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Abstract
Background  The cardiovascular benefits of resveratrol (RSV) have been well established by previous experimental and 
clinical studies. The aim of this study was to investigate the effectiveness of RSV administration on the impaired endothe-
lial function induced by methylglyoxal (MGO), and to elucidate the role of endothelial nitric oxide synthase (eNOS) on its 
protective effect.
Methods  Aged Wistar rats (80 weeks old, n = 15) were used in this study. The thoracic aorta was isolated and cut into rings 
for organ culture. Aortic segments of rats were incubated with MGO (420 µM) in the presence or absence of RSV (30 µM) 
for 4 h (short-term) or 24 h (long-term). Isometric tension studies were performed by an isolated organ bath in response to 
acetylcholine (ACh, an endothelium-dependent vasodilator) and sodium nitroprusside (SNP, an endothelium-independent 
vasodilator). Beside, expressions of eNOS and phospho-eNOS (p-eNOS) (Ser 1177) in thoracic aorta rings were evaluated 
by immunohistochemistry.
Results  Both short-term and long-term MGO incubation significantly inhibited the relaxation response induced by ACh, 
while the relaxation to SNP was not significantly altered. In addition, eNOS and p-eNOS expressions decreased significantly 
in arteries incubated with MGO. The impaired endothelial reactivity as well as decreased expressions of eNOS and p-eNOS 
in MGO-incubated vessels were significantly improved by RSV treatment.
Conclusions  Endothelium-dependent vasodilatation of the thoracic aorta was significantly inhibited by MGO administra-
tion, and RSV may improve vascular endothelial function. The protective effect of RSV against MGO-induced endothelial 
dysfunction seems to be via increased eNOS expression and activity.
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Introduction

Diabetes in the elderly is a global public health burden, and 
older adults are the fastest growing segments of the dia-
betes population [1, 2]. Cardiovascular diseases are major 
complications of diabetes mellitus (DM) and constitute the 
leading cause of morbidity and mortality [3, 4], and this 
risk increases dramatically with age [5–7]. While there has 
been a reduction in diabetes-related complications in the 
general population, the incidence rates of macrovascular 

complications such as acute myocardial infarction and stroke 
continue to be the highest in older adults [8].

Impairment of endothelial function, known as endothelial 
dysfunction (ED), commonly defined as reduced endothe-
lium-dependent vascular relaxation to a variety of vasodila-
tory stimuli, is a hallmark of type 2 and type 1 DM, and may 
be used as an important prognostic marker for cardiovascular 
disease [9, 10]. In recent years, aging has also been sug-
gested as an independent predictor of ED [11]. Although 
aging has been clearly demonstrated to be an independent 
risk factor for ED, concomitant diseases such as DM may 
have an additional contribution to development of ED in 
aged individuals. However, the mechanisms underlying the 
age-associated increase for diabetes-related cardiovascular 
disease remain poorly understood.

Methylglyoxal (MGO), a highly reactive dicarbonyl com-
pound, is an intermediate product formed during glycation 
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of proteins by glucose and its formation involves many 
pathways consisting of enzymatic and non-enzymatic reac-
tions in all mammalian cells, including vascular smooth 
muscle cells and endothelial cells [12–14]. Recent reports 
have shown that MGO levels are significantly increased in 
the blood in diabetic patients [15–17]. In addition to dia-
betic patients, increased MGO levels has been determined 
in aged rats and also aged people [18, 19]. Hence, older 
diabetic patients may be exposed to higher MGO levels than 
the others. Hyperglycemia and increased levels of MGO are 
two hallmarks of DM which can trigger the development 
of vascular complications in diabetes [20, 21]. MGO can 
cause damage and induce apoptosis in endothelial cells [22]. 
Recent in vitro studies clearly showed that acute exposure of 
isolated arteries to high levels of MGO affects endothelium-
dependent relaxations in different vascular beds [20, 21, 23]. 
Moreover, various studies indicate a possible link between 
ED and functional alterations of eNOS after MGO treat-
ment. MGO was shown to suppress eNOS phosphorylation 
on serine-1179 without affecting eNOS protein expression 
[21, 24]. In addition, the results of Sena et al. have demon-
strated that MGO-induced ED seems to be mediated via a 
decrement in NO bioavailability [25].

Resveratrol (RSV), one of the most commonly employed 
dietary polyphenols, seems to be present in red wine in sig-
nificant amounts, and to be partly responsible for cardiovas-
cular benefits associated with wine consumption [26, 27]. 
The promising cardiovascular benefits of RSV in patients at 
increased cardiovascular risk have been reported by a sub-
stantial number of experimental and clinical studies [26]. 
According to some previous studies, RSV has been found 
to improve vascular NO activity and endothelial vasodila-
tory functions [28–30]. RSV prevents eNOS uncoupling 
and upregulates eNOS expression and activity [31–34], sug-
gesting its protective potential against MGO-induced ED. 
However, determination of the effect of RSV on the MGO-
induced ED remains unclear.

In light of the aforementioned studies, in the present 
study, we aimed to investigate the protective effect of RSV 
on MGO-induced diminished endothelium-dependent relax-
ation responses in thoracic aorta of aged rats, and also to 
evaluate the role of eNOS expression and/or activity in the 
protective effect of RSV. Our findings indicated to an impor-
tant role of RSV in protecting against ED induced by MGO 
in aged rats.

Materials and methods

This study was registered by the Animal Ethics Commit-
tee of Akdeniz University Medical Faculty, Antalya, Tur-
key. Briefly, totally 15 aged male Wistar rats, at 80 weeks 
of age, were used in the present study. These rats did not 

receive any vehicle or chemical. The animals were anesthe-
tized with intraperitoneal injection of ketamine hydrochlo-
ride (90 mg/kg) and xylazine (10 mg/kg), and decapitated. 
The full length of thoracic aorta was removed and cleaned 
of the connective tissue. Then, aortas isolated from these 
rats were cut into 3–4 mm width rings and incubated with 
MGO (420 µM) in the Dulbecco’s Modified Eagle Medium 
(DMEM) containing an antibiotic mixture (120 U/mL pen-
icillin and 120 µg/mL streptomycine), in the presence or 
absence of RSV (30 µM) for 4 h (short-term) or 24 h (long-
term). They were maintained at 37 °C in an atmosphere of 
95% O2 and 5% CO2. After the incubation period, functional 
and histological studies were employed in these tissues.

Isolated organ bath studies

To perform functional studies, thoracic aorta rings were 
carefully suspended by two stainless-steel clips passed 
through the vessel lumen in 20 ml organ baths filled with 
PSS (mM: NaCl 118, KCl 5, NaHCO3 25, KH2PO4 1.0, 
MgSO4 1.2, CaCl2 2.5, and glucose 11.2) maintained at 
37 °C gassed with 95% O2 and 5% CO2 to obtain a pH of 7.4. 
Isometric tension was continuously measured with an iso-
metric force transducer (FDT10-A, Commat Ltd., Ankara, 
Turkey), connected to a computer-based data acquisition 
system (MP35, Commat Ltd., Ankara, Turkey). The rings 
were placed at the optimal point of length–tension relation 
by gradually stretching them until contraction induced by 
20 mM of KCl was maximal at each level of distension. 
Accordingly, an optimal resting tension of 2 g, which had 
been obtained in a preliminary study by a construction of 
a passive length–tension curve, was applied to the rings of 
the thoracic aorta and allowed to equilibrate for 60 min. 
Because it was necessary to use endothelium-intact rings 
in our study, following a 60-min equilibration period, the 
presence of functional endothelium was confirmed by the 
ability of acetylcholine (ACh, 1 µM) to produce relaxation of 
tissues precontracted with phenylephrine (Phe, 1 µM). This 
concentration was determined from the cumulative contrac-
tion- response curves to achieve 80% of the maximum con-
traction. For contraction-relaxation experiments, ten thoracic 
aorta rings were used for each group. Relaxation responses 
were examined with ACh (10 nM–100 µM, an endothe-
lium-specific vasodilator) and sodium nitroprusside (SNP, 
1 pM–10 nM, an endothelium-independent dilatory agent) 
in all groups. Briefly, after the tissues were precontracted 
with Phe, concentration-relaxation responses for ACh and 
SNP were obtained by addition of increasing concentrations 
of agonist to the baths in a cumulative manner and isometric 
tension developed by the tissue was recorded. The tissue 
response was allowed to reach a stable plateau before each 
successive addition of the agonist.
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In the first set of experiments, the effect of MGO 
(420 µM) on ACh- and SNP-induced relaxation responses 
of endothelium intact thoracic aorta rings were investigated. 
In another set of experiments, the effects of RSV (30 µM) 
incubation on MGO-induced endothelial dysfunction in tho-
racic aorta rings were investigated. To investigate the pos-
sible protective effect of RSV against the observed inhibitory 
effect of MGO in endothelium-dependent relaxations, tissues 
were incubated with either MGO alone or in the presence 
of RSV for 4 or 24 h. After the incubation period, the con-
centration–response curves to ACh and SNP, were obtained 
in these tissues.

Immunohistochemistry

Pieces of thoracic aorta were fixed in 10% formalin and 
embedded in paraffin. 5-m thick sections were cut and were 
collected onto poly-l-lysine-coated slides. The slides were 
deparaffinized in xylene, rehydrated in a decreasing gradient 
of ethanol solutions (100–70%). An antigen-retrieval proce-
dure was performed by heating the samples with citric acid 
buffer (pH 6.0) (Merck, Cat #1–00244 1000) in a microwave 
oven at 540 W for 7 min and after cooling in this buffer for 
20 min at room temperature. The slides were blocked for 
endogenous peroxidase activity with methanol containing 
3% H2O2 for 15 min and for nonspecific binding with univer-
sal blocking reagent (Thermo; Cat #TA-125-UB) for 7 min 
at room temperature. Anti-rabbit eNOS (#sc-654, Santa Cruz 
Biotechnology) and anti-goat p-eNOS (#sc-12972, Santa 
Cruz Biotechnology) antibodies diluted in dilution buffer 
(Abcam; #ab64211) were applied for overnight at 4 °C in a 
humidified chamber. For negative controls, the primary anti-
bodies were replaced by normal rabbit (Vector Lab. #I-1000) 
and goat IgG serum (Vector Lab. #I-5000 Burlingame, CA, 
USA) at the same concentration. After several washes in 
PBS, slides were incubated with biotinylated anti-rabbit 
(#BA-1000) and biotinylated anti-goat (#BA-9500) second-
ary antibodies (1/500 dilution) (Vector Lab. Burlingame, 
CA, USA) for 1 h followed by streptavidin–peroxidase 
complex (Invitrogen; #85–9043) incubation for 20 min and 
were rinsed with PBS. Antibody complexes were visualized 
by incubation with diaminobenzidine (DAB) chromogen 
(Thermo #TA-060-HD). Slides were counterstained with 
Mayer’s hematoxylin (Merck; #1-09240-1000) dehydrated, 
mounted and examined by a Zeiss-Axioplan (Oberkochen, 
Germany) microscope. For each group, thoracic aorta tissues 
from 6 animals were stained for eNOS and pe-NOS proteins.

Images of the tissue samples have been taken using Spot 
Imaging software version 4.6 (Diagnostic Instruments, Inc, 
Michigan) at 40X magnification micrographs. All of these 
micrographs were analyzed with Image-J Version 1.46 
(National Institutes of Health, Bethesda, Maryland) for 
microscopy software by scanning 10 non-overlapping fields 

in each tissue section and expressing the positive areas as a 
percentage of the total area.

TUNEL staining

Thoracic aortas were permeabilized with 0.1% Triton X-100 
in 0.1% sodium citrate for 2 min on ice and the terminal 
deoxynucleotidyl transferase-mediated dUTP nick end-labe-
ling (TUNEL) reaction mixture (In Situ Cell Death Detec-
tion Kit, TMR, Roche) was applied for 1 h at 37 °C.

Drugs

Acetylcholine chloride, L-phenylephrine hydrochloride, 
sodium nitroprusside, and methylglyoxal were used. All 
drugs and the salts for the physiological salt solution were 
purchased from Sigma Chemical (St. Louis, MO, USA). All 
drugs were prepared fresh daily during experiments.

Statistical analysis

All values are expresses as mean ± SEM. Responses to ACh 
and SNP are expressed as percentages of the reversal of the 
tension developed in response to Phe. Statistical analysis of 
the results was performed by one-way analysis of variance 
(ANOVA). Post hoc comparisons were done using Tukey’s 
multiple comparison post-test. A p value lower than 0.05 
was considered significant.

Results

Effects of short‑term or long‑term MGO incubation 
on endothelium‑dependent and ‑independent 
relaxation responses of rat thoracic aorta

In the control artery, ACh and SNP evoked endothelium-
dependent and -independent relaxation of isolated thoracic 
aorta rings precontracted with Phe, respectively. MGO 
administration for both 4 and 24 h significantly attenuated 
the relaxation response to ACh, which is an endothelium-
dependent vasodilator agent (Figs. 1a, 2a, P < 0.05). On the 
other hand, the vasodilator effect of SNP, an endothelium-
independent vasodilator agent, was not changed signifi-
cantly by MGO incubation for both 4h and 24 h (Figs. 3a, 
4a, P > 0.05).

Effect of RSV incubation on endothelial dysfunction 
induced by MGO

The inhibitory effect of MGO on ACh-induced relaxation 
was significantly prevented by the presence of RSV on 
both 4- and 24-h incubation groups (Figs. 1b, 2b, P < 0.05). 
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Otherwise, incubation of aortic rings with RSV for both 4 
and 24 h had no significant effect on SNP-induced relaxation 
in MGO-incubated groups (Figs. 3b, 4b, P > 0.05).

Immunohistochemistry

All sections in three different groups were stained synchro-
nously to prevent inconsistent results. eNOS and p-eNOS 
immunostainings were clearly detected in endothelial cells 
in control groups. Both antibodies expressions in endothe-
lial cells were generally decreased in MGO groups. But, 
the immunoreactivities were strongly observed in endothe-
lial cells in MGO + RSV groups (Fig. 5a). Negative control 
immunostaining with normal rabbit IgG and normal goat 
IgG confirmed the specificity of eNOS and p-eNOS staining 
patterns in aortas. eNOS and p-eNOS Image-J analysis of 
immune expression levels were indicated that Fig. 5b.

Evaluation of apoptosis by TUNEL

We performed TUNEL analysis to assess the incidence of 
apoptotic cell death in all groups. As seen in Fig. 6, TUNEL 
positive cells in endothelium were higher in MGO-incubated 

vessels when compared to controls. On the other hand, the 
numbers of TUNEL positive apoptotic cells in MGO plus 
RSV-incubated vessels were similar to the control groups 
(Fig. 6).

Discussion

The aim of this study was to investigate the protective effec-
tiveness of RSV administration on endothelial function in 
aorta segments that were treated with MGO, and to elucidate 
eNOS expression and/or activity as a possible mechanism 
of its protective effect. This study was the first to show that 
RSV treatment improves endothelium-dependent relaxation 
in the MGO-treated thoracic aorta of aged rats primarily via 
an eNOS-dependent mechanism.

In patients with poorly controlled diabetes, the MGO 
level in blood can raise up to 400 µM [15]. It is suggested 
that local MGO concentration in tissues is much higher than 
the plasma level [35] Therefore, the use of 420 µM MGO 
in this study seems to be justified as these concentrations 
seem pathophysiologically relevant. MGO is related to dia-
betic vascular complications, and it triggers cellular injury 

Fig. 1   The effect of 4  h MGO (420  µM) (a) and MGO plus RSV 
(30  µM)  (b) incubation on NO-mediated endothelium-depend-
ent relaxation response of thoracic aorta to acetylcholine (ACh, 
1 nM–100 µM). All values are expressed as mean ± SEM. C Control, 
MGO methylglyoxal, RSV resveratrol. n = 8 for all groups. *P < 0.05 
as compared with controls

Fig. 2   The effect of 24  h MGO (420  µM) (a) and MGO plus RSV 
(30  µM)  (b) incubation on NO-mediated endothelium-depend-
ent relaxation response of thoracic aorta to acetylcholine (ACh, 
1 nM–100 µM). All values are expressed as mean ± SEM. C Control, 
MGO methylglyoxal, RSV resveratrol. n = 8 for all groups. n = 8 for 
all groups. *P < 0.05 as compared with controls
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and apoptosis in endothelial cells [36]. In the present study, 
we provide solid evidence that incubation of rat thoracic 
aorta with MGO for both 4 and 24 h impaired ACh-induced 
endothelium-dependent relaxation. Our data are in line with 
other studies showing a significant reduction in endothelium-
dependent relaxation after MGO administration [20, 23–25]. 
The diminished endothelium-dependent relaxation response 
MGO-administered aged rats may be related to the changes 
in eNOS expression and/or activity. Indeed, Dhar et al. 
reported that short-term (2 h) MGO incubation impaired 
ACh-induced relaxation via impairment of eNOS phospho-
rylation [21]. Furthermore, Mukohda et al. demonstrated 
that long-term MGO treatment decreased protein expres-
sion of eNOS [23]. It is known that the activity of eNOS is 
associated with the phosphorylation of serine 1177 [37, 38]. 
Results of the present study indicated that both short-term 
and long-term MGO incubation caused a significant reduc-
tion in eNOS expression and eNOS phosphorylation of the 
thoracic aorta endothelium. In MGO-incubated aortic rings, 
inhibition of eNOS and p-eNOS immunoreactivities was 
also paralleled by a significant reduction in endothelial func-
tion. This indicates that a significant reduction in vascular 
eNOS expression and/or activity in MGO-administered aged 
rats may account for the impaired endothelium-dependent 
relaxation. On the other hand, the incubation of rat aortic 

rings with high level of MGO produces not only endothelial 
cell dysfunction, but also may cause apoptotic cell death 
in endothelium. Indeed, the results of TUNEL studies also 
indicated that number of TUNEL-positive cell increased 
in the endothelium of MGO-incubated aortic rings which 
indicates endothelial cell apoptosis. Taken together, these 
results suggest that incubation of thoracic aorta with MGO 
may lead to endothelial cell apoptosis and ED.

The protective effect of RSV against development of 
ED has been established by previous experimental studies 
[30, 32–34]. Here, we further extended the novel functions 
of RSV in the improvement of endothelial functions during 
high MGO levels. In the present study, we have showed 
that MGO-induced vascular hyporeactivity to ACh was 
significantly improved by RSV incubation for both 4 and 
24 h. Previous studies have demonstrated that RSV attenu-
ated hyperglycemia-induced endothelial apoptosis through 
inhibition of oxidative stress [39, 40]. To investigate the 
possible protective effect of RSV against MGO-induced 
endothelial cell apoptosis, we also performed TUNEL 
staining. Our results indicate that MGO-induced cytotox-
icity is prevented by incubation with RSV in aort seg-
ments, which seems to act by regulating cell apoptotic pro-
teins. Thus, the protective effects of RSV in MGO-induced 
endothelial damage may be related to many mechanisms 

Fig. 3   The effect of 4  h MGO (420  µM) (a) and MGO plus RSV 
(30  µM)  (b) incubation on endothelium-independent relaxa-
tion response of thoracic aorta to sodium nitroprusside (SNP, 1 
pM-10  nM). All values are expressed as mean ± SEM. C Control, 
MGO methylglyoxal, RSV resveratrol

Fig. 4   The effect of 24  h MGO (420  µM) (a) and MGO plus RSV 
(30  µM)  (b) incubation on endothelium-independent relaxa-
tion response of thoracic aorta to sodium nitroprusside (SNP, 1 
pM-10  nM). All values are expressed as mean ± SEM. C Control, 
MGO methylglyoxal, RSV Resveratrol. n = 8 for all groups



336	 Aging Clinical and Experimental Research (2019) 31:331–338

1 3

by which RSV can promote cell survival. Activation of 
the eNOS potently prevents endothelial cell apoptosis, 
and NO either endogenously produced or exogenously 
applied in physiologically relevant concentrations acts 
as a endothelial cell survival factor in vitro [41]. On the 
other hand, aging of endothelial cells is associated with 
decreased NO synthesis and concomitantly increased sen-
sitivity of apoptosis, which may contribute to functional 
impairment of the endothelial monolayer [42]. The pre-
sent study demonstrates that MGO levels are associated 
with increased apoptosis induction of endothelial cells and 
a reduction of endothelial NO synthase (eNOS), which 
may be prevented by exogenous agents. The results of Seo 
et al. demonstrated that RSV is capable of protecting cells 
from MGO-induced mitochondrial dysfunction and apop-
tosis [43]. It is also known that RSV may increase eNOS 

enzymatic activity and NO bioavailability through induc-
ing eNOS phosphorylation [31, 44, 45]. eNOS activity is 
regulated by posttranslational modification of the eNOS 
protein. Our results have demonstrated that the administra-
tion of RSV improved the eNOS protein expression levels 
of the thoracic aorta in MGO-administered aged rats. As 
a consequence of the increase in eNOS expression, RSV 
enhances NO production by endothelial cells. In addition, 
we have showed that eNOS serine 1177 phosphorylation 
was potentiated by RSV treatment, as the expression of 
p-eNOS was increased in RSV plus MGO-administered 
aged rats, when compared with MGO group. Potentiation 
of eNOS and p-eNOS expression with RSV also paral-
leled with the improvement of endothelial function. Taken 
together, this indicates that MGO may cause endothelial 
cell apoptosis and ED by decreasing eNOS expression and/

Fig. 5   Representative photomicrographs for eNOS and p-eNOS 
immunohistochemistry (a) in control, MGO-, and MGO + RSV-incu-
bated thoracic aorta rings for 24 h. The graphs (b) show image analy-

sis results after immunohistochemistry. MGO methylglyoxal, RSV 
resveratrol. n = 6 for all groups. *P < 0.05 as compared with controls; 
**P < 0.05 as compared with MGO

Fig. 6   Representative photo-
micrographs for TUNEL in 
control, MGO-, and MGO plus 
RSV-incubated thoracic aorta 
rings for 24 h. The apoptotic 
cell deaths in endothelium of 
MGO-incubated vessels are 
marked with white arrows. 
MGO methylglyoxal, RSV 
resveratrol
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or activation, and treatment with RSV prevents MGO-
induced ED through increasing NO-mediated endothe-
lium-dependent relaxation.

In conclusion, our results support the notion that RSV 
protects against MGO-induced ED in aortic tissues via the 
eNOS-dependent mechanism. Therefore, it has been sug-
gested that RSV may be a useful tool to prevent or reverse 
MGO-induced vascular damage in aged population. Further 
studies with RSV may contribute to develop new pharma-
cological approaches against the MGO-induced endothelial 
damage in several types of cardiovascular disorders, espe-
cially in older adults.
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