
Andrologia. 2020;52:e13639.	 wileyonlinelibrary.com/journal/and	   |  1 of 10
https://doi.org/10.1111/and.13639

© 2020 Blackwell Verlag GmbH

1  | INTRODUC TION

Erectile dysfunction (ED) and diabetes mellitus (DM) are common 
health problems that have a significant effect on quality of life. DM 
is one of the leading risk factors for ED. Men with DM present with 
refractory and more severe ED than nondiabetic men (Walle, Lebeta, 
Fita, & Abdissa, 2018).

Diabetic ED has a multifactorial aetiology. It can be caused by 
any alteration in vascular, neural, hormonal and cavernosal tissue 
consistency (Thorve et al., 2011). Hyperglycemia in diabetes will fi-
nally generate reactive oxygen species (ROS) resulting in endothelial 
cell damage and neuropathy with the formation of advanced gly-
cation end-products (AGEs; (Cartledge, Eardley, & Morrison, 2001; 
Yagihashi, Yamagishi, & Wada, 2007). Endothelial dysfunction and the 
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Abstract
A review of the literature indicated that sirtuin-1 expression, a regulator of nitric 
oxide bioavailability in erectile dysfunction (ED) after melatonin therapy, has not yet 
been investigated. The objective of this study was to evaluate the protective effects 
of melatonin for erectile function with sirtuin-1 protein expression in type 1 diabetic 
rat models. Fifty male Sprague Dawley rats were placed into five groups. Except for 
those in the control group (C), each animal received a single dose (60 mg/kg) of strep-
tozotocin to induce diabetes. The animals were placed into the diabetes (D) group, 
insulin (I) group (6 U/kg/day), melatonin (Mel) group (10 mg kg−1 day−1) and combined 
treatment (I + Mel) group. Ten weeks later, the serum testosterone levels, intracav-
ernosal pressure (ICP), mean arterial pressure (MAP), malondialdehyde (MDA), cy-
clic guanosine monophosphate (c-GMP), 8-hydroxydeoxyguanosine (8-OHdG), nitric 
oxide synthase (NOS), caspase-3 activity, sirtuin-1 and endothelial nitric oxide syn-
thase (eNOS) protein expression and histological findings were assessed. The mean 
ICP/MAP ratio for the D group was lower than the mean ratios for the other groups. 
The treatment groups, particularly the I + Mel group, exhibited lower 8-OHdG and 
MDA levels and caspase-3 activity than the D group. The sirtuin-1 and eNOS expres-
sion and cavernosal tissue (CT) histology seemed to have been preserved by the 
melatonin and/or insulin therapy. These results were indicative of a profound pro-
tective effect of melatonin by the activation of sirtuin-1 protein expression against 
hyperglycemia-induced oxidative CT injury.
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overproduction of oxygen-free radicals are essential aspects of the 
pathophysiology of diabetic ED (Gur, Kadowitz, & Hellstrom, 2009; 
Ryu et  al.,  2003). The reaction of ROS with nitric oxide (NO) and 
the impairment of endothelial and neuronal NO synthesis, as well as 
their expression and activity, will lead to the decrease in or impair-
ment of the NO-dependent relaxing factors (Cartledge et al., 2001). 
Up-to-date several studies had proposed some pathways which 
can actually take role in this process (Cartledge et  al.,  2001). For 
example, one of them is Angiotensin II and Angiotensin type-1 re-
ceptor-activated oxidative stress (Kilarkaje et  al.,  2013). However, 
controlling oxidative stress in all seems to be the most crucial step 
(Boydens, Pauwels, Vanden Daele, & Van de Voorde, 2016; Ganz & 
Seftel, 2000; Paskaloglu, Sener, & Ayangolu-Dulger, 2004; Suresh & 
Prakash, 2011).

The early administration of an antioxidant can prevent end-or-
gan damage from the ROS. Many antioxidant agents, such as vi-
tamin E, Mucuna pruriens, melatonin and resveratrol, have been 
shown to improve and to prevent ED by decreasing the oxidative 
stress parameters in the corpus cavernosum (CC) of diabetic rats 
(Boydens, Pauwels, Vanden Daele, & Van de Voorde, 2016; Ganz 
& Seftel, 2000; Paskaloglu et al., 2004; Suresh & Prakash, 2011). 
A well-known free radical scavenger, melatonin interacts with the 
membrane lipids, decreases lipid peroxidation and oxidative stress, 
and provides the integrity of the cells (Ramis, Esteban, Miralles, 
Tan, & Reiter,  2015). Melatonin utilises its protective effect on 
erectile function (EF) in diabetic rats in various ways (Paskaloglu 
et  al.,  2004; Qiu et  al.,  2012; Zhang, Hui, Zhou, & Hou,  2018). 
Melatonin, which has been studied in various tissue models, such 
as those of the brain, liver and heart, has been shown to have an 
antioxidant effect through the receptor-dependent activation of 
the sirtuin-1 signal (Yang et al., 2015; Yu et al., 2015). Sirtuin-1 is 
a deacetylase protein that regulates the ageing and glucose me-
tabolism processes by reducing oxidative stress, inflammation and 
apoptosis (Shi, Lei, Tang, Wang, & Xia, 2019). However, there is a 
dearth of data on the role of melatonin in diabetes-induced ED.

A review of the literature has revealed that to date, no study 
has investigated the role of sirtuin-1 expression in the cavernosal 
tissue in melatonin-treated ED. The present study was designed 
to evaluate the possible beneficial effects of melatonin treatment 
on EF. It also investigated the molecular mechanisms in melatonin 
via the expression of sirtuin-1 in streptozotocin-induced diabetic 
rats.

2  | MATERIAL S AND METHODS

2.1 | Animals and study groups

Sprague Dawley rats (250–300  g) were supplied and prepared by 
the Marmara University (MU) Application and Research Center for 
Experimental Animals. All the rats were housed at 22°C–24°C, with 
a 12-hr light–dark cycle, with free access to standard rat chow and 
water. The MU Animal Care and Use Committee approved all the 

experimental protocols with Protocol Number 47-2014 mar. No 
screening of erectile function was performed prior to the study be-
cause all the animals were young and healthy.

2.2 | Experimental design

A total of 50 Sprague Dawley rats were randomly placed into five 
groups (n = 10):

•	 Group 1: Control (C) group
•	 Group 2: Streptozotocin (STZ)-induced diabetic (D) group
•	 Group 3: Insulin-treated (I) diabetic group
•	 Group 4: Melatonin-treated (Mel) diabetic group
•	 Group 5: Insulin and melatonin-treated (I + Mel) diabetic group

2.3 | Drugs and their administration

A single dose of 60 mg/kg body weight of STZ (Sigma) that was freshly 
prepared in 0.1 M citrate buffer (pH 4.5) was administered intraperi-
toneally to overnight-fasted rats. Two days after the administration 
of the STZ, a 12-hr fast was accomplished by the withdrawal of food 
during the preceding night. The plan was that rats with a fasting 
blood glucose concentration of less than 200  mg/dl would be ex-
cluded from the study. However, hyperglycemic status was achieved 
in all STZ-treated rats (Aksoy, Vural, Sabuncu, & Aksoy, 2003; Junod 
et al., 1967). After the establishment of the hyperglycemic states to 
ensure the existence of type 1 diabetes in the rats, the treatment 
regimens were begun and continued for 10 weeks. Melatonin (Sigma, 
St. Louis, MO, USA) was dissolved in absolute ethanol and further di-
luted in saline. The final concentration of ethanol was 1%. NPH insulin 
(Humulin N®, Lilly, Istanbul, Turkey) was dissolved in saline. Melatonin 
was administered intraperitoneally at a dose of 10 mg kg−1 day−1, and 
NPH insulin was administered subcutaneously at a dose of 6 U/kg/day 
to the appropriate groups (Paskaloglu et al., 2004). The baseline (t1) 
and final (t2) blood glucose levels were recorded.

The rats were then anaesthetised with an intraperitoneal in-
jection of 100  mg/kg ketamine HCl (Ketalar®;  Pfizer) and 1  mg/
kg chlorpromazine (Largactil®,  Eczacibas; (Paskaloglu et  al.,  2004). 
Later, intracavernosal pressure (ICP) measurements were done. 
Later, rats were sacrificed by bleeding and hypovolemic shock. Then, 
blood and cavernosal tissue sample were collected.

2.4 | Main outcome measures

2.4.1 | Measurement of intracavernosal pressure

Ten weeks after STZ induction, the rats were anaesthetised, and 
the mean arterial pressure (MAP) in the left internal carotid ar-
tery was measured with an amplifier unit (Commat Pharmacology 
& Physiology Instruments), data acquisition system (MP35; 
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COMMAT), and software (BIOPAC Systems). The ICP in the left 
crus of the penis was measured after the stimulation of the caver-
nosal nerve with an STPTO2-A stimulator (Commat Pharmacology 
& Physiology Instruments). The stimulation parameters were 
1.5 mA, 20 Hz, pulse width 5, and 35 ms delay at 7.5 V for 60 s 
each. The cavernosal nerve was stimulated, and the individual 
data were recorded. The maximum ICP/MAP ratio, which was cal-
culated by dividing the highest recorded ICP and the correspond-
ing MAP, is presented as a percentage (Mullerad, Donohue, Li, 
Scardino, & Mulhall, 2006). All measurements were done blindly 
within two consequent day time.

2.4.2 | Measurement of serum testosterone levels

The testosterone levels were measured with the sandwich enzyme-
linked immunosorbent assay (ELISA) in accordance with the manu-
facturer's protocols (E0182Ra, E0179Ra, E0259Ra BT-Labs, China) 
using a microplate reader was used (BioTek Epoch).

2.4.3 | Measurement of tissue 
malondialdehyde levels

The CC tissue samples were homogenised with 150 mM ice-cold KCl. 
The malondialdehyde (MDA) levels were assayed as products of lipid 
peroxidation by the monitoring of the development of thiobarbituric 
acid reactive substances. The results are expressed as nmol/g tissue.

2.4.4 | Measurement of 8-hydroxydeoxyguanosine 
levels and caspase-3 and nitric oxide synthase activity

Measurement of 8-hydroxydeoxyguanosine levels and caspase-3 and 
nitric oxide synthase activity 8-hydroxydeoxyguanosine (8-OHdG) 
was determined in DNA isolated from CC tissue using a commercial 
kit (PureLink™ Genomic DNA Mini Kit Invitrogen, K182001). Isolated 
DNA concentration was measured with nanodrop (Nabi- UV/Vis 
Nano Spectrophotometer). Commercially available kits were used for 
evaluating the activity caspase-3 (Calbiochem), nitric oxide synthase 
([NOS]; EnzyChrom, BioAssay Systems) in the CC tissue homogenates.

2.4.5 | Measurement of cyclic guanidine 
monophosphate levels

The cyclic guanidine monophosphate (cGMP) levels in the tissues 
were determined in duplicate through the use of a commercially 
available ELISA kit (Enzo Life Science). The total protein was esti-
mated by the Bradford method, with the cGMP values presented as 
pmol/mg protein (Bradford, 1976).

2.5 | Western blot analysis for sirtuin-1 and 
endothelial nitric oxide synthase protein expression

Sirtuin-1 and endothelial nitric oxide synthase (eNOS) protein 
expressions were measured by Western blotting. Samples of 
the CC were homogenised by a cell lysis buffer, and the protein 
concentrations were determined through the Bradford method 
(Bradford, 1976). The samples were resolved by 4%–12% sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane, which was 
then blocked with bovine serum albumin. The membrane was in-
cubated overnight with a primary antibody (1:500 dilution anti-
sirtuin-1 sc-15404, anti-eNOS sc-136977, anti-β-actin sc-47778; 
Santa Cruz Biotechnology) and washed with Tris-buffered saline 
containing 0.1% Tween 20 (TBST). The membrane was washed 
and then incubated with a horseradish peroxidase-conjugated 
secondary antibody for 2 hr. Afterwards, the blot was developed 
with chemiluminescence reagents and exposed to film. The data 
were analysed with ImageJ optical density analysis software 
(NIH, USA). The signals were normalised concerning β-actin.

2.6 | Histological analysis

Histopathological analyses were performed after the cavernosal 
tissues were fixed in 10% formalin solution and dehydrated in a de-
graded ethanol series and cleared in toluene. Paraffin-embedded 
samples were cut at a thickness of 5 μm with a rotary microtome and 
stained with haematoxylin and eosin (H & E). Sections were evalu-
ated and photographed under an Olympus BX51 light microscope 
(Olympus Co., Ltd).

2.7 | Statistical analysis

The statistical analysis was performed in GraphPad Prism 6.0 
(GraphPad software). All the data are expressed as means ± stand-
ard deviations. Groups of data were compared through an analy-
sis of variance (ANOVA) followed by Tukey's multiple comparison 
tests. Values of p < .05 were considered significant.

3  | RESULTS

The experimental protocol was planned to proceed up to week 
twelve. However, two animals in the D group were lost at Week 
9 because of metabolic complications. This caused the study to be 
ended at Week 10. The induction of STZ in all the mice resulted 
in hyperglycemia (p <  .01), and insulin and/or melatonin were ef-
fective at controlling the blood glucose levels of the diabetic rats 
(p < .01; Table 1).
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3.1 | Body weight of animals

The weight and blood glucose levels of the study groups were simi-
lar at baseline. At the end of the study, when compared with basal, 
mean body weights were found low in D group (p < .01) and high in 
the control and D + I + Mel groups (p < .05). The average body weight 
of the groups that were treated with only insulin or only melatonin 
was similar (Table 1).

3.2 | Assessment of erectile function

The mean ICP/MAP ratio for the D group was lower than those 
for the other groups (p  <  .05). However, the administration of 
melatonin alone or in combination with insulin resulted in a 
mean ICP/MAP ratio that was similar to that for the C group. 
These findings regarding EF are indicative of the superiority of 

melatonin over insulin or the combination of melatonin and in-
sulin (Figure 1).

3.3 | Assessment of sex hormones

The mean serum testosterone levels of the rats in the D group were 
significantly lower than those of the rats in the C group (p <  .001). 
The mean serum testosterone levels in the groups treated with either 
insulin or melatonin or a combination of these two agents were found 
to be higher than those in the D group (p < .05 and p < .001). However, 
the mean serum testosterone levels of the diabetic animals treated 
with either melatonin or insulin or a combination of the two agents 
were similar to those in the C group. These findings revealed that 
either melatonin or insulin or a combination of these two agents was 
similarly efficacious for testosterone production (Figure  2a). Blood 
samples (2  ml each sample) were taken from the heart and centri-
fuged at 3,500 rpm for 10 min just before sacrification.

3.4 | Malondialdehyde, 8-hydroxydeoxyguanosine 
levels and caspase-3 activity in the cavernosum tissue

The diabetic rats were found to have significantly higher MDA and 
8-OHdG levels and caspase-3 activity than the C group rats if they did 
not receive any treatment (p < .05, p < .01, and p < .01 respectively). 
Melatonin treatment alone or in combination with insulin reduced the 
higher MDA and 8-OHdG levels and caspase-3 activity in the caverno-
sum tissue to the levels observed in the C group. In addition, the treat-
ment groups had significantly less oxidative stress than the D group 
(p < .01–.05). The I group had similar MDA and 8-OHdG tissue levels 
as those observed for the D and C groups. However, the caspase ac-
tivity in the I group rats was also lower than that in the D group rats. 
These findings suggest that insulin facilitated partial caspase activity; 
however, melatonin was more efficacious for reducing oxidative stress 
(Figure 2d–f).

TA B L E  1   Body weight and blood glucose in groups

  Control D D + I D + Mel D + I+Mel

Body weight          

t1 296 ± 7.3 298 ± 6.5 299 ± 12.8 296 ± 6.4 301 ± 5.6

t2 341 ± 4.1*DI, DM 235 ± 6.2 **DI,DM 281 ± 7.5C,D,DIM 292 ± 9.5C,D,DIM 340 ± 13.8*DII,DM

Blood glucose          

t1 98 ± 0.4 324 ± 14.8C 348 ± 18.9C 308 ± 9.9C 327 ± 9.7C

t2 91 ± 4.8All 371 ± 23.1All 126 ± 9.5**All 169 ± 11.3**All 110 ± 4.8**All

Note: C: control group, D: vehicle-treated diabetic group, I: insulin-treated diabetic group; Mel: melatonin-treated diabetic group; I + Mel: 
insulin + melatonin treated diabetic group. Each group consists of 10 rats. Values are represented as mean ± SD.
t1: Day 2, after the induction of STZ without any other medication
t2: Time of sacrification
Compared with initial levels of each group; *p < .05, **p < .01
Comparison with groups is demonstrated with the initials of each group for statistically significant difference (p < .05) as Control: C; Diabetes: D; 
Diabetes and Insulin: DI; Diabetes and Melatonin DM; Diabetes and Insulin and Melatonin: DIM

F I G U R E  1   Intracavernosal pressure (ICP)/mean arterial pressure 
(MAP) ratio in all groups. Control (C) and diabetic group (D), Insulin 
(D + I), Melatonin (D + Mel) or insulin + melatonin (D + I + Mel) 
-treated diabetic groups. Compared with control; * p < .05, 
***p < .001. Compared with group D; +p < .05, +++p < .01
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3.5 | Nitric oxide synthase activity and 
cyclic guanidine monophosphate levels in the 
cavernosum tissue

The diabetic rats were found to have significantly less NOS ac-
tivity and lower cGMP levels than those in the C group. Insulin 
treatment alone could not fully protect the NOS activity in the 
diabetic rats. However, melatonin treatment alone could effec-
tively maintain the NOS activity and cGMP levels at those ob-
served in the C group. Similarly, the combination of melatonin 

and insulin protected the cGMP levels but not the NOS activity 
(Figure 2b,c).

3.6 | Sirtuin-1 and endothelial nitric oxide synthase 
expression in the cavernosal tissue

The diabetic rats were found to have significantly less sirtuin-1/beta-
actin and lower eNOS/beta-actin levels than those observed in the 
C group. Any treatment modality seemed to improve the sirtuin-1/

F I G U R E  2   (a) Serum testosterone levels in all groups, (b) Nitric oxide synthase (NOS) activity and (c) c-GMP levels in the corpus 
cavernosum tissues, (d) Malondialdehyde (MDA), (e) 8-OHdg levels and (f) caspase 3 activity in the corpus cavernosum tissues of control. 
Control (C) and diabetic group (D), Insulin (D + I), Melatonin (D + Mel) or insulin + melatonin (D + I + Mel) -treated diabetic groups. Compared 
with control; ** p < .01, ***p < .001. Compared with group D; + p < .05, ++ p < .01, +++ p < .001. Compared with group D + I; & p < .05
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beta-actin levels. However, the best improvement was seen with 
melatonin alone, and the least improvement was seen with insulin 
alone. Interestingly, this was not true for the eNOS/beta-actin levels. 
Melatonin alone or the combination therapy seemed to be similarly 
efficacious for restoring the eNOS/beta-actin levels. Unfortunately, 
insulin alone was not as efficacious as melatonin alone for restoring 
the eNOS/beta-actin levels (Figure 3).

3.7 | Histopathological evaluation of cavernosal 
tissues with haematoxylin and eosin staining

An assessment of the normal sinusoidal morphology of the CC in 
the C group rats (Figure 4a) showed that diabetes accompanied by 
vehicle treatment led to degeneration, such as vascular conges-
tion, diffuse sinusoidal damage and cytoplasmic vacuolisation in 
the endothelial cells (Figure 4b). Either the insulin or the melatonin 
treatment or a combination of both reduced vascular congestion 
and preserved the sinusoidal architecture (Figure  4c,e). Overall, 

the best histological preservation was observed in the treatment 
group in which a combination of insulin and melatonin was used 
(Figure 4e).

4  | DISCUSSION

After the first week, the blood glucose levels of the rats that were 
treated with insulin, melatonin, or a combination of the two agents 
seemed to return to those of the controls. Interestingly, melatonin 
was found to regulate the blood glucose levels in a manner similar 
to that observed for insulin therapy in earlier studies (Andersson 
& Sandler,  2001; Khorsand, Akmali, & Akhzari,  2019; Montilla 
et  al.,  1998). The increase in the MDA and 8-OHdG levels and 
caspase-3 activity, in addition to the concomitant decrease in the 
cGMP levels and NOS activity, suggested the presence of hyper-
glycemia-induced oxidative stress on the CC. An important factor 
for EF and sirtuin-1 in diabetic rats, the eNOS protein was found to 
have lower expression levels. However, the melatonin treatment 

F I G U R E  3   (a) Representative images of each protein in Western blot are provided for all groups with Sirtuin-1 (b) and e-NOS protein 
expression (c) in the corpus cavernosum tissues. Control (C) and diabetic group (D), Insulin (D + I), Melatonin (D + Mel) or insulin + melatonin 
(D + I + Mel) -treated diabetic groups. Compared with control; *p < .05, ***p < .001. Compared with group D; ++p < .01, +++p < .001. 
Compared with group D + I; &&p < .01, &&&p < .001
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     |  7 of 10SAHAN et al.

protected the eNOS and sirtuin-1 expression levels of eNOS and 
the ICP/MAP ratio. These two also suggest that melatonin has a 
significant effect on EF. Histopathological studies have shown that 
melatonin can be a preventive agent against diabetes-induced ar-
chitectural damage.

4.1 | Oxidative stress indicators

Currently, a great deal of effort is being made to identify the effec-
tive antioxidant agents for preventing or treating free-radical medi-
ated tissue damage. Previous studies have shown that hyperglycemia 
can lead to oxidative stress in the cavernosal tissue and organs, such 
as the heart, kidney and liver (Aksoy, Vural, Sabuncu, & Aksoy, 2003; 
Qiu et  al.,  2012; Zhang et  al.,  2018). Melatonin is secreted by the 
pineal gland. This amine hormone has neural protective, anti-in-
flammatory and antioxidant functions (Aksoy et  al.,  2003; Sailaja 
Devi, Suresh, & Das, 2000). As a free radical scavenger, melatonin 
can enter the tissue space directly to protect the cytoplasmic pro-
teins and the nuclear DNA. It can also stimulate gene expression to 
employ an antioxidant effect by increasing the antioxidant enzyme 
activity (Sailaja Devi et al., 2000). Melatonin's antioxidant effect on 
the oxidative damage caused by diabetes is not yet fully understood. 

However, melatonin has been shown to reverse this damage via its 
antioxidant effects, and it has been found to decrease cell prolifera-
tion and to increase apoptosis (Xu, Zhao, Liu, Wang, & Lu, 2019).

MDA levels are an indicator of endogenous lipid peroxidation that 
increases with hyperglycemia (Aksoy et al., 2003). The chief marker 
of free radical-induced oxidative damage in the mitochondrial and 
nuclear DNA has been reported to be 8-OHdG. Therefore, it has 
been used extensively as a biomarker in several studies (Korkmaz, 
Uzun, Cakatay, & Aydin, 2012). Several recent studies have shown 
oxidative stress and that free oxygen radicals fundamental role in 
apoptosis and some anti-oxidants can delay this apoptosis (Sehirli 
et al., 2013). In the present study, a decrease in caspase-3 activity 
and 8-OHdG and MDA levels was observed after melatonin treat-
ment. Thus, as was found in previous studies, melatonin seemed to 
improve cavernous tissue integrity and to sustain the EF by limiting 
oxidative stress in the cavernosal tissue (Aksoy et al., 2003; Korkmaz 
et al., 2012; Sehirli et al., 2013).

4.2 | Nitric oxide

NO is a vital mediator in the smooth muscle relaxation and vas-
culature of cavernosal tissue (Cartledge et  al.,  2001; Thorve 

F I G U R E  4   Histopathological sections 
of cavernosal tissue samples prepared 
with haematoxylin and eosin (H & 
E) staining are shown for each group 
(X200). a) Control group: regular 
endothelial lining of vein (arrow) and 
collagenous, elastic and smooth muscle 
fibres (*), regular endothelial cells 
(arrowheads) b) Streptozotocin (STZ) 
induced diabetic group (D); congestion 
in the veins (*) and endothelium (arrow), 
collagenous, elastic and smooth muscle 
fibres (*) c) insulin-treated diabetic group 
(I): reduced congestion (*) and regular 
endothelium (arrow) d) melatonin-treated 
diabetic group (Mel): reduced congestion 
(*), and regular endothelium (arrows), e) 
insulin and melatonin-treated diabetic 
group (I + Mel): reduced congestion (*), 
regular endothelium (arrows), regular 
endothelial cells (arrowheads)

(a) (b)

(c) (d)

(e)
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et al., 2011). The main mediators of the NO/cGMP signalling path-
way in the cavernosal tissue have been suggested to be cGMP and 
total NOS activity. In hyperglycemia, the AGEs react with the su-
peroxide anions and NO; consequently, the NO bioavailability is 
altered because of peroxynitrite (ONOO) production (Cartledge 
et  al.,  2001). The NO that is generated by nNOS might have an 
important effect on the immediate relaxation of the cavernosal 
tissue. However, the NO in eNOS seemed to be crucial for main-
taining relaxation (Andersson, 2003). Reductions in the eNOS and 
nNOS levels could alter the circulatory and structural functions of 
the cavernosal tissue, and this could cause ED (Andersson, 2003). 
The diabetic rats in the present study had significantly less total 
NOS activity and low cGMP levels; thus, their ED was the result 
of the altered NO mechanism. However, melatonin therapy raised 
the total NOS, eNOS and cGMP levels in the treatment groups 
so that they were close to those in the C group. It also improved 
the NO/cGMP signalling pathway. This was confirmed by the ICP 
measurements. Either the insulin or the melatonin treatment im-
proved EF; however, the combination of insulin and melatonin 
provided greater protection. The ICP/MAP ratios were 24%, 62%, 
76% and 85% in the D, I, Mel and D + Mel groups respectively.

4.3 | Sex hormones

Lower testosterone levels are a characteristic of diabetic animals. 
Low testosterone levels could cause a decrease in libido and, thus, 
lead to ED (Cap,  2012). De costa reported that hyperglycemia in-
creased oxidative stress in testicular cells. Melatonin administration 
to diabetic rats prevents the drop in serum testosterone levels and 
avoids sperm motility alterations by reducing the oxidative dam-
age. Melatonin improves Leydig cell testosterone production (da 
Costa, Gobbo, Tab oga, Pinto-Fochi, & Goes, 2016). (Kataoka, Hotta, 
Maeda, & Kimura, 2014) reported that testosterone replacement im-
proved the endothelial and EFs in diabetic rats. Oliveira et al. (2018) 
showed that diabetes could cause a mass reduction in the epididymis 
and testis. Melatonin treatment in combination with insulin pre-
served the testis and epididymis mass but not the testosterone lev-
els (Oliveira et al., 2018). Likewise, the present study found that the 
combination of melatonin and insulin could protect the testoster-
one levels. This might be one of the possible protective mechanisms 
against ED in diabetic rats.

4.4 | Sirtulin-1

The sirtuin-1 protein deacetylase facilitates many effects on the 
metabolic pathways and the organismal lifespan (Mattagajasingh 
et al., 2007). The sirtuin gene family plays an important role in DNA 
recombination and repair mechanisms, apoptosis, cellular response 
to stress, insulin secretion, fat mobilisation from human cells, axonal 
protection and ageing (Ramis et al., 2015; Yu et al., 2014). Sirtuin-1 

has a regulatory role in the bioavailability of NO through the eNOS 
cascade. The nNOS and eNOS are isoenzymes. They play critical 
roles during an erection and act differently in the production of NO. 
At the nerves to the penis, NO is derived from nNOS and helps to ini-
tiate the erection. In contrast, the NO derived from the endothelium 
with the help of the eNOS helps to maintain a full erection (Tomada, 
Tomada, Almeida, & Neves,  2013). Blocking the sirtuin-1 protein 
expression stimulates endothelial-dependent vasodilatation by di-
recting the eNOS for deacetylation. This leads to enhanced sirtuin-1 
function and, thus, decreases the NO bioavailability. As a result, 
vasorelaxation through the endothelium is blocked (Mattagajasingh 
et al., 2007). These effects have been shown to be reversed by the 
activation of sirtuin-1 protein expression through the administration 
of resveratrol and melatonin.

A review of the literature indicates that this is the first study to 
investigate the role of sirtuin-1 expression in the cavernosal tissue in 
melatonin-treated ED. Sirtuin-1 protein expression was found to be 
high in the groups treated with melatonin and/or insulin. However, it 
was significantly low in the animal group with STZ-induced diabetes.

4.5 | Erectile function

This functional study of melatonin therapy is the first to report the 
sirtuin-1 induced protection of EF in a type 1 diabetic rat model. 
Because the melatonin was started shortly after the STZ, the ob-
served effects can be considered to be only protective. The reversal 
effects of the various treatments following STZ administration can-
not be fully explained.

4.6 | Limitations of the study

This study has some major limitations. The first is the conclusion of 
the study two weeks earlier than had been planned. Although the 
STZ dosage was determined on the basis of previous studies, seri-
ous metabolic problems and severe weight loss in the D group led 
to early termination being the only option. The second limitation 
is the lack of a test, such as a TUNEL assay, for determining the ap-
optotic cell population. The third limitation is the use of the STZ-
induced type 1 diabetic rat model, which might not represent the 
pathologic processes of all types of diabetes. Interestingly, some 
studies have suggested that melatonin signalling is a risk factor in 
the animal models of type 2 diabetes. Thus, caution is needed in 
the potential translation of the findings (Tuomi et al., 2016). The 
histological assessment would have been strengthened by the 
presentation of quantitative data regarding the smooth muscle/
collagen ratio and microscopical alterations. A wash-off period is 
not preferred in the current study before the assessments as some 
of the medications cannot be withdrawn. Thus, one must keep in 
mind that some of the effects observed could be directly related 
to the medications’ effect.
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5  | CONCLUSION

Melatonin treatment significantly protects the cavernosal tissue 
against hyperglycemia-induced oxidative injury in type 1 dia-
betic rats. The main protective effect seemed to be attributable 
to the activation of sirtuin-1 protein expression, which promoted 
apoptosis inhibition and provided oxidative stress resistance. 
Unfortunately, the present study provides information on the 
protective effects only. If the current findings are supported by 
further clinical studies, melatonin could become a supplementary 
treatment option for ED.

CONFLIC T OF INTERE S T
None.

ORCID
Ahmet Sahan   https://orcid.org/0000-0001-8079-5875 
Cem Akbal   https://orcid.org/0000-0003-2202-6909 
Hasan Huseyin Tavukcu   https://orcid.
org/0000-0003-0956-7460 
Ozge Cevik   https://orcid.org/0000-0002-9325-3757 
Sule Cetinel   https://orcid.org/0000-0003-1912-3679 
Cagrı Akın Sekerci   https://orcid.org/0000-0002-0334-2466 
Tarik Emre Sener   https://orcid.org/0000-0003-0085-7680 
Goksel Sener   https://orcid.org/0000-0001-7444-6193 
Yiloren Tanidir   https://orcid.org/0000-0003-1607-5819 

R E FE R E N C E S
Aksoy, N., Vural, H., Sabuncu, T., & Aksoy, S. (2003). Effects of melatonin 

on oxidative-antioxidative status of tissues in streptozotocin-in-
duced diabetic rats. Cell Biochemistry and Function, 21(2), 121–125. 
https://doi.org/10.1002/cbf.1006

Andersson, A. K., & Sandler, S. (2001). Melatonin protects against strep-
tozotocin, but not interleukin-1beta-induced damage of rodent pan-
creatic beta-cells. Journal of Pineal Research, 30(3), 157–165. https://
doi.org/10.1034/j.1600-079x.2001.300304.x

Andersson, K. E. (2003). Erectile physiological and pathophysiological 
pathways involved in erectile dysfunction. Journal of Urology, 170(2S), 
13–14. https://doi.org/10.1097/01.ju.00000​75362.08363.a4

Boydens, C., Pauwels, B., Vanden Daele, L., & Van de Voorde, J. (2016). 
Protective effect of resveratrol and quercetin on in vitro-induced di-
abetic mouse corpus cavernosum. Cardiovascular Diabetology, 15, 46. 
https://doi.org/10.1186/s1293​3-016-0366-9

Bradford, M. M. (1976). A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of pro-
tein-dye binding. Analytical Biochemistry, 72, 248–254. https://doi.
org/10.1016/0003-2697(76)90527​-3

Cap, J. (2012). Androgen deficit and diabetes. Vnitrni Lekarstvi, 58(3), 
228–231.

Cartledge, J. J., Eardley, I., & Morrison, J. F. (2001). Advanced glycation 
end-products are responsible for the impairment of corpus cav-
ernosal smooth muscle relaxation seen in diabetes. BJU International, 
87(4), 402–407.

da Costa, C. F., Gobbo, M. G., Taboga, S. R., Pinto-Fochi, M. E., & Goes, 
R. M. (2016). Melatonin intake since weaning ameliorates ste-
roidogenic function and sperm motility of streptozotocin-induced 
diabetic rats. Andrology, 4(3), 526–541. https://doi.org/10.1111/
andr.12158

Ganz, M. B., & Seftel, A. (2000). Glucose-induced changes in protein ki-
nase C and nitric oxide are prevented by vitamin E. American Journal 
of Physiology. Endocrinology and Metabolism, 278(1), E146–E152. 
https://doi.org/10.1152/ajpen​do.2000.278.1.E146

Gur, S., Kadowitz, P. J., & Hellstrom, W. J. (2009). A critical ap-
praisal of erectile function in animal models of diabetes melli-
tus. International Journal of Andrology, 32(2), 93–114. https://doi.
org/10.1111/j.1365-2605.2008.00928.x

Junod, A., Lambert, A. E., Orci, L., Pictet, R., Gonet, A. E., & Renold, 
A. E. (1967). Studies of the diabetogenic action of streptozotocin. 
Proceedings of the Society for Experimental Biology and Medicine, 
126(1), 201–205. https://doi.org/10.3181/00379​727-126-32401

Kataoka, T., Hotta, Y., Maeda, Y., & Kimura, K. (2014). Assessment of an-
drogen replacement therapy for erectile function in rats with type 
2 diabetes mellitus by examining nitric oxide-related and inflamma-
tory factors. Journal of Sexual Medicine, 11(4), 920–929. https://doi.
org/10.1111/jsm.12447

Khorsand, M., Akmali, M., & Akhzari, M. (2019). Efficacy of melatonin in 
restoring the antioxidant status in the lens of diabetic rats induced 
by streptozotocin. Journal of Diabetes and Metabolic Disorders, 18(2), 
543–549. https://doi.org/10.1007/s4020​0-019-00445​-8

Kilarkaje, N., Yousif, M. H., El-Hashim, A. Z., Makki, B., Akhtar, S., & 
Benter, I. F. (2013). Role of angiotensin II and angiotensin-(1–7) in di-
abetes-induced oxidative DNA damage in the corpus cavernosum. 
Fertility and Sterility, 100(1), 226–233. https://doi.org/10.1016/j.
fertn​stert.2013.02.046

Korkmaz, G. G., Uzun, H., Cakatay, U., & Aydin, S. (2012). Melatonin 
ameliorates oxidative damage in hyperglycemia-induced liver in-
jury. Clinical and Investigative Medicine, 35(6), E370–377. https://doi.
org/10.25011​/cim.v35i6.19209

Mattagajasingh, I., Kim, C.-S., Naqvi, A., Yamamori, T., Hoffman, T. A., Jung, S.-
B., … Irani, K. (2007). SIRT1 promotes endothelium-dependent vascular 
relaxation by activating endothelial nitric oxide synthase. Proceedings of 
the National Academy of Sciences of the United States of America, 104(37), 
14855–14860. https://doi.org/10.1073/pnas.07043​29104

Montilla, P. L., Vargas, J. F., Túnez, I. F., Carmen, M., Agueda, M., 
Valdelvira, M. E. D., & Cabrera, E. S. (1998). Oxidative stress in dia-
betic rats induced by streptozotocin: Protective effects of melatonin. 
Journal of Pineal Research, 25(2), 94–100. https://doi.org/10.1111/
j.1600-079x.1998.tb005​45.x

Mullerad, M., Donohue, J. F., Li, P. S., Scardino, P. T., & Mulhall, J. P. 
(2006). Functional sequelae of cavernous nerve injury in the rat: Is 
there model dependency. Journal of Sexual Medicine, 3(1), 77–83. 
https://doi.org/10.1111/j.1743-6109.2005.00158.x

Oliveira, A. C. D., Andreotti, S., Sertie, R. A. L., Campana, A. B., de 
Proença, A. R. G., Vasconcelos, R. P., … Lima, F. B. (2018). Combined 
treatment with melatonin and insulin improves glycemic control, 
white adipose tissue metabolism and reproductive axis of diabetic 
male rats. Life Sciences, 199, 158–166. https://doi.org/10.1016/j.
lfs.2018.02.040

Paskaloglu, K., Sener, G., & Ayangolu-Dulger, G. (2004). Melatonin 
treatment protects against diabetes-induced functional and bio-
chemical changes in rat aorta and corpus cavernosum. European 
Journal of Pharmacology, 499(3), 345–354. https://doi.org/10.1016/j.
ejphar.2004.08.002

Qiu, X. F., Li, X. X., Chen, Y., Lin, H. C., Yu, W., Wang, R., & Dai, Y. T. 
(2012). Mobilisation of endothelial progenitor cells: One of the pos-
sible mechanisms involved in the chronic administration of mela-
tonin preventing erectile dysfunction in diabetic rats. Asian Journal 
of Andrology, 14(3), 481–486. https://doi.org/10.1038/aja.2011.161

Ramis, M. R., Esteban, S., Miralles, A., Tan, D. X., & Reiter, R. J. (2015). 
Caloric restriction, resveratrol and melatonin: Role of SIRT1 and 
implications for aging and related-diseases. Mechanisms of Ageing 
and Development, 146–148, 28–41. https://doi.org/10.1016/j.
mad.2015.03.008

 14390272, 2020, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/and.13639 by A

cibadem
 M

ehm
et A

li A
ydinlar U

niversitesi, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-8079-5875
https://orcid.org/0000-0001-8079-5875
https://orcid.org/0000-0003-2202-6909
https://orcid.org/0000-0003-2202-6909
https://orcid.org/0000-0003-0956-7460
https://orcid.org/0000-0003-0956-7460
https://orcid.org/0000-0003-0956-7460
https://orcid.org/0000-0002-9325-3757
https://orcid.org/0000-0002-9325-3757
https://orcid.org/0000-0003-1912-3679
https://orcid.org/0000-0003-1912-3679
https://orcid.org/0000-0002-0334-2466
https://orcid.org/0000-0002-0334-2466
https://orcid.org/0000-0003-0085-7680
https://orcid.org/0000-0003-0085-7680
https://orcid.org/0000-0001-7444-6193
https://orcid.org/0000-0001-7444-6193
https://orcid.org/0000-0003-1607-5819
https://orcid.org/0000-0003-1607-5819
https://doi.org/10.1002/cbf.1006
https://doi.org/10.1034/j.1600-079x.2001.300304.x
https://doi.org/10.1034/j.1600-079x.2001.300304.x
https://doi.org/10.1097/01.ju.0000075362.08363.a4
https://doi.org/10.1186/s12933-016-0366-9
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1111/andr.12158
https://doi.org/10.1111/andr.12158
https://doi.org/10.1152/ajpendo.2000.278.1.E146
https://doi.org/10.1111/j.1365-2605.2008.00928.x
https://doi.org/10.1111/j.1365-2605.2008.00928.x
https://doi.org/10.3181/00379727-126-32401
https://doi.org/10.1111/jsm.12447
https://doi.org/10.1111/jsm.12447
https://doi.org/10.1007/s40200-019-00445-8
https://doi.org/10.1016/j.fertnstert.2013.02.046
https://doi.org/10.1016/j.fertnstert.2013.02.046
https://doi.org/10.25011/cim.v35i6.19209
https://doi.org/10.25011/cim.v35i6.19209
https://doi.org/10.1073/pnas.0704329104
https://doi.org/10.1111/j.1600-079x.1998.tb00545.x
https://doi.org/10.1111/j.1600-079x.1998.tb00545.x
https://doi.org/10.1111/j.1743-6109.2005.00158.x
https://doi.org/10.1016/j.lfs.2018.02.040
https://doi.org/10.1016/j.lfs.2018.02.040
https://doi.org/10.1016/j.ejphar.2004.08.002
https://doi.org/10.1016/j.ejphar.2004.08.002
https://doi.org/10.1038/aja.2011.161
https://doi.org/10.1016/j.mad.2015.03.008
https://doi.org/10.1016/j.mad.2015.03.008


10 of 10  |     SAHAN et al.

Ryu, J. K., Kim, D. J., Lee, T., Kang, Y. S., Yoon, S. M., & Suh, J. K. (2003). 
The role of free radical in the pathogenesis of impotence in strepto-
zotocin-induced diabetic rats. Yonsei Medical Journal, 44(2), 236–241. 
https://doi.org/10.3349/ymj.2003.44.2.236

Sailaja Devi, M. M., Suresh, Y., & Das, U. (2000). Preservation of the 
antioxidant status in chemically-induced diabetes mellitus by mel-
atonin. Journal of Pineal Research, 29(2), 108–115. https://doi.
org/10.1034/j.1600-079X.2000.290207.x

Şehirli, A. Ö., Koyun, D., Tetik, Ş., Özsavcı, D., Yiğiner, Ö., Çetinel, Ş., 
… Şener, G. (2013). Melatonin protects against ischemic heart fail-
ure in rats. Journal of Pineal Research, 55(2), 138–148. https://doi.
org/10.1111/jpi.12054

Shi, S., Lei, S., Tang, C., Wang, K., & Xia, Z. (2019). Melatonin attenuates 
acute kidney ischemia/reperfusion injury in diabetic rats by activa-
tion of the SIRT1/Nrf2/HO-1 signaling pathway. Bioscience Reports, 
39(1), https://doi.org/10.1042/BSR20​181614

Suresh, S., & Prakash, S. (2011). Effect of Mucuna pruriens (Linn.) on ox-
idative stress-induced structural alteration of corpus cavernosum in 
streptozotocin-induced diabetic rat. Journal of Sexual Medicine, 8(7), 
1943–1956. https://doi.org/10.1111/j.1743-6109.2011.02221.x

Thorve, V. S., Kshirsagar, A. D., Vyawahare, N. S., Joshi, V. S., Ingale, K. 
G., & Mohite, R. J. (2011). Diabetes-induced erectile dysfunction: 
Epidemiology, pathophysiology and management. Journal of Diabetes 
and Its Complications, 25(2), 129–136. https://doi.org/10.1016/j.jdiac​
omp.2010.03.003

Tomada, I., Tomada, N., Almeida, H., & Neves, D. (2013). Androgen de-
pletion in humans leads to cavernous tissue reorganization and up-
regulation of Sirt1-eNOS axis. Age (Dordr), 35(1), 35–47. https://doi.
org/10.1007/s1135​7-011-9328-z

Tuomi, T., Nagorny, C. L. F., Singh, P., Bennet, H., Yu, Q., Alenkvist, I., 
… Mulder, H. (2016). Increased melatonin signaling is a risk factor 
for type 2 diabetes. Cell Metabolism, 23(6), 1067–1077. https://doi.
org/10.1016/j.cmet.2016.04.009

Walle, B., Lebeta, K. R., Fita, Y. D., & Abdissa, H. G. (2018). Prevalence 
of erectile dysfunction and associated factors among diabetic men 
attending the diabetic clinic at Felege Hiwot Referral Hospital, Bahir 
Dar, North West Ethiopia, 2016. BMC Research Notes, 11(1), 130. 
https://doi.org/10.1186/s1310​4-018-3211-2

Xu, G., Zhao, J., Liu, H., Wang, J., & Lu, W. (2019). Melatonin inhibits 
apoptosis and oxidative stress of mouse leydig cells via a SIRT1-
dependent mechanism. Molecules, 24(17), https://doi.org/10.3390/
molec​ules2​4173084

Yagihashi, S., Yamagishi, S., & Wada, R. (2007). Pathology and pathoge-
netic mechanisms of diabetic neuropathy: Correlation with clinical 
signs and symptoms. Diabetes Research and Clinical Practice, 77(Suppl 
1), S184–189. https://doi.org/10.1016/j.diabr​es.2007.01.054

Yang, Y., Jiang, S., Dong, Y., Fan, C., Zhao, L., Yang, X., … Qu, Y. (2015). 
Melatonin prevents cell death and mitochondrial dysfunction via 
a SIRT1-dependent mechanism during ischemic-stroke in mice. 
Journal of Pineal Research, 58(1), 61–70. https://doi.org/10.1111/
jpi.12193

Yu, L., Liang, H., Dong, X., Zhao, G., Jin, Z., Zhai, M., … Yu, S. (2015). 
Reduced silent information regulator 1 signaling exacerbates myo-
cardial ischemia-reperfusion injury in type 2 diabetic rats and the 
protective effect of melatonin. Journal of Pineal Research, 59(3), 376–
390. https://doi.org/10.1111/jpi.12269

Yu, L., Sun, Y., Cheng, L., Jin, Z., Yang, Y., Zhai, M., … Duan, W. (2014). 
Melatonin receptor-mediated protection against myocardial isch-
emia/reperfusion injury: Role of SIRT1. Journal of Pineal Research, 
57(2), 228–238. https://doi.org/10.1111/jpi.12161

Zhang, J. L., Hui, Y., Zhou, F., & Hou, J. Q. (2018). Neuroprotective effects 
of melatonin on erectile dysfunction in streptozotocin-induced dia-
betic rats. International Urology and Nephrology, 50(11), 1981–1988. 
https://doi.org/10.1007/s1125​5-018-1989-4

How to cite this article: Sahan A, Akbal C, Tavukcu HH, et al. 
Melatonin prevents deterioration of erectile function in 
streptozotocin-induced diabetic rats via sirtuin-1 expression. 
Andrologia. 2020;52:e13639. https://doi.org/10.1111/
and.13639

 14390272, 2020, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/and.13639 by A

cibadem
 M

ehm
et A

li A
ydinlar U

niversitesi, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3349/ymj.2003.44.2.236
https://doi.org/10.1034/j.1600-079X.2000.290207.x
https://doi.org/10.1034/j.1600-079X.2000.290207.x
https://doi.org/10.1111/jpi.12054
https://doi.org/10.1111/jpi.12054
https://doi.org/10.1042/BSR20181614
https://doi.org/10.1111/j.1743-6109.2011.02221.x
https://doi.org/10.1016/j.jdiacomp.2010.03.003
https://doi.org/10.1016/j.jdiacomp.2010.03.003
https://doi.org/10.1007/s11357-011-9328-z
https://doi.org/10.1007/s11357-011-9328-z
https://doi.org/10.1016/j.cmet.2016.04.009
https://doi.org/10.1016/j.cmet.2016.04.009
https://doi.org/10.1186/s13104-018-3211-2
https://doi.org/10.3390/molecules24173084
https://doi.org/10.3390/molecules24173084
https://doi.org/10.1016/j.diabres.2007.01.054
https://doi.org/10.1111/jpi.12193
https://doi.org/10.1111/jpi.12193
https://doi.org/10.1111/jpi.12269
https://doi.org/10.1111/jpi.12161
https://doi.org/10.1007/s11255-018-1989-4
https://doi.org/10.1111/and.13639
https://doi.org/10.1111/and.13639

