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ORIGINAL ARTICLE

Resveratrol, an activator of SIRT1, restores erectile
function in streptozotocin-induced diabetic rats

Wen Yu, Zan Wan, Xue-Feng Qiu, Yun Chen and Yu-Tian Dai

The highincidence of erectile dysfunction (ED) in diabetes highlights a need for effective treatment strategies. Resveratrol, an activator
of silent information regulator 2-related enzymes 1 (sirtuinl, SIRT1), has received attention for its valuable effects in cancer,
neurodegenerative diseases, longevity and cardiovascular disease. To explore the effects of resveratrol in diabetes-induced ED,
resveratrol was administered to rats with streptozocin (65 mg kg~ })-induced diabetes. Erectile function, cavernous structure, tissue
protein expression of silent information regulator 2-related enzymes 1 (sirtuinl, SIRT1), p53 and forkhead transcription factor O 3a
(FOX03a), superoxide dismutase (SOD) activity and malondialdehyde (MDA) levels in the corpora cavernosa were studied. We found
that SIRT1 was expressed in cavernosal tissue, and it was downregulated in the corpora of diabetic rats. The administration of
resveratrol upregulated the expression of SIRT1 and restored erectile function. In contrast, resveratrol downregulated the expression of
p53 and FOX03a, which regulate apoptosis and oxidative stress. Furthermore, the resveratrol-treated group showed an improvement in
smooth muscle content, SOD activity and MDA levels when compared with the diabetic group. Therefore, the ability of resveratrol to
improve diabetes-induced ED is likely related to its activation of SIRT1 expression, thus causing the suppression of apoptosis and

resistance towards oxidative stress.
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INTRODUCTION
Erectile dysfunction (ED) is defined as the inability to sufficiently
achieve and/or maintain penile erection to permit satisfactory sexual
intercourse, and it is a common complication of diabetes mellitus. The
incidence of ED in male diabetic patients is estimated to be between
35% and 75%, which is three times higher than the incidence in non-
diabetic men.! Multiple pathogenic mechanisms underlie diabetes-
induced ED (including neural, vascular, endocrine and metabolic fac-
tors).? In particular, recent studies have focused more on the role of
apoptosis and oxidative stress in diabetes-induced ED. Experimental
hyperglycemia has been shown to induce many of the pathological
consequences observed in diabetics. Much of the neuronal and
endothelial damage observed has been attributed to the effects of oxi-
dative stress’ because hyperglycemia induces the overproduction of
superoxide, which serves as an initiating event in the activation of
the pathways involved in the pathogenesis of tissue damage in diabetes
mellitus. Corporal apoptosis resulting from oxidative stress in penile
tissues was found to be a major cause of erectile impairment in diabetic
animals. Many treatments are used in diabetes-induced ED, including
oral medications. The first line of treatment and the most commonly
used oral medications are phosphodiesterase type 5 inhibitors.*
However, the efficacy of phosphodiesterase type 5 inhibitors in diabetic
men with ED is lower than that observed in the general population.
Combination therapies, which target the multiple pathogenic fac-
tors, may manage this difficult condition. Resveratrol is a polyphenolic

compound that is found in foods, including red grapes and red wine.
Recently, resveratrol has been shown to possess numerous important
bioactivities including anti-apoptotic, antioxidant and anti-aggregation
functions, and the ability to modulate lipoprotein metabolism.® It has
also shown chemopreventative properties in certain forms of cancer and
cardiovascular disorders and to increase longevity.”” Moreover, resver-
atrol appears to protect against diabetes'® by inducing silent informa-
tion regulator 2-related enzymes 1 (sirtuinl, SIRT1)."

In this study, we investigated the hypothesis that resveratrol
improved erectile function in diabetes-induced ED by suppressing
apoptosis and preventing oxidative stress in the corpus cavernosal
and by upregulating SIRT1 in a streptozotocin (STZ)-induced diabetic
rat model.

MATERIALS AND METHODS

Animals

All procedures in this study were approved by the institutional animal
care committee. Sixty 12-week-old male Sprague—Dawley rats weigh-
ing 250-300 g were obtained from Shanghai Slac Laboratory Animal
Co. Ltd (Shanghai, China). Forty-eight rats were administered an
intraperitoneal injection of freshly prepared STZ (65 mg kg™').
Twelve rats were administered vehicle only (0.1 mol 17" citrate/phos-
phate buffer, pH 4.5) and were used as a control group (n=12). All rats
were housed under standard conditions at 25 °C with a 12-/12-h light—
dark cycle and were given free access to food and water.
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Blood glucose was measured 72 h after injection. In the 48 STZ-
injected rats, those with serum glucose levels >300 mg dl™*
(16.6 mmol 1™") were included in this study (34 rats in total). These
rats were divided randomly into a diabetic control group that were
administered daily with intragastric normal saline (DED, n=17) and
an experimental group that was administered with intragastric resver-
atrol (5 mg kg{1 dayfl; Sigma-Aldrich, St Louis, MO, USA; Res,
n=17). Blood glucose levels and body weight were monitored regu-
larly throughout the study and prior to euthanasia. All rats were main-
tained for 8 weeks, except for two rats in the diabetic control group and
one rat in resveratrol-treated group that died prior to the end of the
study.

Erectile function evaluation and tissue procurement
Measurements of the intracavernous pressure (ICP) and the ratio of
ICP/mean systemic arterial pressure (MAP) were used to assess erectile
function. The ICP measurement, ICP/MAP calculation, and the
method of cavernosal nerve stimulation have been described prev-
iously.'? Following the induction of anesthesia with ketamine (30 mg
kg™ ') and midazolam (5 mg kg™ '), the major pelvic ganglion and
cavernous nerve on either side of the prostate were exposed. The
pressure was measured and recorded using a Windows computer
program-controlled multiplying channel physiograph and analyzed
using a RM6240B/C multichannel bio-signal collection processing
system (Chengdu Implement Company, Chengdu, China). The nerve
was stimulated at a frequency of 15 Hz and using a pulse width of 5 ms.
Stimulations were performed at 5 V for 60 s with resting periods of
5 min between subsequent stimulations. After assessing ICP, rats were
euthanized using an overdose of ketamine. The penises were removed
and cleaned. Part of the proximal penis was fixed in 4% paraformalde-
hyde, and the remainder was stored in liquid nitrogen for further
processing.

Masson’s trichrome stain

Masson’s trichome stain was used to evaluate the ratio between
smooth muscle and collagen in the cavernosum. Tissues was fixed in
formaldehyde overnight, and then stored in 70% alcohol at 4 °C until
processed for paraffin-embedded tissue sectioning. Tissue sections
were deparaffinized and hydrated. Nuclei were stained using
Weigert’s iron hematoxylin for 10 min. After washing with tap water,
the samples were stained using 1% ponceau acetic acid solution for
5 min. They were then rinsed rapidly in water and differentiated in 1%
phosphomolybdic acid for approximately 5 min. Finally, the slides
were counterstained using fast green. The nuclei stained blue, the
smooth muscle stained red, and the collagen stained green. The areas
of smooth muscle and collagen were analyzed using Image Pro Plus 5.0
software (Media Cybernetics, Inc., Bethesda, MD, USA).

Immunohistochemistry for a-smooth muscle antigen

For immunohistochemistry, tissue was fixed in 4% paraformaldehyde
overnight. Following deparaffinization and rehydration, sections
(5 pm) were rinsed for 6 min using phosphate-buffered solution.
Endogenous peroxidase activity was quenched using 0.3% H,O, for
10 min. After 6 min of washing with phosphate-buffered solution, the
tissue was blocked using 3% BSA for 30 min and then incubated with
anti-a-smooth muscle antigen (Abcam Inc., Hong Kong, China;
1:400) at 4 °C overnight. Sections were then incubated with biotiny-
lated anti-mouse secondary antibodies (Boster, Wuhan, China;
1:200) for 2 h at room temperature and then counterstained with
hematoxylin. Sections incubated without primary antibodies were
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used as negative controls. Images were captured using a Nikon micro-
scope with a Spot RT color digital camera, and digital histomorpho-
metric analysis was performed using Image-Pro Plus 5.0 software
(Media Cybernetics, Silver Spring, MD, USA).

Western blotting assay for SIRT1, FOXO3a and p53

Western blotting was used to determinate the protein expression of
SIRT1, forkhead transcription factor O 3a (FOXO3a) and p53 in the
cavernosum. The penile tissue that had been stored in liquid nitrogen
was powdered and lysed in radioimmunoprecipitation assay buffer
(phosphate-buffered solution, 1% NP-40, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate and protease inhibi-
tors). The samples were then homogenized on ice for 10 min and cen-
trifuged at 12 000 g for 15 min at 4 °C. The supernatants were collected
and stored at —80 °C. Equal amounts of proteins were electrophoresed
on 10% sodium dodecyl sulfate—polyacrylamide gels and then transferred
to a nitrocellulose membrane. The membrane was blocked in Blotto-
Tween (10 mmol 17! Tris-HCl (pH 8.0), 150 mmol 17! NaCl, 5% nonfat
dry milk and 0.05% Tween-20) overnight at 4 °C. The membrane was
then incubated with antibodies targeted against SIRT1 (Abcam Inc.,
Hong Kong, China; 1:500), FOXO3a (Abcam Inc; 1:500), p53
(Abcam Inc.; 1:500) or GAPDH (Abcam Inc.; 1:1000) at room tem-
perature for 4 h and then for 1 h at room temperature with anti-mouse
(Chemicon, Temecula, CA, USA; 1:1000) or anti-rabbit (Calbiochem,
San Diego, CA, USA; 1:2000) secondary antibodies. Detection was per-
formed using enhanced chemiluminescence (Boster, Wuhan, China) fol-
lowed by autoradiography. The densitometric results were quantified
using Image Pro Plus 5.0.

Apoptosis assessment

To assess apoptosis, the terminal deoxynucleotidyl transferase biotin-
dUTP nick end labeling assay was performed following the manufac-
turer’s instructions (Roche Applied Science, Mannheim, Germany).
Two slides from two different animals per group were selected ran-
domly. Each slide was analyzed by counting cells in five non-overlapping
zones of the entire section at X400 magnification. The number of
terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling-
stained cells was expressed as a percent of the total number of cells and
reported as the apoptotic index (AI).

Biochemical markers of oxidative stress

The superoxide dismutase (SOD) activity and malondialdehyde
(MDA) levels were used to evaluate oxidative stress. The SOD and
MDA levels in the corpus cavernosum was measured as described
previously.”” All assay kits were purchased from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).

Statistical analysis
The results were expressed as the mean*standard error of the mean.
Statistical analysis was performed using one-way analysis of variance
for multiple comparisons followed by post hoc comparisons using the
least significant difference test. A P value <0.05 was considered sta-
tistically significant.

RESULTS

General data

The body weights and blood glucose levels are shown in Table 1. The
body weights of diabetic rats were significantly lower compared with
controls after 8 weeks (P<<0.01). The blood glucose in diabetic rats was
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significantly higher compared with controls (P<<0.01). Resveratrol did
not improve these changes.

Effect of resveratrol on erectile function in diabetic rats

The ICP/MAP ratio is shown in Figure 1. When compared with nor-
mal rats, the mean ICP/MAP ratio in untreated diabetic rats decreased
significantly (P<<0.01). Following the administration of resveratrol for
8 weeks, the mean ICP/MAP ratio in diabetic rats increased (P<<0.05).

The effect of resveratrol on the smooth muscle/collagen ratio in the
cavernosum

The ratio between smooth muscle and collagen was significantly
reduced in the cavernosum corpus of diabetic rats (Figure 2b) com-
pared with the controls (Figure 2a; P<<0.01). Resveratrol improved
this cavernous structural disorder in diabetic rats (P<<0.05).

Effect of resveratrol on the smooth muscle content of the
cavernosum

As shown in Figure 3, the smooth muscle content (as indicated by a-
smooth muscle antigen) decreased significantly in diabetic rats
(Figure 3b) compared with controls (Figure 3a; P<<0.05). Eight weeks
of resveratrol administration (Figure 3c) increased smooth muscle
content significantly compared with diabetic rats (P<<0.05).

Protein levels of SIRT1, FOXO3a and p53 in cavernous tissue

As demonstrated in Figure 4, the expression of SIRT1 protein
decreased in the diabetic controls when compared with normal con-
trols, but the expression of FOXO3a and p53 (P<<0.01) increased.
After 8 weeks of resveratrol treatment, FOXO3a and p53 proteins
decreased (P<<0.05). In contrast, the expression of SIRT1 increased
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Figure 1 Erectile function evaluation. Intracavernous pressure (ICP) and peak
intracavernous pressure/mean systemi arterial pressure (ICP/MAP). (@) Normal
control group. (b) Diabetic group. (c) Resveratrol-treated group. (d) Statistical chart
of ICP/MAP ratio. Peak ICP/MAP values decreased significantly in diabetic rats.
Resveratrol could partially restore the reduction, but could not bring erectile func-
tion to normal level. *P<0.01 vs. control group; #P<0.05 vs. diabetic group. N,
normal control group; DED, diabetic group; Res, Resveratrol-treated group.
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Smooth muscle/ Collagen

Figure 2 Masson’s trichome staining of cavernosum tissue. The smooth mus-
cle/collagen ratio decreased significantly in diabetic group compared with normal
control. Resveratrol contributed to the restoration of cavernous structure impair-
ment in diabetes. (a) Normal control group. (b) Diabetic group. (c) Resveratrol-
treated group. (d) Statistical chart of smooth muscle/collagen ratio; * P<0.01 vs.
normal control group, #P<0.05 vs. diabetic group. N, normal control group; DED,
diabetic group; Res, resveratrol-treated group. Scale bars=200 pm.

in the resveratrol-treated diabetic group when compared with the
diabetic rats that were not treated (P<<0.05).

Apoptosis analysis

In Figure 5, we show that the diabetic group treated with resveratrol
demonstrated a significant reduction in apoptosis within the corporal
tissue (Figure 5¢) with a mean Al of 22.61% compared with an AI of
35.81% in the diabetic group (P<0.05; Figures 5b and d). In com-
parison, the Al value in the normal group was 17.04% (Figures 5a and
d), which was lower than the resveratrol group (P<0.05).

MDA and SOD activity in the cavernosum
The MDA levels and SOD activity in the corpus cavernosum are shown
in Table 2. Decreased SOD activity and increased MDA levels were
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Figure 3 Immunohistochemical staining of a-SMA. Positive staining was noted
in penile vascular smooth muscle (red arrow). (@) Normal control group. (b)
Diabetic group. (c) Resveratrol-treated group. (d) Statistical chart of a-SMA den-
sity among groups; *P<0.01 vs. normal control group; #P<0.05 vs. diabetic
group. N, normal control group; DED, diabetic group; Res, resveratrol-treated
group. Scale bars=100 pm.
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Figure 4 The protein level of SIRT1, FOXO3a, P53 in penile tissues. SIRT1 protein decreased in diabetic group and increased in resveratrol-treated group. On the
other hand, the FOXO3a and P53 protein increased in the diabetic controls compared with the normal control, and decreased by the resveratrol treatment. *P<0.01
vs. control group; #P<0.05 vs. diabetic group. N, normal control group; DED, diabetic group; Res, resveratrol-treated group; GAPDH, glyceraldehyde 3-

dehydrogenase.

found in the corpus cavernosum of diabetic rats compared with con-
trols (P<<0.05). Following treatment with resveratrol, SOD activity
increased, and MDA levels decreased (P<<0.05).

DISCUSSION
This study shows that treatment with resveratrol restored ED in the
STZ-induced diabetic rat. Resveratrol can improve the structural
impairment in the cavernosum, activate SIRT1 and suppress apoptosis
and oxidative stress by downregulating FOXO3a and p53 expression.
Recent studies have demonstrated that resveratrol (trans-3,5,4'-
trihydroxy stilbene), which is found in red grapes and blue berries,
lowers blood sugar, improves lipid profile'* and prevents develop-
mental delays in embryos of diabetic rats.'> Several clinical trials have
been conducted to study the metabolic effects of resveratrol in dia-
betics. Although these trials have used different subject groups (e.g.,
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Figure 5 TUNEL assessment of apoptosis. Reveratrol therapy decreased apop-
tosis. Compared with the normal control group (a), diabetic group (b) increased
apoptosis in penile (brown-stained nuclei; magnified x400); Resveratrol treat-
ment (c) reduced apoptosis in penile compared with diabetic group (b). Apoptotic
indices (Al) is presented as ratio of apoptotic nuclei(brown-stained nuclei) to total
number of nuclei counted. A reduced Al percentage for resveratrol therapy was
found compared to diabetic group (P<0.05), although still higher than the nor-
mal group (P<0.05) (d). * P<0.05 vs. control group; #P<0.05 vs. diabetic group.
N, normal control group; DED, diabetic group; Res, resveratrol-treated group;
GAPDH, glyceraldehyde 3-dehydrogenase. Scale bars=50 pum.

type 2 diabetics or older adults with glucose intolerance) and different
resveratrol doses, they have indicated that resveratrol may improve
insulin sensitivity.m_18 Moreover, other studies have shown that
resveratrol can treat organic injuries to tissues including the retina
and liver by resisting oxidative stress.'>*°

To investigate the effects of resveratrol in diabetes-induced ED, we
used a model of STZ-induced diabetes in rats. ICP/MAP was used to
assess erectile function, which decreased significantly in diabetic rats.
Resveratrol restored ICP and increased the ratio of ICP/MAP.

These results are consistent with Fukuhara’s research. In their study,
they demonstrated that resveratrol led to SIRT1 activation in SMCs and
subsequently activated eNOS, which led to enhanced cyclic guanosine
monophosphate synthesis via the nitric oxide/cyclic guanosine mono-
phosphate pathway.?' SIRT1, a mammalian ortholog of the yeast silent
information regulator 2, has increasingly been referenced as a longevity
protein or an ageing regulator because increasing evidence has indicated
that the silent information regulator 2 family of proteins mediates life-
span extension in yeast, worms, flies, and mammals. In mammals,
SIRT1 is a member of a small gene family of seven members, designated
Sirtuin 1 through 7. Among them, SIRT1 is by far the best characterized.
In vitro, it has been demonstrated that resveratrol increases SIRT1
mRNA levels and protein levels. In addition, several research groups
have shown that resveratrol activates SIRT1 deacetylase activity.”>*
SIRT1 has been shown to deacetylate both histones and a wide range
of non-histone proteins; thus it is involved in a wide range of functions
including endothelial homeostasis,”>® apoptosis,””** cell-cycle regu-
lation, transcriptional silencing and oxidative stress.””" Several pieces
of evidence suggest that SIRT1 acts as a longevity factor in vascular
tissue; in particular, its critical role in endothelial homeostasis by

Table 1 Body weight and blood glucose(mean=s.d.)

Control group Diabetic group Resveratrol-treated
group
Intial
BW(g) 250.86+30.43 253.42+34.28 269.08+30.97
BG (mgdl™!) 75.9+11.9 486.1+50.6 528.2+38.5
After 8 weeks
BW(g) 481+31.0 203.40%18.07* 216.73x37.25*%
BG(mgdi™Y) 69.9+7.7 477.5+49.3* 505.4+73.6*

* P<0.01 compared with control group. BW, body weight, BG, blood glucose.
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Table 2 Malondialdehyde (MDA) and superoxide dismutase (SOD)
activity in corpus cavernosum (mean=s.d.)

Control group Diabetic group Resveratrol-treated
group
SOD 127.45+19.7 69.3x7.62* 102.44+8.79*
MDA 2.69+0.44 5.45+0.49* 4.06+0.56"

* P<0.01 vs. control group;
# P<0.05 vs. diabetic group;
** P<0.05 vs. diabetic group.

regulating endothelial nitric oxide synthase (eNOS) activity. In calorie-
restricted rats, it has been reported that SIRT1 promotes endothelial-
dependent vasodilation by targeting eNOS for deacetylation, thereby
leading to enhanced nitric oxide production in the aorta.’

Although Fukuhara’s research demonstrated that resveratrol
improved erectile function in STZ-induced diabetic rats by elevating
the level of cyclic guanosine monophosphate, other pathophysiologi-
cal factors underlying diabetes-induced ED, such as apoptosis and
oxidative stress, were not reported. In this study, we demonstrated
that resveratrol improved diabetes-induced ED by preventing oxi-
dative stress and suppressing apoptosis.

As a supplement to Fukuhara’s research, we demonstrated that the
expression of SIRT1 was decreased significantly in the corpus caver-
nosum of diabetic rats and that resveratrol upregulated SIRT1 expres-
sion in the cavernosum. In addition, we observed that the expression
of p53 and FOXO3a, which are the most important SIRT1 substrates,
increased in the corpus cavernosum of diabetic rats, whereas they
decreased after the administration of resveratrol. P53 is a transcription
factor that targets many genes and micro RNAs in response to cellar
stress. The major functions of p53 are the regulation of growth arrest
and apoptosis.®® SIRT1 binds to p53 tightly both in vitro and in vivo
and specifically deacetylates p53, thereby impairing its DNA binding
activity.”®** Undoubtedly, the negative regulation of DNA binding
reduces p53-mediated apoptosis in cultured cells in response to
DNA damage and oxidative stress. Moreover, SIRT1 attenuates
p53-dependent apoptosis specifically because it does not affect p53-
independent Fas-mediated apoptosis.®

In addition to p53, four members of the FOXO subgroup (FOXO1/
FKHR, FOXO3/FKHRLI1, FOX0O4/AFX and FOXO6) have been iden-
tified in mammals, and their participation in the regulation of apop-
tosis,”®*” cell-cycle arrest, DNA repair and oxidative stress resistance®
has been demonstrated. SIRT1 may deacetylate p300 and repress
p300-mediated activation of FOX03.%® It has been reported that
SIRT1 represses FOXO3-dependent transcription from various pro-
moters in HeLa cells, and an increased level of SIRT1 represses
FOXO3-dependent apoptosis in non-neuronal cells.*® Thus, SIRT1
can attenuate FOXO-induced apoptosis under stress conditions.

As shown in previous studies,*"*? both apoptosis and oxidative
stress induce smooth muscle cell and endothelial cell damage in the
corpus cavernosum. In this study, administration of resveratrol sig-
nificantly increased the amount of smooth muscle and the smooth
muscle/collagen ratio and suppressed apoptosis. Furthermore, to
investigate oxidative stress in the corpus cavernosum, we measured
SOD activity and MDA levels. SOD represents a major cellular defense
against superoxide. MDA is a reactive aldehyde and one of the many
reactive electrophile species that can cause toxic stress in cells. The
results showed that the administration of resveratrol inhibited oxi-
dative stress in diabetes-induced ED.

The animal model used in this study modeled type 1 diabetes. This
model has been used in numerous studies and is known to mimic the
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clinical characteristics of type 1 diabetes more accurately than those of
type 2 diabetes. Thus, one limitation of this study is that we used STZ-
induced diabetic rats. Another limitation is that no positive control,
i.e., medicine that has been used for ED patients, such as phospho-
diesterase type 5 inhibitors, was used. Further studies will combine
resveratrol with other medicines.

CONCLUSION

Resveratrol restored the impaired erectile function in the cavernous
tissue of STZ-induced diabetic rats. Diabetes-induced ED is a disease
that involves multiple pathogenic pathways, including endothelial
dysfunction, apoptosis and oxidative stress.*> Resveratrol not only
improved endothelial function by activating eNOS,?! but also sup-
pressed apoptosis and prevented oxidative stress in the corpus caver-
nosum. Calorie restriction is another effective method of upregulating
SIRT1,*** and it is also the most common treatment for diabetic
patients.46 Thus, resveratrol should be considered in combination
with calorie restriction or other treatments to obtain better outcomes
for diabetes-induced ED.
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