
extended at 72 1C for 30 s. The expression of target genes was
normalized to that of β-actin, and the relative quantification of
mRNA levels was performed using the 2-ΔΔCt method.
2.8. Histological analysis

Hepatic steatosis, inflammation and fibrosis were assessed by
hematoxylin–eosin (HE), oil red O (ORO), and Masson–Tri-
chrome (MT) staining as described in Flores-Costa et al.20.
2.9. Biochemical analysis

The levels of ALT and AST in serum, as well as TC, TG, MDA,
CAT, GSH-Px and HO-1 in liver homogenate were determined by
standard laboratory detection kits according to the manufacturer's
instructions.
2.10. Determination of hepatic CYP2E1 and CYP4A activities

The activities of CYP2E1 and CYP4A in liver S9 fractions were
determined by an LC–MS/MS system consisting of LC-20AD
parallel pump, SIL-20A autosampler, DGU-20A3R degasser
unit, CTO-20A column oven, and MS-8040 spectrometer (Shi-
madzu, Japan). The probe substrate was chlorzoxazone for
CYP2E1 and lauric acid for CYP4A. The activities of CYP2E1
and CYP4A were calculated according to the production of
6-hydroxy chlorzoxazone and 12-hydroxylauric acid in the
incubation system. Incubation was performed at 37 1C for
20 min in 200 μL of potassium phosphate buffer (0.1 mol/L,
pH 7.4) including 50 μmol/L chlorzoxazone, 0.6 mg/mL liver
S9, 5 mmol/L MgCl2 and 1 mmol/L NADPH for CYP2E1,
100 μmol/L lauric acid, 0.5 mg/mL liver S9, 5 mmol/L MgCl2
and 1 mmol/L NADPH for CYP4A. After incubation, 800 μL of
cold ethyl acetate containing internal standard 40-hydroxytolbu-
tamide (0.08 μmol/L for CYP2E1 and 0.72 μmol/L for CYP4A)
was added to stop the reaction. The supernatant was collected
after centrifugation (12,000� g for 10 min) at 4 1C, and evapo-
rated to dryness at 30 1C. The residue was dissolved in 100 μL
mobile phase (acetonitrile:H2O, 1:1, v/v) to detect the concen-
tration of 6-hydroxy chlorzoxazone and 12-hydroxylauric acid.
6-Hydroxy chlorzoxazone was separated on Shim-pack ODS
C18 column (150 mm� 2.0 mm, 4.6 μm) using the mobile phase
of mixed water (containing 0.1% formic acid) (A)/acetonitrile
(B) at gradient elution program (0–5 min, 30%–85% B; 5–6 min,
85% B; 6–6.01 min, 85%–30%B; 6.01–11 min, 30% B; a flow
rate of 0.2 mL/min), and detected by negative ion multiple
reaction monitoring with m/z 184.0-120.1 for 6-hydroxy
chlorzoxazone and 285.0-186.1 for IS. 12-Hydroxylauric acid
was separated on the above stated column and the mobile phase
by gradient elution (0–4 min, 25%–90% B; 4–8 min, 90% B;
8–8.01 min, 90%–25% B, 8.01–13 min, 25% B; a flow rate of
0.3 mL/min), and detected by negative ion selective ion mon-
itoring with m/z 215.0 for 12-hydroxylauric acid and 184.0 for
IS. The column temperature was 40 1C.
2.11. Western blot

Total protein lysates of mouse liver tissues and NCTC-1469 cells
were obtained by incubation on ice with RIPA containing 1%
PMSF, cooktail and phosphatase inhibitors. The supernatant was
collected after centrifugation at 12,000� g for 15 min at 4 1C.
Protein quantification was preformed with a BCA kit. Aliquots
containing 30 μg of protein were separated by SDS-PAGE (5%
concentrated gel and 10% separated gel) and transferred to PVDF
membranes. The membrane was incubated with 5% nonfat dried
milk at room temperature for 2 h, followed by specific primary
antibodies at 4 1C overnight and the corresponding secondary
antibodies at room temperature for 1 h. Immunoreactive bands
were visualized by ECL and quantified by software Image J
(NIH, USA).
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2.12. Statistical analysis

Results were presented as the mean 7 standard deviation (SD),
n ¼ 8. Statistical analyses were performed using one-way analysis
of variance (ANOVA), followed by Tukey's test. Values were
considered significant at P o 0.05.
3. Results

3.1. In vivo effects of silibinin on hepatic index and histological
changes

The changes in the body weight, the liver weight and the hepatic index
(liver weight/body weight� 100) after the six-week treatments were
shown in Fig. 1. The body weight, the liver weight and the hepatic
index of MCD group was significantly lower than MCS group.
Silibinin treatment increased the hepatic index, especially with the high
dose of silibinin (20mg/kg), the liver index returned to the level of
MCS group. The results indicated that feeding MCD diet decreased the
hepatic index of mice, whereas exposure to silibinin prevented the
decrease of hepatic index of mice induced by feeding MCD diet.

The liver histological changes of the tested mice including hepatic
steatosis, ballooning, inflammation and fibrosis were shown in Fig. 2.
The results from HE and ORO staining showed the intracellular
steatosis, ballooning and inflammation in MCD group as compared
Figure 1 Effects of silibinin on body weight, liver weight and hepatic in
silibinin for 6 weeks and the body weight during 6 weeks (A), the bod
in different groups of mice were detected. Values (mean 7 SD) were obtai
#P o 0.05 and ##P o 0.01 versus MCS group; *P o 0.05 and **P o 0.0
methionine- and choline-sufficient.
with MCS group, whereas the histological changes induced by
feeding MCD diet were restored by silibinin treatment. In addition,
no significant differences in hepatic fibrosis was observed in the
4 experimental groups based on the results of MT staining.
3.2. In vivo effects of silibinin on biomarkers of hepatic injury

The levels of serum ALT and AST, and hepatic TC, TG and
MDA were shown in Table 2. The activities of ALT and AST in
serum, and the contents of TC, TG and MDA in liver
homogenate were significantly higher in MCD group than
MCS group. These results indicated that MCD diet led to liver
injury and fat accumulation of mice. Compared to MCD group,
silibinin treatment decreased the levels of ALT, AST, TC, TG
and MDA. However, in addition to TC and TG, the levels of
ALT, AST and MDA in silibinin groups were not back to
normal as compared with MCS group. These results showed
that silibinin treatment had a beneficial effect on liver injury and
fat accumulation induced by feeding MCD diet.
3.3. In vivo effects of silibinin on the activities of hepatic
oxidative stress-related enzymes

The effects of silibinin on the activities of oxidative stress-
related enzymes including the family of oxygen radical
dex in different groups of mice. C57BL/6 were treated with MCD and
y weight (B), liver weight (C) and hepatic index (D) after 6 weeks
ned from each group (n ¼ 8) after 6 weeks of the experimental period.
1 versus MCD group. MCD, methionine- and choline-deficient; MCS,



Figure 2 Effects of silibinin on hepatic histological changes. H&E, MT and oil red O staining of liver sections in different groups of mice. HE,
hematoxylin and eosin MCD, methionine- and choline-deficient; MCS, methionine- and choline-sufficient; MT, Masson–Trichrome.

Table 2 Effect of silibinin on biomarkers of hepatic injury in C57BL/6 mice.

Biomarker MCS MCD Silibinin (mg/kg)

10 20

Serum ALT (U/L) 8.58 7 1.13 41.42 7 9.38## 31.11 7 8.78##** 26.81 7 10.00## **

Serum AST (U/L) 21.37 7 3.98 40.32 7 6.23## 39.19 7 9.71## 31.46 7 6.80## *

Hepatic TC (mmol/gprot) 0.09 7 0.01 0.17 7 0.04## 0.09 7 0.01** 0.05 7 0.02# **

Hepatic TG (mmol/gprot) 0.14 7 0.03 0.35 7 0.03## 0.22 7 0.035** 0.19 7 0.01**

Hepatic MDA (nmol/mgprot) 0.91 7 0.24 6.15 7 1.48## 5.62 7 1.73## 2.34 7 0.44# **

Values (mean 7 SD) were obtained from each group (n ¼ 8) after 6 weeks of the experimental period. #P o 0.05 and ##P o 0.01 versus
MCS group; *P o 0.05 and **P o 0.01 versus MCD group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; MDA,
malondialdehyde; MCD, methionine- and choline-deficient; MCS, methionine- and choline- sufficient; TC, total cholesterol; TG,
triglyceride.
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scavenging enzymes (CAT, GSH-Px and HO-1) and oxygen
free radical generating enzymes (CYP2E1 and CYP4A) were
shown in Table 3. Compared with MCS group, the activities of
CAT, GSH-Px and HO-1 in MCD group were significantly
decreased, whereas the activities of CYP2E1 and CYP4A in
MCD group were significantly increased. Compared with
MCD group, silibinin treatment increased the activities of
CAT, GSH-Px and HO-1. It also suppressed the activities
of CYP2E1 and CYP4A. More importantly, silibinin treatment
almost restored the enzymatic activity mentioned above
to normal.
3.4. In vivo effects of silibinin on the mRNA expression of
hepatic lipid accumulation-related genes

The effects of silibinin on the mRNA expression of hepatic lipid
synthesis related genes (Srebp-1c and Pnpla3), lipid oxidation
related genes (Pparα, Fabp5, Cpt1α and Acox) and fatty acid
transport related genes (Gpat, Mttp and Scd-1) were shown in
Fig. 3. Compared with MCS group, the mRNA expression of
Pparα, Fabp5, Cpt1α, Acox, Scd-1, Gapt and Mttp were sig-
nificantly lower in the MCD group. Silibinin treatment increased
the mRNA levels of Pparα, Fabp5, Cpt1α, Acox, Scd-1, Gpat and



Table 3 Effect of silibinin on activities of hepatic antioxidant enzymes in C57BL/6 mice.

Hepatic enzyme MCS MCD Silibinin (mg/kg)

10 20

CAT (U/mgprot) 22.56 7 2.42 8.98 7 1.22## 17.69 7 3.54** 21.09 7 4.13**

GSH-Px (U/mgprot) 324.39 7 42.04 189.57 7 23.68## 268.54 7 34.89** 272.47 7 43.11**

HO-1 (ng/mgprot) 3.42 7 0.41 1.13 7 0.19## 1.59 7 0.22## * 2.17 7 0.3# **

CYP2E1 (nmol/mgprot min) 0.19 7 0.04 0.31 7 0.04## 0.24 7 0.06* 0.23 7 0.03**

CYP4A (nmol/mgprot min) 0.16 7 0.03 0.24 7 0.03## 0.19 7 0.07 0.17 7 0.01**

Values (mean 7 SD) were obtained from each group (n ¼ 8) after 6 weeks of the experimental period. #P o 0.05 and ##P o 0.01 versus MCS
group; *P o 0.05 and **P o 0.01 versus MCD group. CAT, catalase; CYP2E1, cytochrome P450 2E1; CYP4A, cytochrome P450 4A; GSH-Px,
glutathione peroxidase; HO-1, heme oxygenase 1; MCD, methionine- and choline-deficient; MCS, methionine- and choline-sufficient.
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Mttp, although the mRNA expression levels of the tested genes
were significantly lower than those of MCS group. No significant
difference was observed for the mRNA expression of Srebp-1c
and Pnpla3 among MCS, MCD and silibinin groups.

3.5. In vivo effects of silibinin on the protein expression of
hepatic CFLAR-JNK pathway-related genes

The protein expression levels of hepatic CFLAR-JNK pathway-
related genes including CFLAR, pJNK, NRF2, CYP2E1 and
CYP4A in the 4 groups of mice were shown in Fig. 4. Compared
to MCS group, the protein expression levels of CFLAR and NRF2
in MCD group were significantly decreased. The protein expres-
sion levels of pJNK/JNK, CYP2E1 and CYP4A in MCD group
were significantly increased. Silibinin treatment increased the
protein expression levels of CFLAR and NRF2, whereas reduced
the protein expression levels of pJNK/JNK, CYP2E1 and CYP4A.
In addition, silibinin treatment restored the protein expression of
CFLAR and pJNK/JNK to the normal level while the protein
expression of NRF2, CYP2E1 and CYP4A could not be returned
to normal.

3.6. In vitro effects of silibinin on the contents of intracellular
TG and 2-NBDG, and the expression of CFLAR-JNK pathway-
related genes in OA and PA pretreated NCTC-1469 cells

The effects of silibinin (0, 5, 10, 20, 50, 100 and 200 μmol/L) on
the viability of NCTC-1469 cells at 24, 48 and 72 h were shown in
Fig. 5A. Expect 100 μmol/L silibinin treatment for 72 h and 200
μmol/L treatment for 48 and 72 h, other cases of silibinin treatment
had no significantly effect on the viability of NCTC-1469 cells.
Therefore, 50 and 100 μmol/L silibinin were chosen to treat
NCTC-1469 cells for 24 h in subsequent experiments.

Fig. 5B and C showed the effect of silibinin on TG content and
the ORO staining in OA- and PA-pretreated NCTC-1469 cells.
The content of TG in model group was 8.6 times higher than that
of control group. Treatment with 50 and 100 μmol/L silibinin
decreased TG content to 80% and 71% of model group,
respectively. The results of ORO staining were consistent with TG.

Fig. 5D showed the effect of silibinin on the uptake of 2-NBDG
in OA and PA pretreated NCTC-1469 cells. OA and PA
pretreatment repressed the uptake of 2-NBDG in cells and silibinin
treatment for 24 h relieved the inhibiting effect.

The effects of silibinin treatment on CFLAR, pJNK, NRF2 and
pIRS1 protein expression in OA and PA pretreated NCTC-1469
cells were shown in Fig. 5E–I. OA and PA pretreatment down-
regulated the protein expression of CFLAR, NRF2 and pIRS1 and
up-regulated the protein expression of pJNK in model group,
whereas silibinin treatment for 24 h up-regulated the expression of
CFLAR, NRF2 and pIRS1 and down-regulated the expression of
pJNK in a dose-dependent manner.

3.7. In vitro effect of silibinin on the expression of CFLAR-JNK
pathway-related genes in NCTC-1469 cells transfected with Ad-
shCflar

The effect of silibinin treatment for 24 h on the expression of
CFLAR downstream signaling molecules in NCTC-1469 cells
transfected with Ad-shCflar were investigated and the results were
shown in Fig. 6. Ad-shCflar treatment for 24 h inhibited the
mRNA and protein expression of CFLAR, promoted the phos-
phorylation of JNK and restrained the protein expression of NRF2
and pIRS1. Silibinin treatment for 24 h up-regulated the mRNA
expression of Cflar and the protein expression of CFLAR, NRF2
and pIRS1, while down-regulated the protein expression of pJNK
in a dose-dependent manner.
4. Discussion

Epidemiological studies show that changes in lifestyle and
increased fat in daily diet have increased the incidence of obesity,
hyperlipidemia and diabetes, thus significantly increased the risk
of NASH. While the morbidity rate of NASH in different countries
is approximately 10%–24%, in obese population it is much higher,
approximately 57%–74%21. Day et al.22 reported that 15%–50%
of patients have hepatic fibrosis, 7%–25% have cirrhosis, and the
survival rate at 5 and 10 years is 67% and 59% in NASH patients,
respectively. Therefore, the study of the pathogenesis, prevention
and treatment of NASH is a research hot spot. In this paper, we
studied the effects and mechanism of action of silibinin on lipid
metabolism and oxidative stress in NASH models including
C57BL/6 mice fed with MCD diet and NCTC1469 cells treated
with PA and OA and adenovirus-mediated knock-down of Cflar.

CFLAR is a member of the innate immune regulatory network. It
modulates apoptosis through mitogen-activated protein kinase
(MAPK)/JNK pathway in liver cells23, inhibits JNK pathway to
improve the activity of immune cells and attenuate the symptoms of
diabetic rats induced by streptozocin24. Glucolipid metabolism,
inflammatory responses, insulin resistance, fibrosis and oxidative
stress disorder were significantly enhanced in Cflar-knockout mice,
whereas CFLAR overexpression mice showed a significant improve-
ment or even reversal of these pathological features15,25. The effect of



Figure 3 Effects of silibinin on the mRNA expression of hepatic lipid accumulation-related genes in different groups of mice. Values (mean 7
SD) were obtained from each group (n ¼ 8) after 6 weeks of the experimental period. #P o 0.05 and ##P o 0.01 versus MCS group; *P o 0.05
and **P o 0.01 versus MCD group. Acox, Acyl-coenzyme A oxidase X; Cflar, caspase 8 and Fas-associated protein with death domain-like
apoptosis regulator; Cpt1α, carnitine palmitoyl transferase 1α; Fabp5, fatty acid-binding proteins 5; Gpat, glycerol-3-phosphate acyltransferase;
MCD, methionine- and choline-deficient; MCS, methionine- and choline-sufficient; Mttp, microsomal triglyceride transfer protein; Pnpla3,
phospholipase domain containing 3; Pparα, peroxisome proliferator activated receptor α; Scd-1, stearoyl-coenzyme A desaturase-1; Srebp-1c,
sterol regulatory element binding protein-1C.
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silibinin on CFLAR expression observed in our study are consistent
with the literature reports15, indicating that silibinin can activate
CFLAR and inhibit the expression of its downstream pJNK/JNK
in vivo and in vitro. In order to further clarify the mechanism of
silibinin to NASH, we focused on the silibinin-induced effects on the
expression of downstream target genes of JNK involved in lipid
metabolism, oxidative stress and insulin resistance.

Lipid accumulation in the liver is mainly related to the
expression of lipid synthesis genes (such as Srebp-1c and Pnpla3),
lipid oxidative genes (such as Pparα, Fabp5, Cpt1α and Acox) and
lipid transport genes (such as Scd-1, Gpat and Mttp). Pparα,
Fabp5, Cpt1α and Acox are key genes involved in lipid acid β-
oxidation. Pparα belongs to the type II nuclear receptors and its
expression was significantly down-regulated in the liver of MCD
diet feeding-induced NASH mouse model26. Ppar agonists might
play a role in rat with NASH by triggering enzyme activities
related to lipid metabolism (e.g., Fabp, Cpt and Acox)27, and drugs
targeting PPARα were used for the clinical treatment of dyslipi-
demia28. CPT1 and ACOX are key limiting enzymes of fatty acid
β-oxidation that are regulated by PPARα29. FABPS5 is a necessary
condition for the use of long chain fatty acids by the liver30. Our
results showed that the mRNA expression of Pparα, Fabp5, Cpt1α
and Acox in MCD group were significantly inhibited, and silibinin
had an antagonistic effect on the inhibition induced by feeding
MCD diet, indicating that silibinin could promote hepatic fatty
acid β-oxidation. Scd-1, Gpat and Mttp are related to the transport
of fatty acids out of the liver31–33, the expression of them in NASH
model were significantly inhibited34–36. The lack of Mttp directly
led to fatty liver disease and cirrhosis37. Our results showed that
the mRNA expression of Scd-1, Gpat and Mttp were significantly
inhibited in MCD group, and silibinin could alleviate MCD diet-
induced inhibitory effect, indicating that silibinin could promote



Figure 4 Effects of silibinin on the protein expression of hepatic CFLAR-JNK pathway related genes in different groups of mice. Values (mean
7 SD) were obtained from each group (n ¼ 8) after 6 weeks of the experimental period. #P o 0.05 and ##P o 0.01 versus MCS group; *P o
0.05 and **P o 0.01 versus MCD group. CFLAR, caspase 8 and Fas-associated protein with death domain-like apoptosis regulator; JNK, c-Jun
N-terminal kinase; MCD, methionine- and choline-deficient; MCS, methionine- and choline-sufficient; NRF2, nuclear factor erythroid 2-related
factor 2; pJNK, phosphorylation of c-Jun N-terminal kinase.
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the transfer of fatty acids out of the liver. MCD diet and silibinin
had no significant effect on the mRNA expression of lipid
synthesis-related genes in the liver. Additionally, we found that
silibinin treatment reduced the levels of hepatic TG and TC in
C57BL/6 mice fed by MCD diet, as well as TG content in NCTC-
1469 cells pretreated by PA and OA. These results indicated that
silibinin alleviated the hepatic fat accumulation of NASH by
promoting hepatic lipid oxidation and fatty acid transport out of
the liver to the first hit in NASH.

Insulin resistance (IR) is closely related to the first hit of NASH
and can promote the development of the disease course of NASH.
IR causes hyperinsulinemia and promotes the fat decomposition in
peripheral tissues which would increase the free fatty acids in
blood and liver. At the same time, large amounts of free fatty acids
will generate triglycerides in the liver because of the oxidation
disorder38,39. IR can inhibit glucose uptake in cells40–42 and can be
improved by phosphorylation of IRS1 downstream of JNK43. Our
results showed that silibinin could meliorate the IR by promoting
the phosphorylation of IRS1 in NCTC-1469 cells.

Oxidative stress is a state when the antioxidant enzyme systems
are inhibited, and pro-oxidative reactions are activated. The excess
free radicals in the body lead to DNA oxidative damage and
abnormal expression of various proteins related to cytotoxicity, which
is closely related to the development of NAFLD and observed in
almost all patients with NAFLD44. In the present work, we examined
the effect of silibinin on hepatic oxidative stress from two aspects
including scavenging and production of reactive oxygen. NRF2 is a
highly sensitive transcription factor related to oxidative stressand
plays a key role in the expression of a variety of antioxidant genes
and phase II detoxification enzymes45–48. The expression of NRF2 is
significantly inhibited in MCD diet-induced NASH model, whereas
activation of NRF2 significantly improves various symptoms of
NASH49. CAT, GSH-Px and HO-1 are important enzymes for
scavenging free radicals in organisms, which can alleviate lipid
peroxidation of cell membranes50,51. CYP2E1 and CYP4A are
important enzymes for the generation of free radicals in the body,
and also are important factors inducing fatty liver disease in wild-type
mice52, the activity and expression of them are increased in patients
and rodents with fatty liver and positively related to lipid peroxidation
levels53–55. Our results showed that the protein expression of NRF2
in vivo and in vitro, as well as the activities of anti-oxidative enzymes
including CAT, GSH-Px and HO-1 in vivo, were all upregulated, and
the enzyme activity and protein expression of CYP2E1 and CYP4A
were repressed in the liver of mice with NASH following silibinin
treatment. The results indicated that silibinin could improve NASH-
related oxidative stress injury by increasing the antioxidase activity
and inhibiting the activities of free radical generating enzymes in
the liver.



Figure 5 Effects of silibinin on cellular TG and 2-NBDG contents, and the protein expression of CFLAR, pJNK/JNK, NRF2 and pIRS1/IRS1 in OA and
PA pretreated NCTC-1469 cells. NCTC-1469 cells were pretreated with OA and PA and then treated with silibinin to detected the cellular viability (A), TG (B),
oil red O staining (C), 2-NBDG (D), protein expression of CFLAR, NRF2, pJNK/JNK and pIRS1/IRS1 (E)–(I). The representative results from three
independent experiments were shown. Cellular protein expression levels were analyzed by Western blot. The relative protein levels were determined after
normalization with β-actin. The data were expressed as the means7 SD. #Po 0.05 and ##Po 0.01 versus control group; *Po 0.05 and **Po 0.01 versus
model group. Scale bar=25 μm. CFLAR, caspase 8 and Fas-associated protein with death domain-like apoptosis regulator; IRS1, insulin receptor substrate 1;
JNK, c-Jun N-terminal kinase; NRF2, nuclear factor erythroid 2-related factor 2; OA, oleic acid; PA, palmitic acid; pIRS1, phosphorylation of insulin receptor
substrate 1; pJNK, phosphorylation of c-Jun N-terminal kinase; TG, triglyceride; 2-NBDG, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose.
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Figure 6 Effects of silibinin on the expression of CFLAR-JNK pathway-related genes in NCTC-1469 cells after adenovirus-mediated knock-
down of Cflar. NCTC-1469 cells were transfected with adenovirus and then treated with silibinin to detected the cellular mRNA expression of
Cflar (A), protein expression of CFLAR, pJNK/JNK NRF2, and pIRS1/IRS1 (B)–(F). The representative results from three independent
experiments were shown. Cellular protein expression levels were analyzed by Western blot. The relative protein levels were determined after
normalization with β-actin. The data were expressed as the means 7 SD. #P o 0.05 and ##P o 0.01 versus control group; *P o 0.05 and **P o
0.01 versus model group. CFLAR, caspase 8 and Fas-associated protein with death domain-like apoptosis regulator; IRS1, insulin receptor
substrate 1; JNK, c-Jun N-terminal kinase; NRF2, nuclear factor erythroid 2-related factor 2; pIRS1, phosphorylation of insulin receptor substrate
1; pJNK, phosphorylation of c-Jun N-terminal kinase.
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Figure 7 Proposed mechanism of silibinin against NASH. NASH, nonalcoholic steatohepatitis.
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5. Conclusions

One important finding in this paper is the regulation of silibinin on
NASH-related CFLAR-JNK pathway. Silibinin can prevent NASH by
activating the expression of CFLAR and inhibiting the phosphorylation
of JNK, thereby regulating NASH-related hepatic lipid metabolism,
insulin resistance and oxidative stress. The other important finding in
this paper is the regulation of silibinin on NASH-related NRF2
pathway. Silibinin also can up-regulate the expression of NRF2 and
thereby modulate the activities of antioxidative and pro-oxidative
enzymes to relieve hepatic oxidative stress injury. The proposed
regulatory mechanism of silibinin against NASH was shown in Fig. 7.
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