
INTRODUCTION

Diabetes mellitus, diagnosed by observing elevated levels 
of blood glucose, is globally approaching epidemic propor-
tions (Mackenbach et al., 2018; Yang and Kang, 2018). In-
adequate production of insulin caused by loss of pancreatic 
β-cell mass and function is central to the development of dia-
betes (Kawamori, 2017; Chu et al., 2018). As the predominant 
form of diabetes, type 2 diabetes mellitus (T2DM) accounts for 
around 90% of diabetic patients globally (International Diabe-
tes Federation, 2017). The dysregulation of glucose homeo-

stasis in T2DM is associated with body fat accumulation (Shul-
man, 2014). Increased intracellular reactive oxygen species 
(ROS) have been reported to be involved in glucose-induced 
glucotoxicity and fatty acid-induced lipotoxicity in insulin-pro-
ducing pancreatic β-cells (Robertson, 2006; Lee et al., 2013). 
The ROS produced could be scavenged by endogenous anti-
oxidative enzymes such as heme oxygenase-1 (HO-1) and 
superoxide dismutase 2 (SOD2), while the imbalance between 
antioxidative defense and ROS production leads to oxidative 
stress. The transcription of HO-1 and SOD2 genes are regu-
lated by the transcription factor NF-E2-related factor 2 (Nrf2), 
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Silibinin exhibits antidiabetic potential by preserving the mass and function of pancreatic β-cells through up-regulation of estrogen 
receptor-α (ERα) expression. However, the underlying protective mechanism of silibinin in pancreatic β-cells is still unclear. In the 
current study, we sought to determine whether ERα acts as the target of silibinin for the modulation of antioxidative response in 
pancreatic β-cells under high glucose and high fat conditions. Our in vivo study revealed that a 4-week oral administration of silib-
inin (100 mg/kg/day) decreased fasting blood glucose with a concurrent increase in levels of serum insulin in high-fat diet/strepto-
zotocin-induced type 2 diabetic rats. Moreover, expression of ERα, NF-E2-related factor 2 (Nrf2), and heme oxygenase-1 (HO-1) 
in pancreatic β-cells in pancreatic islets was increased by silibinin treatment. Accordingly, silibinin (10 μM) elevated viability, insulin 
biosynthesis, and insulin secretion of high glucose/palmitate-treated INS-1 cells accompanied by increased expression of ERα, 
Nrf2, and HO-1 as well as decreased reactive oxygen species production in vitro. Treatment using an ERα antagonist (MPP) in 
INS-1 cells or silencing ERα expression in INS-1 and NIT-1 cells with siRNA abolished the protective effects of silibinin. Our study 
suggests that silibinin activates the Nrf2-antioxidative pathways in pancreatic β-cells through regulation of ERα expression.
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which acts as a master regulator of the protective response 
to oxidative stress (Rochette et al., 2014; Gerber and Rutter, 
2017; Khan et al., 2017). 

Polyphenols are widely distributed in plants and are com-
monly referred to as antioxidants (Morillas-Ruiz et al., 2006). 
A variety of polyphenols such as curcumin, resveratrol, quer-
cetin, epigallocatechin-3-gallate, caffeic acid, hydroxytyrosol, 
genistein, lycopene, and ellagic acid exert antioxidative ac-
tivities through targeting Nrf2 and consequently activating the 
antioxidant response element-related cytoprotective genes 
(Nabavi et al., 2016). Silibinin, a major polyphenolic com-
pound extracted from milk thistle (Silibum marianum), has 
been widely used for the treatment of gallbladder and hepatic 
diseases via its antioxidative and hepatoprotective proper-
ties (Zou et al., 2017). Further studies revealed that silibinin 
exerted strong antidiabetic effects by increasing the viability 
and improving the function of pancreatic β-cells (Wang et al., 
2012; Chen et al., 2014). Silibinin was shown to increase the 
functional insulin-producing β-cell mass through the activation 
of estrogen receptor-α (ERα) in our recent study (Yang et al., 
2018). ROS production in pancreatic β-cells can be induced 
by hyperglycemia during the pathogenesis of type 2 diabetes, 
and the excessive concentrations of ROS cause pancreatic 
β-cell dysfunction and impair insulin action (Sone and Kaga-
wa, 2005; Robertson, 2006). The activation of ERα has been 
shown to regulate the antioxidative response in breast cancer 
cells by activating Nrf2 (Wu et al., 2014), but the relationship 
between ERα and Nrf2 in pancreatic β-cells is still unclear. In 
the current study, whether silibinin protects pancreatic β-cells 
against oxidative damage under high-glucose and high-fat 
conditions was determined, and the underlying mechanisms 
involving the regulation of ERα and the Nrf2-antioxidative 
pathway were explored. 

MATERIALS AND METHODS

Chemicals and reagents
Silibinin (purity ≥99%) was purchased from Jurong Best Med-

icine Material (Zhenjiang, Jiangsu, China). Streptozotocin (STZ, 
purity≥98%), Metformin (purity≥98%), 3-(4,5-dimethyl-2-thiazo-
lyl)-2, 5-diphenyltetrazolium bromide (MTT), ERα-specific ago-
nist 1,3,5-tris (4-hydroxyphenyl)-4-propyl-1H-pyrazole (PPT), 
and ERα-specific antagonist 1,3-bis(4-hydroxyphenyl)-4-meth-
yl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole-dihydro-chlo-
ride (MPP) were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Mouse anti-insulin and rabbit anti-ERα primary antibodies 
as well as Rhodamine-, FITC-, and HRP- conjugated secondary 
antibodies were purchased from Proteintech Group (Chicago, 
IL, USA). Rabbit antibodies against Nrf2, HO-1, SOD2 and 
β-actin were obtained from Wanlei Life Science (Shenyang, Chi-
na). Mouse anti-8-OHdG antibody was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). The enzyme-linked 
immunosorbent assay (ELISA) kit for detecting rat insulin was 
purchased from Shanghai Huayi Biological Technology (Shang-
hai, China). CMC-Na, palmitate, glucose, and DAPI-containing 
mounting media were provided by Meilun Biotech (Dalian, Chi-
na). 

Animals
Seven-week-old male specific pathogen free Sprague-

Dawley (SD) rats were obtained from the Experimental Animal 

Center of Shenyang Pharmaceutical University (Shenyang, 
China). Animal experiments were conducted in accordance 
with the Guideline of Animal Experimentation and the protocol 
was subject to approval by the Animal Ethics Committee of 
Shenyang Pharmaceutical University. All rats were housed un-
der conventional conditions with appropriate temperature (22 
± 0.5°C), humidity (50-60%) control and a 12/12 h light/dark 
cycle with free access to food and water. T2DM was induced 
by feeding rats with high-fat diet (HFD, H10045; 4.73 kcal/g, 
45 kcal% fat, 35 kcal% carbohydrates, and 20 kcal% protein; 
Beijing HFK Bioscience, Beijing, China) for 5 weeks followed 
by intraperitoneal (i.p.) injection of 35 mg/kg STZ. Rats were 
considered to be hyperglycemic when blood glucose levels 
were >11.1 mmol/L after a 1 week waiting period (Xu et al., 
2018). Silibinin (100 mg/kg) and metformin (100 mg/kg) sus-
pensions prepared in 0.5% CMC-Na were administered to rats 
once daily by oral gavage for 4 consecutive weeks, and the 
untreated rats in diabetic control group were administrated 
with 0.5% CMC-Na only (n=6 in each group). Fasting blood 
glucose was measured by glucose oxidase/peroxidase meth-
od (Wako Diagnostics, Tokyo, Japan) at the indicated time 
points. By the end of the study, overnight-fasted animals were 
anesthetized with intraperitoneal injection of chloral hydrate 
(350 mg kg–1), and serum was collected for assessment of 
IL-1β, TNF-α (Nanjing Jiancheng Bio engineering Institute, 
Nanjing, China) and insulin (Shanghai Huayi Biological Tech-
nology). Pancreas tissues were harvested and fixed with 4% 
paraformaldehyde for immunofluorescence analysis.

Immunofluorescence
Paraformaldehyde-fixed pancreas tissues were embedded 

with paraffin and sectioned into 4 μm slices. The sections were 
permeabilized with 0.15% Triton X-100, and then blocked with 
blocking buffer containing 5% normal goat serum before in-
cubation with anti-insulin antibody and antibodies targeting 
ERα, Nrf2 or HO-1. The primary antibodies were located with 
FITC- or Rhodamine- conjugated secondary antibody. Slides 
were then mounted with DAPI-containing mounting medium, 
and the images were taken using a fluorescence microscope 
(Eclipse 90i; Nikon Instruments, Tokyo, Japan) at 200x mag-
nification.

Cell culture 
Rat pancreatic β-cell line INS-1 was obtained from National 

Platform of Experimental Cell Resources for Sci-Tech (Bei-
jing, China), and the cells were cultured in RPMI 1640 me-
dium (Gibico, Grand Island, NY, USA) containing 11.1 mmol/L 
glucose supplemented with 10% FBS, 10 mmol/L HEPES, 2 
mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 100 U/mL 
penicillin G sodium, 100 μg/mL streptomycin sulfate, and 50 
μmol/L β-mercaptoethanol. Mouse pancreatic β-cell line NIT-1 
was obtained from Newgainbio (Wuxi, China), the cells were 
grown in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 11.1 mmol/L glucose supplemented with 10% FBS, 
100 U/mL penicillin G sodium, and 100 μg/mL streptomycin 
sulfate. The stock solution of palmitate (5 mM) bound to 3.75% 
bovine serum albumin (BSA) was prepared by following the 
published protocol (Lee et al., 2013), and the stock solution 
was diluted in culture medium to obtain 0.4 mM palmitate con-
jugated with 0.3% BSA. Glucolipotoxcity-mediated cell dam-
age was induced by incubating INS-1 or NIT-1 cells with high 
glucose (HG, 25 mM) and 0.4 mM palmitate/BSA (PA) for 24 
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h. To determine the protective effects of silibinin against glu-
colipotoxicity through the regulation of ERα expression, cells 
were pre-incubated with silibinin (2.5, 5, and 10 μM), PPT (10 
μM) or MPP (15 μM) for 2 h before incubation with HG/PA. 
Moreover, small interfering RNA (siRNA) against ERα and 
control scrambled siRNA were transfected into INS-1 or NIT-
1 cells with siRNA-Mate (Shanghai Gene Pharma, Shanghai, 
China) to confirm the study using ERα antagonist, and the 
pre-incubation of cells with silibinin was then performed 24 h 
after transfection. Insulin in cells and conditioned medium was 
determined using the commercial ELISA kit (Shanghai Huayi 
Biological Technology, Shanghai, China). The cells were incu-
bated at 37°C with 5% CO2 in a humidified atmosphere during 
the study. 

MTT assay
INS-1 cells were plated into 96-well cell culture plates (Co-

star, Corning, NY, USA) at a density of 1.0×104 cells/well. After 
cultured for 24 h, the cells were subjected to the indicated 
treatments followed by incubation with 100 μL of 0.5 mg/mL 
MTT solution at 37°C for additional 3 h. The formazan dye 
product of residual cell layer was dissolved with 150 μL of 

DMSO. The absorbance of each sample was measured at 
490 nm wavelength using a microplate reader (SpectraMax 
M2, Molecular Devices, Sunnyvale, CA, USA). Data were ex-
pressed as the cell viability versus that of control.

Western blot assay
INS-1 or NIT-1 cells were lysed in RIPA buffer containing 

phosphatase inhibitors and protease inhibitors (Roche Diag-
nostics, Indianapolis, IN, USA). The soluble protein was iso-
lated by centrifugation at 12,000 g for 10 min. Equal amounts 
of total protein of each sample were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
and transferred to PVDF membrane. After blocking with 5% 
skimmed milk in PBS containing 0.1% Tween-20, the mem-
branes were blotted with primary antibody against ERα, Nrf2, 
HO-1, SOD2 or β-actin. The primary antibodies were then lo-
cated with HRP-conjugated secondary antibody, and the pro-
tein bands were finally visualized by using ECL kit (Amersham, 
Buckinghamshire, UK). The band density was analyzed using 
Image J software (National Institutes of Health, Bethesda, MD, 
USA).

Week 0 Week 1 Week 2 Week 3 Week 4

20
18
16
14
12
10
8
6
4
2F

a
s
ti
n
g

b
lo

o
d

g
lu

c
o
s
e

(m
m

o
l/
L
)

0

NG
DB
DS
DM

A

35

30

25

20

15

10

5

T
N

F
-

(p
g
/m

L
)

�

0

D

NG DB DS DM

90

80

70

60

50

40

30

20

10

IL
-1

(p
g
/m

L
)

�

0

C

NG DB DS DM

1.4

1.2

1.0

0.8

0.6

0.4

0.2In
s
u
lin

le
v
e
l
(m

U
/L

)

0

B

NG DB DS DM

20

15

10

5

E
R

p
o
s
it
iv

e
p
a
n
c
re

a
ti
c

-c
e
ll

(%
)

�
�

0

G

NG DB DS DM

120

100

80

60

40

20

In
s
u
lin

p
o
s
it
iv

e
c
e
ll

p
e
r

is
le

t

0

F

NG DB DS DM

In
s
u
lin

E
R

�
M

e
rg

e
d

E
NG DB DS DM

50 m�

# # #
#

#

#

#

#

#
#

#

#
#

Fig. 1. Effects of silibinin on fasting blood glucose, serum insulin and pro-inflammatory cytokines as well as expression of ERα in pancre-
atic β-cells in type 2 diabetic SD rats. (A) Fasting blood glucose of SD rats in different groups was monitored during the study. (B) Rats were 
euthanized after 4 weeks of silibinin or metformin administration, and the serum was collected to evaluate the insulin secretion of rats with 
different treatments. (C, D) Levels of IL-1β and TNF-α in serum of rats from different groups were determined. (E) Representative immuno-
fluorescence images showed insulin- and ERα-positive cells in pancreatic islet of normoglycemic and diabetic SD rats with different treat-
ments (magnification, ×200; scale bar, 50 μm). (F, G) Quantification of the insulin-positive cell number and ERα-positive pancreatic β-cell 
percentage in islets. NG, normoglycemia; DB, diabetes; DS, diabetes+silibinin; DM, diabetes+metformin. Data are mean ± SEM (n=6 in 
each group). *p<0.05 vs. NG group; #p<0.05 vs. DB group.
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ROS production
Intracellular ROS of INS-1 or NIT-1 cells was detected by a 

fluorescent probe 2’,7’-dichlorofluorescein diacetate (DCFH-
DA) (Meilun Biotech). DCFH-DA is converted by intracellular 
esterases, which is oxidized into the highly fluorescent dichlo-
rofluorescein (DCF) in the presence of oxidants. The fluores-
cence was measured by using the microplate reader (Spec-
traMax M2, Molecular Devices) with excitation at 485 nm and 
emission at 530 nm.

Statistics
In experiments with multiple treatments, the statistical com-

parisons were analyzed by ANOVA with Tukey’s test. Results 
were presented as the mean ± SEM. p<0.05 was considered 
statistically significant.

RESULTS

Silibinin decreases blood glucose and increases serum 
insulin of diabetic rats

Fasting blood glucose in HFD/STZ-induced type 2 diabetic 
Sprague-Dawley (SD) rats was significantly higher than in 
normoglycemic control rats. However, silibinin (100 mg/kg) 
and the positive control metformin (100 mg/kg) significantly 
decreased the fasting blood glucose of diabetic rats 3 weeks 
after oral administration (p<0.05) (Fig. 1A). Insulin secretion 
was impaired in diabetic SD rats as evidenced by the lower 
insulin level in diabetic rats compared with normoglycemic 
rats (p<0.05), while the administration of silibinin or metfor-
min significantly reversed insulin secretion (p<0.05) (Fig. 1B). 
Since TNF-α and IL-1β are the crucial mediators leading to 
β-cell destruction (Yang et al., 2018), we further measured the 
level of TNF-α and IL-1β in serum of rats from different groups. 
Diabetic rats showed higher levels of TNF-α and IL-1β relative 
to normoglycemic rats, and these levels were significantly at-
tenuated by silibinin or metformin administration (p<0.05) (Fig 
1C, 1D).

Silibinin elevates the expression of ERα in pancreatic 
β-cells of diabetic rats

The pancreatic β-cells in pancreatic islets were located by 
immunofluorescence using anti-insulin antibody (Fig. 1E). 
Consistent with the data shown in Fig. 1B, the quantitative re-
sult of insulin immunofluorescence revealed that the number 
of pancreatic β-cells in pancreatic islets of diabetic rats de-
creased significantly compared with the normoglycemic con-
trol group (p<0.05), while the administration of silibinin or met-
formin increased the number of pancreatic β-cells in diabetic 
rats (p<0.05) (Fig. 1F). The expression of ERα in pancreatic 
β-cells was shown by colocalization of ERα and insulin (Fig. 
1E). ERα-positive pancreatic β-cell percentages in diabetic 
pancreatic islets were lower than in the normoglycemic control 
group (p<0.05), while silibinin (p<0.05) rather than metformin 
(p>0.05) significantly increased the expression of ERα in pan-
creatic β-cells (Fig. 1G). 

Silibinin increases the expression of Nrf2 and HO-1 in 
pancreatic β-cells of diabetic rats

To determine whether the antioxidative activity of silibinin 
contributed to the protective effects in pancreatic β-cells, the 
expression of 8-OHdG, a marker of oxidative stress to DNA, 

was determined by double immunofluorescence labeling of 
insulin and 8-OHdG. As shown in Fig. 2A and 2B, the percent-
age of 8-OHdG-positive pancreatic β-cells in diabetic control 
rats was significantly higher than in the normoglycemic control 
group. However, the administration of silibinin or metformin in 
diabetic rats decreased 8-OHdG-positive cell percentages. 
In addition, the expression of oxidative sensor Nrf2 and its 
downstream factor HO-1 was also evaluated by double immu-
nofluorescence with antibodies targeting insulin and Nrf2/HO-
1. The results showed that the expression of Nrf2 decreased 
significantly in pancreatic β-cells of diabetic rats, while silibinin 
caused a 3.30-fold increase of Nrf2 expression (p<0.05). Met-
formin also increased the level of Nrf2 by 2.66-fold (p<0.05) 
(Fig. 2C, 2D). Accordingly, silibinin and metformin significantly 
increased the expression of the antioxidative enzyme HO-1 by 
5.04- and 2.19-fold, respectively (p<0.05) (Fig. 2E, 2F). 

Silibinin increases viability and insulin synthesis 
and secretion of rat pancreatic INS-1 cells in an ERα-
dependent manner

To investigate whether silibinin exerts antioxidative effects 
through regulation of ERα expression, the rat pancreatic β-cell 
line INS-1 was used in the in vitro study. HG/PA-induced glu-
colipotoxicity markedly reduced INS-1 cell viability, while pre-
incubation with silibinin (5 or 10 μM) resulted in a significant 
increase of cell viability (p<0.05). In addition, 10 μM silibinin 
alone did not reduce the viability of INS-1 cells (p>0.05) (Fig. 
3A). PPT and MPP were used as ERα-selective agonist and 
antagonist, respectively. Treatment with PPT further increased 
the viability of INS-1 cells induced by silibinin (p<0.05), while 
treatment with MPP significantly reduced cell viability (p<0.05) 
(Fig. 3B). The impact of ERα expression on insulin synthesis 
and secretion of INS-1 cells was further determined. In ac-
cordance with the in vivo results (Fig. 1B, 1F), silibinin signifi-
cantly increased the insulin level in INS-1 cells and its culture 
medium (p<0.05), which was attenuated by cotreatment with 
MPP (p<0.05) (Fig. 3C, 3D). In addition, PPT augmented the 
level of insulin secretion induced by silibinin (p<0.05) (Fig. 
3D). To confirm results using an ERα antagonist, ERα siRNA 
was transfected into INS-1 cells. ERα protein expression was 
shown to be effectively suppressed by ERα siRNA transfec-
tion (Fig. 3E). ERα siRNA transfection significantly attenuated 
silibinin-elevated cell viability and levels of intracellular and 
secreted insulin of INS-1 cells cultured with HG/PA (p<0.05), 
while the control siRNA failed to exert these effects (Fig. 3F-
3H). Taken together, silibinin, through the regulation of ERα, 
protected INS-1 cells against cytotoxicity and tackled dysfunc-
tion induced by the effects of HG/PA.

Silibinin decreases ROS production via the ERα/Nrf2/HO-
1-SOD2 pathway in INS-1 and NIT-1 cells

As shown by the results of Western blot assay, silibinin (10 
μM) up-regulated HG/PA-decreased ERα expression in INS-
1 cells (p<0.05). Moreover, silibinin alone also significantly 
increased ERα expression compared with the control group 
(p<0.05) (Fig. 4A). The effects of silibinin on the expression 
of Nrf2 and HO-1 in INS-1 cells were further evaluated. As 
shown in Fig. 4B, the cells treated with HG/PA showed de-
creased expression of Nrf2 and HO-1 (p<0.05), while silib-
inin increased the expression of these proteins. To examine 
whether silibinin activated the Nrf2/HO-1 pathway through 
the regulation of ERα, PPT or MPP were added to the culture 
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Fig. 2. Silibinin treatment up-regulates the expression of Nrf2 and HO-1 in pancreatic β-cells of diabetic rats. (A, B) Representative images 
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D) Representative images of insulin/Nrf2 double immunofluorescence staining and quantitative analysis of Nrf2-positive pancreatic β-cell 
percentage in islets. (E, F) Representative images and the quantitative results of insulin/HO-1 double immunofluorescence staining. Magni-
fication, ×200; scale bar, 50 μm. NG, normoglycemia; DB, diabetes; DS, diabetes+silibinin; DM, diabetes+metformin. Data are mean ± SEM 
(n=6 in each group). *p<0.05 vs. NG group; #p<0.05 vs. DB group.
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medium of INS-1 cells with silibinin. Cells cotreated with ERα 
agonist PPT and silibinin had significantly increased Nrf2 and 
HO-1 expression compared with the cells treated with silibinin 
alone (p<0.05), while silibinin-enhanced HO-1 expression was 
attenuated when cells were cultured with the ERα antagonist 
MPP (p<0.05). Moreover, ROS produced in INS-1 cells was 
detected by a DCFH-DA probe (Fig. 4C). HG/PA increased 
the level of ROS in INS-1 cells compared with the control 
group (p<0.05), while pre-incubation with silibinin significantly 
decreased ROS production (p<0.05). In addition, PPT further 
down-regulated silibinin-inhibited ROS production (p<0.05), 
and silibinin failed to exert antioxidative effects in the cells co-
treated with MPP (p<0.05). To validate the involvement of ERα 
in the activation of the Nrf2-antioxidative signaling pathways in 
pancreatic β-cells, a loss-of-function study using ERα siRNA 
was performed in the rat pancreatic β-cell line INS-1 and a 
mouse pancreatic β-cell line NIT-1. Consistent with the results 
in Fig. 4A, silibinin (10 μM) up-regulated HG/PA-decreased 
ERα expression in NIT-1 cells (p<0.05) (Supplementary 
Fig. 1A). And ERα siRNA was shown to attenuate silibinin-
increased Nrf2 and HO-1 expression in both INS-1 and NIT-1 
cells cultured with HG/PA (p<0.05). In addition, the expression 
of SOD2, another antioxidative protein under the regulation 

of Nrf2, was also increased by silibinin administration in both 
cell lines, while ERα siRNA effectively attenuated silibinin-en-
hanced SOD2 expression (Fig. 4D, Supplementary Fig. 1B, 
1C). Moreover, ERα siRNA up-regulated silibinin-decreased 
ROS production from both INS-1 and NIT-1 cells cultured with 
HG/PA (Fig. 4E, Supplementary Fig. 1D). These results indi-
cated an inhibitory effect of silibinin on ROS production by acti-
vating ERα-dependent Nrf2-antioxidative signaling pathways.

DISCUSSION

According to ethnobotanical information, approximately 800 
plants are used in the folk medicine to treat diabetes (Hung 
et al., 2012). However, only Aegle marmelos, Allium cepa, 
Gymnema sylvestre, Momordica charantia, Ocimum sanctum, 
Nigella sativa, Ocimum sanctum, Panax quinquefolius, Sala-
cia reticulate, Trigonella foenum-graecum, and Silybum mari-
anum showed antidiabetic effects in clinical studies (Ghorbani, 
2013; Saad et al., 2017). Silybum marianum grows all through 
Europe and North America, South America, China, India, Af-
rica, and Australia (Corchete, 2008; Voroneanu et al., 2016). 
Silibinin, a natural polyphenolic flavonoid, is a major bioac-
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Fig. 3. Effects of silibinin on the viability and insulin secretion of INS-1 cells. (A) The effects of silibinin on the viability of INS-1 cells treated 
with HG/PA were determined by MTT assay. (B) The impacts of ERα selective agonist PPT and antagonist MPP on silibinin-enhanced INS-
1 cell viability were determined by MTT assay. (C, D) Insulin in cells and medium was evaluated by ELISA assay. (E) INS-1 cells were trans-
fected with ERα siRNA or control siRNA, and ERα protein expression was examined by Western blot assay 48 h after transfection. The cell 
viability (F) as well as intracellular (G) and secreted (H) insulin levels of cells with administration of silibinin and/or siRNA transfection were 
further evaluated. Serum albumin (0.3% BSA) was present under all conditions. HG/PA, high glucose and palmitate/BSA; Sili, silibinin. Data 
are mean ± SEM of 3 independent experiments. *p<0.05 vs. control group; #p<0.05 vs. HG/PA group; &p<0.05 vs. HG/PA+Sili group.
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tive component in the fruits and seeds of Silybum marianum 
(Jeong et al., 2011). In our previous study, silibinin increased 
the viability and insulin synthesis of pancreatic β-cells (INS-1 
cells) through up-regulation of ERα (Yang et al., 2018). Our 
current study further revealed that the ERα-activated Nrf2-
antioxidative signaling pathways are involved in the protective 
effects of silibinin in pancreatic β-cells.

Persistent hyperglycemia and elevated levels of free fatty 
acids contribute to the oxidative stress in pancreatic β-cells 
(Govindaraj and Sorimuthu, 2015). In the present in vivo study, 
the HFD/STZ-induced rat model of T2DM was used to evalu-
ate the protective effects of silibinin against oxidative damage 
in pancreatic β-cells. Metformin, the most prescribed agent 
for T2DM worldwide (Tahrani et al., 2016), was used as the 
positive control in our study. Metformin could restore glucose 
homeostasis by activating glucose uptake in muscle and liver, 
suppressing hepatic glucose output, and preserving pancreat-
ic β-cell function (Giannarelli et al., 2003). Our results showed 
that silibinin (100 mg/kg) down-regulated blood glucose and 
decreased levels of pro-inflammatory cytokines TNF-α and 
IL-1β similar to those in rats receiving the same dose of met-
formin treatment. Notably, as evidenced by higher levels of 
insulin-positive pancreatic β-cells per islet in diabetic animals, 
silibinin exerted stronger protective effect on pancreatic β-cell 
than did metformin. In addition, rat INS-1 pancreatic β-cells 
were treated with HG/PA to induce glucolipotoxcity-mediated 
cell damage in vitro. Accordant with the results of the in vivo 
study, the preincubation of silibinin (10 μM) protected INS-1 
cells against HG/PA-induced injury as evidenced by elevated 
cell viability and insulin synthesis and secretion. 

It has been reported that the activation of ERα enhanced 
insulin synthesis in pancreatic β-cells (Alonsomagdalena et 
al., 2008; Tiano and Mauvais-Jarvis, 2012). The role of ERα 
in the protective effects of silibinin in pancreatic β-cells was 
determined in the current study. We calculated the percentage 
of ERα-positive pancreatic β-cells in rat islets, and the data 
indicated that silibinin increased ERα expression in pancreatic 
β-cells of diabetic rats. In addition, HG/PA treatment decreased 
ERα expression in the rat INS-1 cell line and a mouse NIT-1 
cell line, while the pre-incubation of silibinin up-regulated the 
expression of ERα in HG/PA-treated cells. Both in vivo and 
in vitro studies have revealed increased expression of ERα 
induced by silibinin. Additional research has determined the 
role of ERα in the protective effects of silibinin in INS-1 cells 
occurs via activating or inactivating ERα by PPT (agonist) and 
MPP (antagonist), respectively (Hidalgo-Lanussa et al., 2018). 
PPT was shown to enhance silibinin-improved INS-1 cell sur-
vival and insulin secretion, while MPP negated the beneficial 
effects of silibinin. To validate the study using an ERα antago-
nist, ERα siRNA was transfected into INS-1 cells. The loss-of-
function study confirmed that silibinin exerts protective effects 
in INS-1 cells by increasing cell viability and insulin synthesis 
and secretion in an ERα-dependent manner. Consistent with 
our previous study (Yang et al., 2018), these results indicated 
that silibinin could regulate glucose homeostasis, at least part-
ly, by preserving pancreatic β-cell mass and function through 
up-regulation of ERα. However, silibinin was reported to de-
crease the expression of ERα and finally induced autophagy 
and apoptosis in human breast cancer MCF-7 cells (Zheng 
et al., 2015). These contradictory results indicated that ERα 
might be differently regulated by silibinin in different cell types.

Nrf2-mediated antioxidative response plays an important 
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Fig. 4. Silibinin increases the expression of Nrf2, HO-1 and SOD2, 
and decreases ROS production in an ERα-dependent manner in 
INS-1 cells. INS-1 cells received indicated treatments, and the ex-
pression of ERα (A), Nrf2 and HO-1 (B) was examined by Western 
blot assay. (C) DCFH-DA probe was used to evaluate ROS produc-
tion in INS-1 cells, and the fluorescence of oxidation product DCF 
was measured using a microplate reader with excitation at 485 nm 
and emission at 530 nm. (D, E) INS-1 cells were transfected with 
ERα siRNA or control siRNA, and then the expression of Nrf2, HO-
1, and SOD2 as well as ROS production of cells with administra-
tion of silibinin and/or siRNA transfection were examined. Serum 
albumin (0.3% BSA) was present under all conditions. HG/PA, high 
glucose and palmitate/BSA; Sili, silibinin. Data are mean ± SEM of 
3 independent experiments. *p<0.05 vs. control group; #p<0.05 vs. 
HG/PA group; &p<0.05 vs. HG/PA+Sili group. 
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role in protecting pancreatic β-cells against oxidative stress-
induced impairment (Pi et al., 2010). It has been reported that 
ERα antagonist MPP blocked estrogen-induced Nrf2 activity in 
MCF-7 breast cancer cells, while the inhibition of ERβ, another 
classic ER, failed to reverse the activation of Nrf2 by estrogen 
(Wu et al., 2014). Conversely, the abrogation of ERβ attenu-
ated the induction of Nrf2 activation by S-(-)equol, a metabolic 
product of phytoestrogen daidzein, but modulation of ERα 
had no effects on Nrf2 in human umbilical vein endothelial 
cells (Zhang et al., 2013). The relationship between ER and 
Nrf2 in pancreatic β-cells is still unclear. Our study revealed 
that the expression of Nrf2 and its downstream effector HO-1 
was increased by silibinin in pancreatic β-cells of diabetic rats 
accompanied by up-regulated expression of ERα. However, 
metformin regulated the expression Nrf2 and HO-1 without 
affecting ERα expression, indicating that metformin might ex-
ert antioxidative activity through ERα-independent signaling 
pathways. In the in vitro study, treatment of INS-1 cells with 
the ERα agonist PPT enhanced silibinin-induced activation of 
the Nrf2/HO-1 pathway and inhibited the production of ROS, 
while the ERα antagonist MPP negated the effectiveness of 
silibinin. Accordantly, ERα siRNA transfection was shown to 
abolish silibinin-increased Nrf2, HO-1, and SOD2 expres-
sion, and up-regulate silibinin-decreased ROS production in 
both INS-1 and NIT-1 cells cultured with HG/PA. In our previ-
ous study, silibinin was shown to attenuate TNFα- or IL-1β-
impaired PI3K/Akt pathway (Yang et al., 2018). ER-mediated 
PI3K/Akt activation is a well-documented pathway involved in 
protection against oxidative stress, and the inactivation of the 
PI3K/Akt pathway was reported to attenuate phytoestrogen 
Rb1-induced activation of Nrf2/HO-1 pathway (Hwang and 
Jeong, 2010). Thus, under the regulation of ER, the PI3K/Akt 
pathway might be involved in the antioxidative action of silib-
inin. 

In summary, silibinin up-regulated the viability and improved 
the function of β-cells in pancreatic islets of type 2 diabetic 
rats and HG/PA-treated β-cells in vitro. The protective effects 
of silibinin in pancreatic β-cells were established through the 
regulation of oxidative stress by activating ERα-dependent 
Nrf2-antioxidative signaling pathways. These findings sug-
gest that silibinin may represent a potential therapeutic agent 
to improve glucose homeostasis in patients with diabetes. In 
addition, although ERα contributes to the maintenance of glu-
cose homeostasis by increasing insulin synthesis in pancre-
atic β-cells, adverse effects such as insulin resistance might 
be caused if estrogenic action is not within physiological lev-
els (Nadal et al., 2009). Therefore, further investigation of the 
safety of silibinin in diabetes control is necessary.
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