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ABSTRACT 

Background: Accumulating reactive oxygen species (ROS) is involved in cellular signaling and function disturbances 
due to the oxidative stress, which contributes to several diseases. The consequences of ROS activity represent an im-
portant mechanism on the pathogenesis of vascular diseases, such as hypertension. Increased blood pressure observed in 
renal hypertension of the 2 kidneys-1 clip (2K-1C) model involves increased ROS levels in the cardiovascular system. 
Resveratrol, a polyphenolic compound primarily found in red wine, has many biological and pharmacological proper-
ties. Considering the antioxidant properties of resveratrol, the present study was aimed to investigate the effects of the 
chronic treatment with resveratrol on cardiovascular system from renal hypertensive rats. Results: 2K-1C hypertension 
presented increased blood pressure, which was reduced at the end of the fifth week of resveratrol treatment. The cardiac 
hypertrophy index and the basal levels of ROS in rat aortic rings were also reduced by resveratrol treatment. Conclusions: 
The present findings clearly show the protective effects from resveratrol on the blood pressure, the cardiac growth and 
the vascular ROS generation in renal hypertension. 
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1. Introduction 

Hypertension is a well-studied risk factor for several car 
diovascular diseases. It has been established that hype- 
tension is associated with cardiovascular damages such 
as endothelial dysfunction, microvascular impairments [1] 
and cardiovascular remodeling [2,3]. The pathological 
processes underlying hypertension have been extensively 
studied by applying some animal models [4], such as the 
2-kidneys-1Clip (2K-1C) renovascular hypertension. In 
this model, designed by Goldblatt and cols in 1934 [5], a 
partial stenosis in the left renal artery is caused by plac- 
ing a silver clip on the arterial side close to the aorta. 
This stenosis elicits a sustained increase in blood pres- 
sure mainly due to the increased plasma renin activity 
and subsequent increased circulating angiotensin-II (Ang  

II) [6]. Furthermore, an overproduction of superoxide 
anion ( ) has been observed in some vessels from 
2K-1C hypertensive an imals [7-9]. In 2K-1C pigs, the 
increased plasma renin activity and high blood pressure 
(BP) have been correlated to increased systemic oxida- 
tive stress [10-13]. Indeed, hypertensive patients with 
renovascular disease have shown a markedly in creased 
lipid peroxidation, which is partly related to the activa- 
tion of the Renin-Angiotensin System (RAS) [8]. One of 
the most relevant damages caused by oxidative stress 
underlying hypertension and correlated diseases is the 
impairment of endothelium-dependent vasorelaxation 
mechanisms [9,10], which is generally related to the re- 
duced endothelial nitric oxide (NO) generation or bioa- 
vailability [14-16]. In turn, the reduced NO bioavailabil-
ity has been attributed to the oxidative inactivation of NO 
by the excessive generation of  in the vascular wall 
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[17]. Besides the vessels, ROS generation also affects the 
heart. It is well-known that hydrogen peroxide (H2O2) 
impairs cardiac contraction and evokes cardiac hyper-
trophy [18]. Indeed, substantial evidence has pointed to 
oxidative stress as a major pathway in the cardiac re-
modeling and the transition of compensated cardiac hy-
pertrophy during heart failure [19-23]. The consumption 
of flavonoid-rich food is associated to the reduced risk of 
many acute diseases. This protective effect is, at least in 
part, due to the antioxidant properties from flavonoids 
[24]. Part of the cardiovascular protective effects of red 
wine has been attributed to resveratrol, a polyphenolic 
compound present in the red grape skin [25]. The study 
of the biological properties from resveratrol began in the 
80 s, but it became more extensive in the 90 s due to the 
French Paradox [26,27]. According to Renaud and Lor-
geril [26], in most countries, high intake of saturated fat 
is positively related to high mortality from coronary heart 
disease (CHD). However, the situation in France is para- 
doxical in that there is high intake of saturated fat but 
low mortality from coronary heart disease. This paradox 
may be attributable in part to high wine consumption. 
Resveratrol acts as an active antioxidant by donating hy- 
drogen protons to free radicals and by inhibiting lipid 
peroxidation and oxidizing enzymes [28]. Also, resvera- 
trol stimulates the acute release of NO from endothelial 
cells, which improves NO-mediated vasorelaxation 
mechanisms [29]. Since oxidative stress impairs the car- 
diovascular function in 2K-1C renovascular hyperten- 
sion, the hypothesis from the present study is that the 
chronic treatment of 2K-1C hypertensive rats with resve- 
ratrol would reduce the cardiovascular damages through 
the antioxidant properties of the polyphenol. Thereby, 
our aim was to evaluate the antioxidant effects of the 
chronic treatment with resveratrol on the structural and 
functional damages in 2K-1C rat aorta and heart. 

2. Materials and Methods 

2.1. Experimental Groups and Resveratrol 
Treatment 

All procedures were performed in agreement with inter- 
national ethical standards of animal experimentation and 
approved by the Ethics Committee of the University of 
Ribeirão Preto (protocol No. 007 2010 ). Animals were 
maintained on a standard rat chow with a 12-hlight/dark 
cycle and free access to food and water. Renovascular 
hypertension was induced in male Wistar rats (180 g - 
220 g) following the 2K-1C Goldblatt model [5]. Briefly, 
the rats were anaesthetized (0.2 mL of Ketamine chloride 
and 0.1 mL of Xylazine hydrochloride, ip), and a midline 
laparotomy was performed. Then, a silver clip (0.2 mm 
of internal diameter) was placed around the left renal 
artery. Sham-operated rats were only submitted to lapa- 

rotomy, without the silver clip placing. Thus, these ani- 
mals were named as the 2 kidneys (2K) group. One day 
after the surgery, the chronic treatment with resveratrol 
started, by gavage (20 mg/Kg, prepared in 0.05% Tween 
80 suspension), which was performed three times a week, 
during six weeks. Juan et al. [30] had proved the safety 
and effectiveness of the oral treatment with resveratrol 
(20 mg/Kg) in rats. In this sense, we have defined this 
dose for the treatment. 

2K or 2K-1C rats received the solution containing 
resveratrol + Tween 80 or water + Tween 80 by gavage. 
Thus, our study was composed by four experimental 
groups, as follows: 1) 2K rats treated with water + Tween 
80 solution (2K control group); 2) 2K rats treated with 
resveratrol + Tween 80 suspension (2K Resv group); 3) 
2K-1C rats treated with water + Tween 80 solution 
(2K-1C control group); and 4) 2K-1C rats treated with 
resveratrol + Tween 80 suspension (2K-1C Resv group). 

2.2. Blood Pressure Measurements 

Systolic blood pressure (SBP) was measured one day 
before the surgery (control). After the surgery SBP was 
weekly measured in non-anaesthetized animals by an in- 
direct tail-cuff method [31]. Rats were considered hyper- 
tensive when SBP was higher than 160 mm Hg [31]. 

2.3. Rat Euthanasia 

The experimental procedures described below were per- 
formed at the end of the sixth week of the treatment. The 
animals were euthanized by CO2 exposure followed by 
cervical dislocation (Office of Laboratory Animal Wel- 
fare, National Institutes of Health, US Department of 
Health and Human Services, 2002. Public Health Service 
Policy on Humane Care and Use of Laboratory Animals- 
Clarification Regarding Use of Carbon Dioxide for Euth- 
anasia of Small Laboratory Animals.  
(http://grants.nih.gov/grants/olaw/olaw.htm). 

2.4. Cardiac Hypertrophy Index 

Rat thoracic cavity was opened to expose the heart, 
which was quickly removed and washed in cold saline 
0.9%. Excess of the saline was gently removed with filter 
paper and the heart was weighed. The cardiac hyper- 
trophy index (CHI) was calculated from the heart weight 
and the animal body weight, which was obtained in the 
day of the experiment, as follows: CHI = heart wet 
weight (mg)/body weight (g) × 1000 [32]. 

2.5. Vascular Reactivity Studies 

Rat thoracic aorta was isolated for the vascular reactivity 
studies. Aortic rings (3 mm in length) were placed in 
isolated organ bath chambers (5 ml) containing Krebs 
Physiological Salt solution (in mmol/L: NaCl 130.0; KCl 
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4.7; KH2PO4 1.2; CaCl2 1.6; MgSO4 1.2; NaHCO3 14.9; 
glicose 5.5) at 37˚C, continuously bubbled with 95% O2 
and 5% CO2, at pH 7.4. Two stainless steel holders were 
placed through the lumen of the aortic rings. One of the 
holders was fixed to the tissue chamber and the other one 
was connected to a F-60 force-displacement transducer, 
in order to record the muscular tension on a polygraph 
(Power Lab 2 20 , 415-ADInstruments). The aortic rings 
were submitted to a basal tension of 1.5 g, for a 60 min 
equilibration period before drug addition. The optimal 
basal tension (1.5 g) in aortic rings from 2K or 2K-1C rats, 
treated or not with resveratrol, was previously standar- 
dized by exposing the vessels to 90 mmol/L KCl under a 
set resting tensions (0.5 g - 2.5 g). The arterial functional 
viability was tested by phenylerpine (PHE, 0.1 μmol/L). 
The main vascular ROS source is the endothelium [33, 
34]. Since the aim of this set of experiments was to in-
vestigate the direct effects of the treatment with res- 
veratrol on the vascular tone, the endothelial layer from 
aortic rings was removed. Thus, in all vascular reactivity 
protocols, the endothelium was mechanically removed by 
gently rubbing. The absence of the endothelium was con-
firmed with no (0%) relaxation to acetylcholine (1 μmol/ 
L) after the pre-contraction with PHE (0.1 μmol/L). 

2.6. Vascular ROS Measurement by Confocal 
Microscopy 

Aortic rings (250 μm thick) were placed in a coverslip 
covered with poly-L-lysine solution, and loaded with the 
fluorescent dye for ROS, dihydroethidium (DHE, 50 
μmol/L, 30 min, at 37˚C), which was prepared in Hanks 
solution (composition in mmol/L: CaCl2 1.6; MgSO4 1.0; 
NaCl 145.0; KCl 5.0; NaH2PO4 0.5; dextrose 10.0; 
HEPES 10.0), at pH 7.4. The excess of the dye was re-
moved by washing with Hanks solution. After washing, 
the coverslips were placed on a chamber with Hanks 
buffer (pH 7.4). The ROS level was assessed by a con- 
focal laser microscope (Leica TSC SP5). DHE was ex- 
cited with the 488 nm line of an argon ion laser at 570 
nm and the emitted fluorescence was measured at 650 
nm. Time course software was used to capture images of 
the tissues at 1.314 second intervals (xyt) in the Live 
Data Mode acquisition. By applying the laser scanning 
confocal microscope (LSCM) computer software, the intra- 
cellular minimum or maximum fluorescence intensity 
values were measured. From these data, the initial fluo- 
rescence value at s was taken as the basal fluo- 
rescence (F0), and the final fluorescence intensity value 
(F) was registered after PHE addition (0.1 μmol/L), at 

. 

0t 

100t s
The confocal fluorescence experiments were con- 

ducted in the “Live Data Mode”. Thus, the images were 
captured in function of the time, which required that the 
calibration was set up in a xyt way (but not in a xyz way). 
After the regions of interest (ROI: cells) were chosen, the  

fluorescence intensity values were captured. The fluo- 
rescence was considered from each selected ROI, in each 
layer (endothelium or smooth muscle) of each aortic ring. 
In our study, we selected a fixed number of five (05) 
ROI in each arterial layer from each rat aorta. This ap- 
proach allowed us to compare the fluorescence intensity 
values between these two arterial layers. Afterwards, the 
average of the fluorescence in each selected cell in its 
respecttive layer was calculated for each animal (n). Fol- 
lowing the ROI selection, the mean value was obtained 
from the fluorescence intensity values from these five 
regions. We obtained the median value by plotting the 
median values from all arteries within an experimental 
group. This value was posteriorly summed with the other 
animals’ values from the same group of treatment in or-
der to reach the mean ± SEM. The ethidium (DHE) fluo-
rescence is emitted by the cellular nuclei, in this sense 
each designed ROI was guided by this organelle. 

2.7. Solutions and Drugs 

Krebs PSS was prepared in deionised water at the day of 
the respective experiments. Salts were purchased from 
Synth (Diadema/SP-Brazil. Phenylephrine, (PHE) acetyl- 
choline (ACh), HEPES (4-(2-hydroxyethyl)-1-piperazi- 
neethanesulfonic acid), dihydroethidium (DHE), DMSO 
and Resveratrol were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Stock solution of PHE and ACh were 
prepared in deionized water (100 mmol/L) and kept on 
–20˚C. Stock solution DHE was prepared in DMSO 
(0.01mol/L), and kept on –20˚C. Resveratrol was dis- 
solved in deionised water with 0.05% Tween 80 at the 
day of the treatment. 

2.8. Data Analysis 

Results were expressed as the mean ± SEM, and n indi- 
cates the number of animals. Statistical significance was 
evaluated by analysis of variance (one-way ANOVA) 
and post hoc test Newman Keuls by GraphPad Prism 
5.0 Software (San Diego, CA-USA). Values of p < 0.05 
were considered to be significant. The pharmacological 
parameters analyzed from concentration-effect curves to 
phenylephrine were represented by the pD2 (–logEC50: 
negative logarithm of the molar concentration of the drug 
required to promotes 50% of the maximal effect) and the 
Emax (maximal contraction) values. The EC50 values 
were calculated by means of linear regression analysis 
from complete concentration-effect curves in individual 
experiments. 

3. Results 

3.1. Systolic Blood Pressure 

The values of the SBP are shown in the Figure 1 and 
represent data from the measurement at the end of the 
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sixth week.  
The treatment with resveratrol has significantly re- 

duced the hypertensive level from the 2K-1C Resv group 
( 79 ) when compared to 
the 2K-1C control group ( ). 
This reduction did not reach the values from 2K Resv 
group (121 ) or the values from 2K 
control group (121 ). 

.1 4.9 mmHg, 23, 0.01n p 
196.6

.8 5.5 mmHg, 11n
.0 3.5mmHg, n 


6.0 mmHg, 15n


10

3.2. Cardiac Hypertrophy Index (CHI) 

The CHI in 2K-1C control group ( 3.9  8 0.199, 9,n   
) was significantly higher compared to 2K 

control group (
0.001p 

2.78 0.142, 7, 0.001n p 

2.75

). The treat- 
ment with resverat-rol did not alter the cardiac hype- 
rtrophy index in 2K rats (2K Resv group: 0.13,  

), but reduced it in 2K-1C rats (2K-1C 
Resv group: ) to the 2K 
control group levels (Figure 2). CHI in 2K-1C Resv 
group was statistically similar to the value obtained in 2K 
control or 2K Resv groups. 

7,n p  0.001
3.10 0.091, 11,  0.001n p 

3.3. Vascular Reactivity 

The concentration-effect curves evoked by phenylephrine 
(PHE: 0.01 nmol/L - 10μ mol/L) in endothelium denude 
aortic rings were constructed. Contractions stimulated in 
preparations from 2K-1C control group (Emax: 100 ± 
0.033%; pD2 = 7.6 ± 0.27, n = 5) were not statistically  
preparations from 2K-1C control group (Emax: 100 ±  
 

 

Figure 1. Effect of the treatment with resveratrol on the 
Systolic Blood Pressure (SBP) of the hypertensive rats. SBP 
was measured by tail cuff method before and after six 
weeks of treatment with resveratrol (Resv 20 mg/Kg) or 
control (treatment with water + Tween 80). Values repre- 
sents the measurement at the end of treatments and are 
expressed as mean ± SEM (n = 10 - 23). *Difference be- 
tween the 2K-1C control vs. 2K control and 2K-1C Resv vs. 
2K resv (p < 0.01). #Difference between 2K-1C Resv (treated 
with resveratrol) and 2K-1C control (non-treated). ANOVA, 
one way; Neuman-Keuls’ post-test. 

different from that one evoked in 2K control rat aorta 
(Emax: 98.79 ± 0.74%; pD2 = 7.07 ± 0.15, n = 5). At the 
same way, the contraction evoked by phenylephrine in 
aorta from 2K Resv group (Emax: 99.25 ± 2.71%; pD2: 
8.6 ± 0.27, n = 5) or 2K-1C Resv group (Emax: 97.32 ± 
2.39%; pD2: 7.5 ± 0.057, n = 5) was not different from 
that one evoked in aorta from 2K control group (Figure 3). 

3.4. Vascular ROS Measurement 

Basal DHE fluorescence results are shown in the Figure 
 

 

 

Figura 2. Effect of resveratrol treatment on cardiac hy- 
pertrophy index (heart wet weight (mg)/body weight (g)) of 
2K and 2K-1C rats treated with resveratrol (resv 20 mg/Kg) 
or control (treatment with water + Tween 80) during six 
weeks. Y-axis is represented in the cardiac hypertrophy 
index for different groups of animals. Values are expressed 
as mean ± SEM (n = 7 - 11). *Indicates statistical difference 
between the control 2K-1C and the other groups. One way 
analysis of variance (ANOVA), Neuman-Keuls post test. 

 

 

Figure 3. Effect of treatment with resveratrol on vascular 
reactivity to phenylephrine (PHE) in aortic rings isolated 
from 2K and 2K-1C. The contractile-response curves were 
obtained by adding increasing cumulative concentrations of 
PHE (0.01 nmol/L - 10 μmol/L) in isolated aortic rings 
without endothelium from 2K and 2K-1C treated with res- 
veratrol (Resv 20 mg/Kg) or control (water + Tween 80) for 
six weeks. Values are expressed as mean ± SEM (n = 5). 
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Conversely, phenylephrine increased the basal DHE fluo- 
rescence emitted by the endothelial (68.635 ± 11.501, n = 
4, p < 0.0001) or muscular (121.442 ± 9.074, n = 4, p < 
0.0001) layers of the aorta from 2K-1C control group the 
respective arterial layer of the aorta from 2K control or 
Resv groups. Resveratrol treatment prevented the in- 
crease induced by phenylephrine in the basal DHE fluo- 
rescence emitted by the endothelial (7.160 ± 1.967, n = 4, 
p < 0.0001) or muscular (28.327 ± 8.585, n = 4, p < 
0.0001) layers of the aorta from 2K-1C group (Figure 4(b)). 

4(a) and the DHE fluorescence results after stimulation 
with phenylephrine are shown in the Figure 4(b). 

Comparing the respective arterial layers, the basal 
DHE fluorescence intensity emitted by the endothelial 
(35.70 ± 4.826, n = 4, p < 0.0001) or muscular (79.09 ± 
8.468, n = 4, p < 0.001) layers of the aorta from 2K-1C 
control group was significantly higher than the basal 
DHE fluorescence intensity emitted by the endothelial 
(5.133 ± 1.535, n = 4, p < 0.0001) or the muscular (12.43 
± 1.896, n = 4, p < 0.001) layers of the aorta from 2K 
control group, respectively (Figure 4(a)). The treatment 
with resveratrol did not alter the basal DHE fluorescence 
both in the endothelial (4.13 ± 0.165, n = 4) or the mus- 
cular (15.307 ± 2.397, n = 4) layers of the aorta from 2K 
Resv group when compared to the 2K control group. On 
the other hand, the basal DHE fluorescence was signify- 
cantly reduced after resveratrol treatment in the endothe- 
lial (7.097 ± 2.032, n = 4) or muscular (28.365 ± 8.680, n 
= 4) layers of the aorta from 2K-1C Resv group, when 
compared to the 2K-1C control group (Figure 4(a)). 

Figure 5 reports representative images from the ROS 
levels in aortic rings from 2K or 2K-1C control or Resv 
groups, detected by dihydroethidium (DHE) staining in 
confocal microscopy assays. 

4. Discussion 

The results clearly demonstrated the benefits of resvera- 
trol treatment over cardiovascular indexes that are related 
renovascular hypertensive condition. It is possible that 
part of the cardioprotective actions of resveratrol is through 
an effect on blood pressure. The Figure 4(b) represents the DHE fluorescence after 

the stimulus with the alpha-1 agonist, phenylephrine. 
Phenylephrine did not alter the basal DHE fluorescence 
emitted by the endothelial (6.123 ± 1.406, n = 4) or 
muscular (14.953 ± 3.256, n = 4) layers of the aorta from 
2K control group when compared to the endothelial  

Our first results showed a remarkable reduction of the 
systolic blood pressure due to the resveratrol treatment, 
reduction was obtained soon after surgery, i.e. just before 
the development of renal hypertension, when (micro) 
vascular and/or cardiac changes are starting to occur. 

(4.300 ± 0.138, n = 4) or muscular layers (13.857 ± 9.074, 
n = 4) of the aorta from 2K Resv group, respectively.  

Antihypertensive effects of resveratrol have already 
been observed in other models/contexts such as rats fed  

 

 
(a)                             (b) 

Figure 4. Effect of the treatment with resveratrol on the ROS (DHE staining), in both muscular and endothelial layers of the 
aortic rings isolated from 2K and 2K-1C. Aortic rings isolated 2K and 2K-1C rats treated with resveratrol (Resv 20 mg/Kg) 
or control (treatment with water + Tween 80) during six weeks were loaded with DHE (50 mol/L). In the panel (a) is the 
basal fluorescence intensity (pixels): *indicates significant difference (p < 0.0001) between control 2K-1C and the other groups 
in the muscular layer; **indicates significant difference (p < 0.0001) between control 2K-1C and the other groups in the en- 
dothelial layer. In the panel (b) is the intensity of fluorescence (pixels) after phenylephrine stimulation: #indicates significant 
difference (p < 0.0001) between control 2K-1C and the other groups in the muscular layer; # #indicates significant difference 
(p < 0.0001) between group control 2K-1C and the other groups in the endothelial layer. Values are expressed as mean ± SEM 
(n = 4). One way analysis of variance (ANOVA), Neuman-Keuls post test. 
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(a) 2K Control                                              (b) 2K-1C Control 

 
(c) 2K Resv                                                 (d) 2K-1C Resv 

Figure 5. Representative images from confocal microscopy of the ROS content in the aortic rings tissue detected by dihydro-
ethidium (DHE) staining. Panel (a) 2K control (normotensive rats non-treated with resveratrol). Panel (b) 2K-1C control 
(hypertensive rats non-treated with resveratrol). Panel (c) 2K treated with resveratrol (20 mg/Kg). Panel (d) 2K-1C treated 
with resveratrol (20 mg/Kg). 
 
high-fat diets [35], partially nephrectomized rats [36] 
and the fructose-fed rat [37]. On the other hand, in spon- 
taneously hypertensive rat (SHR), resveratrol adminis- 
tered from 10 to 20 weeks of age did not significantly 
reduce blood pressure [38]. 

An important consideration of the present study is that 
resveratrol was administered prior to the development of 

2K-1C hypertension, but not after its establishment. 
Our results are in agreement with the findings from Toklu 

et al. [39], who also studied the effect of resveratrol on the 
2K-1C hypertensive rats. Differently of our protocols, the 
authors had treated the animals via intraperitoneal and this 
treatment with resveratrol (10 mg/Kg) started after estab- 
lished the renal hypertension (i.e., in a curative approach). 
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The Cardiac Hypertrophy Index in hypertensive 2K-1C 
rats was higher than the value observed in 2K animals 
(Figure 2). This parameter is correlated with the renal 
hypertension, since it results from the hypertension and 
also contributes to the progression of this condition. The 
reduction of the cardiac hypertrophy index after resvera- 
trol treatment is probably due to its antioxidant effects. 
There is an increased production of Ang II in this model 
of hypertension (renal hypertension), with consequent 
increase of ROS generations. Among these ROS, H2O2 
can affect the contractile proteins leading to an impaired 
contraction of the cardiac myocytes, which consequently 
triggers cardiac hypertrophy as a compensatory mecha- 
nism. So that, resveratrol-treated hypertensive rats had 
fewer heart hypertrophy compared to non-treated hyper- 
tensive rats (Figure 2). This outcome is in accordance to 
Haider et al. [40], who showed that the hypertrophy in- 
duced by Ang II in vascular smooth muscle cells from 
normotensive rats was markedly reduced after resveratrol 
pre-treatment. The findings from Haider et al. [40] con- 
firmed that part of protective effect of resveratrol is due 
to its action on the hypertrophy induced by Ang II. 

It has been shown that resveratrol inhibits the ROS- 
mediated increase in the activity of β-myosin heavy chain 
in cardiomyocytes and prevents the subsequent cardiac 
hypertrophy [41], which suggest that resveratrol may 
prevent vascular remodeling by reducing ROS bioavaila- 
bility. Moreover, the production of ROS can be resultant 
from the genetic expression of the contractile β-myosin 
heavy chain (β-MHC), previously altered by Ang II [18]. 
Also, ROS are responsible for potent effects in increasing 
extracellular matrix deposition and stimulating the pro- 
liferation of cardiac fibroblasts. Consequently, there are 
extracellular matrix metalloproteinases (endopeptidases) 
that degrade several extracellular matrix proteins by 
breaking them into their specific peptide bonds [42].  

No change was observed on contractile responses in- 
duced by phenylephrine in endothelium-denude aortic rings 
from resveratrol-treated hypertensive rats (Figure 3). These 
results indicate that resveratrol was not effective in chang- 
ing the aortic contractile response mediated by alpha 1- 
adrenoceptors in the absence of endothelium, mainly in 
terms of the efficacy. The literature [43] indicates that 
phenylephrine-induced contraction is increased in endo- 
thelium-intact aorta from 2K-1C hypertensive rats. Con- 
cerning vascular reactivity, our studies were conducted 
on aorta in the absence of endothelium in order to verify 
if the antioxidant treatment would avoid the known in- 
fluence of catecholamines in inducingg vascular smooth 
muscle growth by influence of ROS [44]. In the vascular- 
ture, among the potential sources of ROS, we can find 
NADPH oxidase [45], which also regulates the myogenic 
constriction [46]. Besides that, ROS mediate the long- 
term effect of catecholamines in inducing alpha-adreno- 

ceptor-dependent hypertrophy of vascular smooth muscle 
cells and cardiomyocytes [44].  

According to Tsai and Jiang [47], ROS are involved in 
the regulation of alpha1-adrenoceptor-mediated vascular 
smooth muscle contraction. However, in the present 
study, resveratrol treatment did influence neither the po- 
tency (pD2 values) nor the efficacy (Emax) of contraction 
evoked by phenylephrine in endothelium-denuded aortic 
rings from 2K-1C hypertensive rats. These data suggest 
that the specific ROS that could be involved on the 
modulation of the contraction induced by phenylephrine 
are not sensitive to this antioxidant polyphenol, and, 
therefore resveratrol did not alter these pharmacological 
parameters.  

The chronic treatment of rats with resveratrol (gavage, 
20 mg/Kg, three times and a week, during six weeks) 
evoked local antioxidant effects in aorta. In fact, resvera- 
trol reaches the arterial tissues during its distribution. The 
kinetic of the resveratrol has been widely studied and has 
been useful to be applied on the cardiovascular ap- 
proaches. According to Baur and Sinclair [48], trans- 
resveratrol can accumulate in tissues resulting in a ~ 
30-fold enrichment over serum concentrations. In addi- 
tion, in vivo concentrations of bioactive metabolites can 
be more than 10 times higher than the native compound 
[48]. In this way, after treatment, it is assumed that the 
resveratrol keeps acting its biochemical properties on the 
target tissues. Several works, including preclinical and 
clinical evidences, have shown that oral treatment with 
resveratrol is effective in terms of keeping its antioxidant 
effect through mechanisms on the vascular actuation 
[49-53].  

In our confocal microscopy results, it has been shown 
that the treatment with resveratrol allowed keeping locally 
its protective effect (i.e., its biological antioxidant prop- 
erty), acting as an antioxidant by reducing the local 
bioavailability of reactive oxygen species (ROS). Since 
the arterial samples, as soon after their isolation, were 
immediately loaded with dihydroethidium (DHE) and 
analyzed in the confocal microscope, the antioxidant ef- 
fect of resveratrol can be promptly observed in the ex 
vivo arterial samples. 

The intensity of dihydroethidium (DHE) staining as an 
indicator of ROS levels, particularly 

2
 [54], indicated 

that the aortic ROS levels from 2K-1C hypertensive rats 
were normalized after resveratrol treatment. In com- 
pareson to the resveratrol-treated groups, the basal DHE 
fluorescence intensity was significantly higher in both 
endothelial and muscular aortic layers from non-treated 
2K-1C hypertensive rats (Figure 4(a)). The treatment 
with resveratrol caused a significant reduction in the aortic 
ROS levels from hypertensive rats. The both vascular 
layers reached the normotensive aortic ROS levels after 
treatment. This result confirms the antioxidant properties 
of resveratrol and its relevant role in avoiding damages 

O
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triggered during hypertensive conditions. Although phenyl- 
ephrine caused a significant increase in the fluorescence 
intensity in both endothelial and muscular layers of aortic 
rings from non-treated 2K-1C rats, the contraction re- 
sponse induced by this alpha-1 adrenergic agonist did 
was not altered (as already discussed in Figure 3). Simi-
larly to the basal DHE fluorescence intensity values, 
resveratrol significantly protected against the increase 
in the DHE fluorescence intensity induced by phenyl- 
ephrine in aortic rings from 2K-1C rats (Figure 4(b)), 
pointing the antioxidant effect of resveratrol. The ROS in 
the aortic rings from 2K-1C animals treated with res- 
veratrol approximates the ROS present in the layers of 
the aorta of normotensive animals. This result showed 
the antioxidant effect of resveratrol in aortas from hyper- 
tensive rats, which is of paramount importance, because 
the endothelium-derived vasorelaxation, one of the me- 
chanisms that controls blood pressure, is impaired by 
ROS-mediated pathways [55-57]. 

It has been described multiple protective effects asso- 
ciated with resveratrol besides its antioxidant activity 
[58]. Additionally to the inhibition of ROS, the anti- 
hypertensive effects of resveratrol, observed in our study, 
could be associated with the enhancement of the endo- 
thelial function, since resveratrol treatment seems to in- 
crease endothelial nitric oxide synthase (eNOS) expres- 
sion and activity [59], improving NO production in male 
and female rats [60]. The increase in eNOS activity ap- 
pears to be mediated by the estrogen receptor ERα, sig- 
naling through the α-subunit of G-protein, caveolin-1, the 
tyrosine kinase Src and the mitogen activated protein 
kinase ERK1/2 [61]. Prevention of the development of 
concentric cardiac hypertrophy is reported for the treat- 
ment with lower doses of resveratrol, independent of 
blood pressure reduction [62, 63]. Previous reports indi- 
cate that these effects may include the activation of the 
anti-hypertrophic AMPK-signaling pathway and inhibiti- 
on of the prohypertrophic Akt signaling pathway and 
negative regulation of the calcineurin-nuclear factor of 
activated T cells (NFAT) pathway [64]. Unpublished 
data from our group has observed increase NFAT trans- 
location in the left ventricle of 2K-1C rats. Taken to- 
gether, we can not exclude that other mechanisms could 
additionally contribute to the antihypertrophic properties 
of resveratrol beyond its antioxidant effects. 

In brief, our findings allow us to conclude that the 
resveratrol treatment develops protective effects on the 
cardiovascular system in a preventive way. The antioxidant 
properties of resveratrol could also represent potential to 
enhance the current anti-hypertensive pharmacotherapeu- 
tic approaches. 
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