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Abstract
Background: The production of endothelial-derived factors induces either vasoconstriction or
vasodilation; nitric oxide (NO) is the most distinguished relaxing factor. Endothelial dysfunction is
associated with hypertension. The partial loss in the NO-promoted vasodilation is due to its decreased bioavailability and/or to an activity reduction of endothelium NO synthase (eNOS). Reactive oxygen species (ROS), present in oxidative stress, seize NO and diminish its bioavailability.
Trans-resveratrol (RESV) has been proved to increase NO and eNOS levels. Thus, RESV could be
capable of improving NO dependent vascular relaxation on aortic rings isolated from treated
2K-1C animals through ROS damage reduction. Aim: Evaluate the effects of RESV treatment on the
relaxation of aortic rings isolated from treated 2K-1C rats while focusing on the effects of the
treatment on systolic blood pressure. Methods: Male Wistar rats (180 g) were grouped: two 2K-1C
and two Sham groups, one of each was treated with RESV (20 mg/kg, gavage) dissolved in Tween
80 and one of each was treated with water plus Tween 80 (control) for six weeks. The rats had
their systolic blood pressure (SBP) measured before and after the treatments. Vascular reactivity
studies were conducted in order to observe and compare acetylcholine (ACh)-induced relaxations
in the presence and absence of the NOS inhibitor L-NAME (10−4 mol/L). Results: SBP for 2K-1C was
significantly reduced in the treated group (179.13 ± 4.90 mmHg, n = 23) when compared to the
untreated group (196.66 ± 6.06 mmHg, n = 15, p < 0.01). The maximum relaxation of aortic rings
isolated from the 2K-1C treated group showed a higher efficacy (116.63% ± 1.72%, n = 12) than
that from the untreated group (85.97% ± 0.69%, n = 6, p < 0.001); L-NAME exposure was responsible for a significant decrease in each group’s maximum relaxation efficacy. Conclusions: SBP re*
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duction observed after RESV treatment in rat renal hypertension could be due to the reestablishment of vascular relaxation depend of NO.
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1. Introduction
According to the World Health Organization, hypertension is one of the main risk factors for death among noncommunicable diseases. Its complications account for 9.4 million deaths worldwide every year [1] being responsible for at least 45% of deaths due to ischemic heart disease and 51% of deaths due to cerebrovascular disease [2]. In 2008, approximately 40% of the global adult population aged 25 and above had been diagnosed with
hypertension [2]. It is, therefore, considered a critical public health matter with elevated medical, social, and
economic costs.
The Framingham Study has explained that antihypertensive treatments serve to lower blood pressure (BP)
levels as well as to decrease cardiovascular morbidity and mortality [3]. Despite the cruciality of an ideal BP, a
study done in 2006 revealed that only 34.5% of hypertensive individuals receiving treatment had theirs under
control, and only 29.6% were considered adherent when using the Morisky-Green scale [4]. More recent studies,
published in 2013, confirm the ongoing issue; one found 64.6% of low adherence and another found 42.3% of
non-adherence [5] [6]. The numbers are similar in the US, where the CDC states that only 49% of patients comply with their long-term treatment [7]. Many factors prevent the ideal constancy of pharmacological intervention
including drug side effects, and which, consequently, becomes one of the main issues concerning hypertension
[8]-[10].
Vascular endothelial cells have been proved essential for controlling vascular tone [11]; given that the endothelium is sensitive to alterations in blood pressure, blood flow, chemical mediators and the metabolism, it can
generate efficient responses in order to maintain homeostasis [12]. This is achieved through the production of
endothelial-derived factors that induce either vasoconstriction or vasodilation—nitric oxide (NO) is the most
distinguished relaxing factor [13].
Although the vasoactive factors are physiologically in equilibrium, in pathological conditions such as hypertension, oxidative stress creates a disproportion [14] that impairs vasodilation and accounts for endothelial dysfunction [15]. Evidence suggests the latter is of fundamental importance to the physiopathology of hypertension,
because it increases peripheral resistance and favors cardiovascular complications [16]. Human studies have
confirmed a role of endothelial dysfunction in hypertension: in 1992, experimental results indicated abnormal
nitric oxide-mediated dilation in the forearm arteriolar bed of untreated hypertensives [17], and more recently, in
2001, endothelial dysfunction in resistance arteries was demonstrated in most hypertensives subjects [18].
A partial loss in the vasodilation promoted by NO is one of the mechanisms involved in endothelial dysfunction associated with hypertension. It may result from decreased bioavailability and/or reduced activity of endothelium NO synthase (eNOS) [15]. Reactive oxygen species (ROS), present in oxidative stress, are known to
quench NO and diminish its bioavailability due to the formation of peroxynitrite [19]. Additionally, peroxynitrite “uncouples” eNOS [20] and changes its function from NO production to ROS formation [21]. It is still unclear, however, if an excessive production of ROS is the cause of hypertension or a consequence of the vascular
damage observed in this pathology [22].
Dietary polyphenols are noted for possessing many biologically significant functions, such as protection
against oxidative stress, which is attributed to their intrinsic reducing capabilities [23]. Trans-resveratrol (RESV),
from the stilbenes subdivision, has been proved to increase NO and eNOS levels in cultured rat cardiac fibroblasts in vitro [23] [24].
Goldblatt’s method can be used to induce renovascular hypertension [25]; in the two-kidney one clip model
(2K-1C), one renal artery is constricted while the other is left untouched. The stenosis activates peripheral
RAAS and sympathetic nervous system [26]. Since the intact kidney maintains normal salt and water output for
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about six weeks, the hypertension is initially renin-angiotensin dependent (animal models). Increased plasma
renin activity has been correlated to increased systemic oxidative stress [27]-[30], and endothelium-dependent
vasodilation has been showed impaired in aortic segments from 2K-1C animals [31].
In arterial hypertension, oxidative stress due to ROS formation is one of the causes of endothelium-dependent
relaxation impairment. Given that ROS oxidize NO, consequently decrease its bioavailability and production,
and that RESV has antioxidant properties, the hypothesis is that RESV could be capable of improving NO dependent vascular relaxation on aortic rings isolated from treated 2K-1C animals by reducing the damage done by
ROS. The goal is to evaluate the effects of RESV treatment on the relaxation of aortic rings isolated from treated
2K-1C rats focusing the effects of RESV treatment on systolic blood pressure.

2. Materials and Methods
2.1. Experimental Animals and Ethic Procedures
The male Wistar rats (180 - 200 g of body weight) used to develop this study were obtained from the bioterium
of the University of Ribeirão Preto—UNAERP, Sao Paulo State, Brazil.
The animals were kept at a constant temperature of 22˚C, and they were fed ad libitum on standard chow
while a 12 h light/dark cycle was maintained.
All procedures were performed in compliance with the international ethical standards of animal testing to
avoid any distress and/or harm, and with the authorization of Ribeirão Preto University Ethics Committee (protocol no. 007/2010).

2.2. Drugs and Chemicals
The salts were obtained from Lab. Synth. Phenylephrine, acetylcholine and resveratrol came from Sigma
Chemicals Co. (St. Louis, MO, EUA). The anesthetics chloridrate ketamine, isoflurane, and Dopaser® (Xilasina)
were from União Química Farmacêutica Nacional (Embu-Guaçu, SP, Brazil), Baxter Healthcare Co. (Deerfield,
IL, USA), Lab. Calier (Barcelona, Spain), respectively; and the antibiotic oxytetracycline from Pfizer (New
York, NY, USA).

2.3. Instrumentals
The polygraph was from PowerLab 2/20, 415—ADInstruments (Paraíso, São Paulo, SP); the tail plethysmography from Bonter Ensino e Pesquisa (Ribeirão Preto, SP, Bra); and the isotonic transducer from Letica Scientific
Instruments (Barcelona, Spain).

2.4. Surgery and Experimental Groups
Surgery to induce renal hypertension: the animals were anesthetizes with, 0.2 mL of Ketamine® (Chloridrate
Ketamine) and 0.1 mL of Dopaser® (Xilasina), prior to a midline laparotomy. The control, normotensive, group
was submitted to the laparotomy only, whereas the hypertensive group had a silver clip (internal diameter of
0.20 mm) placed around the left renal artery according to the 2K-1C Goldblatt model [25]. The incision was
then sutured and each animal received a single antibiotic intramuscular injection (0.2 g/Kg) of oxytetracycline
[32].

2.5. Systolic Blood Pressure Measurement
Systolic blood pressure (SBP) was measured by an indirect tail-cuff method. This procedure was developed
twice: before the surgery and one day prior to the sacrifices done to develop the reactivity studies. SBP values
greater than or equal to 160 mmHg were considered demonstrative of hypertension In order to improve the detection of tail artery pulsations and to achieve a steady pulse level, the rats were warmed for 30 min at 28˚C before the SBP measurements.

2.6. Treatment Groups
Before beginning the treatments, the rats were randomly distributed into four named groups: hypertensive
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(2K-1C) treated and untreated, and normotensive (sham) treated and untreated.
Both named treated groups received a solution containing resveratrol (20 mg/Kg) diluted in Tween 80, while
the two named untreated groups received 0.3 mL of tap water and Tween 80 instead. These procedures began
the day after the surgery through gavage administration and were carried out three times a week for six weeks.

2.7. Vascular Reactivity Study
Six weeks post-op, all rats were anesthetized with isoflurane and decapitated in order to allow the thoracic aorta
to be isolated, dissected, and lastly cut into rings of 4 mm in length. Two stainless steel holders were carefully
placed through the rings’ lumen; the bottom holder was fixed to the chamber and the top holder was connected
to a force-displacement transducer. The rings were then placed in a bath chamber for isolated organs containing
5.0 mL of physiologic Krebs solution modified with the following composition (in mmol/L): NaCl 130.0; KCl
4.7; KH 2PO4 1.2; CaCl2 1.6; MgSO4 1.2; NaHCO3 14.9; glucose 5.5; pH 7.4, continuously bubbled with 95% O2
and 5% CO2 at 37˚C. The preparations sat for 60 min to stabilize under the previously determined optimal basal
tension of 1.5 g. Vessels were tested with KCl 60 mmol/L to check their functional integrity. Since it was essential for the vascular endothelium to remain intact, an analysis of the percentage of relaxation as a response to
ACh (EC50 of 1 μmol/L) after Phenylephrine pre-contraction (10−7 µmol/L) tested its conservation. The endothelia were considered intact if at least 95% of relaxation was observed. Next, the rings were pre-contracted with
Phenylephrine (10−7 µmol/L), and then suffered cumulative ACh stimulation, which were graphed as concentration effect curves (1 nmol/L - 1 mmol/L) before and after L-NAME (10−4 mol/L).

3. Data Analysis
The results are expressed as means with their standard error of mean (M ± SEM). Sample numbers are indicated
by “n”. Relaxation percentages express responses to ACh stimulation in relation to the phenylephrine pre-contractions. The pharmacological parameters analyzed from concentration-effect curves to ACh are represented by
pD2 (−logEC50: negative logarithm of the molar concentration of the drug required to promote 50% of the
maximal effect) and Emax (maximal relaxation) values. EC50 values were calculated by non-linear regression
analysis from complete concentration-effect curves in individual experiments. Statistical analyses were developed by appropriately applying either Student’s t-test (paired or unpaired) or one-way ANOVA followed by
Newman-Keuls post test. p values less than 0.05 were considered significant. Graphics and statistical analysis
were done through GraphPad Prism (Software Corporation, version 5.0, San Diego, CA, USA).

4. Results
4.1. Systolic Blood Pressure
The mean SBP value before the surgery (119.38 ± 2.25 mmHg, n = 59) was found to be significantly different
than averages from both 2K-1C groups, treated (179.13 ± 4.90 mmHg, n = 23, p < 0.001) and untreated (196.66
± 6.06 mmHg, n = 15, p < 0.001), but not different than either values from the sham groups, treated (121.81 ±
5.53, n = 11, p > 0.05) and untreated (121.00 ± 3.48, n = 10, p > 0.05). The 2K-1C treated group had different
SBP values than both sham groups, treated (p < 0.001) and untreated (p < 0.001); and the 2K-1C untreated
group also had different SBP values than both sham groups, treated (p < 0.001) and untreated (p < 0.001). While
the mean SBP for 2K-1C treated and untreated was significantly different (p < 0.01), there was no difference
between sham treated and untreated (p > 0.05). The data can be seen in Figure 1.

4.2. Vascular Relaxation
The results presented in Figure 2 compares ACh-induced relaxations between the 2K-1C treated and untreated
groups. The maximum relaxation has a significantly higher efficacy in the treated group (116.63% ± 1.72%, n =
12) when compared to the untreated (85.97% ± 0.69%, n = 6, p < 0.001). The pD2 values, however, do not show
different potencies (p > 0.05) between the treated (7.71 ± 0.30, n = 20) and untreated (7.56 ± 0.33, n = 9) groups.

4.3. L-NAME
The relaxation stimulated by ACh was studied in both absence and presence of L-NAME, a NOS inhibitor. The
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Figure 1. Systolic blood pressure (SBP) values of male Wistar rats before and
after 2K-1C Goldblatt surgery. The values were obtained through tail cuff
plethysmography and the statistical differences were analyzed with ANOVA
followed by Newman-Keuls’s post-test. The symbol ***indicates groups with
significant differences to 2K-1C treated and untreated (p < 0.001), and **denotes the difference between 2K-1C treated and untreated (p < 0.01).
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Figure 2. Vascular relaxation induced by ACh (1 nmol/L - 1 mmol/L) under
phenylephrine pre-contraction. Concentration-response curves for ACh done
on endothelium-intact aortic rings isolated from 2K-1C treated (RESV; 20
mg/Kg) and untreated. ***Denotes a significantly higher relaxation percentage
(p < 0.001, unpaired Student’s t-test).

graphical results are shown in Figure 3 and the Emax and pD2 values are described in Table 1. The exposure to
the L-NAME (10−4 mol/L) was responsible for a significant decrease in the relaxation in each group’s efficacy
and for different potencies in both sham groups (p < 0.05). Different potencies were not seen in either 2K-1C
groups, however (p > 0.05). Table 2 presents statistical analysis through two by two group comparisons of
Emax and pD2 values for both before and after L-NAME exposure.

5. Discussion
Arterial hypertension has been associated with endothelial dysfunction, with changes in vascular reactivity to
contractile agents [33], and with oxidative stress. It can be observed in the latter a reduction in the endothelium
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Figure 3. Effect of NOS inhibitor (L-NAME 10−4 mol/L) on vascular relaxation induced by
ACh (1 nmol/L - 1 mmol/L) on endothelium-intact aortic rings isolated from 2K-1C rats
treated (a) and untreated (c), and Sham treated (b) and untreated (d) with RESV (20 mg/Kg).
Each pair of curves quantifies the ACh-induced relaxation as a percentage of phenylephrine
(10−7 mol/L) pre-contraction performed on the same sample before and 20 min after L-NAME
incubation.
Table 1. Emax and pD2 values for ACh-induced relaxation before and after incubation with L-NAME.
Emax

pD2 (−logEC50)

Groups

Before

After

Before

After

2K-1C Treated

116.63% ± 1.72%

89.58% ± 4.49%

7.71 ± 0.30

6.97 ± 0.59

2K-1C Untreated

85.97% ± 0.69%

76.94% ± 2.62%

7.56 ± 0.33

6.17 ± 0.30

Sham Treated

108.65% ± 1.88%

89.38% ± 1.83%

7.73 ± 0.32

5.85 ± 0.18

Sham Untreated

105.52% ± 1.31%

81.44% ± 2.58%

8.22 ± 0.28

6.17 ± 0.16

Table 2. Two by two comparison for ACh-induced relaxation before and after incubation with L-NAME. (ANOVA, one
way, Newman-Keuls post test).
Before

After

Groups

Emax

pD2

Emax

pD2

2K-1C Treated vs 2K-1C Untreated

p < 0.05

p > 0.05

p < 0.05

p > 0.05

2K-1C Treated vs Sham Treated

p > 0.05

p > 0.05

p > 0.05

p > 0.05

2K-1C Treated vs Sham Untreated

p < 0.05

p > 0.05

p > 0.05

p > 0.05

2K-1C Untreated vs Sham Treated

p < 0.05

p > 0.05

p < 0.05

p > 0.05

2K-1C Untreated vs Sham Untreated

p < 0.05

p > 0.05

p > 0.05

p > 0.05

Sham Treated vs Sham Untreated

p > 0.05

p > 0.05

p > 0.05

p > 0.05
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dependent relaxation stimulated by ACh in hypertensive rats’ arteries, including in the 2K-1C renal hypertension
model [34]. The reduction can be associated with a decrease in NO [35], and with an increase of O 2− production [36].
Figure 1 shows an increase in systolic blood pressure (SBP) as a result of the Goldblatt model surgery. The
activation of the renin-angiotensin-aldosterone system initially increases systemic blood pressure due to increased serum levels of Ang-II, and maintains it due to liquid retention [37]-[39].
Endothelium-produced NO is extremely important to the relaxation of blood vessels. The vasodilation activated by endothelial receptors, through ACh for example, or by sheer stress is responsible for activating eNOS,
concluding with NO production [11]. As seen in Figure 3, all groups’ production of NO was inhibited by
L-NAME. The difference between before and after relaxations is most likely caused by a decrease in NO’s production and availability.
The ACh induced relaxation in 2K-1C untreated animals was lower than the control groups’ average relaxation values, suggesting that an excessive production of ROS in hypertension blocks NO’s action. In other words,
our results confirm Kojda and Harrison’s hypothesis [40] that pathological conditions, like hypertension, decrease the bioavailability of NO by oxidative inactivation due to an excessive reactive oxygen species in the endothelium. The interaction of NO with O −2 forms ONOO− [41], a potent free radical.
According to Dell’agli et al. [42] polyphenols present in red wine and grapes, like RESV, can induce vascular
dependent relaxation through an increase in NO generation. In fact, our work shows that RESV treatment interferes with the vascular relaxation, since it was observed that the treated hypertensive group had a higher maximum relaxation than the untreated hypertensive group, as seen in Figure 2. Once again this can be explained
and reinforced by the antioxidant action of RESV [43]-[45]. In fact, confocal microscopy results published by
our lab using the same animal hypertensive model, and schedule of RESV treatment and doses, showed through
ROS sensitive to DHE that the treatment locally exerted its protective effect of anti-oxidation by reducing the
local bioavailability of ROS. Soon after their isolation, arterial samples were immediately loaded with dihydroethidium (DHE), a dye used to measure ROS, and analyzed in a confocal microscope, therefore the antioxidant
effect of RESV was promptly observed in the ex vivo samples [43].

6. Conclusion
This work tests a natural substance with the future intention of optimizing anti-hypertensive treatment by possibly decreasing pharmaceutical doses in order to reduce side effects that prevent adherence. There is, how- ever,
a limitation to our work in the sense that we used aortas, not resistance vessels like mesenteric arteries. The
caliber of the latter has more influences on systemic blood pressure. Since, the relaxation in 2K-1C aortic rings
improved with RESV treatment, one could infer the possibility of similar results in mesenteric rings. This inference can be used to explain the decreased average SBP in the treated animals. It can be validated based on the
work from Dolinsky et al. [46], which used mesenteric arteries from SHRs and Ang-II infused mice, and demonstrated that RESV increased endothelial NO synthase (eNOS) phosphorylation by enhancing the LKB1/adenosine monophosphate (AMP)-activated protein kinase (AMPK) signal transduction pathway [46]. Finally, this
work concludes that RESV treatment, due to its antioxidant property, has potential to protect the cardiovascular
system and enhance the current anti-hypertensive conduct.
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