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Heart failure is a leading cause of mortality worldwide.1,2 It 
is a complicated, multifactorial syndrome resulting from the 
heart’s inability to pump sufficient blood to meet the meta-
bolic demands of tissues. The development of heart failure is 
secondary to diseases such as hypertension, ischemic heart dis-
ease, valvular heart disease, or cardiomyopathy. Heart failure is 
always preceded by cardiac hypertrophy, which is the enlarge-
ment of heart in response to stress (pressure or volume over-
load). It is an adaptation that is beneficial to the stressed heart 
in the initial stages as it helps to overcome the stress placed on 
it. If hypertrophy prolongs, the heart will no longer be able to 

compensate the stress and will enter into a decompensated 
stage. This transition from compensated to decompensated 
stage is often characterized by the presence of cardiac fibrosis, 
arrhythmia, and apoptosis. This will eventually lead to irrevers-
ible functional deterioration and heart failure.2,3 Current treat-
ments available for patients with heart failure include use of 
β-adrenergic receptor blockers, angiotensin-converting enzyme 
inhibitors, and angiotensin-receptor blockers.4,5 These thera-
pies are not highly specific and often result in a number of side 
effects.6 Accordingly, it is imperative to explore alternate strate-
gies to provide safe and effective treatment for heart failure.

Hypertension induces pressure overload resulting in cardiac 
hypertrophy. Hypertension is a major independent risk factor 
for the development of heart failure.7,8 Different plant extracts 
and phytochemicals have been recently screened for antihyper-
tensive and antihypertrophic properties.9,10 Cardioprotection 
by resveratrol (trans-3′, 4′, 5-trihydroxystilbene), a polyphenol 
found predominantly in grapes and berries, or its analogue has 
been documented in different experimental settings of pressure 
overload.11,12 However, no study has examined the effects of res-
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Background
Cardiac hypertrophy is a compensatory enlargement of the 
heart in response to stress such as hypertension. It is beneficial in 
reducing stress placed on the heart. However, when the stress is 
of a chronic nature, it becomes pathological and leads to cardiac 
dysfunction and heart failure. Current treatments for hypertension 
and heart failure have proven beneficial but are not highly specific 
and associated with side effects. Accordingly, there is an important 
need for alternative strategies to provide safe and effective 
treatment.

Methods
Ten-week-old male spontaneously hypertensive rats (SHRs) 
and Wistar–Kyoto (WKY) rats were treated with resveratrol 
(2.5 mg/kg/day) for a period of 10 weeks. Systolic blood pressure, 
and cardiac structure and function were measured in all groups 
at different time points of resveratrol treatment. Oxidative stress 
was also determined in all groups after 10 weeks of resveratrol 
treatment.

Results
SHRs were characterized with high blood pressure and concentric 
hypertrophy from 15 weeks of age. Cardiac functional abnormalities 
were also evident in SHR from 15 weeks onwards. Resveratrol 
treatment significantly prevented the development of concentric 
hypertrophy, and systolic and diastolic dysfunction in SHR without 
lowering blood pressure. Resveratrol also significantly reduced the 
oxidative stress levels of cardiac tissue in SHR.

Conclusions
Resveratrol treatment was beneficial in preventing the development 
of concentric hypertrophy and cardiac dysfunction in SHR. The 
cardioprotective effect of resveratrol in SHR may be partially mediated 
by a reduction in oxidative stress. Thus, resveratrol may have potential in 
preventing cardiac impairment in patients with essential hypertension.
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veratrol in preventing chronic changes in cardiac structure and 
function due to essential hypertension. Therefore, we examined 
the effects of resveratrol in spontaneously hypertensive rats 
(SHRs), an appropriate model of essential hypertension.

Methods
The experimental protocols used in this article were approved 
by the University of Manitoba Animal Care Committee and 
are in agreement with the Canadian Council on Animal Care 
and Use of Experimental Animals.13

Animal model. Ten-week-old male SHR and their controls 
Wistar–Kyoto (WKY) rats obtained from Charles River, 
St Constant, Quebec, Canada were used in this study. Animals 
were acclimatized in temperature and humidity-controlled 
rooms with a 12-h dark and 12-h light period cycle through-
out the study.

Treatment and examinations. Ten-week SHR and WKY were 
treated daily by oral gavage with resveratrol (2.5 mg/kg/day), a 
dose previously established by us,12 for a period of 10 weeks.

Measurement of blood pressure. Systolic blood pressures were 
measured in SHR and WKY rats starting at 0 weeks, 5 weeks, 
and 10 weeks of resveratrol treatment using the NonInvasive 
Blood Pressure Measurement System (CODA) equipped with 
volume pressure recording (Kent Scientific, Torrington, CT). A 
total of four groups were examined—WKY, resveratrol-treated 
WKY, SHR, and resveratrol-treated SHR.

Assessment of cardiac structure and function. Cardiac structure 
and function were assessed by echocardiography in 10-week 
SHR and WKY rats starting at 0 weeks, 5 weeks, and 10 weeks 
of resveratrol treatment.

Examination of cardiac structure in vivo. Two-dimensional-
guided (2D) M-mode echocardiography was used to exam-
ine cardiac structure as described by us earlier.14 The follow-
ing parameters were measured: left ventricular (LV) internal 
dimensions at diastole and systole, LV posterior wall thickness 
at diastole and systole, and interventricular septum thickness 
at diastole and systole.

Measurement of cardiac function in vivo. Two-dimensional-
guided M-mode echocardiography and pulse-wave Doppler 
echocardiography were used to assess cardiac function as 
described by us earlier.14 Contractile parameters of systolic 
function such as LV ejection fraction and cardiac output were 
assessed by 2D-guided M-mode echocardiography. Diastolic 
function was assessed by measuring the isovolumic relaxation 
time (IVRt) using pulse-wave Doppler echocardiography.

Measurement of lipid peroxidation levels. The degree of lipid 
peroxidation was assessed by measuring malondialdehyde 
levels in the homogenized LV tissue and blood plasma using 
the OxiSelect TBARS Assay Kit (Cell Biolabs, San Diego, CA). 

The thiobarbituric acid reactive substances (TBARS) values in 
tissue and plasma were expressed as nmol/mg of protein and 
nmol/ml of plasma, respectively.

Measurement of TAS. The total antioxidant status (TAS) of the 
blood plasma was determined using the TAS assay kit (Randox 
Laboratories, Crumlin, UK) according to the manufacturer’s 
protocol. Plasma TAS values were expressed as µmol/ml of 
plasma.

Statistical analysis. All values are expressed as means ± s.e. 
One-way analysis of variance was used to analyze variations 
between the means of the groups. Significant values are defined 
as P < 0.05. When significance was obtained, one-way analysis 
of variance was followed by Tukey post hoc test.

Results
General observations
There was a significant increase in the heart-to-tibia length 
ratio in the 20-week-old SHR in comparison to their age-
matched WKY controls; this increase was significantly pre-
vented after 10 weeks of resveratrol treatment (Figure  1a). 
Treatment with resveratrol did not affect 20-week WKY.

Blood pressure
Blood pressure measurements were conducted in 10, 15, and 
20-week SHR and their age-matched WKY, treated with and 
without resveratrol. Systolic blood pressure was significantly 
increased in SHR at all time points, when compared to their 
age-matched WKY controls. Treatment with resveratrol did not 
significantly lower systolic blood pressure in SHR (Figure 1b).

Cardiac structure
Echocardiographic analysis of cardiac structure was carried 
out in 10, 15, and 20-week SHR and their age-matched WKY, 
treated with and without resveratrol. M-mode echocardiogra-
phy showed no changes in cardiac structure in 10 and 15-week 
SHR (in comparison to their age-matched WKY controls). 
However, 20-week SHR exhibited a significant increase in the 
interventricular septum and LV posterior wall thickness when 
compared to their age-matched WKY controls; this increase 
was significantly reduced after 10 weeks of resveratrol treat-
ment (Figure  1c,d). Twenty-week SHR did not exhibit any 
change in LV internal dimension (in comparison with WKY 
controls) (Figure 1e).

Cardiac function
Echocardiographic analysis of cardiac function was carried 
out in 10, 15, and 20-week SHR and their respective age-
matched WKY, treated with and without resveratrol. A signifi-
cant increase in the diastolic functional parameter, IVRt, was 
observed in 20-week SHR but not in 10- and 15-week SHR 
(in comparison with their respective WKY controls); resvera-
trol treatment prevented this elevation (Figure 1h). There was 
also a significant decrease in the systolic functional param-
eter ejection fraction in 20-week SHR; resveratrol treatment 
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significantly prevented this decrease (Figure  1f). Treatment 
with resveratrol did not affect IVRt and ejection fraction in 
20-week WKY. Cardiac output was unchanged in all groups at 
all time points of the study (Figure 1g).

Oxidative stress
Concentrations of TBARS were significantly elevated in the 
LV tissues and blood plasma of 20-week SHR when compared 
to the age-matched WKY controls (Figure 2a,b). Resveratrol 
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Figure 1 | Effects of resveratrol on cardiovascular parameters in WKY rats and SHR. (a) Heart weight/tibia length ratio in 20-week WKY and SHR treated with and 
without resveratrol. (b) Analysis of blood pressure, (c) left ventricular posterior wall thickness at diastole (LVPWd), (d) interventricular septal wall thickness at diastole 
(IVSd), (e) left ventricular internal dimension at diastole (LVIDd), (f) ejection fraction, (g) cardiac output, and (h) isovolumic relaxation time (IVRt) in 10-, 15-, and 
20-week-old WKY and SHR with or without resveratrol treatment. BW, body weight; CTRL, control; SHR, spontaneously hypertensive rat; TRTD, treated; WKY, Wistar–
Kyoto. Data are mean ± s.e. n = 4–8. *P < 0.05 vs. WKY; †P < 0.05 vs. SHR CTRL.
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treatment significantly reduced the elevation in TBARS in the 
LV tissues of 20-week SHR (Figure 2a). There was also a trend 
toward lowering of the increased TBARS levels by resveratrol 
treatment in blood plasma of SHR (Figure 2b).

On the other hand, a significant decrease was observed in 
the TAS of blood plasma in 20-week SHR when compared to 
age-matched WKY controls (Figure 2c). The treatment with 
resveratrol significantly recovered the total antioxidant capac-
ity in 20-week SHR (Figure 2c).

Discussion
Regression of pressure overload–induced cardiac hypertrophy 
and its deleterious consequences on heart function have been 

reported by us previously in resveratrol-treated abdominal 
aortic-banded rats.12 Li et al. also reported prevention of car-
diac structural and functional alterations by resveratrol treat-
ment in another experimental model of pressure overload 
created by transverse aortic constriction.15 Thus, it appears 
that resveratrol is beneficial in treating pathological pressure 
overload conditions that include hypertension.

Although the abdominal aortic-banded rat and the trans-
verse aortic constricted rat are experimental models of pres-
sure overload, they do not mimic pressure overload induced 
by essential hypertension. In this study, we used a suitable 
model of essential hypertension, the SHR that develop hyper-
tension in very early stages of life as a consequence of genetic, 
hemodynamic, vascular, renal, and neurohormonal altera-
tions.16 These rats also develop cardiac hypertrophy gradually 
in response to the progressive hypertensive disease and not 
abruptly as a consequence of the surgical procedure. Thus, the 
occurrence and nature of LV hypertrophy in SHR may resem-
ble development of LV hypertrophy in human secondary to 
systemic hypertension.17,18 In the present study, we demon-
strate that resveratrol treatment is beneficial in preventing the 
development of cardiac hypertrophy and cardiac dysfunction 
due to essential hypertension.

Recently, Dolinsky et al.19 reported that short-term (2-week) 
administration of resveratrol prevented cardiac structural and 
functional alterations in 14-week SHR. It is very important 
to point out that Dolinsky et al.19 presented data on SHR rats 
(treated with and without resveratrol) only, but not on control 
Wistar rats (treated with and without resveratrol), making it 
impossible to determine the development of cardiac structural 
and functional alterations in SHR, as well as the effects of res-
veratrol treatment on these parameters in SHR. Furthermore, 
there was no significant difference observed (in Dolinsky 
et  al.’s study) in most of the functional parameters (ejection 
fraction and IVRt) in SHR treated with resveratrol (when com-
pared to untreated SHR). In view of these serious limitations 
in Dolinsky et al.’s study, our study is the first to report that 
administration of resveratrol prevented development of patho-
logical cardiac hypertrophy and overt cardiac dysfunction in 
20-week-old SHR.

In the present study, systolic blood pressure was signifi-
cantly elevated in the SHR group starting from 10 weeks of 
age. Development of concentric hypertrophy was evident 
from 15 weeks of age (in SHR), as characterized by increased 
thickness of the ventricular walls (interventricular septum 
and LV posterior wall) with no change in chamber dimension 
(LV internal dimension). Systolic and diastolic dysfunctions 
appeared from 15 weeks of age (in SHR), as characterized by 
a decline in fractional shortening and an elevation of IVRt, 
respectively. However, cardiac output was not altered at all 
time points despite increased blood pressure in SHR; this may 
be due to the relative increase in arterial peripheral resist-
ance. These results are consistent with the findings of previous 
studies20,21 and validate the model used in this study.

In the present study, treatment with resveratrol prevented the 
development of pressure overload–induced cardiac hypertrophy 
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Figure 2 | Effects of resveratrol on oxidative stress in WKY rats and SHR. 
(a) TBARS levels in the heart tissues of 20-week WKY and SHR treated with 
and without resveratrol. (b) TBARS concentration in blood plasma of 20-week 
WKY and SHR treated with and without resveratrol. (c) Total antioxidant status 
(TAS) in blood plasma of 20-week WKY and SHR treated with and without 
resveratrol. CTRL, control; SHR, spontaneously hypertensive rat; TBARS, 
thiobarbituric acid reactive substances; TRTD, treated; WKY, Wistar–Kyoto. 
Data are mean ± s.e. n = 3–5. *P < 0.05 vs. WKY; †P < 0.05 vs. SHR CTRL.
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and cardiac dysfunction in SHR without removing the actual 
stress (hypertension) placed on the heart. The ineffectiveness of 
resveratrol in lowering blood pressure is consistent with previ-
ously reported studies in SHRs.19,22 In other models of pressure 
overload such as transverse aortic constriction and partially 
nephrectomized rats, it has been reported that the antihyper-
trophic effects of resveratrol are partially mediated by a reduc-
tion in blood pressure.11,15 One of the reasons for the observed 
discrepancy of the effects of resveratrol in lowering blood pres-
sure may be the nature of hypertension in these models—local 
(transverse aortic constriction and abdominal aortic constric-
tion) vs. systemic (SHR), as well as the strong genetic predis-
position in the latter group. On the basis of the results obtained 
in the present study, we speculate that resveratrol has a direct 
antihypertrophic effect on the heart. This view is consistent 
with other reports showing reversal of cardiac hypertrophy 
in SHR without lowering blood pressure by Matsuoka et al.23 
and Tsutsui et al.,24 also suggesting a direct effect of resvera-
trol on the heart. The underlying mechanisms already reported 
include a reduction of oxidative stress,25 stimulation of nitric 
oxide,11 or activation of SIRT1 (ref. 26). It is well established 
that oxidative stress is one of the main causes of development 
of pathological cardiac hypertrophy in SHR.27 In this study, we 
found that resveratrol significantly reduced oxidative stress in 
SHR; this reduction was consistent with a recovery in the total 
antioxidant levels in SHR. Thus, the alleviation of the oxidative 
stress may be one of the mechanisms by which resveratrol pre-
vents the development of pathological hypertrophy and cardiac 
dysfunction in SHR.

In conclusion, we report for the first time that resveratrol is 
beneficial in preventing the development of concentric hyper-
trophy and contractile dysfunction in SHR without affecting 
blood pressure. Thus, resveratrol may have potential in pre-
venting functional damage to the heart caused by essential 
hypertension. Accordingly, resveratrol in combination with 
a blood pressure lowering agent may be useful in treating 
patients with essential hypertension.

Acknowledgments: S.J.T. and X.L.L. are recipients of the International 
Graduate Student Entrance Scholarship from University of Manitoba. 
P.W. is a recipient of the Canadian Institutes of Health Research 
(CIHR) Graduate Scholarship Master’s Award and Manitoba Health 
Research Council Graduate Fellowship. H.D.A. is the recipient of the 
New Investigator Award from the CIHR, Canada. T.N. was the recipient 
of the Target Obesity New Investigator Award from Heart and Stroke 
Foundation of Canada and CIHR. This study was supported by operating 
grants from Heart and Stroke Foundation, and Agriculture and Agri-Food 
Canada held by T.N.

Disclosure: The authors declared no conflict of interest.

1.	 Mudd JO, Kass DA. Tackling heart failure in the twenty-first century. Nature 2008; 
451:919–928.

2.	 Latronico MV, Elia L, Condorelli G, Catalucci D. Heart failure: targeting 
transcriptional and post-transcriptional control mechanisms of hypertrophy 
for treatment. Int J Biochem Cell Biol 2008; 40:1643–1648.

3.	 Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in ventricular 
remodelling. Lancet 2006; 367:356–367.

4.	 Tavares M, Rezlan E, Vostroknoutova I, Khouadja H, Mebazaa A. New 
pharmacologic therapies for acute heart failure. Crit Care Med 2008; 
36(1 Suppl):S112–S120.

5.	 Tunuguntla A. Emerging drug therapies for the management of acute 
decompensated heart failure. Tenn Med 2007; 100:33–37.

6.	 Aronson JK. Drugs used to treat hypertension, heart failure and angina pectoris. 
Meyler’s Side Effects of Cardiovascular Drugs. Elsevier Press: San Diego, CA,  
2009, pp 1–196. 

7.	 Subramaniam V, Lip GY. Hypertension to heart failure: a pathophysiological 
spectrum relating blood pressure, drug treatments and stroke. Expert Rev 
Cardiovasc Ther 2009; 7:703–713.

8.	 Arguedas JA, Perez MI, Wright JM. Treatment blood pressure targets for 
hypertension. Cochrane Database Syst Rev 2009; (3):CD004349.

9.	 Seymour EM, Singer AA, Bennink MR, Parikh RV, Kirakosyan A, Kaufman PB, 
Bolling SF. Chronic intake of a phytochemical-enriched diet reduces cardiac 
fibrosis and diastolic dysfunction caused by prolonged salt-sensitive 
hypertension. J Gerontol A Biol Sci Med Sci 2008; 63:1034–1042.

10.	 Ardiansyah, Ohsaki Y, Shirakawa H, Koseki T, Komai M. Novel effects of a single 
administration of ferulic acid on the regulation of blood pressure and the 
hepatic lipid metabolic profile in stroke-prone spontaneously hypertensive rats. 
J Agric Food Chem 2008; 56:2825–2830.

11.	 Liu Z, Song Y, Zhang X, Liu Z, Zhang W, Mao W, Wang W, Cui W, Zhang X, Jia X, 
Li N, Han C, Liu C. Effects of trans-resveratrol on hypertension-induced cardiac 
hypertrophy using the partially nephrectomized rat model. Clin Exp Pharmacol 
Physiol 2005; 32:1049–1054.

12.	 Juric D, Wojciechowski P, Das DK, Netticadan T. Prevention of concentric 
hypertrophy and diastolic impairment in aortic-banded rats treated with 
resveratrol. Am J Physiol Heart Circ Physiol 2007; 292:H2138–H2143.

13.	 Olfert ED, Cross BM, McWilliam AA. Guide to the Care and Use of Experimental 
Animals, vol. 1, 2nd edn. Canadian Council on Animal Care:Ottawa, Canada, 1993.

14.	 Cantor EJ, Babick AP, Vasanji Z, Dhalla NS, Netticadan T. A comparative serial 
echocardiographic analysis of cardiac structure and function in rats subjected to 
pressure or volume overload. J Mol Cell Cardiol 2005; 38:777–786.

15.	 Li HL, Wang AB, Huang Y, Liu DP, Wei C, Williams GM, Zhang CN, Liu G, Liu YQ, 
Hao DL, Hui RT, Lin M, Liang CC. Isorhapontigenin, a new resveratrol analog, 
attenuates cardiac hypertrophy via blocking signaling transduction pathways. 
Free Radic Biol Med 2005; 38:243–257.

16.	 Trippodo NC, Frohlich ED. Similarities of genetic (spontaneous) hypertension. 
Man and rat. Circ Res 1981; 48:309–319.

17.	 Bing OH, Conrad CH, Boluyt MO, Robinson KG, Brooks WW. Studies of prevention, 
treatment and mechanisms of heart failure in the aging spontaneously 
hypertensive rat. Heart Fail Rev 2002; 7:71–88.

18.	 Doggrell SA, Brown L. Rat models of hypertension, cardiac hypertrophy and 
failure. Cardiovasc Res 1998; 39:89–105.

19.	 Dolinsky VW, Chan AY, Robillard Frayne I, Light PE, Des Rosiers C, Dyck JR. 
Resveratrol prevents the prohypertrophic effects of oxidative stress on LKB1. 
Circulation 2009; 119:1643–1652.

20.	 Kokubo M, Uemura A, Matsubara T, Murohara T. Noninvasive evaluation of the 
time course of change in cardiac function in spontaneously hypertensive rats 
by echocardiography. Hypertens Res 2005; 28:601–609.

21.	 Pfeffer MA, Pfeffer JM, Frohlich ED. Pumping ability of the hypertrophying left 
ventricle of the spontaneously hypertensive rat. Circ Res 1976; 38:423–429.

22.	 Rush JW, Quadrilatero J, Levy AS, Ford RJ. Chronic resveratrol enhances 
endothelium-dependent relaxation but does not alter eNOS levels in aorta 
of spontaneously hypertensive rats. Exp Biol Med (Maywood) 2007; 232:814–822.

23.	 Matsuoka H, Nakata M, Kohno K, Koga Y, Nomura G, Toshima H, Imaizumi T. 
Chronic L-arginine administration attenuates cardiac hypertrophy in 
spontaneously hypertensive rats. Hypertension 1996; 27:14–18.

24.	 Tsutsui H, Ishibashi Y, Takahashi M, Namba T, Tagawa H, Imanaka-Yoshida K, 
Takeshita A. Chronic colchicine administration attenuates cardiac hypertrophy 
in spontaneously hypertensive rats. J Mol Cell Cardiol 1999; 31:1203–1213.

25.	 Tatlidede E, Sehirli O, Velioglu-Ogünc A, Cetinel S, Yegen BC, Yarat A, 
Süleymanoglu S, Sener G. Resveratrol treatment protects against 
doxorubicin‑induced cardiotoxicity by alleviating oxidative damage.  
Free Radic Res 2009; 43:195–205.

26.	 Yoshida Y, Shioi T, Izumi T. Resveratrol ameliorates experimental autoimmune 
myocarditis. Circ J 2007; 71:397–404.

27.	 Alvarez MC, Caldiz C, Fantinelli JC, Garciarena CD, Console GM, Chiappe de 
Cingolani GE, Mosca SM. Is cardiac hypertrophy in spontaneously hypertensive 
rats the cause or the consequence of oxidative stress? Hypertens Res 2008; 
31:1465–1476.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/article/23/2/192/2281974 by guest on 10 April 2024


	Resveratrol Prevents the Development of Pathological Cardiac Hypertrophy and Contractile 
	Background
	Methods
	Results
	Conclusions
	Methods
	Animal model
	Treatment and examinations
	Measurement of blood pressure
	Assessment of cardiac structure and function
	Examination of cardiac structure in vivo
	Measurement of cardiac function in vivo
	Measurement of lipid peroxidation levels
	Measurement of TAS
	Statistical analysis.

	Results
	General observations 
	Blood pressure 
	Cardiac structure 
	Cardiac function 
	Oxidative stress 

	Discussion
	Acknowledgments
	Disclosure
	References


