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Objective: Resistin is an important factor in the pathogenesis of obesity-induced insulin resistance and endothelial dysfunction-mediated 
cardiovascular system diseases. Endothelial dysfunction is one of the most important causes of erectile dysfunction. Polyphenol resveratrol has 
several pharmacological functions, such as preventing endothelial dysfunction and inducing endothelium-dependent vascular relaxation via redox 
regulation and nitric oxide production. The present study tested the hypothesis that resveratrol restores endothelium-mediated responses that are 
disrupted by resistin. 
Materials and Methods: After a 24 h incubation period of tissues with resistin, endothelium-dependent and independent relaxation responses and 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase level were evaluated in the presence and absence of resveratrol in rabbit corpus 
cavernosum (CC). 
Results: Resistin caused no impairment in the endothelium-dependent and -independent relaxation responses. In the presence of resistin, NADPH 
oxidase levels increased by 28% in the CC tissues. However, the difference was not statistically significant. Resveratrol administration caused a 
significant decrease in NADPH oxidase activity in the resistin-treated group compared with the resistin-alone group. 
Conclusion: Resistin caused no changes in the functional responses of CC and NADPH oxidase activity, but resveratrol incubation significantly 
reduced NADPH oxidase activity in penile tissue. Based on the results of the study, resveratrol may be a treatment target under conditions in which 
NADPH oxidase activity is increased in penile tissue. In line with the results of this study, the effect of resistin on CC must be investigated at different 
concentrations and incubation times.
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Amaç: Resistin, obezite ile indüklenen insülin direnci ve endotelyal disfonksiyon aracılı kardiyovasküler sistem hastalıklarının patogenezinde 
önemli bir faktör olarak bilinmektedir. Endotel disfonksiyonu, erektil disfonksiyonun en önemli nedenlerinden biridir. Polifenol resveratrol, 
endotel disfonksiyonu önlemek, redoks regülasyonu ve nitrik oksit üretimini sağlayarak endotel bağımlı vasküler gevşemeyi indüklemek gibi çeşitli 
farmakolojik fonksiyonlara sahiptir. Bu çalışma ile, resistin ile bozulan endotel aracılı yanıtları resveratrol düzeltir, hipotezi test edilmiştir.

Abstract

Öz

What’s known on the subject? and What does the study add?

Resistin has been shown to disrupt endothelium-dependent relaxation responses in in vitro experimental studies in vessels via increasing 
reactive oxygen species, decreasing nitric oxide activity and increasing synthesis of endothelin 1. Resveratrol has been shown to prevent 
and restore vascular and penile endothelial dysfunction. Resveratrol has also been reported to reduce elevated resistin levels in the white 
adipocytes. Four hours incubation period of resistin did not impair penile endothelial functions but tend to increase nicotinamide adenine 
dinucleotide phosphate oxidase activity. Resveratrol administration caused a significant decrease in nicotinamide adenine dinucleotide 
phosphate oxidase activity in the penile tissue.
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Introduction

Resistin, a hormone released from adipose tissue, is associated 
with increased endothelial dysfunction in types 1 and 2 diabetes, 
coronary artery disease, and atherogenic dyslipidemia (1). In 
clinical and experimental studies, increased resistin level was 
also associated with obesity (2). In vitro experimental studies, 
in which resistin concentration was equivalent to high resistin 
concentration in humans, showed disrupted endothelium-
dependent relaxation responses in vessels, resulting in 
endothelial dysfunction (3,4). Resistin causes endothelial 
dysfunction by increasing the reactive oxygen species and 
decreasing nitric oxide (NO) activities (4), promoting the 
synthesis of endothelin-1 (ET-1) a vasoconstrictor substance (5). 
Risk factors, such as hyperlipidemia, obesity, smoking, and high 
blood pressure, cause endothelial dysfunction-mediated erectile 
dysfunction (ED) (6). The relationship of resistin and ED has not 
been demonstrated. One clinical study reported an increase in 
blood resistin levels in patients with ED accompanying type 2 
diabetes (7). 

Resveratrol as an antioxidant flavonoid has highly targeted 
molecular effects on the endothelium. Resveratrol increases 
endothelial NO production through upregulation of endothelial 
nitric oxide synthase (eNOS) expression, enhancement of 
eNOS activity, and prevention of eNOS uncoupling (8). 
Resveratrol prevents vascular and penile endothelial functions 
in hypercholesterolemic rabbits (9). In addition to its effect on 
the endothelium, resveratrol reduces elevated resistin levels due 
to obesity (10). The present study was designed to answer the 
following questions: 

1. Does resistin impair in vitro functional responses in rabbit 
corpus cavernosum (CC) tissue? 

2. If so, does resveratrol restore this effect?

Material and Methods

Animals, Tissue Preparation, and Study Protocols

This study was approved by the Animal Care and Investigational 
Committee (22/2016) in accordance with the “Guide for the 

Care and Use of Laboratory Animals” published by the United 
States NIH. Adult New Zealand male rabbits weighing 2-3 kg 
were housed individual in identical cages in an air-conditioned 
room under a 12 h light–dark cycle. The animals were sacrificed 
with 60 mg/kg thiopental. The penis was rapidly removed and 
placed in a cold (+4°C) Krebs solution composed of the following 
(mM): 136.9 NaCl, 2.7 KCl, 0.5 KH2PO4, 1.8 CaCl2, 0.6 MgSO4, 11.9 
NaHCO3, and 11.5 glucose; pH: 7.4. After removal of the tunica 
albuginea and corpus spongiosum tissue, the CC was divided 
into two pieces longitudinally. Two or three cavernosal strips 
of approximately equal size (3×3×4 mm3) were obtained from 
each part of the cavernosum. The incubation protocol included 
three different conditions: a) incubation of CC tissues in Krebs 
solution with for 24 h at 4°C as the control group, b) incubation 
of CC tissues in Krebs solution containing 40 ng/mL resistin for 
24 h at 4°C as the resistin group, and c) incubation in Krebs 
solution containing 40 ng/mL resistin for 24 h and added with 
30 µM resveratrol in the last 2 h of incubation period at 4°C as 
resistin + resveratrol group. The in vitro treatment conditions 
for resistin and resveratrol were based on previously published 
doses (4,11). 

In Vitro Organ Bath Studies

After 24 h of incubation period, the CC strips were suspended 
between two stainless steel hooks in organ baths containing 10 
mL Krebs solution. The solution was kept at 37°C and gassed 
continuously with a 95% O

2 and 5% CO2 gas mixture at pH 
7.35. The CC was mounted under 1 g tension. The tissues were 
washed with Krebs solution every 15 min for 90 min. After an 
equilibrium period at resting tension, we conducted a viability 
protocol as follows. CC tissues were contracted with 120 mM 
potassium chloride (KCl) at the beginning and end of the 
study protocol. The tissues whose end KCl contraction response 
decreased by more than 10% compared with the initial KCl 
contraction response were excluded. KCl-induced contraction 
responses obtained after 24 h of incubation period were also 
compared with obtained from tissues immediately contracted 
with KCl after sacrifice to evaluate the effect of incubation 
condition on the tissue viability.

Gereç ve Yöntem: Dokuların resistin ile 24 saatlik inkübasyon periyodunun ardından, tavşan korpus kavernosumunda (KK), resveratrol varlığında ve 
yokluğunda, endotel bağımlı ve bağımsız gevşeme yanıtları, nikotin amid adenin dinükleotid fosfat (NADPH) oksidaz seviyesi değerlendirildi.
Bulgular: Resistin, endotel-bağımlı ve bağımsız gevşeme yanıtlarını bozmadı. Resistin varlığında, NADPH oksidaz seviyeleri CC dokularında %28 
arttı, ancak fark istatistiksel olarak anlamlı değildi. Resveratrol varlığında resistin uygulanan gruptaki NADPH oksidaz aktivitesinde, tek başına 
resistin grubuna oranla, anlamlı derecede azalma oldu.
Sonuç: Resistin, KK’de fonksiyonel yanıtlar ve NADPH oksidaz aktivitesinde herhangi bir değişikliğe neden olmadı, ancak resveratrol inkübasyonu 
penil dokudaki NADPH oksidaz aktivitesini anlamlı olarak azalttı. Çalışmanın sonuçlarına dayanarak, resveratrolün, penil dokuda NADPH oksidaz 
aktivitesinin arttığı koşullarda bir tedavi hedefi olabileceği düşünülmektedir. Bu çalışmanın sonuçları doğrultusunda, resistinin KK üzerindeki 
etkisinin farklı konsantrasyonlarda ve farklı inkübasyon sürelerinde araştırılması gereklidir.
Anahtar Kelimeler: Resveratrol, Resistin, Erektil disfonksiyon, Korpus kavernosum, Tavşan
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Following the viability protocol, CC tissues were contracted 
to ~80% of their maximal contractions via the addition of 30 
mM phenylephrine (Phe). Then, relaxation dose-response curves 
were constructed by the addition of cumulative concentrations 
of acetylcholine (Ach) (10−8-10−5 M) and sodium nitroprusside 
(SNP) (10−9-10−6 M) to evaluate the endothelium-dependent and 
-independent relaxation. Dose-response curves were obtained 
with cumulative doses of ET-1 (10−11-10−7 M) to evaluate the 
endothelium-dependent contraction responses. Isometric 
tensions were recorded with an amplifier system (MP30 BIOPAC 
Systems, Santa Barbara, CA, USA) on a computer by using the 
BIOPAC computer program.

Measurement of NADP+ / NADPH Concentration

Following the incubation period, the tissues were frozen in 
liquid nitrogen and were used in the working day. NADP+ 
/ NADPH Assay Kit (Abnova, KA1663) was used to determine 
NADP+ / NADPH concentration in cavernosal samples. Briefly, 
the concentration of NADP+ / NADPH was determined following 
the manufacturer’s protocol.

Chemicals

The chemicals used in this study were as follows: resveratrol 
(Biovision), dimethyl sulfoxide (DMSO; Merck), ET-1; 
diphenyliodonium chloride; Ach; SNP; Phe (Sigma-Aldrich); 
recombinant human resistin (ab73252) (Abcam), Phe, Ach, ET-1, 
and SNP stock solutions prepared in distilled water. Resveratrol 
stock solution was prepared with 0.01% DMSO. The drugs were 
prepared as stock solutions and diluted on the working day.

Statistical Analysis

Relaxation responses to Ach and SNP were calculated based 
on the percentage of Phe contraction. Contraction responses 
to ET-1 were calculated based on the percentage of KCl 
contraction. The sensitivity to agonists was assessed by potency 
(pD2)=-logEC50 (M). Data were expressed as mean ± standard 
error of the mean. Statistical analysis was performed by one-
way analysis of variance, post-hoc Tukey’s test in the case of 
three groups, and Student’s t-test in the case of two groups 
(GraphPad, San Diego, CA, USA). P-values <0.05 were considered 
statistically significant.

Results

Evaluation of Functional Responses of CC Tissue in İn Vitro 
Organ Bath

To evaluate the effect of 24 h incubation period on tissue viability, 
we applied 120 mM KCl to CC tissues which were suspended 
in organ bath on the same day (n=8) and 24 h after sacrifice 
(n=8). When we compared the KCl-induced contractions of 
both groups, no statistically significant difference was observed 
between them (0 h, 1354 mg; 24 h, 2180.5 mg) (p>0.05).

To evaluate tissue viability on the study day, we applied 120 mM 
KCl to CC tissues at the beginning and end of the organ bath 
experimental protocol. The mean of KCl-induced contractile 
responses of three groups obtained at the beginning of the 
study protocol (1572.25 mg) were not statistically different 
from those obtained at the end of the study protocol (1727.46 
mg) (p>0.05).

Evaluation of Ach-mediated Relaxation Responses

The dose-response curves of Ach were obtained using CC tissue 
to evaluate the effect of resistin on endothelium-dependent 
relaxation in the absence and presence of resveratrol. In the 
control group, Ach (10−8-10−5 M) elicited a concentration-
dependent relaxation with a maximal relaxation (Emax) 
value of 79.03%±8.18% and a pD2 value of 6.24±0.23. In the 
resistin group, Ach caused relaxation with an Emax value of 
82.83%±10.91% and a pD2 value of 6.39±0.32. Ach caused 
relaxation with an Emax value of 68.71%±11.81% and a pD2 
value of 6.17±0.49 in the resistin and resveratrol group. No 

Table 1. Emax and contraction responses and pD2 of the agonists in rabbit corpus cavernosum tissues
Acetylcholine Endothelin-1 Sodium nitroprusside

Emax % pD2 Emax % pD2 Emax % pD2

Control grup 79.03±8.2 6.24±0.2 99.54±15.7 8.01±0.4 161.3±13.2 8.37±0.4

Resistin group 82.83±10.9 6.17±0.5 77.8±5.5 7.48±0.1 146.2±16.9 8.63±0.4

Resistin + resveratrol group 68.71±11.8 6.17±0.5 77.58±11.3 7.41±0.2 150.8±13.2 8.58±0.5

Control, resistin and resistin + resveratrol groups (each group included n=7 strips), One-Way ANOVA post-hoc Tukey test was used, p<0.05 was considered significant

Figure 1. Ach-mediated relaxation responses: control, resistin, and resistin 
+ resveratrol group (each group included n=8 strips). One-Way ANOVA and 
post-hoc Tukey’s test were used. p<0.05 was considered significant
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significant difference was observed between the groups. 
Resistin alone and the presence of resveratrol did not augment 
the efficacy and pD2 of Ach (p>0.05) (Figure 1).

Evaluation of ET-1-mediated Contraction Responses

In the control, resistin, and resistin + resveratrol groups, ET-1 
caused dose-dependent contraction responses. Maximum 
contraction responses obtained with ET-1 were 99.54%±15.67%; 
77.8%±5.53%; 77.58%±11.26%. No significant difference 
was noted in the Emax values of the groups (p>0.05) (Figure 
2). When pD2 values were compared, no significant difference 
was observed between three groups (8.01±0.35, 7.48±0.12, and 
7.41±0.16) (p>0.05).

Evaluation of SNP-mediated Relaxation Responses

Cumulative doses of SNP (10−9-10−6 M) were administrated 
to the organ bath to evaluate endothelium-independent 
relaxation. SNP elicited a concentration-dependent relaxation 
with Emax values of 161.3%±13.17% in the control group, 
146.2%±16.85% in the resistin group and 150.8%±13.15 % 
in the resistin + resveratrol group (Figure 3). pD2 values were 
8.37±0.42, 8.63±0.37, and 8.58±0.45 in control, resistin, 
and resistin + resveratrol groups, respectively. No significant 
difference was observed between the groups for both Emax and 
pD2 values (p>0.05). 

Evaluation of NADP+ / NADPH Measurement in CC Tissues

The NADP+ / NADPH ratio increased by 28% in the resistin 
group, although no statistical difference was observed. However, 
resveratrol incubation caused a significant decrease in NADP+ / 
NADPH ratio compared with the resistin group (p<0.05) (Figure 4).

Discussion

In the present study, resistin did not impair endothelium-
dependent and -independent relaxation responses. In the 

presence of resistin, NADPH oxidase levels increased in the CC 
tissue. However, the difference was not statistically significant. 
Resveratrol administration caused a significant decrease in 
NADPH oxidase activity in the resistin-treated group compared 
with the resistin-alone group. 

The integrity of endothelium in cavernous tissue is important 
for erection physiology. Endothelium-released NO has a major 
role among many mediators in the erection. NO activates a 
cyclic guanosine monophosphate (cGMP)-dependent cellular 
mechanism in the smooth muscle cell and causes relaxation 
of smooth muscles. eNOS, which is involved in the synthesis 
of endothelium-derived NO in penile tissue, is activated in two 
ways. The initial phase of erection occurs via binding of Ach to 
the muscarinic receptor, which leads to Ca/calmodulin-induced 
activation of the eNOS and NO synthesis. NO-dependent 
relaxation in cavernous smooth muscle induces blood flow 
shear forces that cause eNOS phosphorylation and activity of 
the enzyme at resting Ca level. Endothelial dysfunction is one of 
the leading causes of ED. Chronic diseases causing endothelial 
dysfunction, such as atherosclerosis, diabetes, and metabolic 
syndrome, are accompanied by a high rate of ED. Impaired NO 
bioactivity has also been supported by various animal models 
of hypertension, diabetes, and hypercholesterolemia-induced 
ED (12). 

Figure 2. Endothelin-1-mediated contractile responses: control, resistin, and 
resistin + resveratrol group (each group included n=8 strips). One-Way ANOVA 
and post-hoc Tukey’s test were used. p<0.05 was considered significant

Figure 3. Sodium nitroprusside-mediated relaxation responses: control, 
resistin, and resistin + resveratrol group (each group included n=8 strips). 
One-Way ANOVA and post-hoc Tukey’s test were used. p<0.05 was considered 
significant

Figure 4. NADP+ / NADPH measurement: control, resistin, and resistin + 
resveratrol groups (each group included n=7 strips). One-Way ANOVA and 
post-hoc Tukey’s test were used. p<0.05 was considered significant

NADP: Nicotinamide adenine dinucleotide phosphate
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Resistin is an adipokine that plays a role in the development of 
insulin resistance and obesity (13). High circulating resistin levels 
(>40 ng/mL) are related to types 1 and 2 diabetes (14). Resistin 
has also been found in atherosclerotic tissues (15). Studies 
linking resistin with vascular dysfunction have investigated the 
effect of resistin on endothelium-released relaxing factors, such 
as insulin, bradykinin, and Ach (3,4,16,17). To our knowledge, no 
study has investigated the in vitro effect of resistin on penile 
tissue. Thus, in the present study, we aimed to investigate the 
cellular effects of resistin and its derivatives on functional 
responses of CC. After 24 h of incubation with 40 ng/mL 
resistin, endothelium-dependent relaxation and contraction 
responses were assessed by Ach and ET-1 dose-response curves, 
respectively. Relaxation dose-response curves of SNP were 
obtained to evaluate the endothelium-independent relaxation. 
We also investigated the effect of resistin on endothelium-
dependent and independent responses of CC in the presence of 
resveratrol. 

In the present study, 24 h of incubation of penile tissues with 
resistin caused no change in Emax response and pD2 of Ach. 
Several studies evaluated the effects of resistin on coronary 
arteries of different species. One research reported that 10 min 
incubation with low- and high-dose resistin (10 or 40 ng/mL) 
did not alter Ach-induced relaxation responses but decreased 
bradykinin responses without disrupting NO or prostacyclin 
signaling in dog coronary artery (16). Another study on porcine 
coronary artery reported a decrease in bradykinin-mediated 
relaxation responses and an increase in superoxide (O2

−) anions 
with 24 h resistin incubation (40 ng/mL) (4). According to the 
results of these studies, resistin impairs bradykinin-mediated 
relaxation responses but not Ach in the coronary artery, which 
is independent of incubation period and dose. However, the in 
vitro effect of resistin on Ach-mediated relaxation was observed 
in the mouse aorta. Seto et al. demonstrated decreased Ach-
mediated relaxation responses in healthy and diabetic mouse 
aorta after 30 min incubation with 40 ng/mL resistin (3). On the 
other hand, Lou and colleagues showed that 1 h incubation with 
100 ng/mL resistin did not alter Ach-mediated NO responses in 
mouse aorta but changed insulin-dependent NO responses and 
reduced eNOS phosphorylation via increasing NADPH oxidase 
activity and free oxygen radicals (18). In the present study, we 
observed an increase in NADPH oxidase activity after a 24 h 
incubation at 40 ng/ml dose, but the difference did not reach 
statistical significance. According to the literature, resistin 
responses on endothelium can vary depending on the species 
of animal, vessel, incubation period, and dose. As the major 
limitation of our study, regardless of the absence of any effect, 
the ineffectiveness of resistin cannot be proven given that we 
have not tested its effect on a different substance that produces 
endothelial-mediated relaxation at various times and doses.

Resistin’s interaction with ET-1, a vasoconstrictor substance, 
contributes to its effect on vascular tone. In a clinical study, 
resistin and ET-1 levels correlated with each other in blood 
samples collected from 76 metabolic syndrome patients (19). In 
an in vivo study, infusion of 30 mg/h/kg resistin potentiated ET-
1-induced enhancement in blood pressure in rats (20). In vitro 
cell culture studies have reported that after a 24 h incubation 
period, resistin increased ET-1 secretion in endothelial cells 
(5) but caused no effect on its expression (21). In the present 
study, based on the finding that resistin exposure to endothelial 
cells for 24 h leads to an enhancement in ET-1 release, we 
investigated whether resistin causes alteration in the functional 
responses of ET-1 in CC. Although in vivo studies have shown 
that resistin potentiates the vasoconstriction response of ET-1, 
to our knowledge, no study investigated the effect of resistin 
on functional responses of ET-1 in vitro. In the present study, 
ET-1, which was cumulatively tested in CC, produced negligible 
contraction response in the first doses, whereas the contraction 
response was observed at 10−7 M. Similar dose-response curves 
were obtained in the presence of resistin without observing 
changes in the Emax response.

SNP, a NO donor, causes endothelium-independent relaxation 
response via the cGMP pathway in smooth muscles (22). 
Several clinical studies stated that a correlation exists between 
circulating resistin levels and endothelium-independent 
relaxation responses-induced by SNP (23), although others 
reported otherwise (24). Kougias et al. (4) reported that resistin 
caused a significant reduction (11%) in the relaxation response 
of porcine coronary artery-induced by a single dose of SNP (10−6 

M). In the present study, the Emax response obtained with the 
cumulative (10−9-10−6 M) addition of SNP was 161% and reduced 
to 146% in resistin-treated penile tissues. Resistin caused a 
12.4% reduction in the SNP Emax response. Although the dose 
and incubation periods were the same as those in the work of 
Kougias et al. (4), the difference between Emax responses was 
not statistically significant. This result may be due to tissue 
difference.

Resveratrol, which is commonly consumed as a plant in 
the Mediterranean diet, is associated with a reduced risk 
of cardiovascular disease (25). Vascular dysfunction is the 
first step in the emergence of many disease states in the 
cardiovascular system, and oxidative stress is a key mechanism 
in the pathogenesis of vascular dysfunction (26). Oxidative 
stress results from the generation of reactive oxygen species, 
which is considered as a critical factor in the development 
of NO bioavailability and ED (26). NADPH oxidase is a key 
source of O2

− in the penile tissue (27). In a recent study of 
our laboratory, the protective effect of resveratrol on ED was 
shown in hypercholesterolemic rabbit CC (9). Following this 
study, resveratrol was shown to improve vascular dysfunction in 
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addition to its protective effect. These effects reduced NADPH 
oxidase activity and increased the phosphorylation of the 
domain responsible for the activation of eNOS (28). 

Study Limitations

In the present study, resveratrol significantly reduced NADPH 
oxidase activity in the penile tissues incubated with resistin. 
However, our findings reveal that although an increase in NADPH 
oxidase activity was recorded in the resistin-treated group, the 
finding was not statistically significant. Therefore, we could not 
confirm that resveratrol reduces the resistin-mediated increase 
in NADPH oxidase activity. The reduction caused by resveratrol 
may be due to the NADPH oxidase binding capability. Given 
the lack of a group incubated with resveratrol only, its direct 
efficacy on NADPH oxidase activity could not be evaluated, thus 
limiting our study.

Conclusion

Our findings suggest that the effect of resistin on endothelium-
dependent responses and NADPH oxidase activity at different 
doses and incubation should be confirmed in the penile 
tissue. The effects of resistin differ depending on the species, 
and further studies are needed to investigate the relationship 
between erectile pathophysiology and resistin in human penile 
tissue. Given the results of this study and those of previous 
studies conducted in our laboratory, resveratrol may be an 
alternative treatment target for ED and may serve as guide for 
future studies.
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