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Resveratrol attenuates type 2 diabetes mellitus by mediating
mitochondrial biogenesis and lipid metabolism via Sirtuin type 1
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Abstract. The rising incidence of type 2 diabetes mellitus
(T2DM) is a major public health problem and novel thera-
peutic strategies are required to prevent and treat T2DM. It
has been demonstrated that resveratrol (RSV) may prevent
T2DM by targeting Sirtuin type 1 (SIRT1), indicating that
SIRT1 may be a novel therapeutic target for T2DM prevention.
In the present study, a T2DM rat model was established by
administering a high fat diet and streptozotocin (STZ) injec-
tions. Measurements of blood glucose and insulin confirmed
successful establishment of the T2DM model. RSV was used
to treat rats with STZ-induced T2DM and the results indicated
that RSV reversed the STZ-induced downregulation of peroxi-
some proliferator-activated receptor-y coactivator-la, SIRT1
and forkhead box protein O 3a. Furthermore, RSV modulated
the activity of superoxide dismutase and malondialdehyde,
which are associated with oxidative stress. In vitro, cells from
the insulinoma cell line clone 1E were pretreated with palmitic
acid (PA) to simulate a high fat environment. The results of
reverse transcription-quantitative polymerase chain reaction
indicated that PA suppressed the expression of SIRTI in a
dose- and time-dependent manner. Furthermore, PA modu-
lated the expression of mitochondrial biogenesis-associated,
lipid metabolism-associated and f-cell-associated genes,

Correspondence to: Dr Yan-Bo Li, Department of Endocrinology,
The First Affiliated Hospital of Harbin Medical University,
199 Dazhi Street, Nangang, Harbin, Heilongjiang 150001, P.R. China
E-mail: li_yanboo@sina.cn

Abbreviations: T2DM, type 2 diabetes mellitus; NRF, nuclear
respiratory factor; mtTFA, mitochondrial transcription factor A;
CPT-1, lipid metabolism-related carnitine palmitoyltransferase 1; ACC,
acetyl-CoA carboxylase; LCAD, long-chain acyl-CoA dehydrogenase;
PDX-1, pancreatic duodenal homeobox-1 gene; MAFA, mid-arm fat
area; INS, insulin; RSV, resveratrol; STZ, streptozotocin; INS-1E,
insulinoma cell line clone 1E; SIRTI, Sirtuin type 1; PGC-la,
peroxisome proliferator-activated receptor-y coactivator-la; FOXO,
forkhead box O; PA, palmitic acid

Key words: sirtuin type 1, resveratrol, type 2 diabetes mellitus,
lipid metabolism, mitochondrial biogenesis, insulin resistance

whereas RSV treatment ameliorated the PA-induced changes
in the expression of these genes via SIRT1. The results of the
present study suggest that RSV participates in the prevention
of T2DM by regulating the expression of mitochondrial genes
associated with biogenesis, lipid metabolism and p-cells via
SIRTI. The results of the current study provide an insight into
the mechanisms by which SIRT1 inhibits T2DM and may be
used as a basis for future studies.

Introduction

Due to rapid economic development and continuous improve-
ments in living standards, the prevalence of diabetes is
increasing worldwide (1). Type 2 diabetes mellitus (T2DM)
is a complex metabolic disorder caused by insulin (INS) resis-
tance and insufficient compensatory INS secretion (2). T2DM
greatly increases the risk of chronic kidney disease, cardiovas-
cular disease, myocardial infarction and stroke (3); therefore,
more effective treatments and novel prevention strategies for
T2DM are required (4). The mechanisms of T2DM action,
including lipid metabolism disorders, endothelial dysfunction,
chronic inflammation and redox homeostasis imbalance, have
previously been described (5). B-cells dysfunction contributes
to inadequate INS secretion, which is the ultimate cause of
T2DM (6). It has been demonstrated that high levels of free
fatty acids or hypertriglyceridemia and lipid ectopic deposi-
tion in non adipose tissue are key factors contributing to the
development of T2DM (7). Total B-cells function is determined
by the number of B-cellss and their functionality. Establishing
an effective therapy to decrease f-cells lipid toxicity may be
beneficial for the treatment of T2DM.

The progression of T2DM is associated with changes
in several factors, including mitochondrial biogenesis, lipid
metabolism and -cells development (5). A number of proteins,
including mitochondrial biogenesis-related nuclear respiratory
factor (NRF), mitochondrial transcription factor A (mtTFA),
lipid metabolism-associated carnitine palmitoyltransferase 1
(CPT-1), acetyl-CoA carboxylase (ACC), long-chain acyl-CoA
dehydrogenase (LCAD), 3-cells-associated pancreatic duodenal
homeobox-1 gene (PDX-1), mid-arm fat area (MAFA) (8) and
INS, are associated with T2DM (9). Resveratrol (RSV), a natural
polyphenol found in grapes and red wine (10), may potentially
attenuate hepatic steatosis and reduce the risk of patients
developing T2DM (11). It has previously been demonstrated
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that RSV activates Sirtuin type 1 (SIRT1) to inhibit the devel-
opment of T2DM (12). SIRT1 is a nuclear NAD*-dependent
class III histone deacetylase that may regulate cell aging, life
span and energy metabolism (13) by engaging in the reciprocal
co-regulation of different binding partners (14). SIRT1 is able to
adjust the deacetylase activity of various transcription factors
that control metabolic and endocrine signals and is widely
involved in regulating the mammalian cell life span, INS secre-
tion and glucose/lipid metabolism (15). Genetic variation in the
SIRT1 gene is associated with INS resistance and may explain
the increased risk of T2DM in the Chinese Han population (16).
SIRT1 may have a therapeutic effect on metabolic deteriora-
tion in T2DM (17) and in the liver, SIRT1-knockout increases
plasma glucose levels, reduces INS sensitivity and upregulates
free fatty acid and cholesterol levels (18). To explore the associa-
tion between SIRT1 and mitochondrial biogenesis, it is essential
to assess lipid metabolism and B-cells development and identify
the underlying mechanisms by which RSV alleviates T2DM.

In the present study, a T2DM rat model was constructed
following the administration of a high fat diet and strepto-
zotocin (STZ) injections into the abdominal cavity of rats.
It was determined that the T2DM model was successfully
constructed following the assessment of glucose and INS levels.
The results indicated that RSV treatment effectively modulated
glucose and INS levels as well as the expression of SIRTI,
peroxisome proliferator-activated receptor-y coactivator-la
(PGC-lay), and forkhead box protein O3 (FOXO3a). In addi-
tion, the insulinoma cell line clone 1E (INS-1E) was treated
with palmitic acid (PA). PA suppressed the expression of
SIRTI in a dose- and time-dependent manner. In PA-induced
INS-1E cells, it was demonstrated that RSV modulated the
expression of PGC-1a and FOXO3a via SIRT1 and regulated
the expression of mitochondrial biogenesis-associated, lipid
metabolism-associated and [-cells-associated proteins. These
results provide novel evidence that RSV mitigates T2DM via
SIRT1 and identified the mechanisms by which SIRT1 inhibits
T2DM.

Materials and methods

Animals. A total of 30 male Sprague-Dawley (SD) rats
(6-8 weeks old) weighing 200+20 g were purchased from
Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China).
Rats were housed at 24+1°C with 40-50% humidity in a
clean environment with a 12 h light/dark cycle. All animals
had free access to food and purified water. All procedures
were approved by the Animal Ethics Committee of the First
Affiliated Hospital of Harbin Medical University (Harbin,
China). Rats were fed with a high glucose, high fat diet
(60% common chow, 10% lard, 10% egg yolk powder and
20% sucrose) for 8 weeks. Rats then received a 40 mg/kg intra-
peritoneal injection of STZ (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) once. At 72 h following STZ injection,
rats with fasting blood glucose =16.67 mM (based on tail
vein samples) were selected as T2DM animals for use in the
following experiments (19). The normal control group (NC,
n=10) was administered the same volume of sodium citrate
buffer instead of STZ. T2DM rats were randomly assigned to
either a diabetic group (DM, n=10) or a diabetic RSV group
(DR, n=10). Rats in the DR group were administered once
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with 30 mg/kg RSV intragastrically (Sigma-Aldrich; Merck
KGaA). Rats in the NC and DM groups were administered
intragastrically with the same amount of 0.5% carboxymethyl
cellulose. At weeks 0, 4 and 8 following induction, fasting
and 2 h postprandial blood glucose were measured using the
glucose oxidase method on the Beckman Glucose Analyzer
IT (Beckman Coulter, Inc., Brea, CA, USA) and plasma INS
levels were determined using an RIA Assay system (Linco
Research, Inc., St. Charles, MO, USA) (20) according to the
manufacturer's protocol. Following 8 weeks of different treat-
ments, total RNA was isolated from rat pancreas tissues using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and proteins were extracted using radio-
immunoprecipitation assay buffer (RIPA; Beyotime Institute
of Biotechnology, Haimen, China) for western blot analysis.

Cell culture and grouping. The rat insulinoma cell line clone
1E (INS-1E; provided by Professor Pierre Maechler; CMU;
University of Geneva, Geneva, Switzerland) was cultured
at 37°C in a humidified atmosphere containing 5% CO, in
RPMI 1640 medium (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% fetal bovine serum
(FBS; Sigma-Aldrich; Merck KGaA), 11 mM glucose, 10 mM
HEPES, 1 mM sodium pyruvate, 50 M 2-mercaptoethanol
(Sigma-Aldrich; Merck KGaA), 50 ug/ml penicillin and
100 pug/ml streptomycin. When density reached 80%, cells
were pretreated with PA (0,0.125,0.25,0.5, or 1 mM) for 24 h.
INS-1E cells were treated with 0.5 mM PA for 0, 12, 24, 48
or 72 h.

Cell transfection. INS-1E cells were seeded into 6-well plates
at a density of 5x10° cells/well and divided into 5 groups: A
normal control (NC) group, a high fat (HF) group, a HF+RSV
group, a HF+RSV+SIRT small interfering (si)RNA group
(HF+RSV+SIRT siRNA) and a HF+RSV+negative control
siRNA group (HF+RSV+NC siRNA). To transfect cells with
SITR siRNA or NC siRNA, cells in the HF+RSV+SIRT
siRNA and HF+RSV+NC siRNA groups were incubated in
1 ml RPMI 1640 with SIRT1 siRNA (5-CACCCCAGCAAC
TCAGCATTCATCGAAATGAATGCTGAGTTGCTGG-3")
or NC siRNA (5-TTCTCCGAACGTGTCACGT-3"), respec-
tively, and Lipofectamine 2000 (Thermo Fisher Scientific,
Inc.) without FBS. The final concentrations of siRNA and
Lipofectamine 2000 used were 2 and 4 pg/ml, respectively.
Following 48 h incubation at 37°C, cells in the HF+RSV,
HF+RSV+SIRT siRNA and HF+RSV+NC siRNA groups were
treated with 0.5 mM PA+10 uM RSV. The HF group received
the same amount of PA and NC cells were treated with the
same amount of vehicle. Following 24 h incubation at 37°C,
total RNA or proteins were extracted for further experiments.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated from INS-1E cells
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) following the manufacturer's protocol. The quality of
RNA was determined by agarose electrophoresis and the
concentration was measured using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Inc., Pittsburgh,
PA, USA) at 260 nm and 280 nm. RT was performed using
1 ug total RNA using a reverse transcriptase cDNA synthesis
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Table I. Primers used for reverse transcription-quantitative polymerase chain reaction.

Genes Forward primers (5'-3") Reverse primers (5'-3")
SIRT1 GCTGACGACTTCGACGACG TCGGTCAAGAGGAGGTTGTCT
PGCla TATGGAGTGACATAGAGTGTGCT GTCGCTACACCACTTCAATCC
NRF CGGAAACGGCCTCATGTGT CGCGTCGTGTACTCATCCAA
FOXO03a TCTTACGCCGACCTCATCAC ACGCTCTTGACCATCCACT

INS CCCTGTTGGTGCACTTCCT TCCCAGCTCCAGTTGTTCC
mitTFA TATTAGAATTTGTTAAATTTTGGGGAAT ACAAACAATCCTACATCCAAAACC
ACC CACATCATGAAGGAGGAGG GCTATCACACAGCCTGGGTC
CPT-1 ACGGGTGGATGTTCGAGATG GGCAGTGACGTTTGGAAGCT
LCAD TTCGTGTCCTGAGCG GAGGCTAATGCCATG

PDX-1 GTTCATCTCCCTTTCCCGTGG GGTGGTGGCTTTGGCAATG
MAFA AAAGCGGTGCTGGAGGAT GGTTCAGGTGGTGCTGGTA
[B-actin CCTCTATGCCAACACAGTGC GTACTCCTGCTTGCTGATCC

SIRT1, Sirtuin 1; PGCla, peroxisome proliferator-activated receptor-y coactivator-1a; NRF, nuclear respiratory factor; FOXO3a, forkhead
box O3a; INS, insulin; mtTFA, mitochondrial transcription factor A; ACC, acetyl-CoA carboxylase; CPT-1, lipid metabolism-related carnitine
palmitoyltransferase 1; LCAD, long-chain acyl-CoA dehydrogenase; PDX-1, pancreatic duodenal homeobox-1; MAFA, mid-arm fat area.

kit (Takara Biotechnology Co., Ltd., Dalian, China) according
to the manufacturer's protocol. gPCR was performed using
SYBR-Green qPCR SuperMix (Invitrogen; Thermo Fisher
Scientific, Inc.) on a real-time RT-PCR system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The thermocycling
conditions were as follows: 94°C for 5 min followed by
35 cycles of 94°C for 30 sec, 56°C for 30 sec and 72°C for
30 sec, with a final elongation step at 72°C for 5 min. All
amplification reactions were performed in triplicate and the
relative expression of target genes were normalized against
B-actin using the 2-44°4 method (21). The primers for RT-qPCR
are presented in Table I.

Western blotting. Proteins were extracted from rat pancre-
atic tissues or INS-1E cells using RIPA buffer (Beyotime
Institute of Biotechnology, Haimen, China) and centrifuged
at 15,000 x g for 30 min at 4°C. The concentration of proteins
was determined using a bicinchoninic acid kit (Pierce;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol. Equal amounts of protein (25 pg/lane) were
subjected to 12.5% SDS-PAGE. Proteins were subsequently
electrotransferred to a polyvinylidene fluoride membrane and
blocked with 5% non-fat milk in Tris-buffered saline with
0.05% Tween-20 (TBST) for 1 h at room temperature. The
membrane was incubated with mouse anti-SIRT1 (sc-15404),
anti-FOXO03a (sc-20680), anti-PGC-1a (sc-13067) and
anti-f3-actin (sc-1616) antibodies (all 1:1,000 dilution; all from
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight
at 4°C. Following three washes with TBST, the membrane
was incubated with horseradish peroxidase-conjugated rabbit
anti-mouse secondary antibody (1:2,000; sc-203; Santa Cruz
Biotechnology, Inc.) for 1 h at room temperature. Membrane
bands were developed using an enhanced chemiluminescence
kit (Pierce; Thermo Fisher Scientific, Inc.). The relative densi-
ties of target protein bands were normalized against 3-actin
using Quantity One software v4.4 (Bio-Rad Laboratories,
Inc.).

Detection of serum superoxide dismutase (SOD) and malo-
ndialdehyde (MDA). Total heart blood was harvested from rats
following 8 weeks of different treatments and centrifuged at
3,500 x g for 15 min at 4°C to separate the serum. Serum SOD
(cat.no. SES134Hu) and MDA (cat. no. CEA597Ge) levels were
detected using a commercially available sandwich ELISA kit
(Cloud-Clone Corp., Katy, TX, USA) according to the manu-
facturer's protocol. Absorbance was measured at 450 nm on
Bio-Rad 680 Microplate reader (Bio-Rad Laboratories, Inc.).
The quantity of SOD and MDA in the serum was estimated
using a constructed calibration curve.

Statistical analysis. All statistical analyses were performed
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). All results are
presented as the mean =+ standard error of the mean. Significant
differences in mean values were evaluated using one-way
analysis of variance with Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

RSV treatment decreases blood glucose and INS levels in
rats with STZ-induced DM. To confirm that the diabetic rat
model was successfully established, blood glucose levels
were measured following STZ injection. No significant
differences in blood glucose levels were observed in the
NC group at weeks 0, 4 or 8 (Table II). Compared with the
NC group, fasting glucose levels in the DM group were
significantly higher at week 8 (P<0.05; Table II). However,
the administration of RSV significantly attenuated the
STZ-induced increase in fasting glucose (P<0.05; Table II).
The 2 h postprandial blood glucose levels were subsequently
assessed. At weeks 4 and 8 post-induction, postprandial
blood glucose was significantly higher in the DM group
compared with the NC group (P<0.01; Table II); however,
in the DR group, this increase was significantly attenuated
(P<0.01; Table II).
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Table II. Fasting and 2 h postprandial blood glucose levels at
weeks 0, 4 and 8 following induction of diabetes.

Blood glucose (mM)
Group Time (weeks) Fasting 2 h postprandial
NC 0 5.86+0.51 6.14+0.62
4 5.91+0.64 6.24+0.64
8 5.74+0.49 6.05+0.59
DM 0 5.79+0.41 6.11+0.61
4 6.45+0.62 15.98+0.71°
8 7.97+0.71* 22.36+1.14°
DR 0 5.84+0.47 6.31+0.61
4 6.24+0.59 12.36+0.89¢
8 7.01+0.68¢ 13.59+0.97¢

"P<0.05 and "P<0.01 vs. NC group; P<0.05 and ‘P<0.01 vs. DM
group. NC, normal control group; DM, streptozotocin-induced diabetic
group; DR, RSV treated streptozotocin-induced diabetic group.

Table III. Fasting and 2 h postprandial blood insulin levels at
weeks 0, 4 and 8 following induction of diabetes.

Blood insulin (ng/ml)
Group Time (weeks) Fasting 2 h postprandial
NC 0 1.21+0.14 1.14+0.07
4 1.24+0.14 1.16+0.09
8 1.29+0.49 1.15+0.09
DM 0 1.25+0.11 1.11+0.06
4 1.45+0.122 1.37+0.11*
8 1.56+0.11° 1.47+0.14
DR 0 1.24+0.07 1.17+£0.09
4 1.32+0.09 1.35+0.09
8 1.35+0.08° 1.37+0.07°

“P<0.05 vs. NC group and "P<0.05 vs. DM group. NC, normal control
group; DM, streptozotocin-induced diabetic group; DR, RSV treated
streptozotocin-induced diabetic group.

The fasting and 2 h postprandial levels of INS were also
assessed. Compared with the NC group, fasting and 2 h
postprandial blood INS levels were significantly elevated in
the DM group at weeks 4 and 8 (P<0.05; Table IIT). However,
INS levels in the DR group were significantly lower at week 8
compared with the DM group (P<0.05; Table IIT). Taken
together, these results suggest that STZ injection successfully
induced DM in rats and that RSV administration modulated
glucose and INS levels in rats with STZ-induced DM.

RSV modulates the expression of PGC-1a, SIRTI and FOXO3a
in the pancreatic tissues of rats with STZ-induced DM. To
investigate the mechanism by which RSV functions in DM,
levels of PGC-1a, SIRT1 and FOXO3a mRNA and protein were
assessed using RT-qPCR and western blotting, respectively.
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Compared with the NC group, levels of PGC-1a, SIRT1 and
FOXO0O3a mRNA and protein were significantly suppressed in
the DM group (P<0.01; Fig. 1A and B). However, pretreatment
with RSV significantly attenuated these decreases (P<0.05;
Fig. 1A and B). These data suggest that RSV administration
upregulates PGC-1a, SIRT1 and FOXO3a expression in mice
with STZ-induced DM.

It has been reported that oxidawtive stress due to the
excessive production of reactive oxygen species (ROS) and
mitochondrial dysfunction are major factors in the develop-
ment of INS resistance in T2DM (22). ELISA assays were used
to analyze the activity of SOD and MDA to evaluate oxidative
stress. SOD activity was significantly suppressed in the DM
group compared with the NC group (P<0.01; Fig. 1C). However,
RSV treatment significantly increased SOD activity in the DR
group compared with the DM group (P<0.05; Fig. 1C). By
contrast, MDA activity was significantly upregulated in the
DM group compared with the NC group (P<0.01; Fig. 1D). In
the DR group, pretreatment with RSV significantly attenuated
the DM-induced increase in MDA activity (P<0.05; Fig. 1D).
These data suggest that RSV regulates the activity of SOD and
MDA in rats with STZ-induced DM.

PA inhibits the expression of SIRTI in a dose- and time-depen-
dent manner. It has been demonstrated that PA serves a
role in the development of obesity and T2DM (17). Varying
concentrations of PA were used to treat INS-1E cells and
the results indicated that PA significantly suppressed SIRT1
mRNA in a dose-dependent manner (P<0.01; Fig. 2A). The
association between SIRT1 expression and PA induction time
was subsequently investigated and the results indicate that PA
treatment also significantly reduced SIRT1 mRNA expression
in a time-dependent manner (P<0.01; Fig. 2B).

RSV affects the expression of PGC-la and FOXO3a via
SIRTI in PA-induced INS-IE cells. To further investigate the
role of RSV in vitro, levels of PGC-1a, SIRT1 and FOXO3a
in INS-1E cells were evaluated. PA significantly suppressed
the levels of PGC-1a, SIRT1 and FOXO3a mRNA and protein
compared with the NC group (P<0.01; Fig. 3A-C); however,
administration of RSV significantly attenuated this effect
(P<0.01; Fig. 3A-C). Furthermore, transfection with SIRT1
siRNA in conjunction with PA significantly reduced the
expression of PGC-1a, SIRT1 and FOXO3a compared with
the HF+RSV+NC siRNA group (P<0.01; Fig. 3A-C). These
data suggest that RSV mitigates the HF-induced inhibition of
PGC-1a and FOXO3a expression via SIRTI.

To examine the mechanism by which SIRT1 functions,
the expression of a cascade of genes was investigated,
including mitochondrial biogenesis-associated NRF and
mtTFA, lipid metabolism-associated CPT-1, ACC and
LCAD, and B-cells-associated PDX-1, MAFA and INS. PA
treatment significantly suppressed mRNA levels of SIRTI,
NRF, mtTFA, CPT-1, LCAD, PDX-1, MAFA and INS
mRNA, whereas it significantly upregulated the expres-
sion of ACC mRNA compared with the NC group (P<0.01;
Fig. 4). Treatment with RSV significantly attenuated these
PA-induced alterations in gene expression (P<0.01; Fig. 4).
However, SIRT1 knockdown significantly attenuated the
PA-induced increases in SIRT1, NRF, mtTFA, CPT-1, LCAD,
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PDX-1, MAFA and INS expression as well as the PA-induced
decrease in ACC expression compared with the HF+RSV+NC
siRNA group (P<0.01; Fig. 4). These data suggest that RSV
modulates the expression of NRF, mtTFA, CPT-1, LCAD,
PDX-1, MAFA and INS via SIRTI in PA-induced INS-1E
cells.

RSV affects the expression of SOD and MDA via SIRTI in
PA-induced INS-1E cells. The expression of SOD and MDA
mRNA in INS-1E cells following SIRT1 knockdown was
assessed to determine the effect of SIRT1 on oxidative stress.
Compared with the NC group, PA significantly suppressed
SOD mRNA expression (P<0.01; Fig. 5A) and RSV treatment
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with 30 mM PA and 10 gm RSV for 24 h; HF+RSV+SIRT siRNA, INS-1E
cells transfected with SIRT1 siRNA for 48 h and incubated with PA 30 mM
and 10 ym RSV for 24 h; HF+RSV+NC siRNA, INS-1E cells transfected
with negative control siRNA for 48 h and incubated with PA 30 mM and
10 pm RSV for 24 h; NRF, nuclear respiratory factor; mtTFA, mitochondrial
transcription factor A; ACC, acetyl-CoA carboxylase; CPT-1, lipid metabo-
lism-related carnitine palmitoyltransferase 1; LCAD, long-chain acyl-CoA
dehydrogenase; PDX-1, pancreatic duodenal homeobox-1; MAFA, mid-arm
fat area; INS, insulin; siRNA, small interfering RNA.

significantly reversed this effect (P<0.01; Fig. SA). However,
SIRT1 knockdown significantly decreased SOD expression

compared with the HF+RSV+NC siRNA group (P<0.01;
Fig. 5A). The administration of PA significantly increased
MDA expression compared with the NC group (P<0.01;
Fig. 5B) and RSV significantly attenuated this upregulation
(P<0.01; Fig. 5B). SIRT1 knockdown significantly upregulated
MDA mRNA expression compared with the HF+RSV+NC
siRNA group (P<0.01; Fig. 5B). These data indicate that RSV
regulates SOD and MDA levels via SIRT1 in PA-treated
INS-1E cells.

Discussion

Over the past few decades, the incidence and prevalence of
DM have increased worldwide, primarily due to the increased
incidence of T2DM (17). As such, there is a need to develop
additional treatments and novel prevention strategies for
T2DM. In the present study, a rat model of STZ-induced DM
was constructed and the therapeutic effects of RSV were
assessed. Furthermore, PA-induced INS-1E cells were assessed
in vitro to investigate the underlying molecular mechanisms
of T2DM. The results of the present study indicate that RSV
mitigates the development of T2DM via SIRT1 by modulating
mitochondrial biogenesis, lipid metabolism and B-cells devel-
opment.

Abdominal injection of STZ is a widely used technique
for DM modeling (23). In the present study, glucose and INS
levels were assessed following STZ administration. It was
demonstrated that glucose and INS levels were significantly
upregulated, indicating that the DM model was constructed
successfully. The administration of RSV attenuated the
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Figure 5. RSV regulates SOD and MDA mRNA levels via SIRT1 in INS-1E cells. The relative expression of (A) SOD and (B) MDA was normalized to -actin
in PA-induced INS-1E cells. “P<0.01. RSV, resveratrol; SOD, superoxide dismutase; MDA, malondialdehyde; SIRT1, Sirtuin 1; INS-1E, insulinoma cell line
clone 1E; NC, normal INS-1E cells pretreated with vehicle; HF, INS-1E cells incubated with 30 mM PA for 24 h; HF+RSV, INS-1E cells incubated with 30 mM
PA and 10 ym RSV for 24 h; HF+RSV+SIRT siRNA, INS-1E cells transfected with SIRT1 siRNA for 48 h and incubated with PA 30 mM and 10 #m RSV for
24 h; HF+RSV+NC siRNA, INS-1E cells transfected with negative control siRNA for 48 h and incubated with PA 30 mM and 10 ym RSV for 24 h; siRNA,

small interfering RNA.

DM-induced alterations in glucose and INS levels, suggesting
that RSV mitigates T2DM. These data were similar to those
obtained from a previous study (11) and support the use of RSV
as a potential glucose-lowering agent in T2DM. Furthermore,
the results of an in vivo study indicated that RSV increases
SIRT1 expression and stimulates PGC-1a activity in skeletal
muscle (24). The results of the present study demonstrate
that RSV is able to mitigate the STZ-induced inhibition of
SIRT1, PGC-1o and FOXO3a, which is in accordance with
previous results (25-27). A number of previous studies have
reported that INS resistance is associated with mitochondrial
dysfunction (22) and these results may be caused by oxidative
stress (28). PGC-la stimulates mitochondrial biogenesis and
electron transport activity to suppress ROS production and
ROS levels are also affected by MDA. Furthermore, FOXO3a
serves a central role in controlling oxidative stress (29). SOD
is an antioxidant enzyme and to a certain extent, SOD levels
represent the level of oxidative stress (30). The results of the
present study indicated that MDA activity in rats with DM was
higher compared with the NC group; however, treatment with
RSV reversed this effect. The opposite trend was observed in
SOD activity. These data indicate that there is an association
between DM and oxidative stress and that RSV is able to
successfully attenuate these conditions.

INS secretion from pancreatic islet -cells is regulated
by a number of factors; an increase in blood glucose is the
predominant trigger; however, fatty and amino acids may
also act as direct or indirect stimuli (31). It has been reported
that PA induces lipotoxicity in rat INS-producing cells (32).
In the present study, PA was used to induce INS secretion in
INS-1E cells. The results demonstrated that PA suppressed the
expression of SIRT1 in a dose- and time-dependent manner,
suggesting that SIRT1 serves an important role in the regula-
tion of lipid metabolism. Furthermore, PA inhibited PGC-1a
and FOXO3a expression. SIRT1 knockdown attenuated
the effects of RSV on PA-inhibited PGC-la and FOXO3a

expression. It has previously been reported that SIRT1 medi-
ates the deacetylation of certain targets, including PGC-la,
FOXO03a and p53, in mitochondrial biogenesis, lipid metabo-
lism and inflammation (33). The results of the present study
suggest that RSV functions via SIRT1 in PA-induced INS-1E
cells. SIRT1 regulates a range of cellular functions affecting
metabolic homeostasis and the link between metabolism
and INS secretion depends on mitochondrial function (34).
PGC-1a is a mitochondrial regulator that serves an essential
role in cellular energy metabolism and the ectopic expression
of PGC-la induces the expression of NRFs and mtTFA prior
to mitochondrial biogenesis (35). The results of the present
study demonstrate that SIRT1 knockdown modulates NRFs
and mtTFA levels in cells treated with PA and RSV. These data
suggest that RSV functions via SIRT1 to modulate mitochon-
drial biogenesis.

It has been suggested that INS resistance occurs following
disturbances in lipid metabolism (36). Therefore, the current
study investigated whether RSV affects lipid metabolism. It
was demonstrated that SIRT1 knockdown altered the effect
of RSV on ACC, CPT-1 and LCDA expression. A previous
study reported that SIRT1 suppresses the expression of ACC
to reduce lipogenesis and upregulates CPT1 and LCAD to
increase normal B-oxidation activities (37). Furthermore,
it was demonstrated that RSV modulates ACC, CPT-1 and
LCDA activity in lipid metabolism via SIRT1, suggesting a
novel link between RSV, T2DM and lipid metabolism. PDX-1,
MAFA and INS contribute to pancreas development, [3-cells
differentiation and the maintenance of mature (3-cells func-
tion (38). In the present study, SIRT1 knockdown regulated
levels of PDX-1, MAFA and INS mRNA. These results suggest
that RSV may affect f-cells functionality via SIRT1.

In conclusion, the results of the present study suggest
that RSV modulates the expression of SIRT1, PGC-la and
FOXO3a in a rat model of STZ-injected DM. In vitro, RSV
significantly affected levels of PGC-la and FOXO3a via



CAO et al: RSV MITIGATES T2DM VIA SIRT1

SIRT1. RSV promoted mitochondrial biogenesis to stimulate
INS secretion and enhanced fatty acid -oxidation activity to
reduce ectopic lipid deposition and promote INS expression.
The present study provides an insight into the mechanism by
which RSV prevents T2DM via SIRT1 and provides evidence
that RSV may be used as a clinical treatment to prevent the
development of T2DM.
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