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Abstract Increasing evidence suggests that a restricted
caloric intake extends the life span of mammals, and
SIRT1 may play a key role in this process. To study the
effects of caloric restriction on SIRT1 expression and
apoptosis of islet beta cells in type 2 diabetic rats, we first
induced a model of type 2 diabetes in rats with a low-dose
of streptozotocin. Then, the rats were fed with a normal
diet, high-fat diet or 60% caloric restriction, respectively.
As a result, the apoptosis ratio of islet beta cells in diabetic
rats was dramatically increased compared to the control
group, and mRNA and protein expression of SIRT1 in islet
beta cells were much lower than those of the control group.
After caloric restriction for 1 month, the blood glucose
and serum insulin of rats decreased. The mRNA and pro-
tein expression of SIRT1 in islet beta cells significantly
increased; however, the apoptosis ratio of islet beta cells
decreased remarkably. These data show that caloric
restriction notably improves the sensitivity to insulin and
significantly increases mRNA and protein expression of
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SIRT1 while decreasing the apoptosis ratio of islet
beta cells in diabetic rats. Therefore, SIRT1 may play an
important role in the apoptosis of islet beta cells of type 2
diabetes.
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Introduction

Diabetes mellitus is a polygenetic disease characterized by
hyperglycemia because of absolute or relative insulin
deficiency. Possible mechanisms responsible for diabetes
include beta cell death and impaired function, which con-
tributes to insulin deficiency. An increase in beta cell
apoptosis is an important factor contributing to beta cells
loss and the onset of type 2 diabetes [1, 2]. Islet beta cells
are very sensitive to various pro-apoptotic stimuli. There is
in vitro evidence that glucotoxicity and lipotoxicity exert
synergistic effects to impair the secretory function of beta
cells and to promote apoptosis in type 2 diabetes. However,
the molecular mechanisms responsible for abnormal beta
cell apoptosis have not been elucidated. A growing body of
evidence suggests that restricted caloric intake extends the
life span of a number of organisms including yeast, worms,
flies and even mammals, and reduces the incidence of age-
related diseases such as cancer, cardiovascular disease and
diabetes in animal models [3]. SIRT1, a homolog of the
yeast protein silent information regulator 2 (Sir2), which
encodes an NAD™ (nicotinamide adenine dinucleotide)-
dependent histone deacetylase may play a key role in the
regulation of cell apoptosis, cell cycle, genetic transcription
and other cell processes to extend life span [4]. Some
studies had suggested that pancreatic beta cell-specific
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SIRT1 over-expression improved glucose tolerance as a
result of an enhanced glucose-stimulated secretion of
insulin [5, 6], but the effects of caloric restriction (CR) on
SIRT1 expression and the apoptosis of islet beta cells
requires further investigation. In this study, we induced
chronic hyperglycemia in rats with low-dose streptozotocin
(STZ), and fed rats with a normal diet, a high-fat diet or
CR, respectively. Finally, we investigated the effects of CR
on SIRTI expression and the apoptosis of islet beta cells.

Materials and methods
Animals and diets

Normal male Wistar rats weighing 140-180 g were
obtained from the Experimental and Animal Centre of
Tongji Medical College affiliated to Huazhong University
of Science Technology. Normal chow was purchased from
an Experimental Animal Centre of Hubei province of
China. To make the high-fat diet, 20% lard stearin (wt/wt),
10% sucrose and 0.1% bile salt were added to normal chow
(Table 1). The rats received either the normal diet with
18.94% of energy derived from fat, 31.67% from protein
and 49.39% from carbohydrates or the high-fat diet with
50.55% of energy derived from fat, 15.72% from protein
and 33.73% from carbohydrates. The rats were individually
housed in special cages on a 12 h day/night cycle and
provided ad libitum access to food and water, except when
specified by experimental protocol. Animals were fasted
for 12 h before any study. All protocols for animal
experimentation and maintenance were approved by the
Animal Ethics Committee in our hospital and carried out in
accordance with the Institutional Guidelines of China.

Biochemical reagents

Glucose assay kits were purchased from Beihua Kangtai
Clinic Reagent Company Limited (Beijing, China). Insulin
assay kits were obtained from Jiuding Bioengineering
Company Limited (Tianjin, China). The RNA extract
reagent Trizol was purchased from Invitrogen (CA, USA).
MMLV retroviridase was purchased from Toyobo Com-
pany (Osaka, Japan). Taq enzyme was the product of
Tiangen Biotechnology Company Limited (Beijing,
China). RNA primers were synthesized by Shanghai
Invitrogen Biotechnology Company Limited (Shanghai,
China). Rabbit anti-rat SIRT1 (H-300) polyclonal antibody
was from Santa Cruz Biotechnology, Inc. (CA, USA).
Mouse anti-rat f-actin monoclonal antibody and secondary
antibody horseradish peroxidase-conjugated goat immu-
noglobulin G (IgG) for immunochemistry were purchased
from Boster Company (Wuhan, China). The streptozotocin
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Table 1 Composition of experimental diets

Ingredient (%) Normal diet High-fat diet
Indian corn 40 28
Wheat bran 33 23
Soybean 10 7
Fish flour 12.5 8.7
Yolk flour 0.5 0.4
Milk powder 1.5 1
Shells flour 1 0.7
Calcium phosphate 1 0.7
Mulvital 0.035 0.024
Minor element 0.15 0.1
Sodium chloride 0.35 0.24
Lard stearin - 20
Sucrose - 10
Choline bitartrate - 0.1
Total (%) 100.0 100.0

and type V collagenase were purchased from Sigma
Company (MO, USA). Enhanced chemiluminescence kit
was purchased from Pierce Company (IL, USA). Pre-
stained Marker, SDS—polyacrylamide gel preparation Kkit,
lysis buffer for Western blots, BCA protein assay kits and
Hoechst apoptosis dyeing kit were supplied by Beyotime
Biotechnology Company (Jiangsu, China). Other biochemical
reagents were purchased from Dingguo Biotechnology
Company Limited (Beijing, China).

Experimental protocol

Upon arrival, 36 male Wistar rats were fed with normal
chow and allowed to acclimatize for 1 week. After accli-
matization, the fasting plasma glucose (FPG) and random
plasma glucose (RPG) of rats were measured. In this study,
RPG was defined as plasma glucose not on an empty
stomach. Then, the rats were randomly divided into two
groups. Animals in the normal control (NC, n = 7) and
type 2 diabetic model group (DM, n = 29) were fed
ad libitum with normal chow. The rats in DM group were
induced by low-dose streptozotocin (35 mg/kg) intraperi-
toneal injection, but the NC group only received an intra-
peritoneal injection with citrate buffer solution. The RPG
of all rats was measured after 1 week. The standard for
type 2 diabetes induction is an RPG > 11.1 mmol/l [7],
and the rats that did not attain this glucose standard were
rejected. Then, the diabetic rats were randomly divided into
two groups: group DNC fed with normal chow (DNC,
n = 6) and group DHFO fed with high-fat diet (DHFO,
n = 16). After 2 mo of this feeding protocol, the rats in
group DHFO were further randomly divided into continu-
ous high-fat feeding group (DHF, n = 8) and CR group
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(DCR, n = 6). The rats in group DCR were fed with nor-
mal chow with 60% CR for 1 mo. The method of CR was
performed as previously described [8]. Briefly, the rats
receiving CR were housed singly in cages and fed ad libi-
tum with normal chow for a few days. Food intake was
measured each day in all rats, and the average daily food
intake of each rat was obtained. The dietary caloric
restriction was accomplished by 10% reduction in the
average daily food intake every 5 days until a 40%
reduction was achieved, and then rats were fed with 60%
CR for 1 month. At the end of the experiment, all rats were
anesthetized with an injection of an intraperitoneal dose
(60 mg/kg body weight) of 1% sodium pentobarbital.
Blood samples were collected from a heart puncture. The
islets of the pancreas were isolated by type V collagenase
digestion. Some pancreatic tissue was fixed in 4% buffered
paraformaldehyde solution and then cut into pathological
sections.

General characteristics observation

The food intake and body weight (BW) of rats in each
group were observed weekly. Animals were fasted for 12 h
before any study, and then blood samples were obtained by
heart puncture. Some biochemical parameters such as FPG,
RPG and fasting serum insulin (FINS) were tested. The
plasma glucose was measured by the oxidation enzyme
method and serum insulin by radioimmunoassay.

Islet isolation

A modified method by vibration digestion after pancreatic
ductal injection of collagenase solution was used [9].
Briefly, animals were anesthetized with pentobarbital
(60 mg/kg body weight) by intraperitoneal injection. For
the exposure of the whole pancreas, the abdominal wall
was opened via a midline incision. The common bile duct
was first ligated at its entrance to the liver to prevent
collagenase solution retrogradely entering the liver, and
then the pancreatic duct proximal to the duodenum was
exposed. Then, cannulation of the pancreatic duct was
performed using a polyethylene catheter, which was
connected to a syringe filled with 5 ml of precooled
Dulbecco’s phosphate-buffered saline (DPBS) solution.
This solution additionally contained 8 mg collagenase V
per 10 ml DPBS without Ca®™™ and Mg*™". The aorta was
transected immediately to minimize interstitial hemorrhage
in the pancreas before the duct was retrogradely injected
with DPBS solution. Then, 3—5 ml DPBS was injected into
pancreas duct until the pancreas was distended com-
pletely. Finally, the whole pancreas was excised quickly
and rinsed in cooled DPBS, and unnecessary adipose
tissue and anadesma were removed. Then, the pancreas

was put into a Petri dish containing another 5 ml of 37°C
DPBS solution with collagenase V. The Petri dish with
the pancreatic tissue in the DPBS solution was immedi-
ately placed in a water bath at 37°C vibrating gently for
20-30 min to further allow tissue digestion. Then, the
Petri dish was taken out and put on ice to stop the
digestion process. Tissue suspensions were then washed
two to three times at 10-min intervals and passed through
a stainless steel filter net (800 pm pores) in 5 ml of DPBS
solution. For islet cell assessment, 1 ml cell suspension
was incubated with 10 pl dithizone for about 10 min and
tested under microscope. A great quantity of compara-
tively large cells that were dyed scarlet was identified as
islet cells. Finally, the islets were handpicked carefully
with a pipette under a stereomicroscope and transferred to
Petri dishes for the next step.

Detection of apoptotic islet beta cells

The apoptotic islet beta cells dyed with a Hoechst apoptosis
dyeing kit were detected by fluorescence microscope.
Briefly, formalin-fixed and paraffin-embedded pancreatic
tissues were processed to sections using standard tech-
niques. The sections were deparaffinized and hydrated
routinely, and then 0.5 ml Hoechst staining solution was
added after washing twice with 0.9% sodium chloride.
After 5 min of dyeing, the staining solution was discarded.
Then, washing twice with 0.9% sodium chloride, an anti-
fluorescence quench mounting solution was added and a
coverslip was added. Finally, the sections were observed
under a fluorescence microscope. The cellular nucleus
under the fluorescence microscope was blue, but the
nucleus of apoptotic cells displayed as thickly dyed blue or
shivers. The apoptosis of islet beta cells under a high-
power lens was observed, and then the average apoptosis
ratio of each group was calculated.

SIRT1 RNA expression using reverse transcription
PCR (RT-PCR)

Total RNA was isolated from islets using modifications
of an acid guanidinium thiocyanate-phenol—-chloroform
extraction method [10]. A minimum of 150 islets were
extracted using Trizol Reagent according to the manufac-
turer’s directions. The RNA pellet was resuspended in
15 pl DEPC-treated H,O at 65°C for 5 min and stored at
—70°C. The quality and concentration of the RNA were
assessed using the OD 260/280 ratio, and only samples
with ratios above 1.5 were used in the experiments. For
PCR analysis, total RNA was reverse transcribed using the
Moloney murine leukemia virus (MMLYV) retroviridase.
The 2 pl of resulting cDNAs was amplified by PCR carried
out on a 25 pl reaction mixture. Primers used to amplify
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SIRT1 c¢cDNA were 5'-CCT GAC TTC AGA TCA AGA
GAC GGT A-3' and 5-CTG ATT AAA AAT GTC TCC
ACG AAC AG-3' (444-base pair fragment). As an internal
standard, f-actin ¢cDNA was amplified using primers,
5'-CTG GCA CCA CAC CTT CTA CA-3' and 5-AGT
ACT TGC GCT CAG GAG GA-3' (758-base pair frag-
ment). PCR amplification consisted of a 5-min hot start at
95°C, followed by 32 cycles (SIRT1) at 54°C and 26 cycles
(B-actin) at 58°C for 45 s, and 72°C for 5 min. The prod-
ucts were electrophoresed on a 1% agarose gel, and ana-
lyzed by the MGIAS-1000 gel analytical system (Bio-Rad
Co, Miinchen, Germany). Levels of SIRT1 mRNA were
expressed as the ratio of the signal intensity relative to that
for fS-actin.

SIRT1 protein expression by Western blot analysis

Samples of pancreatic islets homogenate were analyzed by
Western blot as described previously [11]. Rabbit anti-rat
SIRT1 (H-300) polyclonal antibody and mouse anti-rat
B-actin monoclonal antibody were used to detect respective
proteins. A minimum of 300 islets were handpicked with a
pipette under a stereomicroscope. The islets were rapidly
homogenized at 4°C in 0.4 ml lysis buffer. Homogenates
were centrifuged at 12,000g for 20 min at 4°C to yield
supernatants. The protein concentrations were determined
using a BCA protein assay kit. Equivalent amounts of
proteins from homogenates were run in sodium dodecyl
sulfate—polyacrylamide gel electrophoresis using an 8%
acrylamide resolving gel. Separated proteins were trans-
ferred to nitrocellulose membranes. Membranes were
blocked in TBS-T (1 x TBS, 0.1% Tween-20) containing
5% milk for 1 h at room temperature followed by incu-
bation with SIRT1 antibody (1:200) or f-actin antibody
(1:400) at 4°C overnight. Then, membranes were probed
with their respective antibody labeled with horseradish
peroxidase (1:4,000) for 2 h at room temperature and
visualized using the enhanced chemoluminescence (ECL)
reagent. After membranes were exposed to Kodak films for
5-10 min, the resulting images were quantitated by den-
sitometry. Intensity of bands was analyzed with Gel-Pro®
analyzer 4.0 software. The results were expressed as a ratio
of SIRT1 to f-actin densitometry.

Statistical analysis

All results were expressed as the mean + SD and analyzed
using one-way ANOVA. Student—Newman—Keuls multiple-
range test was then used to compare results between two
groups. P < 0.05 was considered statistically significant.
All statistical analyzes were performed with the use of SAS
8.1 software.
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Results
General characteristics of rats during experiments

The rats in DM model group were induced by a low-dose
streptozotocin (35 mg/kg) intraperitoneal injection. Most
rats displayed obvious symptoms such as polydipsia,
polyuria and polyphagia. According to the standard of
RPG > 11.1 mmol/l, seven rats did not attain the standard.
The achievement ratio of the model for type 2 diabetes was
76%. After 2 weeks of streptozotocin treatment, the
velocity of BW increase in diabetic model rats was slower
than normal controls. At the end of experiment, BW of
DHF group rats began to decrease because of severe dia-
betes. However, CR could reduce BW of rats sharply
(Fig. 1). In all diabetic rats, the significant characteristics
was that RPG increased significantly, but FPG was normal
(<6.0 mmol/l) at the beginning. After 2 months feeding
according to groups, the rats in DHFO group fed with high-
fat diet displayed more severe polydipsia and polyuria. The
FPG and RPG of rats were increased, and FINS decreased
significantly. However, the RPG of rats in the DNC group
fed with normal chow was increased notably, but FPG
always remained in the normal range. Subsequently, after
1 month of CR, the plasma glucose and serum insulin of
rats in the DCR group (the number changed due to the
unexpected death of two rats because of heart puncture)
were all decreased sharply. Figure 2 shows the develop-
ment changes of FPG in each group. General characteris-
tics of rats are summarized in Table 2.
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Fig. 1 Changes in body weight of each group rats in different phases.
NC normal control, DNC type 2 diabetic model fed with normal
chow, DHF type 2 diabetic model fed with high-fat diet continuously,
DCR type 2 diabetic model fed with normal chow with 60% calorie
restriction, BW body weight. *P < 0.01 (versus group NC);
**p < 0.01 (versus group DNC)
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Fig. 2 Changes in fasting plasma glucose of each group rats in
different phases. NC normal control, DNC type 2 diabetic model fed
with normal chow, DHF type 2 diabetic model fed with high-fat diet
continuously, DCR type 2 diabetic model fed with normal chow with
60% calorie restriction, FPG fasting plasma glucose. *P < 0.01
(versus group NC); **p < 0.01 (versus group DNC)

Apoptosis of islet beta cells in each group

Apoptosis of islet beta cells in each group is shown in
Fig. 3. In the fluorescence photomicrographs, those cells in
the islets with thickly dyed blue nuclei were apoptotic
beta cells. As a result, compared with rats in the control
NC group, the apoptosis ratio of islet beta cells of rats in
the DNC and DHF groups was elevated significantly
(P < 0.01), but the apoptosis ratio of the DHF group was
higher than that of DNC group (P < 0.01). Interestingly,
CR (DCR group) notably reduced the apoptosis ratio of
islet beta cells.

SIRT1 mRNA and protein expression of islet beta cells

As shown in Fig. 4, compared with the control NC group,
the type 2 diabetic rats fed with normal chow or the high-
fat diet displayed an obviously reduced mRNA expression
of SIRT1 in islet beta cells, but the mRNA expression of
SIRT1 in the high—fat-fed rats was prominently lower than
the normal chow fed rats. However, after 1 month CR,
SIRT1 mRNA expression of rats was increased signifi-
cantly compared with that of the DNC (P < 0.05) group or
the DHF group (P < 0.01). In the corresponding time
period, we also measured the protein expression of SIRT1
in each group of rats by Western blot. Consequently, the
SIRT1 protein expression of beta cells in the DNC and
DHF group was also decreased. After 1 month CR, the
SIRT1 protein expression significantly increased in the
same manner as the mRNA expression. SIRT1 protein
expression is shown in Fig. 5.

Discussion

Glucolipotoxicity is a dominant feature of type 2 diabetes
[12]. In the development of type 2 diabetes, apoptosis of
islet beta cells plays a key role. CR is a basic measure of
type 2 diabetes treatment. However, the study provides in
vivo evidence concerning the effects of glucolipotoxicity
and strict CR (It is impossible for humans to maintain a
60% CR). However, data on the apoptosis of beta cells
have been insufficient so far. High-fat feeding is a reliable
method to induce lipotoxicity in rats [13]. To study the
effects of glucolipotoxicity on the apoptosis of islet beta
cells, we first used low-dose streptozotocin to induce

Table 2 Comparison of tested parameters of rats in each group at different phases

Group n BW (g) FPG (mmol/l) RPG (mmol/l) FINS (mU/1)
After 2-month feeding
NC 7 385 + 46 33+ 043 6.5 + 0.64 14.30 + 1.94
DNC 6 297 4+ 21° 52+ 1.12 16.3 + 3.77° 9.28 + 1.02°
DHF, 16 305 + 21° 14.2 + 3.84" 183 £ 2.16° 6.75 + 0.69
After 3-month feeding
NC 7 408 + 44 44 4 0.57 6.5 £ 0.76 13.09 + 1.18
DNC 6 297 4+ 21° 7.2 £ 1.99 16.3 + 2.16° 10.52 + 2.14°
DHF 8 284 4+ 19° 19.5 + 3.86" 22.0 + 3.10" 6.59 + 0.83%
DCR 6 235 + 22 7.8 £ 228 8.6 + 2.32° 4.83 + 0.63%

NC normal control, DNC type 2 diabetic model fed with normal chow, DHF|, type 2 diabetic model fed with high-fat diet. After 2-month feeding,
the rats in group DHF,, were further randomly divided into group DHF and DCR. DHF type 2 diabetic model fed with high-fat diet continuously,
DCR type 2 diabetic model fed with normal chow with 60% calorie restriction. BW body weight, FPG fasting plasma glucose, RPG random
plasma glucose, FINS fasting serum insulin. All results were expressed as the mean £ SD and analyzed using one-way ANOVA. Student—
Newman—Keuls multiple-range test was used to compare results between two groups. Versus group NC, ® P < 0.01; versus group DNC,

P <0.01
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Fig. 3 Fluorescence
photograph of islet beta cells
apoptosis and comparison of
apoptosis ratio of islet beta cells
in each group. NC normal
control, DNC type 2 diabetic
model fed with normal chow,
DHF type 2 diabetic model fed
with high-fat diet continuously,
DCR type 2 diabetic model fed
with normal chow with 60%
calorie restriction. All results
were expressed as the

mean + SD and analyzed using
one-way ANOVA. Student—
Newman-Keuls multiple-range
test was used to compare results
between two groups. Each value
represents the mean + SD of
three independent experiments.
versus group NC, bp <0.01;
versus group DNC, ‘P < 0.01
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insulin deficiency and chronic hyperglycemia in rats. Then,
we simulated lipotoxicity by high-fat feeding. By observ-
ing effects of CR on the apoptosis of islet beta cells, we
investigated the molecular mechanisms by which gluco-
lipotoxicity influenced the apoptosis of islet beta cells.
Previous studies have suggested that an injection of 24—
100 mg/kg streptozotocin produced a dose-dependent
hyperglycemia, and a 50 mg/kg or lower dose of strepto-
zotocin intraperitoneally injected into rats induced a type 2
diabetic animal model [8, 14]. Our results showed that
Wistar rats treated with low-dose streptozotocin (35 mg/
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DHF DCR

kg) displayed significantly high RPG and normal FPG,
which suggested that the partly impaired islet beta cells
could maintain a normal FPG, but were not tolerant of
supernumerary glucose load. Therefore, rats we treated
with low-dose streptozotocin were mildly type 2 diabetic
animals at the beginning.

On the basis of the type 2 diabetic model, we fed the rats
with normal chow or high-fat diet for 3 months. Conse-
quently, the rats in the DNC group fed with normal chow
displayed significantly increased RPG and decreased FINS,
but there was no obvious difference in the FPG when

DNC



Acta Diabetol

B-actin
SIRT1
=
b{=
§
& bef
L+
-
z
e
2
w
L+
-
=
2
¥}
[
NC DNC DHF DCR

Fig. 4 Expression of SIRTI mRNA in islet beta cells of rats. NC
normal control, DNC type 2 diabetic model fed with normal chow,
DHF type 2 diabetic model fed with high-fat diet continuously, DCR
type 2 diabetic model fed with normal chow with 60% calorie
restriction. All results were expressed as the mean = SD and
analyzed using one-way ANOVA. Student-Newman—Keuls multiple-
range test was used to compare results between two groups. Each
value represents the mean + SD of four independent experiments.
Versus group NC, °P <0.01; versus group DNC, °P < 0.05,
9P < 0.01; versus group DHF, P < 0.01

compared with that of the control group NC. These results
suggest that the islet beta cells were further impaired by
chronic hyperglycemia in the DNC group, but the function
of islet beta cells could still keep the FPG in the normal
range overall. However, the FPG and RPG of rats fed high-
fat chow in the DHF group were much higher than that of
the NC and DNC groups. In addition, FINS was further
reduced, which suggested that the islet beta cells underwent
a major injury, and the function of islet beta cells could not
maintain a normal FPG. These results showed that lipo-
toxicity induced by high-fat feeding notably promoted the
impairment of islet beta cells and further reduced insulin
secretion when chronic hyperglycemia was present. By
quantifying the apoptosis of islet beta cells, we found that
the ratio of apoptosis of islet beta cells in DNC and DHF
rats was raised significantly when compared with that of
normal controls. Furthermore, the ratio of islet beta cell
apoptosis in the DHF group was much higher than that
of the DNC group. This finding suggests that the hyper-
lipidemia and hyperglycemia can cooperate to promote
the apoptosis of islet beta cells, and high-fat feeding

NC DNC DHF DCR
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SIRT1

B-actin
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NC DNC DHF DCR

Fig. 5 Expression of SIRTI protein in islet beta cells of rats. NC
normal control, DNC type 2 diabetic model fed with normal chow,
DHF type 2 diabetic model fed with high-fat diet continuously, DCR
type 2 diabetic model fed with normal chow with 60% calorie
restriction. All results were expressed as the mean + SD and
analyzed using one-way ANOVA. Student—Newman—Keuls multiple-
range test was used to compare results between two groups. Each
value represents the mean £+ SD of four independent experiments.
Versus group NC, °p < 0.01; versus group DNC, °P < 0.05,
dp < 0.01; versus group DHF, P <0.01

Relative SIRT! protein expression

further promoted apoptosis in the background of chronic
hyperglycemia.

Much research has clearly shown that short-term CR can
dramatically increase the reactivity of rat skeletal muscle to
insulin. Along with prolonged CR, the rats display an overt
hypometabolism status. Especially, the core body temper-
ature, plasma glucose and serum insulin of rats were all
reduced significantly [15-17]. These were also confirmed
in our study. In this study, the weight of rats in group DCR
that underwent strict CR for 1 month was sharply
decreased compared with the DHF group. Though serum
insulin was reduced significantly, the RPG and FPG were
lower than that of the DHF group, which suggested that the
sensitivity to insulin notably increased because of CR.
Meanwhile, the ratio of apoptosis of islet beta cells in the
DCR group was reduced remarkably when compared with
the DHF group, which showed that strict CR can amelio-
rate apoptosis of islet beta cells induced by glucolipotox-
icity. However, as a limitation of this study, maybe
immunohistochemistry of islets should be done to directly
elucidate the effects of glucolipotoxicity and CR on syn-
thesis and secretion of insulin in type 2 diabetic rats.

In mammals, CR delays the onset of numerous age-
associated diseases including cancer, atherosclerosis and
diabetes and can greatly increase life span. The molecular
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mechanisms may be associated with the reduced apoptosis
of cells [18]. Research on Saccharomyces cerevisiae
showed that the small molecular protein encoded by Sir2
gene, which plays a key role in CR effects may mediate the
silence of chromatin, telomere, rDNA and the repairing of
DNA, which accordingly maintains the stability of the
genome and increases life span [19, 20]. Therefore, the Sir2
gene has been known as the longevity gene. The mam-
malian SIRT1 gene is the homolog of yeast sir2. Moreover,
SIRT1 has a remarkably varied spectrum of nuclear sub-
strates that include TAF;68 (Tata box-binding protein-
associated factor I of 68 kDa), p53, FOXO (Forkhead box
class O transcription factors), p300/CBP, myoD (myoblast
determination protein), Ku70 (thyroid autoantigen of
70 kDa or Ku antigen), etc. SIRT1 is a protein deacetylase
able to deacetylate these substrates both in vitro and in vivo
[21-24]. From physiological functions of these substrates,
we presumed that it is possible that SIRT1 may regulate
cell apoptosis, cell cycle control, genetic transcription and
other cell processes. In type 2 diabetes, mitochondria
malfunction is dramatic. The mitochondria pathway is a
major signal transduction pathway of the apoptosis of islet
beta cells. In this pathway, abnormal changes of pro-
apoptosis proteins (Bax, Bak, Bid, etc.) and anti-apoptosis
proteins (Bcl-2, Bcel-xl, etc.) and p53 may be the keys of
cellular apoptosis [25-27]. Previous research has demon-
strated that in some cells such as brain cells, kidney cells,
fat cells and liver cells, SIRT1 down-regulates several
pro-apoptotic factors such as p53, FOXO and Bax, which
potentializes the ability of CR animals to resist stress [24].
However, these effects in islet beta cells need to be elu-
cidated, especially in vivo. Our study has primarily dem-
onstrated that CR has a great effect on SIRT1 expression
and the apoptosis of islet beta cells, and that the changes of
SIRT1 expression may be involved in the islet beta cell
apoptosis process. In this study, chronic hyperglycemia
significantly promoted the apoptosis of islet beta cells.
Meanwhile, the mRNA and the protein expression of
SIRT1 of islet beta cells were reduced notably. Then, the
high-fat feeding further aggravated the apoptosis of beta
cells when coupled with chronic hyperglycemia, and the
mRNA and protein expression of SIRT1 in islet beta cells
were further reduced. In our study, the mRNA and protein
expression of SIRT1 in islet beta cells of rats that had
undergone strict CR for 1 month were increased signifi-
cantly, and the apoptosis rate of islet beta cells was reduced
significantly. Recently, some studies [5, 6, 28] suggested
that SIRT1 is only expressed in islets, but not in the exo-
crine pancreas, which indicates that SIRT1 may be
involved in the special physiological function of islets.
SIRT1 exists in the nucleus and endochylema of islet beta
cells. The SIRT1 binding promoter region of uncoupling
protein 2 (UCP2) directly represses the expression of
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the UCP2 gene and regulates glucose-stimulated insulin
secretion (GSIS). Increased SIRT1 expression significantly
promotes GSIS. According to the physiological functions
of SIRT1 substrates, the special effects of SIRT1 in islet
beta cells and our experimental results, it is reasonable to
believe that SIRT1 expression is not only involved in
regulating beta cell function to secrete insulin, but also is
associated with the apoptosis of islet beta cells. Recently,
Lee JH et al. [29] also reported an additional effect of
SIRT1: through inhibition of NF-xB by deacetylating p65,
it could protect f-cells from cytokine toxicity. Their results
suggest that SIRT1 may have diverse roles in addition to
regulating insulin secretion in pancreatic ff-cells and that it
constitutes a novel mechanism for treating type 1 diabetes.
In our study, we used type 2 diabetic rat model to study the
effects of SIRT1 on apoptosis of islet beta cells. In some
extent, type 2 diabetes is also a kind of inflammatory
disease. The histology of islets from patients with type 2
diabetes displays an inflammatory process characterized by
the presence of cytokines, apoptotic cells, immune cell
infiltration, amyloid deposits and eventually fibrosis [30,
31]. Therefore, our results about SIRT1 on apoptosis of
islet beta cells of type 2 diabetes are essentially consistent
with that of Lee JH et al. study on type 1 diabetes. Cur-
rently, small molecule activators of SIRT1 have been used
as therapeutics for the treatment of type 2 diabetes [32].
However, the causal relationship between SIRT1 expres-
sion and the apoptosis of islet beta cells, and the precise
molecular mechanisms to regulate the apoptosis of islet
beta cells need to be further elucidated.

In summary, we successfully induced type 2 diabetic rat
model by low-dose STZ. Chronic hyperglycemia (gluco-
toxicity) significantly promoted the apoptosis of islet beta
cells. Lipotoxicity further increased the apoptosis of beta
cells coupled with the background of chronic hyperglyce-
mia. Glucotoxicity and lipotoxicity cooperated to promote
the apoptosis of beta cells. Intriguingly, CR notably
improved the sensitivity to insulin and had a great effect on
SIRT1 expression and the apoptosis of islet beta cells. CR
significantly increased the expression of SIRT1 in islet beta
cells and decreased the apoptosis ratio of islet beta cells
remarkably in CR animals. SIRT1 may play an important
role in the apoptosis of islet beta cells in type 2 diabetes.

Acknowledgments The technical assistance of Yan Li and Yuan
Tian is greatly appreciated.

References

1. Donath MY, Halban PA (2004) Decreased ff-cell mass in dia-
betes: significance, mechanisms and therapeutic implications.
Diabetologia 47:581-589

2. Rhodes CJ (2005) Type 2 diabetes—a matter of fS-cell life and
death? Science 307:380-384



Acta Diabetol

10.

11.

12.

13.

14.

15.

17.

. Guarente L, Picard F (2005) Calorie restriction—the SIR2 con-

nection. Cell 120:473-482

. Leibiger IB, Berggren PO (2006) Sirtl: a metabolic master switch

that modulates lifespan. Nat Med 12:34-36

. Moynihan KA, Grimm AA, Plueger MM et al (2005) Increased

dosage of mammalian Sir2 in pancreatic beta cells enhances glucose-
stimulated insulin secretion in mice. Cell Metab 2:105-117

. Bordone L, Motta MC, Picard F et al (2006) Sirt] regulates insulin

secretion by repressing UCP2 in pancreatic b cells. PLoS Biol 4:e31

. Lerco MM, Macedo CS, Silva RJ et al (2006) The number of

podocyte and slit diaphragm is decreased in experimental diabetic
nephropathy. Acta Cir Bras 21:87-91

. Ugochukwu NH, Bagayoko ND, Antwi ME (2004) The effects of

dietary caloric restriction on antioxidant status and lipid peroxi-
dation in mild and severe streptozotocin-induced diabetic rats.
Clin Chim Acta 348:121-129

. Cui YF, Ma M, Wang GY et al (2005) Prevention of core cell

damage in isolated islets of Langerhans by low temperature
preconditioning. World J Gastroenterol 11:545-550

Sigfrid LA, Cunningham JM, Beeharry N et al (2004) Antioxi-
dant enzyme activity and mRNA expression in the islets of
Langerhans from the BB/S rat model of type 1 diabetes and an
insulin-producing cell line. J] Mol Med 82:325-335

Mabley JG, Belin VD, John NE et al (1997) Insulin-like growth
factor 1 reverses interleukin-1b inhibition of insulin secretion,
induction of nitric oxide synthase and cytokinemediated apop-
tosis in rat islets of Langerhans. FEBS Lett 417:235-238

Wang H, Kouri G, Wollheim CB (2005) ER stress and SREBP-1
activation are implicated in beta cells glucolipotoxicity. J Cell Sci
118:3905-3915

Winzell MS, Holm C, Ahren B (2003) Downregulation of islet
hormone-sensitive lipase during long-term high-fat feeding.
Biochem Biophys Res Commun 304:273-278

Striffler JS, Nadler JL (2004) Lisofylline, a novel anti-inflam-
matory agent, enhances glucose-stimulated insulin secretion in
vivo and in vitro: studies in prediabetic and normal rats.
Metabolism 53:290-296

Wetter TJ, Gazdag AC, Dean DJ et al (1999) Effect of calorie
restriction on in vivo glucose metabolism by individual tissues in
rats. Am J Physiol 276:E728-E738

. McCurdy CE, Davidson RT, Cartee GD (2003) Brief calorie

restriction increases Akt2 phosphorylation in insulin-stimulated rat
skeletal muscle. Am J Physiol Endocrinol Metab 285:E693-E700
Roth GS, Lane MA, Ingram DK (2005) Caloric restriction mi-
metics: the next phase. Ann N'Y Acad Sci 1057:365-371

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Koubova J, Guarente L (2003) How does calorie restriction
work? Genes Dev 17:313-321

Bitterman KJ, Anderson RM, Cohen HY et al (2002) Inhibition of
silencing and accelerated aging by nicotinamide, a putative
negative regulator of yeast Sir2 and human SIRT1. J Biol Chem
277:45099-45107

Lamming DW, Wood JG, Sinclair DA (2004) Small molecules
that regulate lifespan: evidence for xenohormesis. Mol Microbiol
53:1003-1009

Pagans S, Pedal A, North BJ et al (2005) SIRT1 regulates HIV
transcription via Tat deacetylation. PLoS Biol 3:210-220
Brunet A, Sweeney LB, Sturgill JF et al (2004) Stress-dependent
regulation of FOXO transcription factors by the SIRTI deace-
tylase. Science 303:2011-2015

Luo J, Nikolaev AY, Imai S et al (2001) Negative control of
p53 by Sir2alpha promotes cell survival under stress. Cell 107:
137-148

Cohen HY, Miller C, Bitterman KJ et al (2004) Calorie restriction
promotes mammalian cell survival by inducing the SIRT1
deacetylase. Science 305:390-392

Hui H, Dotta F, Di Mario U et al (2004) Role of caspases in the
regulation of apoptotic pancreatic islet beta-cells death. J Cell
Physiol 200:177-200

Lowell BB, Shulman GI (2005) Mitochondrial dysfunction and
type 2 diabetes. Science 307:384-387

Mathis D, Vence C, Benoist C (2001) Beta-cell death during
progression to diabetes. Nature 414:792-798

Sun C, Zhang F, Ge X et al (2007) SIRT1 improves insulin
sensitivity under insulin-resistant conditions by repressing
PTPIB. Cell Metab 6:307-319

Lee JH, Song MY, Song EK et al (2009) Overexpression of
SIRT1 protects pancreatic beta-cells against cytokine toxicity
by suppressing the nuclear factor-kappaB signaling pathway.
Diabetes 58:344-351

Pickup JC (2004) Inflammation and activated innate immunity
in the pathogenesis of type 2 diabetes. Diabetes Care 27:
813-823

Donath MY, Schumann DM, Faulenbach M et al (2008) Islet
inflammation in type 2 diabetes: from metabolic stress to therapy.
Diabetes Care 31(2):S161-S164

Milne JC, Lambert PD, Schenk S et al (2007) Small molecule
activators of SIRT1 as therapeutics for the treatment of type 2
diabetes. Nature 450:712-716

@ Springer



	Effects of caloric restriction on SIRT1 expression and apoptosis �of islet beta cells in type 2 diabetic rats
	Abstract
	Introduction
	 Materials and methods 
	Animals and diets
	Biochemical reagents
	Experimental protocol
	General characteristics observation
	Islet isolation
	Detection of apoptotic islet beta cells
	SIRT1 RNA expression using reverse transcription PCR (RT-PCR)
	SIRT1 protein expression by Western blot analysis
	Statistical analysis

	Results
	General characteristics of rats during experiments
	Apoptosis of islet beta cells in each group
	SIRT1 mRNA and protein expression of islet beta cells

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


