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ABSTRACT
We evaluated the effect of resveratrol (RSV) on graft survival after islet transplantation (ITx) in
diabetic mice. Isolated islets from Balb/c mice (200 IEQ) were transplanted under the kidney capsule
of diabetic Balb/c mice. Vehicle or RSV (200 mg/kg/day, orally) was given for 14 days after ITx. Two
more control groups [STZ-treated (No-ITx-Control) and STZCRSV-treated (No-ITx-RSV) mice without
ITx] were added. Glucose tolerance tests (GTT) was performed at 14 days after ITx. In vitro, isolated
islets pretreated with vehicle or RSV (1 mM) were incubated in a hypoxic chamber (O2 1%, 1hr).
Some of the ITx was performed in mouse insulin 1 gene promoter-green fluorescent protein (MIP-
GFP) transgenic mice and analyzed using an in vivo imaging system. After 14 days of ITx, 2-hr
glucose levels on GTT in the RSV-treated group were significantly lower than those of other control
groups. But the glucose status was not improved in No-ITx mice with RSV. At day 3, the percentage
of Ki-67/insulin co-stained cells in islet graft was significantly increased in the RSV-ITx group.
Immunostaining with anti-insulin and anti-BS-1 antibodies revealed significantly higher insulin-
stained area and vascular density in RSV-treated islet grafts. The mean vessel volume per islet graft
measured by in vivo imaging was significantly higher in the RSV-treated group at day 3. In isolated
islets cultured in hypoxic conditions, the cell death rate and oxidative stress were significantly
attenuated with RSV pretreatment. Hypoxic treatment for isolated islets decreased the expression of
SIRT-1 mRNA, and this attenuation was recovered by RSV pretreatment. Our data suggest that RSV
treatment improved glycemic control, beta-cell proliferation, reduced oxidative stress, and
enhanced islet revascularization and the outcome of ITx in diabetic mice.
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Introduction

With significant technical improvement and develop-
ment of knowledge about islet isolation, engraftment,
and immunosuppressive treatment, graft survival and
the clinical outcomes of islet transplantation (ITx)
have been advanced remarkably.1,2 The recently pub-
lished long-term follow-up of the Edmonton Protocol
demonstrated that the ITx was associated with long-
term islet function, excellent glucose control, avoid-
ance of severe hypoglycemia, and stable renal function
without serious infection or malignancy over a period
of 11 years.2 Therefore, ITx is expected to be one of
the possible cure strategies for type 1 diabetes. At the

same time, its application could be extended to limited
cases of pancreatitis, or low amount of remnant pan-
creas after partial pancreatectomy.3,4 However, we
have to overcome some limitations of ITx, including
hypoxic, mechanical, and chemical damage to the
transplanted islets.5 The success of ITx is dependent
on the retrieval of a sufficient amount of fresh islets
and maintenance of functioning pancreatic b-cells in
transplanted sites. Almost all of the investigations
about ITx have been focused on these issues. There-
fore, searching for some candidate materials to
enhance the function and viability of isolated islets is
very important to improve the graft survival after ITx.
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Resveratrol (3,5,40-trihydroxystilbene, RSV) is a
non-flavonoid class of polyphenolic compound,
known as a naturally occurring polyphenolic phyto-
alexin produced by some spermatophytes in response
to injury.6-8 RSV is usually found in the skin of red
grapes, wine, and berries.9 Resveratrol is also reported
to activate SIR2 (silent information regulatory 2), an
SIRT1 homolog, thus mimicking the benefits of calorie
restriction.6-8 It has various metabolic effects in mam-
malian cells through activation of AMP-activated pro-
tein kinase.10 It also has beneficial effects on glucose
homeostasis and insulin secretion.11 SIRT1 functions
as a positive regulator of insulin secretion from pan-
creatic b–cells in response to glucose by directly
repressing the uncoupling protein (UCP) gene.12

SIRT1 activation has been shown to have anti-
inflammatory, anti-apoptosis, anti-cancer, anti-aging,
and cardiovascular protective effects in both in vivo
and in vitro studies.13 RSV has some beneficial effects
on mitochondrial oxidative stress in vascular endothe-
lial cells by activation of SIRT1.14 SIRT1 is also widely
expressed in various endothelial cells, and is known to
play a key role in the regulation of endothelial angio-
genic functions during blood vessel formation.15-17

Sufficient revascularization after isolation of islet from
donor pancreas is essential to the successful engraft-
ment of transplanted islets. Therefore, if RSV has
some beneficial effects on vascular growth, it has also
potential benefits for ITx outcomes in the type 1 dia-
betes model. To investigate the effect of RSV on the
revascularization of transplanted islets, we used trans-
genic mice in which pancreatic b-cells are genetically
tagged with green fluorescent protein (MIP-GFP
mice) and in vivo imaging system.18

The aim of this study was to investigate the effect of
RSV on the survival of transplanted islet grafts in an
animal model of type 1 diabetes. We investigated the
changes of oxidative stress and revascularization
according to RSV treatment after ITx.

Materials and methods

Animal model of type 1 diabetes

Six- to 7-week-old male Balb/c mice (Orientbio,
Seongnam, Gyeonggi, Korea) were used as donor
and transplant recipients. Mice were housed under
standard conditions at 22 § 2�C with a 12-h light/
dark cycle and standard chow fed ad libitum (Pico
5053, Lab Diet, Brentwood, MO). Type 1 diabetic

model was made using intraperitoneal injection of
streptozotocin (STZ: 180 mg/kg, Sigma, St. Louis,
MO) dissolved in 10 mM citrate buffer (pH 4.5). If
non-fasting glucose levels were maintained above
350 mg/dL for two consecutive days, the mice were
used as recipients. All procedures in animal experi-
ments were conducted in strict accordance with
approved guideline by the Laboratory Animal Care
Committee at the Catholic University of Korea
(CUMC-2016-0028-01).

Islet isolation and allogenic transplantation

Islet isolation from mice was performed by ductal
infusion of 2 ml of collagenase P (1 mg/ml, Roche,
Mannheim, Germany) in M199 medium without fetal
bovine serum (FBS; Gibco BRL, Grand Island, NY).
After procurement, the pancreas was digested for
25 min at 37�C. Islets were washed and then purified
with centrifugation for 25 min at 2,200 rpm using the
Histopaque�-1077 gradient method (Sigma).19,20 Two
hundred islet equivalents (IEQs) were collected and
transplanted under the left kidney capsule of diabetic
mice. On the basis of on our experience, we implanted
200 IEQ as a marginal number to temporarily reverse
post-transplant hyperglycemia without reaching nor-
moglycemia. After transplantation, blood glucose lev-
els and body weights were monitored every day for
14 days.

RSV treatment and glucose tolerance test (GTT)

The transplanted mice were randomly allocated to
two groups: the diabetic control group treated with
vehicle (0.5% sodium carboxymethylcellulose, orally
once a day, Sigma, n D 6, ITx-Control) and the
RSV treated group (RSV, 200 mg/kg/day, orally,
Sigma, n D 6, ITx-RSV). In addition, to investigate
whether glucose homeostasis is improved by the
resveratrol effect on transplanted islet grafts or if it
is an effect on endogenous beta-cells, we added two
other control groups; STZ-treated (no graft, n D 6,
No-ITx-Control) and STZ-treatedCRSV (no-graft,
n D 6, No ITx-RSV). After 14 days of ITx treat-
ment, the transplanted mice received an intraperi-
toneal GTT (2 g/kg glucose) after 8 hours of
fasting, and blood glucose levels were measured at
0, 30, 60, 90 and 120 min using a glucometer
(Roche) after glucose loading.
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Isolated islets culture and hypoxic treatment

Isolated islets (100 islets) were pre-incubated in Ros-
well Park Memorial Institute (RPMI) 1640 medium
(Sigma) containing 11.1 mM/L glucose and 10% FBS
(Hyclone, Logan, UR). To induce hypoxic injury to
isolated islets, culture dishes containing islets were
placed in a hypoxia chamber (Galaxy 14S, New Bruns-
wick Scientific, Prairie, WI) containing mixed gas of
1% O2, 5% CO2 and 94% N2 at 37�C for 1 hr. Islets
were also pretreated with RSV (1 mM) before 2 h of
hypoxic incubation.

To measure cell viability, acridine orange (AO,
100 mg/ml, Sigma) and propidium iodide (PI, 500 mg/
ml, Sigma) staining were performed in cultured iso-
lated islets. Islets were visualized using a fluorescence
microscope (Zeiss, Oberkochen, Germany). The cell
death rate was calculated as a relative percentage of
the PI staining area to the area of all cells.

Hydrogen peroxide expression in isolated islets

For the measurement of the oxidative stress level, the
cultured islets after hypoxic injury were collected and
washed twice with phosphate-buffered saline (PBS)
and suspended in 1 ml RPMI 1640 medium. The islets
were labeled with 10 mM chloromethy-20, 70-dichloro-
fluorescein diacetate (CM-H2DCFDA, Molecular
probes, Carlsbad, CA) for 20 min at 37�C. After PBS
washing, the islets were placed in a new dish and visu-
alized using a fluorescence microscope (AX70, Olym-
pus, Japan). After transferring to digitalized image
files, the relative fold change of hydrogen peroxide
production was calculated by an image analyzer
(Image J, National Institutes of Health, Bethesda,
MD).

Real-time reverse transcription polymerase chain
reaction (RT-PCR) quantification

Total RNA was extracted from mouse islets using
TRIzol Reagent (Invitrogen). cDNA was synthesized
using 1 mg of total RNA and SuperScript III reverse
transcriptase (Invitrogen), according to the manufac-
turer’s instructions. Aliquots (0.1 mg) of cDNA were
used as a template in 20 ml reaction mixtures includ-
ing 1 £ SYBR Mastermix (ABI), 10 pM concentra-
tions of the primer pairs, and 0.4 ml of ROX reference
dye. The products were detected with the MyiQ Sin-
gle-Color Real-Time PCR Detection System (Bio-

Rad). All primer sequences used for PCR are shown in
Table 1. The primers were designed to recognize dif-
ferent exons to eliminate possible DNA contamina-
tion. The PCR signal was detected using the
MiniOpticonTM real-time system (Bio-Rad). The data
were analyzed using Supports Opticon MonitorTM

software. This software determines the mRNA tran-
script level using the threshold cycle (CT) method
based on measurements CT. Finally, the mRNA level
of each target gene, which was normalized to b-actin
and relative to a calibrator, was calculated with the
2¡DDCT method.

Immunohistochemical staining of islet grafts
and pancreatic tissue and morphometric analysis

After GTT, the mice were sacrificed, and islet grafts
and pancreatic tissue were retrieved. The extracted
kidney containing the islet graft was fixed in 4% form-
aldehyde, dehydrated in a graded series of ethanol
concentrations, and embedded. The paraffin-fixed tis-
sue sections were rehydrated and incubated overnight
at 4�C with anti-insulin (1:200, Abcam, Cambridge,
MA), anti-glucagon (1:100, Cell Signaling Technology
Inc., Danvers, MA), anti-Ki-67 (1:50, Abcam), and
anti-8-hydroxy-20-deoxyguanosine (8-OHdG, 1:100,
Abcam) antibodies. After washing with PBS, the sec-
tions were incubated with a goat anti-guinea pig rho-
damin antibody (1:100, Jackson ImmunoResearch,
West Grove, PA) or a horse anti-mouse FITC anti-
body (1:100, Vector Laboratories, Inc., Burlingame,
CA) at room temperature for 2 hrs. To investigate the
vascular network in transplanted islet grafts, the lectin
Bandeiraea simplicifolia agglutinin-1 (BS-1; a specific
marker of endothelial cells) staining was performed.
The sections were incubated with the BS-1 (1:50,
Sigma) in TBS overnight at 4�C. After washing, the
sections were incubated with streptavidin-conjugated
Texas Red (1:100, Vector Laboratories, Inc.) for
40 min at room temperature. The images were exam-
ined using a confocal microscope (LSM510 Meta,
Zeiss, Germany) and obtained digitalized pictures

Table 1. Primer sequences used for real-time polymerase chain
reaction.

Primer Forward sequence (50 ! 30) Reverse sequence (50 ! 30)

SIRT1 CAGTGTCATGGTTCCTTTGC CACCGAGGAACTACCTGAT
Insulin 1 GCCCTTAGTGACCAGCTATAATCAG GGGTAGGAAGTGCACCAACAG
b-actin TTTCCAGCCTTCCTTCTTG TGGCATAGAGGTCTTTACGG
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using image analyzer, which were stored as image files.
An average of 7.5 sections per graft tissue block was
counted systematically from each graft. Immunostain-
ing color was selected for quantification of the relative
intensity per islet graft. Using this technique, the rela-
tive intensity of insulin, 8-OHdG, or BS-1 immunos-
taining from sections per islet graft was evaluated for
the determination of the mean values.20 The insulin
intensity in the transplanted islet was demonstrated as
the relative fold change to control group (insulin-
stained area/total islet graft area). The insulin/gluca-
gon ratio was expressed as the relative ratio of
insulin-stain area to glucagon-stained area in the
endogenous pancreas. b-cell mass was calculated by
multiplying the relative percentage of b-cells by the
total pancreatic weight.

The percentage of BS-1-stained area/total islet graft
area (BS-1-stained area/islet graft area X 100) and Ki-
67 and insulin co-stained cell number/total cell num-
ber (Ki-67, insulin, and DAPI co-stained cell number/
total cell number in islet graft X 100) were also mea-
sured. The number of 8-OHdG-stained positive nuclei
and total nuclei in the whole islet graft were counted
on the average number of 76.9 non-overlapping cells
per section per islet graft.

In vivo imaging system

To visualize and quantify the angiogenesis in the
transplanted islet in the kidney in vivo, a custom-built
laser-scanning confocal microscopy system for intra-
vital imaging was utilized.21,22 As previously described,
continuous-wave laser modules at 488 nm (MLD488,
Cobolt), 561 nm (Jive, Cobolt), and 640 nm
(MLD640, Cobolt) were used as excitation sources for
multi-color fluorescence imaging.23-27 An excitation
laser beam raster scanning pattern was produced by a
laser scanner consisting of a rotating polygonal mirror
(MC-5, Lincoln Laser) and a galvanometer-based
scanning mirror (6230H, Cambridge Technology),
and then transferred to the back aperture of an imag-
ing objective lens. Two objective lenses (PlanApoλ,
20X, NA 0.75, Nikon; LUCPlanFLN, 40X, NA 0.6,
Olympus) were used to visualize the transplanted
islets in the kidney of the anesthetized mouse on the
XYZ translational stage (3DMS, Sutter Instrument).
Fluorescence signals from the kidney were epi-
detected by the objective lens and delivered to the
photomultiplier tubes (PMT; R9110, Hamamatsu,

Japan) through bandpass filters (BPF1; FF02-525/50,
BPF2; FF01–600/37, BPF3; FF01–685/40, Semrock,
Rochester, NY). The electric signals from the PMT
were digitized by a 4-channel frame grabber (Solios,
Matrox, Quebec, Canada) and reconstructed to images
with a frame size of 512 £ 512 pixels and a frame rate
of 30 Hz.

In vivo kidney imaging for transplanted islet grafts

To perform in vivo kidney imaging, transgenic mouse
insulin I gene promoter-green fluorescence protein
(MIP-GFP) expression mice were kindly provided by
Dr. H. Kim at Korea Advanced Institute of Science
and Technology.18 Islets (200 IEQ) were isolated from
8 to 12-week-old age of transgenic MIP-GFP mice
and then transplanted into the kidney sub-capsule of
STZ-induced diabetic C57BL/6 mice (Orientbio) in
the same way as described above. Mice were also
treated with RSV or vehicle for 3 days after ITx (n D 3
each), and islet grafts were retrieved at day 3 after ITx.
Recipient mice were anesthetized by intraperitoneal
administration of a mixture of zolazepam and tilet-
amine (Zoletil, 20 mg/kg), and xylazine (Rompun,
10 mg/kg). After anesthesia, an incision was made on
the previously closed wound, and skin, muscle, and
peritoneum on the left flank was minimally dissected
until kidney exposure. The graft-bearing kidney was
exteriorized and a cover glass was carefully attached to
the surface of kidney capsule where islets were trans-
planted under the capsule. At 2 hours before imaging,
blood vessels were fluorescently labeled by intravenous
injection of anti-CD31 monoclonal antibody (553370,
BD Bioscience) conjugated with Alexa Fluor� 647 (A-
20186, Invitrogen).

Transplanted islets were fluorescently detected by
transgenic MIP-GFP expression.18 Image registration to
remove the breathing-induced motion artifact and image
averaging to increase the signal-to-noise ratio (SNR)
were performed using a custom-written code (MATLAB,
Mathworks, Natick, MA). Wide-field imaging was
achieved by registering images obtained with a low-mag-
nification objective lens (20X) in a mosaic manner. Seven
random spots inside the islet transplantation site were
selected to compare islets and nearby angiogenesis. Forty
images of the 2mmZ-axis interval up to 80mm thickness
were acquired with a high-magnification objective lens
(40X) to investigate islet graft and vessel volume. Each of
the vessels and islet graft volumes in random spots was
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quantified using the surface rendering module in the
image analysis software (IMARIS, Bitplane, Zurich,
Switzerland).

Statistical analysis

The experimental results were presented as mean §
standard error (SE). Statistical analysis was performed
using SPSS version 13 (SPSS Inc., Chicago, IL). To
compare the mean values of continuous variables
between the groups, the independent sample t-test or
one-way analysis of variance (ANOVA) was used. P <

0.05 was considered to be statistically significant.

Results

Blood glucose level after RSV treatment in ITx

After islet transplantation to diabetic mice, the change
of body weight was not different between the control
and RSV-treated groups until day 6. However, the
mean value of body weight in the ITx-RSV group was
significantly higher than that of the ITx-control group
after day 7 with ITx (Fig 1A). The non-fasting blood

glucose levels were significantly lower in the RSV group
after 2 days of ITx, and this decrease was maintained
for 14 days. When we removed the graft-bearing kid-
ney at day 14, the glucose level was significantly
increased in both groups (Fig 1B). The mean value of
glucose levels during oral GTT (Fig 2A) and the area
under the curve of glucose (AUCg, Fig 2B) showed that
RSV treatment significantly attenuated hyperglycemic
status in ITx mice compared to those of the control
group. Without ITx, the changes of body weight, non-
fasting glucose levels, the mean value of glucose levels
during oral GTT, and the area under the curve of glu-
cose (AUCg) were not different between the No-ITx-
Control and No-ITx-RSV groups (Fig 1, 2).

Beta cells and vascular density in islet grafts
at day 14

We performed immunohistochemical staining in islet
grafts after 14 days of ITx. We found that both insulin
(green color) and BS-1 expressions (red color) in the
transplanted graft were remarkably increased in the RSV
group compared to that of control group (Fig 3A). The

Figure 1. Changes of body weight (A) and non-fasting blood glucose level (B) without and after islet transplantation (ITx) in STZ-
induced diabetic mice. (A) Since islet transplantation (ITx), the mean value of body weight was significantly higher in the ITx group (ITx-
RSV) than that of the control (ITx-Control) group after day 7 with ITx. C P < 0.05, ITx-Control vs. ITx-RSV group. (B) Non-fasting blood
glucose level was significantly decreased with ITx-RSV treatment during the observation period of 14 days than those other three
groups. Data are expressed as mean § SE (n D 6 in each group). � P < 0.05 vs. other three groups; C P < 0.05 vs. ITx-RSV group.
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relative fold increase of the insulin-stained area in the islet
grafts of the RSV group was 1.7-fold compared to that of
control group (P < 0.05, Fig 3B), which correlated with
the blood glucose profiles fromGTT.When the islet graft
was co-stained with BS-1 (endothelial cell marker) and
insulin, BS-1 positive cells were scarce in the islet grafts of
the control group, while the number of BS-1 positive cells
was increased in the RSV group at day 14. The relative
percentage of the BS-1-stained area in the graft area was
significantly higher in the RSV-treated group than in the
control group (6.1 § 2.6% vs. 20.8 § 6.1%, P < 0.05)
(Fig 3C).

We also measured endogenous b-cell mass and
insulin/glucagon ratio in four experimental groups
(Fig 4). We could not find any significant differences in
beta-cell mass (PD 0.482) and insulin to glucagon ratio
(P D 0.187) among 4 groups. Regardless of ITx, no
effect of RSV on endogenous b-cells was detected.

We also performed immunostaining for Ki-67 both
at day 3 and day 14 after ITx. On average, 837.3 cells
were counted in graft tissues. At day 3, the percentage
of Ki-67-and insulin co-stained cell number/total cell
number in graft islet was significantly increased in the
RSV-treated group (ITx-Control vs. ITx-RSV group,
1.13 vs 2.47%, P D 0.036). But at day 14, the ratio was
not different between the two groups (1.09% vs.
0.85%, P D 0.681) (Fig 5).

Early revascularization in islet graft using in vivo
imaging and transgenic MIP-GFP mice at day 3

Early revascularization is important for the engraft-
ment of transplanted islets. We measured angiogenesis
at day 3 using in vivo imaging and transgenic MIP-
GFP mice (Fig 6A). Although there was no difference

in transplanted islet volume between the two groups
(MIP-GFP in green color, Fig 6B, C), vascular volume
in the islet graft (CD31 in red color, Fig 6B, D) was
remarkably increased in the RSV-treated group after
ITx. Accordingly, the mean value of the proportion of
vascular volume per islet graft was significantly higher
in the RSV-treated group (Fig 6E).

Oxidative stress measurement in islet grafts

To investigate the expression of reactive oxidative stress,
we performed 8-OHdG and insulin co-staining in islet
grafts at 14 days. Compared to the control group, 8-
OHdG expression was significantly decreased in the
RSV-treated group after ITx (Fig 7). The relative percent-
age of the number of 8-OHdG-positive cells compared to
total cells in islet grafts was significantly lower in the
RSV-treated group than that of the control group (44.3§
12.4% vs. 16.3§ 14.5%, P< 0.05) (Fig 7B).

In vitro hypoxic treatment to isolated islets

When isolated islets were incubated in a hypoxic cham-
ber for 1 h, the cell death rate was significantly
increased compared to normoxia incubation (Fig 8A).
However, RSV pretreatment remarkably attenuated the
cell death rate after hypoxic treatment (control vs. 1 h
hypoxia vs. RSV-pretreated hypoxia, 20.4 § 17.3 vs.
41.7 § 16.8 vs. 20.7 § 12.8%, P < 0.05) (Fig 8C).
Additionally, reactive oxygen species (ROS) production
stained with CM-H2DCFDA also increased after hyp-
oxic treatment, but RSV pretreatment significantly
decreased the ROS expression (control vs. 1 h hypoxia
vs. RSV-pretreated hypoxia, 1.0 vs. 1.45 vs. 0.43-fold
change, P < 0.05) (Fig 8D). We also measured mRNAs
for SIRT-1 and insulin genes in isolated rat islets after

Figure 2. Effects of RSV on glycemic control in diabetic mice without and after ITx. During intraperitoneal GTT, themean values of blood glucose
levels (A) and area under the curve of glucose (AUCg) (B) in the ITx-RSV treatment groups were significantly lower compared to those of control
groups. Data are expressed as mean§ SE (nD 6 in each group). � P< 0.05 vs. other three groups;C P< 0.05 vs. ITx-RSV group.
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hypoxic treatment. After hypoxic treatment, both
SIRT-1 and insulin mRNA expressions were signifi-
cantly decreased in the islets compared to the control
group. However, RSV pretreatment before hypoxic
injury significantly increased the SIRT-1 (Fig 9A) and
insulin gene expressions (Fig 9B) compared to hypoxic
incubation (Fig 9).

Discussion

In this study, we demonstrated that RSV treatment
after ITx improved glycemic control, reduced oxi-
dative stress, and enhanced beta-cell proliferation
and islet revascularization in diabetic recipient
mice. Although marginal islet mass was trans-
planted in diabetic mice, which was not enough to

recover diabetes, RSV pretreatment showed signifi-
cant islet protection effects, which might be related
to enhanced early revascularization in graft islets.

Type 1 diabetes is a progressive autoimmune
disease characterized by immune-mediated destruc-
tion of insulin-producing b–cells within pancreatic
islets. Patients should be treated with multiple
exogenous insulin injections daily throughout their
lifetime. Therefore, ITx is considered an attractive
therapy to cure type 1 diabetes. For this reason,
the ITx technique has progressed rapidly over of
the last 40 years, and applied to highly selected
patients with type 1 diabetes.5,28 However, several
obstacles, such as donor availability or selection,
engraftment, islet damage during procurement pro-
cess, and side effects of immunosuppression must

Figure 3. Insulin and BS-1 immunostaining of islet grafts at day 14. (A) RSV-treated islet grafts showed higher insulin (green color) and
BS-1 (red color) expression compared with control islet grafts. (B) The relative fold increase of the insulin-stained area in islet grafts of
the RSV group was 1.7-fold compared to that of control group. (C) Compared with control group, the relative percentage of the BS-1-
stained area in the graft area was significantly higher in the RSV-treated group at day 14. The blue staining is 4',6-diamidino-2-phenylin-
dole (DAPI). Data are expressed as mean § SE. �P < 0.05 vs. control group.
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Figure 4. Endogenous b-cell mass and insulin-to-glucagon ratio. Insulin and glucagon immunostaining in the pancreatic tissues of ITx
(A) and No-ITx (B) groups. Beta cell mass (C) and the insulin-to-glucagon ratio (D) were not significantly different among the four experi-
mental groups (P value > 0.05, each). Blue, DAPI-stained cell; Green, insulin-positive cells; Red, glucagon-positive cells. Data are
expressed as mean § SE (n D 6 in each group).
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be overcome.29,30 Enormous acute stress and injury
to islets during this process could be derived from
hypoxia, inflammatory cytokines, or oxidative
stress.15,28 Therefore, a highly pure, viable, and suf-
ficient number of isolated islets with successful
revascularization of transplanted islets are critical
elements.

SIRT1 is the closest human homolog of the yeast
SIR2 protein, known as sirtuin, and regulates lon-
gevity and aging in multiple organism models.15

The major physiologically relevant activity of
SIRT1 is the nicotinamide adenine dinucleotide
(NADC)-dependent deacetylation of acetylated
lysine residues on histone and non-histone
substrates.6,32 SIRT1 activation is known to have
beneficial effects on oxidative stress, inflammation,
cellular senescence, apoptosis, metabolism, adipo-
genesis, circadian rhythms, mitochondrial function,
and endothelial dysfunction.33 Despite the contro-
versy, RSV is still the most potent of the natural
SIRT1 activators in vitro, showing enhanced
SIRT1-mediated deacetylation by 8-fold.36

Additionally, RSV or SIRT1 activators have proven
positive effects on several metabolic disorders, includ-
ing obesity, insulin resistance, and type 2 diabe-
tes.15,35,36 As we have previously published, RSV
treatment improved glucose tolerance, attenuated

b-cell loss, and reduced oxidative stress in an animal
model of type 2 diabetes.37 From the results that glu-
cose status and endogenous b-cell mass were not
improved in No-ITx mice with RSV treatment. We
suggested that glucose homeostasis was improved by
the resveratrol effect on islet engraftment, vasculariza-
tion, and b-cell proliferation, rather than its effect
on and endogenous b-cell protection and/or
regeneration.

In addition to the animal model, RSV with natu-
ral or synthetic SIRT1-activating compounds,
improved glucose homeostasis, showed insulin-sen-
sitizing effects, and decreased oxidative stress and
inflammation without adverse side effects in some
clinical trials.32,38 Despite the beneficial effects of
RSV, studies focusing on its therapeutic application
to ITx are very limited. Previously, in contrast to
the result of our study, McCall et al. demonstrated
that RSV (10 and 50 mg/kg/day for 3 weeks after
ITx) had no positive impact upon islet engraftment
and function or enhancing islet survival in diabetic
mice receiving marginal islet grafts.39 We suggest
that the discrepancy might be associated with the
dose of RSV (200 mg/kg vs. 10–50 mg/kg). We
used a relatively high dosage of RSV after ITx.
However, in human studies, ingestion of RSV
(0.5 –3 g/day) was well-tolerated without any

Figure 5. (A) Ki-67 and insulin immunostaining in islet graft tissues at day 3 and day 14 after ITx. (B) At day 3, the percentage of Ki-67
and insulin co-stained cells in islet graft was significantly increased in the RSV-treated group. But at day 14, the ratio was not different
between the two groups. Blue, DAPI; Green, insulin; Red, Ki-67 immunostaining. Arrow; Ki-67 and insulin co-stained cell. Data are
expressed as mean § SE. � P < 0.05 vs. control group.
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severe adverse clinical, biochemical, or hematologi-
cal events.30,32,40,41

Sufficient oxygen and nutrient supply to trans-
planted islets after ITx should be restored as soon as
possible. Angiogenesis following ITx to rebuild their
pre-existing capillary network influences the result
of ITx.29 This revascularization process initiates
within 3 days after ITx and concludes around day

14.42,43 Therefore, targeting to enhance angiogenesis
is an attractive strategy for successful ITx treatment.

SIRT1 is widely expressed in cultured endothelial
cells, the intact aorta of mice, postnatal vascular
endothelium, and sprouting endothelial cells, and
plays a key role in the regulation of endothelial angio-
genic functions during blood vessel formation.15 RSV
treatment also ameliorated endothelial dysfunction by

Figure 6. Comparisons of angiogenesis among transplanted kidney islets in the the control and RSV groups at day 3 after ITx. (A) Intravi-
tal imaging set up. The laser beam is projected to an animal stage, and in vivo imaging can be obtained alive in real time. (B) Represen-
tative mosaic intravital images showed merged and vessel images of islet graft in the kidneys in the control and RSV groups (Green:
MIP-GFP, Red: CD31). Magnified view of the white box area is depicted in right column representing increased angiogenesis in the RSV
group. Graphs of islet volume (C), vessel volume (D), and proportion of vessel volume per islet volume (E) (n D 20 fields per group, 3
independent experiments). Data are expressed as mean § SD. �P < 0.0001.
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regulating vascular endothelial growth factor, eNOS,
caveolin-1, and heme oxygenase-1 in hypercholester-
olemic or ischemic rat myocardium leading to angio-
genesis and protection from myocardial injury caused
by ischemia-reperfusion.9,16,17 To assess neovasculari-
zation around the islet grafts after ITx, we used MIP-
GFP transgenic mice.18 Accordingly, BS-1 staining, a
marker of microvascular endothelial cells and newly
formed blood vessels in the islet engraftment pro-
cess,44 showed that the BS-1-stained area was scarce at
day 3 of ITx in control mice; however, it was signifi-
cantly increased in RSV-treated mice. At day 14,
immunohistochemistry with anti-insulin and anti-
CD31 antibodies revealed a relatively higher insulin-
stained area and greater degree of microvasculature in

the islet grafts, which correlated with significantly
improved blood glucose profiles in response to GTT
in the RSV-treated group of diabetic recipient mice.

In addition, we found significantly increased Ki-
67 and insulin co-stained cells in islet graft at day 3
in ITx-RSV group compared to ITx-control group.
We suggest that b-cell proliferation was increased
after RSV treatment at day 3 of ITx and contributed
to the increase in b-cell-stained area in islet graft at
day 14. Therefore, the increased b-cell mass at day
14 of ITx could be explained partially as increased
beta-cell proliferation after ITx with RSV treatment
at an early stage. We also found that hypoxic treat-
ment for isolated islets decreased the expression of
SIRT-1 mRNA, and this attenuation was recovered

Figure 7. Immunohistochemistry of islet grafts. (A) Compared to control group, 8-OHdG expression (green color) was significantly
decreased in the RSV-treated group at 14 days after ITx. DAPI (blue staining) and insulin (red color) were co-stained. (X 400) (B) Relative
percentage of number of 8-OHdG-positive cells to total cells in islet grafts was significantly lower in the RSV-treated group compared to
that of the control group (�P < 0.05).
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by RSV, SIRT-1 activator pretreatment. Although
we demonstrated the reduction in oxidative stress
and improved angiogenesis in the RSV-treated
group after ITx, we clearly could not distinguish the

direct effect of RSV on graft islets or the indirect
effects of improved revascularization with our
findings. But we suggest that RSV accelerated the
revascularization process during the immediate

Figure 8. (A) Cell death rate measurement in isolated islets using acridine orange (AO)/propidium iodide (PI) staining (X 50). When iso-
lated islets were incubated in a hypoxic chamber for 1 h, the number of PI-stained cells (red-color) was increased. (B) Hydrogen peroxide
staining with CM-H2DCFDA also increased after hypoxic treatment in isolated islets compared to control islets (X 50). (C) Cell death rate
was significantly increased at 1 h of hypoxic conditions compared to normoxia incubation (�P< 0.05 vs. control). However, RSV pretreat-
ment remarkably attenuated cell death rate after hypoxic treatment (��P < 0.05 vs. 1 h group). Data are expressed as mean § SE (n D 3
separate experiments). (D) RSV pretreatment before hypoxic culture significantly attenuated the ROS expression in the islets compared
to the non-treated group. Data are expressed as mean § SE (n D 3 separate experiments). �P < 0.05 vs. control, ��P < 0.05 vs. 1 h of
hypoxic treatment group.

Figure 9. Expression of mRNAs for SIRT-1 (A) and insulin (B) genes in isolated rat islets after hypoxic treatment. After hypoxic treatment,
both SIRT-1 and insulin mRNA expressions were significantly decreased in the islets compared to the control group. But RSV pretreat-
ment before hypoxic injury significantly increased the SIRT-1 and insulin gene expressions. Data are expression as mean § SE (n D 3
separate experiments). �P < 0.05 vs. control, ��P < 0.05 vs. 1 h of hypoxic treatment group.
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post-transplant period, and contributed to islet graft
survival after ITx.

In conclusion, RSV treatment preserved islet mass,
attenuated oxidative stress, and enhanced angiogene-
sis in the early stages of ITx in diabetic mice. RSV
treatment could be a promising therapeutic strategy to
minimize islet loss in the immediate post-transplanta-
tion period and improve ITx outcomes. The patho-
genic mechanism of the relationship between SIRT1
activation and angiogenesis should be investigated fur-
ther in future.
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