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Background: Renovascular hypertension elicits cardiac damage and remodeling. Two-kidney, one-clip 
(2K1C) is an experimental model used to study hypertension pathophysiology. In this model, the renin-
angiotensin-system (RAS) is overactive due to renal artery stenosis, leading to cardiac remodeling. Redox 
mechanisms underlying RAS activation mediate hypertension-induced cardiovascular damage. Preclinical 
studies and clinical trials demonstrated resveratrol’s protective effects in cardiovascular diseases, mainly 
attributed to its antioxidant properties. We hypothesized resveratrol alone or in combination with an 
angiotensin-converting enzyme (ACE) inhibitor would be beneficial against cardiac damage caused 
by renovascular hypertension. Objective: We investigated the benefits of resveratrol against cardiac 
remodeling in 2K1C rats compared with captopril. Methods: Male Wistar rats underwent unilateral renal 
stenosis – 2K1C Goldblatt model of hypertension. Systolic Blood Pressure (SBP) was measured before 
and 6 weeks after surgery. Hypertensive 2K1C rats presented SBP≥160 mmHg. From the 6th week after 
the surgery, the animals received oral resveratrol (20 mg/kg), captopril (12 mg/kg), or their combination 
for 3 times per week for 3 weeks. Whole heart hypertrophy was evaluated. Histological assays assessed 
left ventricle hypertrophy and fibrosis. Results: Renovascular hypertension caused cardiac hypertrophy, 
accompanied by increased myocyte diameter and collagen deposition. Resveratrol reduced 2K1C rats’ 
SBP and whole heart hypertrophy, independently of captopril. Resveratrol caused a higher reduction in 
ventricular hypertrophy than captopril. Collagen deposition was greater reduced by 2K1C treated only 
with resveratrol than with captopril alone or combined with resveratrol. Conclusion: Independent of 
captopril, resveratrol prompts cardioprotective effects on cardiomyocyte remodeling and fibrosis resulting 
from renovascular hypertension in 2K1C rats.
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INTRODUCTION

Cardiac remodeling results from genome expression, 
molecular, cellular, and interstitial modification with in-
creased collagen deposition and also manifests after heart 
injuries due to underlying diseases, such as hypertension 
[1,2]. Approximately 30% of the global population are 
expected to have hypertension by 2025 [3] and may con-
sequently be at risk for the development of cardiomyo-
cyte hypertrophy [1,2].

Hypertension-induced cardiac remodeling is an 
initial adaptive/compensatory response to an increased 
left ventricle wall stress [2,4-7]. This can be caused by 
augmented hemodynamic load and neurohormonal acti-
vation, such as the renin-angiotensin system (RAS) [8].

RAS can be activated under reduced kidney blood 
flow and regulates systemic blood pressure, fluid, and 
electrolyte balance [9,10]. Overactivation of RAS leads 
to inflammation, endothelial dysfunction, microvascular 
damage, high blood pressure, and heart remodeling/hy-
pertrophy [6,9,10]. Renovascular disease accounts for 1 
to 5% of all hypertension cases in the general population 
[11,12]. Renal artery stenosis is the primary cause of hy-
pertension, and it is associated with increased systemic 
levels of Angiotensin II (AngII). AngII, produced by the 
action of the angiotensin-converting enzyme (ACE), is 
the primary effector molecule of the RAS [9-12].

The Goldblatt two kidney, one-clip (2K1C) is an ex-
perimental model of hypertension [13], resulting from re-
duced renal blood perfusion. 2K1C hypertensive rats are 
widely used to investigate aspects of persistent increased 
systemic blood pressure affecting patients with renovas-
cular hypertension [14,15], including the consequences of 
overactivation of the RAS pathways [16]. The heart from 
2K1C animals presents augmented left ventricular mass 
[13,14,17].

In the RAS-dependent phase of the 2K1C model of 
hypertension [17], reactive oxygen species (ROS) are 
massively produced, contributing to the genesis and pro-
gression of cardiac remodeling [18,19]. ACE inhibitors 
effectively prevent cardiac remodeling and/or fibrosis/
hypertrophy in rats with renovascular hypertension [20-
22]. Other works have shown cardioprotective effects 
of captopril in different animal models developing heart 
disease [23,24].

AngII-mediated cardiovascular inflammatory and 
hypertrophic responses seem to depend on increased 
ROS production during hypertension progression [25-
27]. Clinical and experimental studies establish signif-
icant benefits from the pharmacological inhibition of 
RAS [16,28]. ACE inhibitors are part of the arsenal to 
treat cardiovascular diseases (CVD) and their underlying 
conditions [28]. Although ACE inhibitors are among the 
first choices to treat hypertension and heart failure, this 

approach has limitations in clinical practice [28], partic-
ularly in specific patient groups, such as the Black popu-
lation [29] and patients with reduced renal function [30].

Oxidative stress is an essential pathomechanism of 
cardiovascular risk factors and heart disease, so alter-
native approaches that counteract the consequences of 
oxidative stress are of therapeutic interest [31]. The most 
prominent ROS involved in the pathogenesis of renal 
disease are superoxide (O2̇

−), hydroxyl radical (·OH), 
H2O2, nitric oxide (·NO), and peroxynitrite (ONOO−) in 
the kidney [32]. In renovascular hypertension, O2̇

− is the 
more common oxidative agent [33,34].

Resveratrol antioxidant mechanisms have been 
extensively demonstrated as related with those ROS in-
volved in the pathogenesis of renal disease [35-38]. Its 
pharmacological effects are widely reported in clinical 
and animal experimental studies [39,40]. Resveratrol 
produced antihypertensive effects in rats with partial 
nephrectomy-induced cardiac hypertrophy [41]. The pro-
tective benefits of resveratrol are shown to be mediated 
by different pathways, including the lowering of oxida-
tive stress and inflammation [42].

Our group had shown the benefits of resveratrol 
(orally administered) on reducing systolic blood pres-
sure (SBP) levels in 2K1C rats and reducing ROS from 
their aorta [43]. We demonstrated that in synergy with 
captopril, resveratrol promoted protective effects against 
vascular remodeling caused by 2K1C hypertension [44]. 
The cardiac benefits of resveratrol against damage caused 
by renal hypertension have not been reported.

We hypothesized that resveratrol would protect the 
heart from renovascular hypertensive rats against cardi-
ac fibrosis and remodeling. In this sense, we aimed to 
evaluate the impact of resveratrol on fibrosis and cardiac 
remodeling in 2K1C rats compared to the effects of an 
ACE inhibitor (captopril).

MATERIALS AND METHODS

Animals
Male Wistar rats (180-220g or ~10-12 weeks of age) 

were used. All experimental procedures were approved 
by the Institutional Ethics Committee in Research (pro-
tocol no. 007/2010) that follows the national [45] and 
international [46] regulations and guidelines for ethical 
conduct in the care and use of animals in research. The 
animals were kept under a 12h light: 12h darkness-cycle 
and fed with regular chow and water ad libitum.

Surgical Procedures to Obtain Hypertensive (2K-
1C) and Normotensive (2K) Rats

The animals were anesthetized with 0.1 mL (100 
µL)/100 g of body weight, via i.p., with the mixture 0.2 



Restini et al.: Resveratrol protects against cardiac remodeling 59

mL ketamine + 0.1 mL xylazine and underwent a surgical 
procedure to induce renovascular hypertension according 
to the 2K1C Goldblatt model as previously described 
[13,43,44]. Briefly, for unilateral renal stenosis, the rats 
underwent a laparotomy. Their left kidney was exposed 
through a small flank incision and externalized. The left 
renal artery was individualized over a short segment by 
blunt dissection. A silver clip (0.2 mm of internal diame-
ter) was placed around it. The normotensive (two-kidney, 
2K) group comprised sham-operated rats that underwent 
laparotomy to manipulate the left renal artery without 
clipping it. At the end of the surgery, both groups re-
ceived a single dose of the antibiotic oxytetracycline (0.2 
g/Kg, im).

Blood Pressure Measurements and Treatments
Animals (N=59) had their systolic blood pressure 

(SBP) measured by indirect tail-cuff plethysmography 
as a baseline before the surgical procedure. Six weeks 
after the surgery, SBP was measured. 2K1C rats were 
considered hypertensive when their SBP was higher than 
160 mmHg [43,44]. Then 2K1C (N=30) and 2K (N=29) 
rats were randomly assigned to receive the active com-
pounds (treated group) or vehicle (control group) 3 times 
a week for 3 weeks. The hypertensive disease resultant 
from 2K1C model comprises three distinct phases [17]. 
Because we aim to study aspects associated with the RAS 
pathways, the treatments were initiated on the 6th week 
after the surgery, representing the end of the first stage of 
the RAS overactivation.

Treated groups were administered by gavage 
[43,44], resveratrol 20 mg/Kg (RESV, 2K1C: N=8; 2K: 
N=7), captopril 12 mg/Kg (CAP, 2K1C: N=8; 2K: N=5), 
or captopril 12 mg/Kg combined with resveratrol 20 
mg/Kg (CAP+RESV, 2K1C: N=9; 2K: N=8). Control 
groups 2K1C: N=8; 2K: N=6) received, by gavage, one 
mL of the resveratrol’s vehicle (deionized water + 0.05% 
Tween-80) [43,44].

After 3 weeks of treatments, which was at the end of 
the 9th week after surgery, SBP was measured again.

Heart Isolation
At the end of the treatments (9th week), rats were ad-

ministrated, intraperitoneally, 0.15 mL per 100 g of body 
weight of a mixture of 0.2 mL ketamine + 0.1 mL xylazine 
(2:1). The effectiveness of deep anesthesia was confirmed 
by a lack of paw pinch and eye-blink reflexes. Death was 
assured by decapitation and exsanguination. The animals 
(N=59) from all groups underwent the same procedure. 
All protocols were approved by the Institutional Animal 
Care and Use Committee and follow the “Guide for the 
Care and Use of Laboratory Animals,” 8th edition (2011) 
and ARRIVE guidelines [45,46]. The whole hearts were 

harvested, washed out, and weighed, as previously de-
scribed [44], to perform the subsequent protocols.

Cardiac Hypertrophy Measurements
Cardiac hypertrophy was assessed based upon the 

ratio between whole heart weight (HW) and body weight 
(BW) expressed in mg/g.

Morphology and Morphometry of Cardiomyocytes
After weighing, the hearts were cut transversely and 

fixed in phosphate-buffered 10% formalin for 24 hours. 
The hearts were embedded into paraffin for histological 
processing, and each block was serially cut with 5 mm 
thickness. The sections were stained with Hematoxylin 
and Eosin (H&E) and picrosirius red. For morphometric 
analysis, the minor diameter of myocytes of the left ven-
tricle was measured in the H&E stained tissue sections. 
The diameter was estimated as the distance between the 
cytoplasm, crossing the nucleus perpendicularly, only in 
the fibers sectioned longitudinally. The collagen deposi-
tion was measured as the percentage of picrosirius red. 
The diameter of each fiber and the collagen deposition 
were blindly assessed as the percentage of left ventricle 
Sirius red labeling (red) in 30 high-power randomized 
fields (HPF; x40 magnification). The mean value was 
obtained from each heart, 30 fields per region per rat ran-
domly selected using Image J software (Image J, 1.33u, 
NIH, USA). Thus, collagen surface % is expressed as 
high-power fields (HPF).

Drugs
Resveratrol (3,4′,5-Trihydroxy-trans-stilbene), cap-

topril, and Tween-80 were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). Resveratrol was dissolved in de-
ionized water with 0.05% Tween-80. All of the drugs and 
vehicles were prepared on the day of the respective treat-
ment. Ketamine chloride was purchased from Agener 
(Sao Paulo – SP, Brazil) and Xylazine hydrochloride was 
purchased from Hertape Calier (Juatuba – MG, Brazil). 
Isoflurane was purchased from Baxter Healthcare Co. 
Oxytetracycline was purchased from Pfizer (Guarulhos – 
SP, Brazil).

Statistical Analysis
Data, described in the bars from the respective fig-

ures, are expressed as means±SEM and were analyzed by 
the One-way analysis of variance (ANOVA) followed by 
Newman-Keuls post-hoc test or unpaired Student t-test. 
The values are reported in the bars in the respective fig-
ures. The significance level considered in all tests was 
P<0.05 (IC95). Graphical design and statistical analyses 
were performed with GraphPad Prism 5.0 (GraphPad 
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Three weeks after treatments, 2K1C rats treated with 
vehicle exhibited SBP (190+12.5mmHg; Figure 1B) sig-
nificantly higher than all the 2K groups (P<0.0001).

Although the treatments did not normalize the high 
SBP in 2K1C rats to levels of the normotensive control 
– 2K groups (P<0.05; Figure 1B), the treatment of the 
hypertensive rats with CAP (146.4+6.1mmHg) RESV 
(161.8+8.1mmHg) as well as with the combination 
(CAP+RES: 150.6+9.2mmHg) significantly reduced the 
SBP in comparison with 2K1C rats treated with vehicle 
(P<0.01, N=8-9; Figure 1B).

Resveratrol Reduces Cardiac Hypertrophy 
Independently of Captopril in 2K1C Rats

The ratios between whole heart weight (HW) and 
body weight (BW) were assessed to investigate the effect 
of CAP, RESV, or the combined treatments on the cardiac 
hypertrophy triggered by renovascular hypertension (val-
ues are expressed as heart weight (mg)/ body weight(mg) 
as means±SEM; Figure 2). 2K1C rats treated with vehicle 
had significantly more cardiac hypertrophy (3.41±0.1) 
when compared with all the other groups, either 2K 
(vehicle:2.57±0.1; CAP:2.49±0.1; RESV:2.31±0.1; 
CAP+RESV:2.58±0.1) or 2K1C treated with drugs 
(CAP: 2.68±0.1; RESV: 2.44±0.1; CAP+RESV: 
2K1C:2.41±0.1) (N=6-9, P<0.0001; Figure 2).

Treatment with CAP, RESV, or CAP+RESV similar-
ly (P<0.05) blunted the cardiac hypertrophy in 2K1C rats. 
There were no differences among 2K animals (P>0.05) 
treated with vehicle, CAP, RESV, and CAP+RESV.

Software, Inc., San Diego, CA).

RESULTS

Surgical Procedure to Establish Renovascular 
(2K1C) Hypertension was Effective

The results depicted at the Figure 1A (indicated as 
means±SEM of mmHg) confirmed the effectiveness of 
surgical procedures in obtaining 2K (normotensive) and 
2K1C (hypertensive) groups. Before the surgical proce-
dure, naïve rats presented normal SBP. No differences 
were observed between SBP from naïve vs 2K rats. Six 
weeks after the surgery, before initiating the treatments, 
rats that underwent unilateral renal stenosis had highest 
(P<0.0001) SBP (2K1C: 186+12.0mmHg, N=29) com-
pared to sham-operated (2K: 124+2.0mmHg, N=69) and 
naïve rats (125+4.0mmHg, N=30).

2K1C Rats had their SBP Reduced by Resveratrol 
Independently of Co-Treatment with Captopril

The treatments were initiated in the 6th week after 
the surgery, and 3 weeks later, the rats had their SBP 
measured (indicated as means±SEM of mmHg). None 
of the treatments affected the SBP in 2K rats (vehi-
cle:128.6+5.0mmHg; CAP:120.7+3.2mmHg; RESV: 
128.2+3.5mmHg; CAP+RESV: 124.1+4.5mmHg, 
P>0.05, N=6-8; Figure 1B).

It is noteworthy that there is no difference between 
the SBP of the 2K1C rats treated for 3 weeks with the ve-
hicle (190+12.5mmHg; Figure 1B) and the 2K1C animals 
before initiating any of the treatments, (186+12.0mmHg; 
Figure 1A).

Figure 1. Systolic blood pressure (SBP, mmHg) measured by indirect tail-cuff plethysmography. Bars repre-
sent means±SEM for the number (N) of animals indicated in the parentheses. Data were analyzed through One-way 
ANOVA, Newman-Keuls post hoc. A: SBP (mmHg) measured in non-treated animals before any surgical procedures 
(naïve group) and 6 weeks after fictitious surgery (2K group) or after the left renal artery stenosis (2K1C group). *** 
Difference (P<0.0001) between 2K1C rats and the other groups (naïve and 2K). B: SBP measured 3 weeks after 
treatments. *** Difference (P<0.0001) between 2K1C vehicle-treated group vs all the 2K groups of treatment. ** 
Difference (P<0.01) between 2K1C groups treated with CAP, RESV, or CAP+RESV vs 2K1C vehicle-treated group. * 
Difference (P<0.05) between 2K1C group treated with CAP, RESV, or CAP+RESV vs all the 2K groups.
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The picrosirius red labeling was not different among 
any of the 2K groups, indicating that the treatments 
did not affect collagen deposition in normotensive rats 
(Figure 4C). Nonetheless, renovascular hypertension 
significantly increased (P<0.001; Figure 4C) collagen 
deposition in the left ventricle from 2K1C rats treated 
with vehicle (36.4±0.5) compared to all the treated 2K 
groups (vehicle:6.5±1.35; CAP:6.6±0.6; RESV:7.0±0.6; 
CAP+RESV:5.0±0.7).

Compared with 2K1C rats treated with vehicle 
(36.4±0.5), treatment of the 2K1C groups with CAP 
(19.7±1.2), RESV (14.9±0.8) or CAP+RESV (19.7±1.0) 
significantly reduced collagen deposition (P<0.0001, 
N=6-7; Figure 4C).

In comparison with 2K1C rats treated with vehi-
cle, RESV or CAP isolated, as well as CAP+RESV, 
effectively reduced the picrosirius red labeling induced 
by renal artery stenosis (P<0.0001; Figure 4C) without 
normalizing it to the level of 2K groups (P<0.01; Figure 
4C). There was no difference between the picrosirius red 
labeling in cardiomyocytes from 2K1C rats treated with 
CAP (19.7±1.2) vs. 2K1C rats treated with CAP+RESV 
(19.7±1.0). Nevertheless, it is noticeable that the 2K1C 
rats treated only with RESV (14.9±0.8) had a more sub-
stantial reduction of cardiac collagen deposition than the 
2K1C groups treated with CAP alone or CAP+RESV 
(P<0.05; Figure 4C).

DISCUSSION

This study’s most significant new finding is that in an 
experimental model, resveratrol promoted more efficient 
protection from renovascular hypertension-induced car-
diac remodeling than captopril.

To our knowledge, no published studies have eval-
uated the effects of resveratrol or its combination with 

Resveratrol Produces a More Significant Reduction 
in Cardiomyocyte Diameter from 2K1C Rats than 
Captopril

Ventricular hypertrophy measurements were per-
formed in H&E stained left ventricular myocyte tissue 
sections to evaluate cardiac remodeling (myocyte diame-
ters are indicated as means±SEM µm; Figure 3).

Myocyte thickness in all the 2K groups (N=5-
6) was not different regardless of treatment (vehi-
cle:6.04±0.09; CAP:6.11±0.15; RESV:6.05±0.08; 
CAP+RESV:6.1±0.09). The treatments with CAP 
and RESV combined (5.66±0.08), or isolated 
(CAP:6.05±0.04; RESV: 5.52±0.12) prevented myocyte 
thickening in 2K1C groups (N=5-7) because their results 
are similar (P>0.05) to all the sham (2K) groups. Without 
any drug treatments (CAP, RESV, or the combination), the 
hypertensive animals (2K1C vehicle) presented with the 
highest increase of the myocytes thickness (9.64±0.06, 
P<0.0001; Figure 3).

Interestingly, a significantly higher reduction in 
ventricular hypertrophy was observed in myocytes from 
2K1C rats treated with RESV (5.52±0.12, P<0.01; Fig-
ure 3) or CAP+RESV (5.66±0.08, P<0.05; Figure 3) 
compared to the hypertensive rats treated only with CAP 
(6.05±0.04).

Resveratrol Causes the Highest Reduction in the 
Collagen Deposition in Ventricular Cardiomyocytes 
from 2K1C Rats

Left ventricular cardiomyocyte tissue sections were 
stained with picrosirius red to study the collagen depo-
sition and, consequently, fibrosis. Results are indicated 
in Figure 4, panels A and B depict images of Picrosir-
ius-Red-stained sections under direct microscopy and 
polarized light, respectively. Panel C: bar graphs express 
the means±SEM %HPF.

Figure 2. Cardiac hypertrophy expressed by the ratio between the whole heart weight (HW, mg) and body 
weight (BW, g). Bars represent means±SEM for the number (N) of animals indicated in the parentheses. Data were 
analyzed through One-way ANOVA, Newman-Keuls post hoc. *** Difference (P<0.0001) between vehicle-treated 
2K1C rats and the rats from all the 2K groups or the 2K1C rats treated with CAP, RESV, or CAP+RESV.
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the cardiomyocyte damage progression under hyperten-
sive status. Thus, the treatments started on the 6th week, 
coinciding with the end of the first phase.

There was no difference in the SBP measures from 
both naïve and 2K (sham) control groups, considered 
normotensives, showing the surgical procedure was ef-
fective. These preliminary results were essential to the 
internal consistency of the overall findings.

Except for the hypertensive rats treated only with the 
vehicle, all the treatment designs (resveratrol plus cap-
topril, captopril, or resveratrol alone) similarly reduced 
the SBP. We formerly published that only when combined 
with captopril, resveratrol produced SBP significant re-
duction [44]. In that work, although the animals submit-
ted to renovascular occlusion developed high SBP, it was 
not as high as reported in the present article [44]. Taking 

ACE inhibitors on the cardiac damage triggered by reno-
vascular hypertension.

Three consecutive and distinct phases characterize 
the progression of hypertensive disease subsequent to the 
renal stenosis in the 2K1C model [17]. The first stage lasts 
for 6 weeks and involves the ACE/AngII axis of RAS. 
The second phase persists for 2 weeks, in which RAS-as-
sociated high blood pressure is mainly due to salt and wa-
ter retention [17]. In the third and ultimate stage reached 
from the 9th week following renal ischemia, a steady high 
BP does not depend on RAS [17]. Hypertension devel-
oped by 2K1C in its first phase of RAS overactivation is 
characterized by an acute increase in circulating levels of 
AngII, and the subsequent substantial increase in plasma 
renin activity [17]. We sought to investigate the benefits 
of resveratrol with or without the ACE inhibitor against 

Figure 3. Morphometric analysis of the left ventricular myocyte’s diameters from 2K and 2K1C treated with 
vehicle, RESV (20 mg/Kg), CAP (12 mg/Kg), and CAP (12 mg/Kg) + RESV (20 mg/Kg). A: Representative images 
of H&E-stained sections of left ventricle heart tissues. B: Quantitative values are expressed as µm of thickness; bars 
represent means±SEM for the number (N) of animals indicated in the parentheses. Data were analyzed through One-
way ANOVA, Newman-Keuls post hoc. *** Difference (P<0.0001) between 2K1C vehicle-treated group vs all the 2K 
groups or vs the 2K1C groups treated with CAP, RESV, or CAP+RESV. ** Difference (P<0.01) between 2K1C treated 
with RESV vs the 2K1C CAP-treated group. * Difference (P<0.05) between 2K1C treated with CAP+RESV vs 2K1C 
treated with CAP.
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hypertrophy, apoptosis, fibrosis inflammation, and car-
diomyocyte contractile dysfunction [48]. Massive ROS 
generation results from AngII-induced NAD(P)H oxidase 
machinery in the vessels [49] and heart [50]. Based on 
our previous work demonstrating that resveratrol reduces 
ROS in vessels from 2K1C rats [33], we conclude res-
veratrol’s heart tissue benefits may also be associated 
with lowering ROS-mediated mechanisms that damage 
cardiomyocytes.

Hypothetical cellular/molecular mechanisms of tis-
sue protection developed by resveratrol are summarized 
as a graphical representation (Figure 5). We propose that, 
at least partially, resveratrol produces benefits against 
tissue damage caused by oxidative pathways triggered by 
the activation of receptors coupled to Gq protein, such as 
AT1R mediated by AngII-agonism [49]. We have shown 

together previous and current results indicate the higher 
the hypertensive status, the higher the susceptibility to 
resveratrol’s antihypertensive effects in 2K1C.

Oxidative stress biomarkers positively correlate with 
increased blood pressure in 2K1C renovascular hyper-
tension and cardiac oxidative damage caused by leading 
to left ventricle hypertrophy [47]. We have previously 
shown that high SBP in the RAS-activation phase of 
2K1C hypertension is associated with increased ROS 
production susceptible to resveratrol’s vascular protec-
tive effects [43]. Through Live Data Mode acquisition, 
ROS were directly measured in fresh isolated vascular 
cells from 2K1C and 2K [43] using DHE. Renovascular 
hypertensive rats treated with resveratrol had a significant 
ROS reduction in the aorta [43].

Oxidative stress mediates AngII-induced cardiac 

Figure 4. Percentage of collagen deposition of the left ventricle from 2K and 2K1C treated with vehicle, RESV 
(20 mg/Kg), CAP (12 mg/Kg) and CAP (12 mg/Kg) + RESV (20 mg/Kg). A: Representative images of Picrosirius-
Red-stained sections of left ventricular heart tissue under direct microscopy and B: Polarized light. C: Quantification 
of left ventricle picrosirius red labeling expressed as collagen surface (% high-power fields- HPF); bars represent 
means±SEM for the number (N) of animals indicated in the parentheses. Data were analyzed through One-way ANO-
VA, Newman-Keuls post hoc. *** Difference (P<0.0001) between 2K1C vehicle-treated group and all the other groups. 
** Difference (P<0.01) between 2K1C groups treated with RESV, CAP, or CAP+RESV vs and all the 2K groups. * 
Difference (P<0.05) between 2K1C groups treated with RESV vs 2K1C groups treated with CAP or CAP+ RESV.
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example, AMPK activation inhibits cardiac hypertrophy 
and cardiomyopathy [58]. Resveratrol was reported to 
mitigate ventricular remodeling by activating AMPK to 
induce autophagy that recycles cardiomyocytes in a fail-
ing heart [52].

Daily chronic oral administration of resveratrol 
alleviated hypertension in the experimental model of 
AngII-induced hypertensive mice, and these effects were 
accompanied by the activation of AMPK. This is another 
piece of evidence supporting our mechanistic hypotheses 
involving AMPK to explain the overactivation of RAS in 
2K1C with the molecule associated with resveratrol.

Whether resveratrol acts as a direct activator of 
SIRT1 remains under debate [60], yet it is well known its 
actions stimulate SIRT [61] and AMPK [52,62]. Resvera-
trol developed protective effects in dysfunctional cardio-
myocytes isolated from animal models with heart failure 
by enhancing the expression of AMPK and improving 
cardiac function through the activation of SIRT1 [54].

An additional protective mechanism of resveratrol 
associated with heart fibrosis/hypertrophy is the involve-
ment of matrix metalloproteinases (MMP) and cytokines. 
Rizzi et al. [47] demonstrated that 2K1C hypertension 
induced-LV hypertrophy is associated with increased 
cardiac MMP-2 activation due to ROS formation. Anti-
oxidants agents mitigate 2K1C-induced cardiac collagen 

that, through a mechanism involving IP3-receptor, Pro-
tein Kinase-C and NADPH oxidase, resveratrol promotes 
anti-contractile effects in non-vascular smooth muscle 
under stimulation of α1-adrenergic, Gq protein-coupled, 
receptor [51]. In the present work, we propose that car-
dioprotective actions would be due to direct antioxidant 
mechanisms, interfering with NOXes and/or by enhanc-
ing protection led by AMP-activated protein kinase 
(AMPK) [52] and/or SIRT [53,54] pathways, which 
are remarkable components of antioxidant intracellular 
mechanisms. The foundation for our theoretical propos-
al is based on evidence reporting a negative correlation 
between the RAS and AMPK [55]. Inhibition of RAS 
up-regulates the activity of AMPK [55]. Activation of 
AMPK ameliorated pathological damage induced by An-
gII in rat cardiomyocytes. Moreover, overexpression of 
a cardiac-specific SIRT protected against AngII-induced 
hypertrophy by activating liver kinase B1 (LKB1), which 
ultimately resulted in maintenance of AMPK levels in 
hypertrophy [56]. Cao et al. [57] demonstrated that res-
veratrol prevents AngII-induced hypertension via AMPK 
activation in mice.

It is known that activation of AMPK is an essential 
cellular energy sensor and develops protective actions 
in several diseases, including cardiovascular, metabolic, 
and renal diseases (for reviews, see: [55,58,59]). For 

Figure 5. Graphical abstract of hypothetical cellular/molecular cardioprotective mechanisms developed by 
resveratrol. Resveratrol produces benefits against tissue damage caused by oxidative pathways triggered by the 
activation of AT1R interfering with NOXes, AMP-activated protein kinase (AMPK) and/or sirtuins (SIRT) pathways. An 
additional protective mechanism of resveratrol would be associated with heart fibrosis/hypertrophy is the involvement 
of MMP and cytokines.
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renovascular hypertension – accelerating preexisting 
hypertensive conditions progressing to chronic kidney 
disease or acute kidney injury [14,15,28].

Data from studies with humans show resveratrol is 
very well tolerated after oral administration, with satis-
factory bioavailability and safety [66]. Concerns with the 
use of resveratrol are related to drug interactions [36] and 
its multiple targets [67]. Of note, since resveratrol reduces 
platelet aggregation, it is contraindicated for patients tak-
ing anticoagulants, antiplatelets, or non-steroidal anti-in-
flammatory drugs (NSAIDs) [68-70]. However, several 
studies (including the current one) are being conducted to 
use these additive interactions as an advantage to decrease 
the dose of medication when used in combination with 
resveratrol [30,67]. Several human and animal studies 
focused on resveratrol’s safety have been reported [35] 
and demonstrating that its overall low toxicity in humans 
encourages further translational research [71-72].

Although further investigation on pharmacokinetics 
profile resveratrol in 2K1C hypertension rats is needed, 
our control group validates the present results. Addition-
ally, evidence of acceptable pharmacokinetic parameters 
for resveratrol have been reported in a variety of different 
experimental models and in human [36,66,67,73,74].

Clinical trials report myriad positive outcomes after 
oral use of resveratrol [36,42,73,75-79]. The favorable 
impact of resveratrol on blood pressure in patients was 
reported through systematic review and meta-analysis of 
randomized clinical trials [80].

As a clinical implication from the current results, the 
cardioprotective effects of resveratrol make it a suitable 
therapeutic agent to optimize the reduction of hyperten-
sive heart disease progression and its consequences. This 
includes reducing risks for comorbidities associated with 
cardiac hypertrophy, such as renal artery stenosis and 
hypertension.

Our data encourage further investigation to evaluate 
whether chronic treatment with resveratrol promotes 
cardioprotective effects in patients with end-organ injury, 
specifically cardiac hypertrophy, with and without hyper-
tension, mainly secondary to kidney function impairment.

Limitations
The present study aimed to investigate resveratrol’s 

effects on the SBP, cardiac remodeling, and fibrosis, but 
not its mechanisms. Approaches examining its intrinsic 
mechanisms are needed, particularly questions not direct-
ly linked to ACE pathways and actions of ACE inhibitors.

CONCLUSIONS

In summary, we demonstrated that resveratrol reduc-
es SBP similar to ACE inhibition in the 2K1C renovascu-
lar model of hypertension. The 2K1C hypertensive status 

deposition particularly via MMP inhibition. In addition, 
our group has shown that resveratrol attenuates cardiac 
fibrosis and reduces matrix metalloproteinase-2 activity 
in an experimental model of heart failure [63]. Thus, an-
tioxidant effects of resveratrol could inhibit MMP-2 and 
decrease fibrosis, such as we found in the present study. 
Direct or indirect relationship between resveratrol’s 
mechanisms involving MMPs with SIRT/AMPK path-
ways remain to be elucidated (for review, see [64]).

In this study, the hypertensive rats treated only with 
the vehicle presented with whole cardiac hypertrophy, 
ventricular hypertrophy, and increased collagen depo-
sition. These findings are consistent with other studies 
showing the 2K1C hypertensive status leads to left ven-
tricle fibrosis and remodeling [19,47]. None of the treat-
ments caused ventricle fibrosis and remodeling in our 
normotensive control groups (2K).

Based on the current results and on what is acknowl-
edged regarding the resveratrol’s mechanisms on the 
cardiovascular system [41,42,65], our data suggests that 
resveratrol’s benefits in decreasing end-organ damage 
may be related to its antihypertensive action.

Although captoril treatment blunted the markers of 
cardiac tissue damage during the establishment of reno-
vascular hypertension, resveratrol, with or without cap-
topril, reduced the 2K1C rats’ whole heart hypertrophy. 
Resveratrol supplanted the ACE inhibitor benefits regard-
ing left ventricle cardiomyocyte diameters and fibrosis, 
evidencing a greater reduction in cardiac remodeling.

ACE inhibitors are broadly used to treat high blood 
pressure and its comorbidities in renovascular hyperten-
sion during the RAS-dependent phases [28]. In experi-
mental studies, ACE inhibitors prevented vascular re-
modeling and fibrosis in hypertensive 2K1C rats [20-22]. 
In patients with CVD, ACE inhibitors also modify the 
process of cardiac remodeling and other clinically rele-
vant benefits, reducing morbidity and mortality [31]. We 
had predicted that inhibition of the ACE and consequent 
diminished AngII production would result in higher pos-
itive benefits on the histological markers than treatment 
with resveratrol alone. However, in the current study, 
treatment with resveratrol resulted in greater cardiac tis-
sue benefits than with captopril. This finding implicates 
the cardioprotective effects of resveratrol are beyond re-
ducing the damaging effects mediated by AngII.

The ACE inhibitors class of drugs is among the top 
tier of agents to treat hypertension. However, there are 
concerns about the safety and efficacy of ACE inhibitors 
in the Black population [29]. Also, ACE inhibitors are 
known to decrease renal perfusion pressure and cause 
acute renal failure during renal stenosis [30]. In this 
sense, these drugs may be a risk for patients with reduced 
renal function due to renal stenosis – particularly the 
elderly, who may develop renal ischemia and secondary 
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leads to cardiomyocyte fibrosis and remodeling. This 
damage is counteracted by oral resveratrol oral, which 
surpassed captopril’s cardioprotective effects. Further in-
vestigations are needed to target cardioprotective actions 
of resveratrol in renovascular hypertension, to lower the 
risks associated with kidney function impairment.

Key-Message
• Resveratrol reduces systolic blood pressure sim-

ilarly to captopril in 2K1C rats.
• Independently of captopril, resveratrol normal-

ized cardiac fibrosis in 2K1C rats.
• Resveratrol decreased cardiac remodeling in 

2K1C rats, independently of captopril.
• Resveratrol may reduce end-organ cardiac dam-

age triggered by renovascular hypertension.
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