
Streptozotocin (STZ) is used widely in exper-
imental animal models of type 1 diabetes.  STZ is a 
β-cell-specific toxin that induces irreversible and 
rapid apoptosis of pancreatic β-cells.  The generation 
of essential downstream molecules of reactive oxy-
gen species and activation of poly(ADP-ribose) poly-
merase (PARP) is involved in STZ-induced apoptosis 
of β-cells [1].  PARP-null mice do not develop diabe-
tes after treatment with STZ [1].  Activation of PARP 
is involved in multiple diabetic complications such as 
diabetic neuropathy, nephropathy, and retinopathy [2].  
Several natural substances, including antioxidants and 
PARP inhibitors, have been reported to protect against 
the initiation of diabetes [3-5]. 

Resveratrol (3,5,4′-trihydroxystilbene; RSV), a type 
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Abstract.  Resveratrol (3,5,4′-trihydroxystilbene; RSV) is one kind of polyphenolic phytoalexin that has many effects on 
metabolic diseases.  This study aimed to evaluate the protective effect of RSV pretreatment on β-cell.  Male Sprague 
Dawley rats weighing 200-230 g were divided into 4 groups: (1) RSV; (2) streptozotocin (STZ, 70 mg/kg, intraperitoneally); 
(3) STZ after 7 days pretreatment with RSV; and (4) STZ pretreated with nicotinamide.  Fasting glucose concentration was 
measured and an intraperitoneal glucose tolerance test was performed 72 h after STZ injection to determine the diabetic 
condition.  The pancreas was removed 3, 6, 36, and 48 h after STZ injection.  STZ induced diabetes in all rats not given 
RSV pretreatment, whereas none of the RSV-pretreated rats developed diabetes.  Pretreatment with RSV inhibited apoptosis 
and reduced the activation of caspase-3 and poly(ADP-ribose) polymerase (PARP).  However, expression of the total 
length PARP was not affected by pretreatment.  Our findings suggest that RSV protects β-cells from STZ simultaneously 
with inhibiting the activation of PARP.
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of polyphenolic phytoalexin, is contained abundantly 
in red wine [6].  Many studies have shown that RSV 
has a wide variety of benefits in preventing illnesses 
such as cardiovascular disease and ischemic injuries, 
cancer, and in prolonging the lifespan of various organ-
isms [7-10].  One report revealed that RSV has anti-
hyperglycemic and antihypertriglyceridemic effects in 
diabetic rats [11].  Although the beneficial effects of 
RSV on glucose homeostasis have been reported, it is 
unknown whether RSV has a protective effect against 
β-cell-specific cytotoxic agents. 

The aim of this study was to evaluate whether RSV 
can prevent the destruction of pancreatic β-cells by STZ.  
We were also interested in the mechanisms responsible 
for this protective effect of RSV on β-cells. 

Materials and Methods

Animals and treatment management 
Male Sprague Dawley (SD) rats (Orient Bio Inc., 

Kyungido, Korea), 7 weeks of age and weighing 200 
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by centrifugation at 3000 r/min for 20 min on discon-
tinuous Ficoll (Pharmacia Fine Chemicals, Uppsala, 
Sweden) gradients.  After several washes with Hank’s 
solution, islets were suspended in RPMI-1640 medium 
(Gibco) containing 100 mL/L fetal calf serum (Gibco), 
20 mmol/L HEPES (Sigma-Aldrich Co.), 100 kU/L 
of penicillin and 100 g/L of streptomycin at 37°C in a 
humidified atmosphere of 50 mL/L CO2.  Islets purity 
was assessed by dithizone (Sigma-Aldrich Co.) stain-
ing, and islets were counted and scored in size.  An 
algorithm was used for the calculation of 150 μm diam-
eter islet equivalent number. 

Immunohistochemistry, immunofluorescence, and 
terminal deoxynucleotidyl transferase (TdT)-mediated 
UTP end-labeling (TUNEL) assays 

Four-micrometer-thick sections of pancreas were 
deparaffinized in xylene and rehydrated with graded 
alcohol.  Endogenous peroxidase activity was blocked 
by methanol containing 3% hydrogen peroxide for 15 
min, and blocking solution with 10% goat serum was 
applied for 60 min.  Slides were then incubated overnight 
at 4°C with primary antibodies including rabbit anti-
PARP (1:200, Cell Signaling Technologies, Danvers, 
MA) or rabbit anti-cleaved PARP (1:100, Cell Signaling 
Technologies).  After washing, biotinylated goat anti-
rabbit immunoglobulin (1:100, Vector Laboratories, 
Burlingame, CA) and streptavidin–peroxidase conju-
gate (Dako, Kyoto, Japan) were added sequentially.  
Diaminobenzidine (DAB, Vector Laboratories) was 
used as chromogen, and counterstaining was per-
formed using hematoxylin.  To detect cleaved cas-
pase-3, antigen retrieval was performed using citrate 
buffer.  The primary antibody was rabbit anti-cleaved 
caspase-3 (1:500, Cell Signaling Technologies).  After 
secondary antibody incubation, fluorescein isothiocya-
nate (FITC) (Vector Laboratories) was used for visu-
alization.  Nucleus was counterstained with propid-
ium iodide (PI) (Vector Laboratories).  For TUNEL 
assay, 4 µm sections of pancreas were analyzed using 
an apoptosis-specific staining kit (ApopTag, Chemicon 
International, Inc., Temecula, CA) according to the 
manufacturer’s instructions. 

Immunoblotting 
After isolation of rat islets, RSV was pretreated at con-

centration of 30 μM for 12 hr and STZ was treated at con-
centration of 5 mM for 30 min.  Immunoblotting was per-
formed at 3 h, 6 h, 12 h, and 24 h after STZ treatment. 

to 230 g, were housed in an animal room controlled 
at 23 ± 2°C and 55 ± 5% room humidity, under a 12 
h light/12 h dark cycle and given standard rat chow 
and tap water ad libitum.  Animals were divided into 
4 groups: (1) STZ injection (STZ, n = 5); (2) STZ 
injection after pretreatment with RSV (RSV+STZ, n 
= 10); (3) RSV treatment alone (RSV, n = 9); and (4) 
STZ injection after pretreatment with nicotinamide 
(NA) (NA+STZ, n = 5).  RSV (LG Life Science Ltd, 
Seoul, Korea) was resolved in 100% ethanol to make 
a stock solution.  Stock solution was dissolved in dis-
tilled water and given intraperitoneally from 8 weeks 
of age at dose of 15 mg/kg twice a day (total 30 mg/
kg/day) for one week and then 1 h before STZ injec-
tion.  NA (300 mg/kg, Sigma-Aldrich Co., St. Louis, 
MO) was injected intraperitoneally 15 min before STZ 
injection.  STZ (70 mg/kg, Sigma-Aldrich Co.) was 
injected intraperitoneally after 12 h fast.  Blood glu-
cose concentration was measured in blood obtained 
via tail vein laceration using glucometer (Accu-Check, 
Roche Diagnostics, Indianapolis, IN).  Diabetes was 
defined as blood glucose concentration > 300 mg/dL at 
3 days after STZ injection.  An intraperitoneal glucose 
tolerance test (IPGTT, 2 g/kg) was performed at 72 h 
after STZ injection after 12 h fast.  Animals were sac-
rificed at 3, 6, 12, 24, 48, and 72 h after STZ injection, 
and the pancreas was fixed in neutral buffered forma-
lin and processed into paraffin blocks.  Serum (fasting) 
was obtained at 72 h and stored at –80°C until insulin 
concentration was measured using rat insulin radioim-
munoassay kit (Linco Research Inc., St. Charles, MO).  
Animal experiments and protocol were approved by 
the Institutional Animal Care and Use Committees of 
Yonsei University, College of Medicine. 

Rat islets isolation 
Islets were isolated from the male 8 weeks old SD 

rats, weighing 250 to 280 g by a collagenase digestion 
technique and discontinuous Ficoll density gradient 
centrifugation [12].  The main common bile duct was 
exposed and clamped at both ends.  Ten milliliters of 
collagenase P (Roche Applied Science) solution (1 g/L, 
pH 7.8) was injected into the duct and the distended 
pancreas was removed, and incubated at 38°C for 15 
min.  The digested gland was shaken for 10 s and the 
digestion was stopped by Hank’s solution (4°C) with 
100 mL/L fetal calf serum (Gibco, BRL, USA).  The 
tissue was filtered through a 600 μm screen, and then 
washed by Hank’s solution twice.  Islets were purified 
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the IPGTT, the blood glucose levels were similar in the 
RSV+STZ, NA+STZ, and control RSV groups (Fig.  
1A).  The fasting serum insulin level was lower in the 
STZ group (0.10 ± 0.37 ng/mL) than in the RSV group 
(1.73 ± 0.37 ng/mL) (mean ± standard error) (P < 0.01) 
(Fig. 1B).  Because blood glucose levels were higher in 
the STZ group than in the other groups, we calculated 
an insulin/glucose (I/G) ratio.  The mean I/G ratio was 
lower in the STZ group than in all other groups (P < 
0.01) (Fig. 1B). 

RSV pretreatment inhibits pancreatic β-cell apoptosis. 
Activation of caspase-3, the main executor of apop-

tosis, was detected at 3 h and 6 h after STZ injec-
tion, whereas its activation was not observed in RSV-

Statistical analyses 
Data were analyzed using a Mann–Whitney test.  All 

statistical analyses were performed using SPSS (ver. 
13.0 for Windows; SPSS, Inc., Chicago, IL).  P < 0.05 
was considered significant. 

Results

RSV pretreatment prevents hyperglycemia in STZ-
treated rats. 

Before and during pretreatment with RSV, fast-
ing glucose concentration did not differ significantly 
between the 4 groups (113 ± 7.2 mg/dL).  STZ induced 
diabetes in all rats not pretreated, whereas diabetes did 
not develop in the rats pretreated with RSV or NA.  In 

Fig. 1	 A. Blood glucose level during the IPGTT (2 g/kg glucose) at 72 h after STZ injection. * P < 0.05 compared with all other groups. 
** P < 0.05 compared with NA+STZ and RSV. *** P < 0.05 compared with RSV. B. Serum insulin level and insulin/fasting 
glucose ratio. * P < 0.01, ** P < 0.05 compared with RSV. *** P < 0.01 compared with all other groups. The bar indicates the 
standard error (Mann–Whitney U test).
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RSV does not inhibit PARP expression but inhibits 
the cleavage of PARP.

Expression of PARP increased in both the STZ group 
and RSV+STZ group and became prominent at 6 h 
after STZ injection (Fig. 3A).  Its expression decreased 
after then and disappeared at 48 h (not shown).  In con-
trast, expression of cleaved PARP differed markedly 
between the 2 groups.  The expression of cleaved PARP 
was more prominent in STZ group than in RSV+STZ 

pretreated islets (Fig. 2A).  The TUNEL assay showed 
that apoptosis of pancreatic β-cells was apparent at 6 h 
after STZ injection.  RSV pretreatment inhibited β-cell 
apoptosis (Fig. 2B).  At 24 h and 48 h after STZ injec-
tion, the number of TUNEL-positive cells and acti-
vation of caspase-3 were negligible (not shown).  In 
Ki-67 staining, there was no difference between groups 
at 72 h after STZ injection (not shown). 
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Fig. 2 	Apoptosis of β−cells was inhibited by RSV pretreatment 
	 A. Immunofluorescence staining for cleaved caspase-3. The nucleus was visualized with PI. B. TUNEL assay. Staining was 

performed at 3 and 6 h after STZ injection. All images were obtained at 400× magnification.
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Fig. 3 	 Increased PARP expression and activation of PARP
	 A and B. Immunohistochemical staining for PARP and cleaved PARP. Staining was performed at 3 and 6 h after STZ injection. 

All images were obtained by 400× magnification. C. Western blotting for PARP and cleaved PARP. Images were obtained at 3 h 
after STZ treatment with or without pretreatment of RSV for 12 h.
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cleaved PARP was observed at 6 h after STZ injection 
in SD rats and at 3 h after STZ treatment in isolated 
islets.  The different time in detecting the cleavage of 
PARP might be resulted from the diverse underlying 
conditions between in vivo and in vitro.  In general, in 
vitro condition requires less time than that in vivo to 
achieve the effect of treated chemicals.  In our study, 
pretreatment with RSV blocked the activation of cas-
pase-3 and the cleavage of PARP.  Due to the limita-
tion of parallel observational experiment, the direct 
cause-effect relation between apoptosis and cleavage 
of PARP was not proved in this study.  Further study 
modifying the cleavage of PARP would be needed to 
identify the direct protective mechanism of RSV in 
islets.  However, as Kolb H. et al. reported that the 
cleavage of PARP is an essential downstream molecule 
for STZ induced apoptosis of pancreatic β-cell [1], the 
protective effect of RSV on pancreatic β-cell could be 
resulted from the inhibition of cleavage of PARP.  We 
performed an in vitro study using INS-1E and MIN6 
pancreatic insulinoma cell lines to investigate whether 
RSV has a similar protective effect on these cells.  
Interestingly, RSV alone activated PARP in these cells 
(not shown).  In another study using human breast cell 
lines, RSV promotes the activation of caspase-3 and 
cleavage of PARP, which are followed by apoptosis 
[19].  This suggests that different mechanisms control 
the action of RSV according to the characteristics of 
the cells and underlying conditions.  In in vitro study 
with human articular chondrocytes, Shakibaei M. et al. 
reported that RSV inhibited the cleavage of PARP via 
caspase-dependent pathway [20].  The underlying con-
dition affecting the activity of caspase pathway could 
influence on the different role of RSV in the caspase-
dependent cleavage of PARP. 

In conclusion, RSV had a significant protective 
effect in pancreatic β-cells.  Considering the approved 
role of RSV as a PARP inhibitor, it may be useful as 
a new therapeutic drug in the evaluation and manage-
ment of diabetes. 
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group, indicating that RSV inhibited the cleavage of 
PARP (Fig. 3B and 3C).  The ratio of stained cells 
for cleaved PARP to total islets significantly differed 
between the 2 groups at 6 h after STZ injection (0.72 ± 
0.04 vs. 0.12 ± 0.02; p<0.001, Mann–Whitney test).  At 
3 h, 12 h, 24 h, and 48 h after STZ injection, the differ-
ence in the number of stained cells for cleaved PARP 
were minimized.  In isolated islets, the expression of 
cleaved PARP was prominently increased at 3 h after 
STZ treatment.  The expression of cleaved PARP was 
negligible at the other time in isolated islets, includ-
ing 6 h, 12 h, and 24 h after STZ treatment.  The pre-
treatment of RSV prevented the expression of cleaved 
PARP at all time after STZ treatment, even at 3 h after 
STZ treatment. 

Discussions and Conclusions

PARP activation plays a role in development of dia-
betes induced by STZ [13], which is used in animal 
models of type 1 diabetes [14].  In the damaged pancre-
atic β-cell, PARP activation occurs through cleavage, 
and cleaved PARP repairs the damaged DNA with nic-
otinamide adenine dinucleotide+ (NAD+).  When the 
amount of NAD+ is exhausted, pancreatic β-cells are 
destroyed by apoptosis.  NA provides sufficient NADH 
and acts as a weak PARP inhibitor, and is known to 
inhibit STZ-induced diabetes [15].  In our study, RSV 
inhibited the cleavage of PARP but did not reduce the 
expression of full-length PARP, indicating that RSV 
inhibits PARP cleavage. 

RSV and NA have opposite effects as an activator 
and an inhibitor, respectively, of SIRT1 [16].  SIRT1 is 
an NAD+-dependent deacetylase that combines cleaved 
NAD+ and the deacetylated protein substrates to form 
NA, the deacetylated protein, and 2′-O-acetyl-ADP-
ribose [17].  NA replacement modulates the catalytic 
activity and nicotinamide sensitivity of SIRT1, leading 
to the inhibition of SIRT1.  Considering the analogous 
protective effect on pancreatic β-cells and the oppo-
site effect on SIRT1, the protective effect of RSV on 
pancreatic β-cells may result from modulation of both 
PARP and SIRT1 (NAD+), in contrast to the effect of 
NA, which results mostly from inhibition of PARP. 

The activation of caspase-3 occurred at 3 h after 
STZ injection, and TUNEL-positive apoptotic cells 
appeared at 6 h.  These results are similar to those 
reported by a previous study [18].  The expression of 



109Protective role of RSV in pancreas

streptozotocin-induced diabetic rats. Am J Physiol 
Endocrinol Metab 290: E1339-1346.

12.	 Sutton R, Peters M, McShane P, Gray DW, Morris PJ 
(1986) Isolation of rat pancreatic islets by ductal injec-
tion of collagenase. Transplantation 42: 689-691.

13.	 Masutani M, Suzuki H, Kamada N, Watanabe M, Ueda 
O, Nozaki T, Jishage K, Watanabe T, Sugimoto T, 
Nakagama H, Ochiya T, Sugimura T (1999) Poly(ADP-
ribose) polymerase gene disruption conferred mice 
resistant to streptozotocin-induced diabetes. Proc Natl 
Acad Sci U S A 96: 2301-2304.

14.	 Thulesen J, Orskov C, Holst JJ, Poulsen SS (1997) 
Short-term insulin treatment prevents the diabetogenic 
action of streptozotocin in rats. Endocrinology 138: 
62-68.

15.	 Woon EC, Threadgill MD (2005) Poly(ADP-ribose)
polymerase inhibition - where now? Curr Med Chem 
12: 2373-2392.

16.	 Avalos JL, Bever KM, Wolberger C (2005) Mechanism 
of sirtuin inhibition by nicotinamide: altering the 
NAD(+) cosubstrate specificity of a Sir2 enzyme. Mol 
Cell 17: 855-868.

17.	 Jackson MD, Denu JM (2002) Structural identification 
of 2’- and 3’-O-acetyl-ADP-ribose as novel metabolites 
derived from the Sir2 family of beta -NAD+dependent 
histone/protein deacetylases. J Biol Chem 277: 18535-
18544.

18.	 Wada R, Yagihashi S (2004) Nitric oxide generation and 
poly(ADP ribose) polymerase activation precede beta-
cell death in rats with a single high-dose injection of 
streptozotocin. Virchows Arch 444: 375-382.

19.	 Alkhalaf M, El-Mowafy A, Renno W, Rachid O, Ali A, 
Al-Attyiah R (2008) Resveratrol-induced apoptosis in 
human breast cancer cells is mediated primarily through 
the caspase-3-dependent pathway. Arch Med Res 39: 
162-168.

20. 	 Shakibaei M, Csaki C, Nebrich S, Mobasheri A (2008) 
Resveratrol suppresses interleukin-1beta-induced 
inflammatory signaling and apoptosis in human artic-
ular chondrocytes: potential for use as a novel nutra-
ceutical for the treatment of osteoarthritis. Biochem 
Pharmacol 76: 1426-1439.

  1.	 Burkart V, Wang ZQ, Radons J, Heller B, Herceg Z, 
Stingl L, Wagner EF, Kolb H (1999) Mice lacking the 
poly(ADP-ribose) polymerase gene are resistant to pan-
creatic beta-cell destruction and diabetes development 
induced by streptozocin. Nat Med 5: 314-319.

  2.	 Szab C (2005) Roles of poly(ADP-ribose) polymerase 
activation in the pathogenesis of diabetes mellitus and 
its complications. Pharmacol Res 52: 60-71.

  3.	 Kim MJ, Ryu GR, Chung JS, Sim SS, Min DS, Rhie DJ, 
Yoon SH, Hahn SJ, Kim MS, Jo YH (2003) Protective 
effects of epicatechin against the toxic effects of strep-
tozotocin on rat pancreatic islets: in vivo and in vitro. 
Pancreas 26: 292-299.

  4.	 Iritani N, Sugimoto T, Fukuda H, Komiya M, Ikeda H 
(1997) Dietary soybean protein increases insulin recep-
tor gene expression in Wistar fatty rats when dietary 
polyunsaturated fatty acid level is low. J Nutr 127: 
1077-1083.

  5.	 Lavigne C, Marette A, Jacques H (2000) Cod and soy 
proteins compared with casein improve glucose tol-
erance and insulin sensitivity in rats. Am J Physiol 
Endocrinol Metab 278: E491-500.

  6.	 Baur JA, Sinclair DA (2006) Therapeutic potential of 
resveratrol: the in vivo evidence. Nat Rev Drug Discov 
5: 493-506.

  7.	 Valenzano DR, Cellerino A (2006) Resveratrol and the 
pharmacology of aging: a new vertebrate model to vali-
date an old molecule. Cell Cycle 5: 1027-1032.

  8.	 Bradamante S, Barenghi L, Villa A (2004) Cardiovascular 
protective effects of resveratrol. Cardiovasc Drug Rev 
22: 169-188.

  9.	 Sinha K, Chaudhary G, Gupta YK (2002) Protective 
effect of resveratrol against oxidative stress in middle 
cerebral artery occlusion model of stroke in rats. Life Sci 
71: 655-665.

10.	 Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, 
Beecher CW, Fong HH, Farnsworth NR, Kinghorn 
AD, Mehta RG, Moon RC, Pezzuto JM (1997) Cancer 
chemopreventive activity of resveratrol, a natural prod-
uct derived from grapes. Science 275: 218-220.

11.	 Su HC, Hung LM, Chen JK (2006) Resveratrol, a red 
wine antioxidant, possesses an insulin-like effect in 

References


