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Abstract
Endothelial dysfunction and impaired angiogenesis is a hallmark of hypercholesterolemia (HC). This
study was designed to examine the effects of resveratrol (R), an antioxidant with lipid lowering
properties like statin, on neovascularization along with caveolar interaction with proangiogenic
molecules in hypercholesterolemic (HC) rats. Animals were divided into: control (C), maintained on
normal diet; rats maintained on 5% high cholesterol diet for 8 weeks (HC); & HC + R (20mg/kg)
orally for 2 weeks (HCR). Myocardial infarction was induced by ligating the left anterior descending
artery (LAD). Herein we examined a novel method of stimulating myocardial angiogenesis by
pharmacological preconditioning with resveratrol at both capillary and arteriolar levels and the
potential role of hemeoxygenase-1 (HO-1), e-NOS and Caveolin-1(Cav-1) in mediating such a
response. We also investigated the functional relevance of such treatment by assessing whether the
induced neovascularization can help preserve LV–contractile functional reserve in the setting of
chronic hypercholesterolemic condition. Four weeks after sham surgery and LAD occlusion, rats
underwent echocardiographic evaluation which revealed improvement in ejection fraction and
fractional shortening in HCR compared to HC. Left ventricular tissue sections displayed increased
capillary and arteriolar density in HCR compared to HC. Western blot analysis displayed
downregulation of VEGF, HO-1 and increased association of Cav-1 along with eNOS in HC,
preventing availability of eNOS to the system which was reversed with resveratrol treatment in HCR.
This study was further validated in cardiac specific HO-1 overexpressed mice assuming molecular
cross talk between the targets. Hence, our data identified potential regulators that primarily attenuate
and blunt endothelial dysfunction by resveratrol therapy in hypercholesterolemic myocardium.

*Address correspondence to: Nilanjana Maulik, Ph.D., FACN, FICA, Molecular Cardiology and Angiogenesis Laboratory, Department
of Surgery, University of Connecticut Health Center, 263 Farmington Avenue, Farmington, CT 06030-1110, USA, Phone No: (860)
679-2857; Fax No: (860) 679-2825, Email: nmaulik@neuron.uchc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
Free Radic Biol Med. 2008 October 1; 45(7): 1027–1034. doi:10.1016/j.freeradbiomed.2008.07.012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Hypercholesterolemia; myocardium; Resveratrol; Angiogenesis; HO-1; Caveolin-1; eNOS; VEGF

Introduction
Endothelial dysfunction characterized by impaired nitric oxide bioactivity and decreased
synthesis of endothelial derived nitric oxide has been suggested to contribute to early event in
atherosclerotic process [1]. Decreased nitric oxide production as well as increased interaction
of caveolin and endothelial nitric oxide synthase (eNOS) has been demonstrated in
hypercholesterolemia [2] which is known to be a dominant risk factor of atherosclerosis.
Caveolae, the non-clathrin coated vesicles are highly enriched in sphingomyelin, cholesterol
and a 21kDa coat protein caveolin [3]. Mammalian caveolin family proteins caveolin-1, 2 and
3 were found to be the major components of caveolae [4]. It has been demonstrated that
caveolin-1 is involved in the regulation of cellular cholesterol homeostasis and dowregulation
of cholesterol was shown to decrease caveolae numbers [5], Peterson et al have shown that
cholesterol treatment increases eNOS association with caveolae [6]. In addition, caveolin-1
has the ability to negatively regulate eNOS activity and hyperactivation of the nitric oxide has
been shown in caveolin-1 knockout mice (cav-1−/−) [7]. Kim et al have demonstrated that in
the absence of caveolin-1 the activity of HO-1 is markedly increased suggesting the inhibitory
regulation by caveloin-1 [8]. HO-1 is a stress inducible cytoprotective enzyme which catalyzes
the degradation of Heme to free iron, carbon monoxide (CO) and biliverdin which subsequently
gets converted to bilirubin by bilirubin reductase [9]. In addition, the absence of heme
oxygenase-1 (HO-1) is known to exacerbate atherosclerotic lesion formation and vascular
remodeling [10]. Impairment of angiogenesis during hypercholesterolemia might be due to
reduced endothelium-derived nitric oxide which is a critical modulator of angiogenesis [11],
moreover eNOS gene delivery is shown to promote angiogenesis in a rat model of hind limb
ischemia [12]. HO-1 is also demonstrated as a mediator of VEGF production [13] and also to
facilitate angiogenesis in a rat model of hind limb ischemia [14]. Regulatory interactions
between the nitric oxide synthase and Heme Oxygenase has been reported [15]. Based on the
experimental data it is evident that pharmacological approach to regulate caveolin-1/ HO-1/
eNOS/ VEGF might play an important role in the improvement of endothelial dysfunction and
myocardial angiogenic response in hypercholesterolemia. Earlier, cardioprotection with grapes
as well as the grape seed proanthocyanidins against ischemia reperfusion injury has been
demonstrated [16,17]. We have also demonstrated that resveratrol (a polyphenol present in red
wine) enhances neovascularization in the infarcted rat myocardium through the induction of
thioredoxin-1, heme oxygenase-1 and vascular endothelial growth factor [18]. Moreover we
have recently demonstrated that pharmacological preconditioning by resveratrol modulates the
lipid levels in the high fat fed rats as well as increases cardiac functions by reducing the infarct
size and cardiomyocyte apoptosis [19]. In the same study we have demonstrated that resveratrol
in combination with statin induces better cardiac functions as compared to resveratrol or statin
alone [19]. Again, resveratrol mediated alleviation of cardiac dysfunction in streptozotocin-
induced diabetes and nitric oxide, thioredoxin and heme oxygenase play an important role in
the resveratrol mediated cardioprotection [20]. Ischemic preconditioning is a healthy heart
phenomenon and Juhasz et al [21] demonstrated significant vulnerability of the myocardium
to reperfusion-induced arrhythmias in hypercholesterolemic myocardium indicating that the
ischemic preconditioning only works with intact, healthy heart. Therefore we adapted
pharmacological preconditioning over ischemic preconditiong to study the Cav-1/eNOS/HO-1
signaling in the ischemic hypercholesterolemic myocardium.

Therefore, based on the data available in the literature, we designed this study to investigate
the effect of resveratrol in high fat fed rats to observe whether (1) resveratrol has any effect on
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caveolin-1 signaling involving eNOS and HO-1 (2) to examine the extent of expression of
proangiogenic factor VEGF and the extent of vessel formation (3) to examine the extent of
cardiac function and ventricular remodeling. We have further used cardiac specific HO-1
transgenic (over expressed) mice to validate our results.

Our study demonstrates the new insights of therapeutic angiogenic response of resveratrol in
the modulation of endothelial dysfunction and other cardiovascular complications induced
during hypercholesterolemia.

Materials and Methods
Animals

This study was performed in accordance with the principles of laboratory animal care
formulated by the National Society for Medical Research and the Guide for the Care and Use
of Laboratory Animals prepared by the National Academy of Sciences and published by the
National Institutes of Health (Publication No. 85-23, revised 1985). The experimental protocol
was examined and approved by the Institutional Animal Care Committee of the Connecticut
Health Center (Farmington, CT).

Experimental design
Male Sprague-Dawley rats weighing 200–250 g (starting body weight) were used for the study.
The rats were randomized into three groups (n=18 in each group): (1) Control (C), (2)
Hypercholesterolemia (HC) and (3) Hypercholesterolemia + Resveratrol (R) (HCR). Rats in
HC group were fed with 5% cholesterol diet (CD) for 8 weeks (High cholesterol diet was
purchased from Harlan Teklad Company, Madison, Wisconsin 53744, USA). Corresponding
control rats were fed with normal diet. Eight weeks later the final body weight in the control
group was 375–400g and in the HC group was 450–500g. After 8 weeks of high cholesterol
diet the rats in HCR group were treated with resveratrol (R) (20mg/kg/day) for 2 weeks orally.
The in vivo myocardial infarction model was (subjected to 4 and 30 days of permanent LAD
occlusion) used to measure the protein expression, capillary and arteriolar density respectively.
Echocardiogram was used to examine myocardial function 30 days after myocardial infarction.

Determination of lipid levels
Approximately 2–2.5 ml blood was collected from the jugular vein and transferred into
heparinized tubes and the plasma was separated after centrifugation. Cholesterol, triglycerides,
and HDL-C levels were measured using colorimetric kits for total cholesterol (TC),
triglycerides (TC) and HDL-C (Wako Diagnostics, Richmond, VA 23237, USA) following
the kit protocol. LDL-C was calculated using the Friedwald Equation LDL-C = TC – (HDL-
C + (TG/5)) [11].

Surgical procedure
Male Sprague Dawley rats weighing 375–400g (control group in which rats were fed with
normal diet for 8 weeks) and 450–500g (groups 2 & 3 in which rats were fed with high
cholesterol diet for 8 weeks) were anesthetized with ketamine HCl (100 mg/kg i.p.) and
xylazine (10 mg/kg i.p.). Cefazolin (25 mg/kg i.p.) was administered as a preoperative
antibiotic cover. The rats were mechanically ventilated (Harvard Apparatus Rodent ventilator:
Model 683) and the hearts were exposed through a left lateral thoracotomy (4th intercostal
space). A 6-0 polypropylene suture was passed with tapered needle under the left anterior
descending coronary artery (LAD) just below the tip of the left auricle, and the myocardial
infarction was produced by permanent LAD occlusion. After completion of all surgical
protocols, the chest wall was closed. After application of buprenorphine (0.1 mg/kg s.c.) and
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weaning from the respirator, the rats were placed on a heating pad while recovering from
anesthesia [11,18,22].

Echocardiography Measurements
Rats were sedated using isoflurane (3%, inhaled). When adequately sedated, the rats were
secured with tape in the supine position in a custom-built mold designed to maintain the rat’s
natural body shape after fixation. The hair on the chest wall was removed with a commercially
available hair remover from Nair, Princeton, NJ, USA. The hair remover was applied on the
chest wall and after 2–3min the hair was removed using a cotton swab. Ultrasound gel was
spread over the precordial region, and ultrasound biomicroscopy (Vevo 770, Visual-Sonics
Inc., Toronto, ON, Canada) with a 25-MHz transducer was used to visualize the left ventricle.
The left ventricle was analyzed in apical, parasternal long axis, and parasternal short axis views
for left ventricular (LV) systolic function, LV cavity diameter, wall thickness, diastolic
function, and LV end-systolic and end-diastolic volume determination. 2D directed M-mode
images of the LV short axis were taken just below the level of the papillary muscles for
analyzing ventricular wall thickness and chamber diameter. All left ventricular parameters
were measured according to the modified American Society of Echocardiography–
recommended guidelines. Ejection fraction (EF) and fractional shortening (FS) were assessed
for left ventricular systolic function. Diastolic function was assessed by measuring mitral peak
flow velocity of the E-wave and A-wave in centimeters per second (cm/s), as was the ratio
between the two waves (E/A). All measurements represent the mean of at least 3 consecutive
cardiac cycles. Throughout the procedure ECG, respiratory rate, and heart rate were monitored
as described previously [11,23].

Generation of cardiac specific HO-1 transgenic mice
The cardiac-specific HO-1 transgenic mice in FVB genetic background were generated as
described by Yet et al [24]. Litter mate non-transgenic mice were used as the control group.
Mice were given an intraperitoneal bolus of heparin (500 IU kg−1) and were anesthetized by
the intraperitoneal administration of sodium pentobarbital (100 mg kg−1, Abbot, Baxter Health
Care, Deep Field, IL) [25]. The hearts were perfused for 3 min in langendorff mode for baseline
samples to clear off the blood. The left ventricular tissue was flash frozen for isolation of
membrane and cytosolic protein to perform Western blot analysis.

Western Blot analysis for Caveolin-1, HO-1, phosphorylated-eNOS, eNOS and VEGF
To quantify the caveolin-1, HO-1, p-eNOS, eNOS and VEGF standard SDS/PAGE Western
blot technique was performed. The membrane and cytosolic protein was isolated according to
the Kit protocol (BioVision Research Products, CA-94043, USA) and the protein concentration
was determined using a BCA (bicinchoninic acid) protein assay kit (Pierce, Rockville, IL). The
proteins were run on polyacrylamide electrophoresis gels (SDS-PAGE) typically using 7% for
eNOS & p-eNOS (the phosphorylation site is specific to serine-1177) & 10% for VEGF &
HO-1, 12% for cavelolin-1 (acrylamide to bis ratios). Standard Western blot technique was
done as described previously [11,18]. The antibodies for p-eNOS, eNOS were purchased from
Cell Signaling Technology, Danvers, MA and caveolin-1, VEGF, HO-1 were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA, USA respectively.

Immunohistochemistry for capillary and arteriolar density
Capillary density (CD-31) and arteriolar density staining was done following 4 and 30 days of
the surgical procedure, respectively. The rats were sacrificed; hearts removed and paraffin-
embedded sections were made. Endothelial cells were labeled using mouse monoclonal anti-
CD31/PECAM-1 (1:100, Pharmingen, San Diego, CA, USA) followed by a biotinylated horse
anti-mouse secondary antibody (1:200 dilution). The reaction product (brown) was visualized
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with 3,3’-diaminobenzidine (DAB) substrate using the Vector ABC Vectastain Elite Kit
(Vectorlabs, Burlingame, CA, USA). On separate slides, vascular smooth muscle cells were
labeled using mouse monoclonal anti-smooth muscle actin (1:100, Sigma, St. Louis, MO,
USA) followed by a FITC conjugated donkey anti-mouse secondary antibody (1: 200 dilution,
Jackson Immunoresearch Inc, West Grove, PA, USA). After incubation the sections were again
washed in PBS for 3 times and mounted with coverslip using mounting medium (Vector
laboratories, Burlingame, CA). Images were captured and stored in digital tiff file format for
later image analysis. Counts of capillary density and arteriolar density per mm2 were obtained
after superimposing a calibrated morphometric grid on each digital image using Adobe
Photoshop Software [11,22].

Statistical Analysis
Results were expressed as Mean ± Standard Deviation (SD). ANOVA followed by
Bonferroni’s correction was carried out to determine any differences between the mean values
of all groups. The results were considered significant if p <0.05.

Results
Effect of resveratrol on lipid levels

Plasma lipids were significantly altered after high-cholesterol feeding in the HC group. The
levels of plasma cholesterol, triglycerides and LDL-C increased while the level of HDL-C
decreased in the HC group as compared to the control group. Treatment with resveratrol
significantly lowered the levels of cholesterol, triglyceride and LDLC in the high cholesterol-
fed rats as compared to the untreated HC group. The HDL-C level was found to be increased
with resveratrol treatment (n=6) as shown in Table-1.

Effect of resveratrol on Cav-1, eNOS and HO-1 in the membrane fraction
The Cav-1 and eNOS levels were found to be significantly increased in the HC hearts by 2 and
1.7 fold in the HC group as compared to corresponding normal control. The increase in the
Cav-1 expression correlated with the increase in the cholesterol levels. The protein expression
of Cav-1 and eNOS was found to be decreased by 0.58 and 0.52 fold respectively as compared
to HC group after resveratrol treatment. Conversely the HO-1 level was found to be decreased
(0.35 fold) in the untreated HC group as compared to the normal control. Resveratrol treatment
in HC animals increased HO-1 expression by 2.2 fold as compared to the untreated HC (n=6)
(Figure-1A). These results have demonstrated that HO-1 conversely regulates the Cav-1 and
eNOS association.

Effect of resveratrol on HO-1, p-eNOS and VEGF in the cytosol
The protein expression profile of HO-1, p-eNOS and VEGF were found to be decreased
significantly by 0.43, 0.58 and 0.47 fold respectively in the HC group as compared to normal
control. The increased association of Cav-1 and eNOS in the membrane might have resulted
in decreased phosphorylation of eNOS in the cytosolic fraction in the HC group as compared
to control. The decrease in phosphorylation / activation of eNOS might have resulted in
decreased expression of its regulator VEGF. Resveratrol treatment increased the expression of
HO-1, p-eNOS and VEGF by 2, 3.1 and 2.05 fold as compared to the untreated HC (n=6)
(Figure-1B). p-eNOS was normalized using eNOS as the loading control and VEGF, HO-1
were normalized using GAPDH as the loading control.

Cardiac specific HO-1 transgenic mice
Cav-1, HO-1 and eNOS expression in the membrane fraction—Cav-1 expression
significantly decreased by 0.7 fold in the HO-1 transgenic mice as compared to the litter mate
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controls. Conversely as expected HO-1 expression was significantly increased in the HO-1
transgenic mice by 4.6 fold as compared to the normal control (Figure-2A). The membrane
bound eNOS expression was decreased by 0.7 fold in the transgenic group as compared to the
litter mate controls (n=6). Increased HO-1 expression correlated with decreased Cav-1 and
eNOS association demonstrating that HO-1 conversely regulates the Cav-1 expression.

HO-1, p-eNOS and VEGF expression in the cytosolic fraction—HO-1 expression
significantly increased in the HO-1 transgenic mice (4.5 fold) as compared to the non-
transgenic control. The phosphorylation of eNOS (p-eNOS) significantly increased by 2.13
fold in the transgenic group as compared to the litter mate controls. In addition, the expression
of VEGF was also increased by 2.31 fold in the HO-1 transgenic group as compared to the
corresponding litter mate controls (Figure-2B) (n=6).

Effect of resveratrol on the extent of capillary (CD-31) and arteriolar density—
Immunohistochemical staining of PECAM-1 and anti-smooth muscle actin were used to assess
the capillary density (CD-31) and arteriolar density, respectively. At 400X magnification, 8
non-overlapping random fields, each selected from a non-infarcted risk area, were used for
counting. Four sections from each heart were examined. Increased capillary density was
observed in the HCR treated group (2756 ± 217 vs 1888 ± 98 counts/mm2) as compared to the
untreated HC group (Figure-3A). Similarly, increased arteriolar density was also observed in
the HCR group (2.5 ± 0.4 vs 1.58 ± 0.21 counts/mm2) as compared to the HC group (n=6)
(Figure-3B). The results correlated positively with the increased HO-1, p-eNOS and VEGF
expression thus supporting the notion that the increased capillary and arteriolar density on
resveratrol treatment might be HO-1/eNOS/VEGF mediated.

Effect of resveratrol on echocardiographic evaluation after MI in HC rats—The
left ventricular functional parameters were studied by echocardiography 30 days after LAD
ligation. The cardiac output parameters which demonstrate the functionality of the left ventricle
such as ejection fraction and fractional shortening were significantly decreased in the HC group
compared to the control. The ejection fraction (46 vs 39 %) and fractional shortening (24 vs
20 %) increased significantly in the HCR as compared to the HC group. A significant increase
in the chamber dilation was observed in the HC as compared to the control. By comparison,
HC rats showed a progressive increase in systolic Left Ventricular Internal Diameter (LVIDs)
and resveratrol treatment has significantly decreased the LVIDs (7.8 vs 8.6 mm) as compared
to HC. The left intraventricular septal thickeness (IVSs) decreased in the HC rats significantly
as compared to control. Resveratrol treatment significantly increased the IVSs (2.4 vs 2mm)
compared to untreated HC rats. Significant decrease in left ventricular posterior wall thickness
(LVPW) was observed in HC which was significantly increased on treatment with resveratrol
in the HCR compared to HC. The LVPWs was found to be decreased to 2mm in the HC group
as compared to 2.5 and 2.3 mm in control and HCR groups respectively. There was a
compensatory increase in the posterior (LVPW) and lateral wall systolic thickness in the HCR
group compared to the HC (n=6) (Figure-4). Taken together, resveratrol treatment has
demonstrated progressive, significant increase in left ventricular function as compared to
untreated HC group.

Discussion
In the present study we demonstrate for the first time that HC induced complications such as
increased lipid levels, caveolin-1/eNOS association and decreased HO-1 expression as well as
reduction in myocardial functions could be normalized with resveratrol therapy. We also
documented that resveratrol regulates HO-1 conversely for the disruption of caveolin-1/eNOS
association in HC myocardium. We further validated our results using HO-1 Tg mice. HO-1
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over expression resulted in a significant decrease of caveolin-1/eNOS association thus showing
HO-1 regulates cav-1/eNOS conversely.

Studies have suggested that caveolin-1 is involved in the regulation of cholesterol homeostasis
and promotes cellular cholesterol efflux [26,27]. Fielding et al have demonstrated that
increased LDL and thus cell free cholesterol levels results in transport of the caveolin from the
intracellular pools to the cell surface. They have also demonstrated that caveolin synthesis is
upregulated at the transcriptional level resulting in increased caveolin-1 expression [28]. Frank
and Lisanti have shown the role of caveolin in atherosclerosis and have demonstrated that a
marked decrease in atherosclerotic lesion is observed in ApoE−/− caveolin-1−/− double knock
out mice indicating that lack of caveolin-1 inhibits atherogenesis [29]. We have observed
increased cholesterol level as well as caveolin-1 level in the HC group which were reduced on
resveratrol treatment. The reduced cholesterol along with reduced LDL levels might have
resulted in decreased caveolin-1 expression in the resveratrol treated group. Feron et al has
shown that caveolin-1 negatively regulate the eNOS activity [2]. Moreover it is demonstrated
that endothelial dysfunction which is characterized by decreased synthesis and activity of
endothelial derived nitric oxide is an important factor leading to atherosclerosis [30]. As
expected we have observed decreased phosphorylation of eNOS along with increased
caveolin-1 in the HC group which was positively reversed on resveratrol treatment. Kim et al
have also shown caveolae compartmentalization of HO-1 in endothelial cells [8] they have
demonstrated that endothelial HO-1 localize in part to detergent resistant fractions that
contained caveolin-1 [8]. Interestingly they have also shown that downregulation of caveolin-1
by antisense expression increased HO-1 activity and overexpression of caveolin-1
downregulated LPS-inducible HO activity. In addition, Ziche et al [31], have shown that
biological processes modulated by NO might play a role in angiogenesis. NO released from
cultured human endothelial cells as well as isolated vascular strips confirmed that VEGF
stimulates endothelial nitric oxide release in vitro [32]. VEGF mediated angiogenesis was
found to be attenuated by inhibitors of NOS [33]. It is known that VEGF administration restores
normal vascular responsiveness in ischemically injured tissue [34]. Furthermore, VEGF
administration does not restore normal collateral development in eNOS–deficient mice,
indicating that eNOS may be a downstream effector molecule of VEGF [35]. Other studies
showed that eNOS is required for endothelial cell proliferation and/or migration; the essential
steps required for neovascularization [36].

In our present study in addition to decreased caveolin-1 expression in HO-1 transgenic mice
we have also observed increased myocardial phosphorylation of eNOS along with increased
VEGF expression. This demonstrates that over expression of HO-1 might lead to caveolin-1
down regulation which in turn increases eNOS availability and increased activity resulting in
increased expression of VEGF. We have also found that HO-1, p-eNOS as well as VEGF
expression is downregulated in the HC group which were upregulated on treatment with
resveratrol. Moreover we have demonstrated earlier in a rat MI model that increased HO-1 and
VEGF activation with resveratrol treatment resulted in cardioprotection [18]. HO-1 mediated
cardioprotection has been demonstrated earlier and the antiatherogenic properties of HO-1 are
attributed to its enzymatic production of carbon monoxide (CO) and bilirubin which act as a
vasodilator and antioxidant respectively [37]. In addition, HO-1 mediated production of CO
was shown to prevent ventricular fibrillation in ischemia-reperfused mouse myocardium [38,
39]. Ishikawa et al have shown that modulation of HO-1 expression in LDL-receptor knockout
mice fed with high fat diet leads to atherosclerotic lesion formation [40]. From the results
obtained we interpreted that regulation of HO-1/caveolin-1/ eNOS/ VEGF by resveratrol might
result in increased angiogenesis leading to cardioprotection in the hypercholesterolemic
myocardium. As expected, the extent of capillary and arteriolar density was found to be
increased in resveartrol treated group as compared to HC. Echocardiography has also revealed
a significant reduction in ischemic ventricular remodeling and showed an improved diastolic
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and systolic thickness of the ventricular wall in the HCR, showing the efficacy of resveratrol
in maintaining the left ventricular systolic function. The increase in capillary and arteriolar
density in resveratrol treated group might have resulted in a compensatory response leading to
sustained myocardial perfusion along with increased cardiac functions after MI leading to
cardioprotection.

In conclusion, our present study provides evidence for the first time that, resveratrol therapy
ameliorates endothelial dysfunction during hypercholesterolemia by regulating the biomarkers
like cav-1, HO-1, eNOS and VEGF. Resveratrol treatment in hypercholesterolemic rats
enhanced the expression of HO-1 which plays an important role in the targeted disruption of
cav-1 and eNOS association resulting in phosphorylation of eNOS and increased VEGF
expression leading to neovascularization of the HC myocardium.
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Figure 1.
A) Representative Western blots showing the protein expression of Cav-1, eNOS and HO-1 in
the membrane fraction. Graph represents the quantitative comparison between the groups.
B) Representative Western blots showing the protein expression of HO-1, p-eNOS and VEGF
in the cytosolic fraction. Graph represents the quantitative comparison between the
groups. *p<0.05 represent HC compared with control, †p<0.05 HCR compared with HC. Where
HC represents high cholesterol diet fed rats, HCR represents HC rats treated with resveratrol.
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Figure 2.
A) Representative Western blots showing the protein expression of HO-1, Cav-1, eNOS in the
membrane fraction of HO-1 Tg mice. Graph represents the quantitative comparison between
the groups. B) Representative Western blots showing the protein expression of HO-1, p-eNOS
and VEGF in the cytosolic fraction of HO-1 Tg mice. Graph represents the quantitative
comparison between the groups. *p<0.05 represents HO-1 Tg mice compared with control.
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Figure 3.
A)_Figures represent the capillary density and arteriolar density between the comparative
groups in the peri-infarct area 4 and 30 days after myocardial infarction respectively. B) Graphs
represent the quantitative analysis of capillary and arteriolar density between the comparative
groups. *p<0.05 represent HC compared with control, †p<0.05 HCR compared with HC. Where
HC represents high cholesterol diet fed rats, HCR represents HC rats treated with resveratrol.
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Figure 4.
Echocardiographic measurements between the comparative groups after 30 days of myocardial
infarction. A) Ejection fraction B) Fractional Shortening C) LVIDs D) LVIDd E) IVSs and F)
LVPWs. Graphical representation shows the quantitative comparison between the
groups. *p<0.05 represent HC compared with control, †p<0.05 HCR compared with HC. Where
HC represents high cholesterol diet fed rats, HCR represents HC rats treated with resveratrol.

Penumathsa et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Penumathsa et al. Page 15
Ta

bl
e_

 1
E

ffe
ct

 o
f R

es
ve

ra
tr

ol
 o

n 
L

ip
id

 L
ev

el
s

R
es

ul
ts

 a
re

 e
xp

re
ss

ed
 a

s M
ea

n 
± 

SD
.

S.
N

O
G

ro
up

s
C

ho
le

st
er

ol
 (m

g/
dl

)
T

ri
gl

yc
er

id
es

 (m
g/

dl
)

H
D

L
-C

 (m
g/

dl
)

L
D

L
-C

 (m
g/

dl
)

1
C

on
tro

l
90

.2
4 

± 
5.

36
81

.9
2 

± 
4.

34
43

.5
2 

± 
3.

89
28

.3
2 

± 
2.

93
2

H
yp

er
ch

ol
es

te
ro

le
m

ia
15

1.
7 

± 
7.

14
*

15
9.

5 
± 

6.
23

*
24

.3
7 

± 
2.

80
*

83
.9

1 
± 

3.
89

*
3

H
yp

er
ch

ol
es

te
ro

le
m

ia
 +

 R
es

ve
ra

tro
l

10
4.

1 
± 

4.
29

†
94

.6
7 

± 
4.

63
†

37
.0

4 
± 

3.
12

†
49

.0
4 

± 
3.

72
†

* p<
0.

05
 re

pr
es

en
ts

 si
gn

ifi
ca

nt
 d

iff
er

en
ce

 b
et

w
ee

n 
H

C
 a

nd
 c

on
tro

l

† p<
0.

05
 re

pr
es

en
ts

 si
gn

ifi
ca

nt
 d

iff
er

en
ce

 b
et

w
ee

n 
H

C
R

 a
nd

 H
C

. W
he

re
 H

C
 re

pr
es

en
ts

 h
ig

h 
ch

ol
es

te
ro

l d
ie

t f
ed

 ra
ts

, H
C

R
 re

pr
es

en
ts

 H
C

 ra
ts

 tr
ea

te
d 

w
ith

 re
sv

er
at

ro
l.

Free Radic Biol Med. Author manuscript; available in PMC 2009 October 1.


