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cardioprotective effects. Res, as the SIRT1 activator, has relieved 
erectile dysfunction in diabetic rat models.4 Nicotinamide (NAM) is a 
component of the vitamin B family and exhibits an anti-inflammatory 
effect in dermatological disorders.5 As a SIRT1 inhibitor, NAM is 
involved in cell viability, apoptosis, and aging.6,7

Herein, we modulated the expression of SIRT1 by Res and NAM 
in aged rats, investigated its effect on erectile function and histological 
changes, and compared these treatments with the controls. In addition, 
rats were treated with Res combined with Tad, and erectile function 
was examined. In the present study, we aimed to explore the role of 
SIRT1 expression and the effect of Res combined with Tad in the erectile 
function of aged rats.

MATERIALS AND METHODS
Animals
Twenty-month-old specific pathogen-free (SPF) Sprague-Dawley (SD) 
rats weighing 700–750 g were purchased from the Animal Center of 
Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing 
University Medical School (Nanjing, China). All rats were maintained 
in a humidified environment with 45%–65% humidity at 20°C–25°C 
within a 12-h light:12-h night cycle. The rats have free access to food 
and water. The animal study procedures complied with the guidelines 
for the protection and application of experimental animals and were 

INTRODUCTION
Erectile dysfunction refers to a penile dysfunction characterized by 
the inability to maintain penile erection induced by sexual arousal. 
Aging is one of the primary factors responsible for erectile dysfunction. 
Erectile dysfunction is prevalent in the elderly, especially in men aged 
more than 60 years.1 The treatment of erectile dysfunction is dependent 
on etiology. Oral medication, such as phosphodiesterase-5 (PDE5) 
inhibitors (tadalafil [Tad]), is currently the first-line treatment for 
erectile dysfunction. However, most patients are unable to receive this 
treatment because it seriously affects their quality of life and results in 
various other health-related complications.

Further elucidation of the pathogenesis of erectile dysfunction in 
the elderly may facilitate therapeutic advancements. A previous study 
reported that apoptosis, oxidative stress, and endothelial function 
are dysregulated in erectile dysfunction. Silent information regulator 
2-related enzyme 1 (SIRT1) is an aging-related gene and plays a key role 
in nitric oxide (NO) production and endothelial function.2 Previous 
evidence has shown that the overexpression of miRNA-200a plays a 
key role in aging-induced erectile dysfunction by inhibiting SIRT1.3 
However, the effect of SIRT1 expression on regulating age-related 
erectile function has not been fully elucidated.

Resveratrol (Res) is a natural phytoalexin that exerts multiple 
biological functions, including anticancer, antidiabetic, and 
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approved by the ethical batch number for animal experiments of 
Nanjing Drum Tower Hospital (approval No. 2021AE02011).

Groups
A total of 68 male SD rats were divided into 4 groups (n=17 per group): 
control group, Res group, NAM group, and Res+Tad group. Rats in the 
Res group were administered Res intragastrically at a dose of 5 mg kg−1 
daily (#34092, Sigma, Saint Louis, MO, USA). The dose of Res was 
adapted from our previous study and proved effective.8 Rats in the 
NAM group received daily intragastric administration of 500 mg kg−1 
NAM (#72340, Sigma). The dose of NAM was adopted from previously 
published studies, which reported 300–1000 mg kg−1 to be effective.9,10 
We chose daily administration of 500 mg kg−1 NAM in our research. 
Animals in the Res+Tad group received daily intragastric Res (5 mg kg−1) 
and Tad (5 mg kg−1; #11302020, Lilly, Indianapolis, IN, USA).11 The 
control rats were administered intragastric normal saline at the same 
dose. After being treated for 8 consecutive weeks, the rats were evaluated 
for erectile function. Subsequently, the rats were sacrificed, and penile 
tissues were isolated. The middle part of the penis (4 mm from the 
glans) was separated and embedded in an optimal cutting temperature 
compound (OCT; 4583, SAKURA, Torrance, CA, USA) for frozen 
section preparation. The remaining tissues were immediately stored at 
−80°C for further experimentation.

Erectile function evaluation
The erectile function of the rats was evaluated by the ratio of 
intracavernous pressure (ICP)/mean systemic arterial pressure 
(MAP) induced by cavernous nerve stimulation as previously 
described.12 Briefly, the rats were anesthetized by intraperitoneal 
injection of ketamine hydrochloride (100 mg kg−1; SML1873, 
Sigma) and diazepam (50 mg kg−1; D0899 Diazepam, Sigma). The 
pelvic stellate ganglion and penile tissue were exposed, followed 
by puncture in the internal carotid artery and corpus cavernosum. 
The nerve was stimulated by a continuous square wave with a pulse 
width of 5 ms at a frequency of 20 Hz and voltage of 5 V for 60 
consecutive times. Stimulation of the cavernous nerve on either side 
was performed 3 times. ICP and MAP were recorded, and the ICP/
MAP ratio was calculated.

Terminal deoxynucleotidyl transferase (TdT)-mediated 
2’-deoxyuridine 5’-triphosphate (dUTP) nick-end labeling  (TUNEL) 
assay
The sections of penile tissues (5-μm thickness) were fixed in 4% 
paraformaldehyde/0.01 mmol l−1 phosphate-buffered saline (PBS; p5368-
10PAK, Sigma) at room temperature for 30 min to 60 min and blocked 
with 3% H2O2. After washing, the sections were incubated with 20 μl of 
labeling buffer containing terminal deoxynucleotidyl transferase (TdT; 1 
μl) and DIG-d-UTP (1 μl) for 2 h at 37°C. Then, the samples were stained 
with diaminobenzidine (DAB; SNM475, Biolab, Beijing, China), followed 
by counterstaining with hematoxylin. The nuclei of apoptotic cells were 
stained brown, and positive staining was observed under a microscope.

Immunohistochemical staining
Tissue sections (5 μm) were washed and fixed in 4% paraformaldehyde 
at room temperature for 10 min. Sections were blocked with 3% goat 
serum, followed by incubation with primary antibodies against von 
Willebrand factor (vWF; 1:400; ab6994, Abcam, New York, NY, USA) 
and α-SMA (1:200; #19245, Cell Signaling Technology, Boston, MA, 
USA) and biotin-labeled secondary antibody under routine conditions. 
Subsequently, the slides were counterstained with hematoxylin. A BX51 
microscope (Olympus, Tokyo, Japan) equipped with a camera (Nikon, 

Tokyo, Japan) was used to capture images. Image-Pro software (Media 
Cybernetics, New York, NY, USA) was used to analyze the proportion 
of smooth muscle area in the overall area of the picture.

Western blot
Protein extract from 50–100 mg cavernous tissue of the penis was 
obtained using radio-immunoprecipitation assay (RIPA) lysis buffer 
(Beyotime, Nantong, China) with protease inhibitor. The protein 
supernatant was isolated by centrifugation (14 400g; HITACHI, 
Hitachi City, Japan) at 4°C for 15 min, and the protein concentration 
was determined by bicinchoninic acid (BCA) assays (Beyotime). 
According to the quantitative results of the BCA assay, the total protein 
content was adjusted to 60 μg for each sample. Protein bands were 
separated by the sodium salt dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (SDS-PAGE) system and transferred to polyvinylidene 
fluoride (PVDF) membranes. For protein labeling, the primary 
antibodies against SIRT1 (ab110304, Abcam), p53 (ab26, Abcam), and 
forkhead box O3 (FOXO3a; ab154786, Abcam) were diluted at 1:1000, 
while anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
ab82445, Abcam) was diluted at 1:3000. Antibodies against rabbit IgG 
(H+L) and mouse IgG (H+L) (MedImmune, Gaithersburg, MD, USA) 
were used as secondary antibodies. The protein bands were observed 
using a chemiluminescence system and were analyzed by Quantity 
One software (Bio-Rad, Hercules, CA, USA).

Measurement of nitric oxide (NO) and cyclic guanosine monophosphate 
(cGMP) content
The NO/cGMP pathway is the main pathway regulating penile erection. 
NO activates guanylate cyclase, which converts guanosine-5’-triphosphate 
(GTP) into cGMP. cGMP reduces intracellular calcium concentration, 
relaxes cavernous smooth muscle, increases penile blood flow, and induces 
erection. The levels of NO and cGMP reflect erectile function; thus, the 
contents of NO and cGMP in penile tissues were evaluated. Cavernous 
tissue of the penis (50 mg) was homogenized and centrifuged at 1000g 
for 15 min. The supernatant was collected for NO and cGMP analysis 
using an enzyme-linked immunosorbent assay (ELISA) kit (Servicebio, 
Wuhan, China) following the manufacturer’s instructions.

Measurement of superoxide dismutase (SOD) activity and 
3,4-methylenedioxyamphetamine (MDA) content
A decrease in SOD activity and an increase in MDA content are crucial 
for aging and senile diseases. SOD activity and MDA content were 
used to evaluate oxidative stress.13 The cavernous tissues (80 mg) were 
homogenized in PBS. The supernatant was collected by centrifugation 
at 1000g and 4°C for 5 min. The activity of the oxidative stress markers 
SOD and MDA was determined by a commercial assay kit (Nanjing 
Jiancheng Company, Nanjing, China). A microplate reader (Molecular 
Devices, VERSAmax; Thermo Scientific, New York, NY, USA) was used 
for quantitative measurement.

Statistical analyses
The results are presented as the mean ± standard error of mean (s.e.m.) 
and were analyzed by SPSS 16.0 software (IBM, New York, NY, USA). 
Multigroup comparisons were performed by one-way analysis of 
variance (ANOVA), and two-group comparisons were carried out by 
Tukey’s test. P < 0.05 was considered statistically significant.

RESULTS
The effect of SIRT1 expression on erectile function in aged rats
After the rats were treated with Res (SIRT1 activator), NAM (SIRT1 
inhibitor), and Tad (PDE5 inhibitor), the ICP/MAP ratio was 
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determined to evaluate erectile function. As shown in Figure 1, the 
erectile function of the rats was significantly enhanced in the Res 
group but reduced in the NAM group (P < 0.05). Tad treatment 
significantly improved the effect of Res on erectile function (P < 0.05). 
Thus, SIRT1 activation improved the erectile function of aged rats.

The effect of SIRT1 on histological changes of rat corpus cavernosum
To determine the histological changes in the corpus cavernosum 
mediated by the overexpression or inhibition of SIRT1, we 
quantitatively analyzed smooth muscle and endothelial contents by 
immunohistochemical staining of α-SMA and vWF. Compared with 
those of the rats treated with normal saline, the smooth muscle and 
endothelium were significantly elevated in the cavernosum of rats after 
8 weeks of treatment with Res (P < 0.05). Notably, this increase was 
reinforced by combined treatment with Tad. Conversely, the smooth 
muscle and endothelial content decreased significantly in the NAM 
treatment group (both P < 0.05; Figure 2a and 2b). Moreover, Res 
administration relieved cell apoptosis in the cavernosum, and the effect 
was enhanced by combining Res with Tad (P < 0.05). Compared with 
those of the control group, apoptotic cells were increased in the NAM 
group (P < 0.05; Figure 2c). These results indicated that the activation 
of SIRT1 ameliorated erectile dysfunction and induced histological 
changes in the corpus cavernosum.

The expression of SIRT1, p53, and FOXO3a in penile tissues of aged 
rats
Western blot analysis was used to evaluate the expression levels of 
SIRT1, p53, and FOXO3a in cavernous tissues. The results revealed 
that SIRT1 protein was significantly accumulated in the rats treated 
with Res for 8 weeks compared with the control rats treated with 
normal saline (both P < 0.05). However, p53 and FOXO3a levels were 
significantly downregulated in the Res group compared with the 
control group (all P < 0.05). In contrast, the expression of SIRT1 was 
dramatically reduced in the rats treated with NAM, paralleled by the 
increased expression of p53 and FOXO3a (P < 0.05). The increase in 
SIRT1 expression induced by Res was intense after cotreatment with 
Tad, while the expression of p53 and FOXO3a in the Res group was 
significantly weakened by Tad treatment (all P < 0.05; Figure 3).

Effect of SIRT1 on NO and cGMP production
The NO and cGMP levels are closely associated with erectile function, 
which was determined in cavernosal tissues by ELISAs. As shown in 
Figure 4, the levels of NO and cGMP were significantly decreased in 
the NAM-treated rats but pronouncedly elevated in the rats treated 

Figure 1: Erectile function evaluation after SIRT1 expression modulation by 
Res, NAM, and Res+Tad. Erectile function was evaluated by the ICP/MAP 
ratio. Res treatment significantly elevated erectile function in aged rats, 
while NAM treatment decreased erectile function. *P < 0.05, **P < 0.01. 
Cont: control group, the control rats were administered intragastric normal 
saline; NAM: niacinamide group, rats in the NAM group were administered 
niacinamide intragastrically; Res: resveratrol group, rats in the Res group were 
administered resveratrol intragastrically; Res+Tad: resveratrol and tadalafil 
group, rats in the Res+Tad group received daily intragastric resveratrol and 
tadalafil. ICP/MAP: intracavernosal pressure/mean systemic arterial pressure; 
SIRT1: silent information regulator 2-related enzyme 1.

Figure 2: Histological changes in the rat corpus cavernosum mediated by 
SIRT1. Immunohistochemical staining was performed to evaluate (a) penile 
vascular smooth muscle (α-SMA positive) and (b) endothelium (vWF positive), 
and (c) TUNEL staining was used to evaluate apoptotic cells. The content of 
penile vascular smooth muscle and endothelium was significantly increased, 
while the apoptotic cells were reduced in the Res group. The opposite results 
were found with NAM treatment. The red arrow indicates positive staining. 

*P < 0.05, **P < 0.01, and ***P < 0.001. Cont: control group, the control 
rats were administered intragastric normal saline; NAM: niacinamide group, 
rats in the NAM group were administered niacinamide intragastrically; 
Res: resveratrol group, rats in the Res group were administered resveratrol 
intragastrically; Res+Tad: resveratrol and tadalafil group, rats in the Res+Tad 
group received daily intragastric resveratrol and tadalafil. NS: no significant 
difference; SIRT1: silent information regulator 2-related enzyme 1; TUNEL: 
TdT-mediated dUTP nick-end labeling; vWF: von Willebrand factor.

c
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with Res compared with the controls (all P < 0.05). The levels of NO 
and cGMP were further elevated in the Res+Tad group compared with 
the Res group (both P < 0.05). In summary, these results indicate that 
SIRT1 activation preserved erectile function in aged rats.

Effect of SIRT1 on oxidative stress in aged rats
To evaluate the effect of SIRT1 activation on oxidative stress, we 
determined the SOD activity and MDA concentration by a commercial 
assay kit. A marked decline in SOD activity and an increase in MDA 
levels were observed in the rats in the NAM group compared with the 
controls (both P < 0.05). Res treatment increased SOD activity and 
reduced MDA concentration compared to those of the control group 
rats (both P < 0.05). The effect of Res combined with Tad on elevating 
SOD activity and reducing MDA concentration was more promising 
than that of Res treatment alone (Figure 5). Thus, SIRT1 activation 
inhibited oxidative stress in aged rats.

DISCUSSION
In this study, we used Res and NAM to explore the role of SIRT1 in 
erectile dysfunction in aged rats and further investigated the combined 
effect of Res and Tad on erectile dysfunction. Our results showed 
that the activation of SIRT1 prevented the progression of erectile 
dysfunction. Res and Tad showed a synergistic effect in inhibiting 
erectile dysfunction in aged rats.

Res is a type of natural polyphenol present in grapes and various 
berries.14 This molecule has various therapeutic effects, including 
anti-inflammatory, anticancer, and cardioprotective effects. A 
previous study reported that Res showed antiaging effects through 
phosphoinositide 3-kinase (PI3K)- and forkhead transcription factors of 
class O (FOXO)-related pathways.15 Emerging evidence has determined 
the positive effect of Res by mediating SIRT1 activation to extend lifespan 
and prevent aging-related diseases, such as diabetes and cardiovascular 
and cerebrovascular diseases.16 A previous study suggested that Res 
preserved erectile function in diabetic rat models.8 Erectile dysfunction 
is an aging-related disorder, and the effect of SIRT1 activation on 
aging-associated erectile dysfunction has not been fully elucidated.

Yu et al.8 suggested that Res restored erectile function in rats 
with diabetes, reflected by an increased ratio of ICP/MAP. Our data 
showed that Res administration significantly increased the ICP/MAP 
ratio in aged rats with accumulation of SIRT1, compared with those 
of the controls.

A previous study reported that oxidative stress induced by aging plays 
a pathological role in erectile dysfunction, facilitating NO production 
and smooth muscle cell apoptosis.17 NO is produced by endothelial 
and nervous tissues. High levels of NO can release cGMP, promoting 
smooth muscle relaxation. The loss of NO production is one of the 
major characteristics that confer aging-related erectile dysfunction. 
The deregulation of NO/cGMP signaling, oxidative stress, and nervous 
impairment contribute to the pathogenesis of erectile dysfunction.

The SIRT1 protein, as a deacetylase, modulates pathways 
responding to stress.18 The SIRT1 protein deacetylase activity 
mediates caloric intake, which is closely associated with lifespan and 
blood pressure. A previous study revealed that SIRT1 plays a critical 
role in endothelium-dependent vascular vasodilation by regulating 
endothelial NO.19 A previous study reported that radiotherapy-induced 
erectile dysfunction, which was rescued by Res treatment, is reflected 
by increased NO, cGMP, and SIRT1 levels.20 This study found that Res 
administration increased α-SMA-positive smooth muscle cells and 
vWF-positive endothelial cells in cavernosal tissues. Compared with 
those of the controls, the contents of NO and cGMP increased in the Res 

group. These results suggested that the increased expression of SIRT1 
modulated by Res improved the endothelial function of the penis. 

Figure 3: The expressions of SIRT1, p53, and FOXO3a in penile tissues. 
The expression of (a) SIRT1, (b) p53, and (c) FOXO3a in penile tissues was 
detected by western blot analysis. SIRT1 expression was significantly elevated 
in the Res treatment group, while FOXO3a and p53 expression declined. 
The expression trend was enhanced by Tad addition. In contrast, NAM 
treatment resulted in the opposite expression profile. *P < 0.05, **P < 0.01, 
and ***P < 0.001. Cont: control group, the control rats were administered 
intragastric normal saline; NAM: niacinamide group, rats in the NAM group 
were administered niacinamide intragastrically; Res: resveratrol group, rats 
in the Res group were administered resveratrol intragastrically; Res+Tad: 
resveratrol and tadalafil group, rats in the Res+Tad group received daily 
intragastric resveratrol and tadalafil. NS: no significant difference; SIRT1: 
silent information regulator 2-related enzyme 1; FOXO3a: forkhead box O3; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Figure 4: NO and cGMP productions were determined in cavernosal tissues 
by ELISAs. The (a) NO and (b) cGMP levels were detected by ELISAs. The 
levels of NO and cGMP were remarkably decreased in the NAM-treated 
rats but markedly elevated in the rats treated with Res compared with the 
control. *P < 0.05, **P < 0.01, and ***P < 0.001. Cont: control group, the 
control rats were administered intragastric normal saline; NAM: niacinamide 
group, rats in the NAM group were administered niacinamide intragastrically; 
Res: resveratrol group, rats in the Res group were administered resveratrol 
intragastrically; Res+Tad: resveratrol and tadalafil group, rats in the Res+Tad 
group received daily intragastric resveratrol and tadalafil. NO: nitrogen 
monoxide; ELISA: enzyme-linked immunosorbent assay; cGMP: cyclic 
guanosine monophosphate.

ba

Figure 5: SOD activity and MDA concentration were determined by a 
commercial assay kit. (a) SOD activity and (b) MDA concentration were 
quantitatively assessed. Compared with those of the control, a marked decline 
in SOD activity and an increase in MDA levels were observed in the NAM 
group. Res treatment significantly increased SOD activity and reduced MDA 
concentration. *P < 0.05, **P < 0.01, and ***P < 0.001. Cont: control group, the 
control rats were administered intragastric normal saline; NAM: niacinamide 
group, rats in the NAM group were administered niacinamide intragastrically; 
Res: resveratrol group, rats in the Res group were administered resveratrol 
intragastrically; Res+Tad: resveratrol and tadalafil group, rats in the Res+Tad 
group received daily intragastric resveratrol and tadalafil. SOD: superoxide 
dismutase; MDA: 3,4-methylenedioxyamphetamine.

ba
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Moreover, NAM, an inhibitor of benzamide acetylation substrates, 
competitively inhibits SIRT1.21 To further determine the relationship 
between SIRT1 and erectile dysfunction, we inhibited the expression 
of SIRT1 in rats by NAM treatment. Our results showed that SIRT1 
inhibition markedly accelerated erectile dysfunction, verifying the key 
role of SIRT1 in aging-related erectile dysfunction.

In addition, Tab, a PDE5 inhibitor, is widely used for erectile 
dysfunction treatment. PDE5 inhibitors function by preventing cGMP 
breakdown, which improves the relaxation of smooth muscle.22 In 
this study, Res combined with Tad significantly elevated the NO and 
cGMP levels and improved erectile function, indicating that Res and 
Tad exhibit a synergistic therapeutic effect on erectile dysfunction.

In addition, SOD is a key antioxidant enzyme in the body, and its 
level reflects the ability to scavenge free radicals. MDA is produced 
by lipid peroxidation and is a marker of tissue damage. To measure 
oxidative stress in the corpus cavernosum, we determined the activity 
of SOD and MDA levels. Our data suggested that SOD activity was 
significantly increased, while the MDA level was significantly decreased 
by Res treatment, which is in good agreement with previous reports.8,20 
In addition, the number of apoptotic cells in cavernosal tissues was 
decreased in the Res group, which was consistent with the reduced 
caspase-3 level induced by Res.8 Therefore, Res prevented oxidative 
stress-induced damage in cavernosal tissues.

Furthermore, apoptosis and oxidative stress-related proteins (p53 
and FOXO3a) were evaluated after SIRT1 modulation. p53 and FOXO3a 
are substrates of SIRT1 and are deacetylated by SIRT1, which underlies 
the stress response.23 As previously described, the elevated SIRT1 activity 
induced by Res reduced p53 acetylation and inhibited cell apoptosis.24 
p53 was inactivated following oxidative stress-induced DNA damage by 
deacetylation of SIRT1.25 In addition, FOXO showed a protective role 
against oxidative stress through SIRT1-mediated deacetylation.26 In the 
present study, SIRT1 activity mediated by Res treatment dramatically 
decreased oxidative stress-induced tissue damage and apoptosis, 
accompanied by increased p53 and FOXO3a expression. Thus, SIRT1 could 
relieve oxidative damage and apoptosis through p53/FOXO3a signaling.

In conclusion, we found that modulating SIRT1 expression by Res and 
NAM in aged rats indicated the important role of SIRT1 in aging-related 
erectile dysfunction. Res combined with a PDE5 inhibitor synergistically 
restored erectile function in aged rats. SIRT1 activity plays a protective 
role in erectile function in aged rats by reducing oxidative stress-induced 
damage through the p53 and FOXO3a pathways. SIRT1 may be a 
promising candidate target for aging-induced erectile dysfunction.
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