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ABSTRACT

Resveratrol has been purported to modify risk factors for obesity and cardiovascular 

disease. We sought to examine the effects of resveratrol in a porcine model of metabolic 

syndrome and chronic myocardial ischemia. Yorkshire swine were fed either a normal 

diet (control), a high cholesterol diet (HCD), or a high cholesterol diet with supplemental 

resveratrol (HCD-R; 100mg/kg/day) for 11 weeks. After 4 weeks of diet modification a 

baseline cardiovascular MRI was performed and an ameroid constrictor was placed on 

the left circumflex coronary artery of each animal to induce chronic myocardial ischemia. 

At 7 weeks, a second cardiovascular MRI was performed and swine were sacrificed and 

myocardial tissue harvested. Resveratrol supplementation resulted in lower Body mass 

indices, serum cholesterol, and C-reactive protein levels, improved glucose tolerance and 

endothelial function, and favorably augmented signaling pathways associated with 

myocardial metabolism. Interestingly, serum tumor necrosis factor-α levels were not 

influenced by resveratrol treatment.  Immunoblotting for markers of metabolism 

demonstrated that insulin receptor substrate-1, glucose transporters 1 and 4, and phospho-

AMPK were increased in the HCD-R group.  Peroxisome proliferator-activated receptor γ 

and retinol binding protein 4 were down-regulated in the HCD-R group as compared to 

the HCD group.  Myocardial perfusion and function at rest as assessed with magnetic 

resonance imaging were not different between groups. By favorably influencing risk 

factors, resveratrol may decrease the burden of chronic metabolic disease and improve 

cardiovascular health.
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1.  INTRODUCTION

Obesity is a health problem of epidemic proportions throughout the developed 

world, in part, due to consumption of inexpensive, calorie-rich foods. Obesity is part of a 

quartet of risk factors for cardiovascular disease (central obesity, glucose intolerance, 

dyslipidemia, and hypertension) known as “metabolic syndrome” (Miranda et al., 2005). 

Approximately 50% of patients with coronary artery disease have metabolic syndrome 

(Milani and Lavie, 2003). Thus, modifying and decreasing the risk factors and prevalence 

of metabolic syndrome may improve cardiovascular health.  A number of dietary 

supplements including vitamin E, omega-3 fatty acids, and resveratrol are being 

investigated for properties that may lead to decreased cardiovascular morbidity and 

mortality.  

Resveratrol, found in abundance in red wine, has been shown to metabolically 

simulate calorie restriction (Lavu et al., 2008). Resveratrol is thought to activate sirtuin 1 

(SIRT1), an NAD+-dependent deacetylase, which influences a diverse array of metabolic 

pathways. Studies in cultured cell and small animal models demonstrate that SIRT1 is 

involved in stress resistance, fat metabolism, cellular respiration (mitochondrial 

biogenesis), insulin production, inflammation, and glucose and lipid homeostasis 

(Bordone and Guarente, 2007; Yoshizaki et al., 2009). In previous studies we 

demonstrated the effect of resveratrol on perfusion and angiogenesis in the ischemic 

myocardium. Supplemental resveratrol resulted in improved flow reserve and upregulated 

the pro-angiogenic vasodilators vascular endothelial growth factor and endothelial nitric 

oxide synthase, but did not increase capillary density due to an upregulation of the anti-
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angiogenic protein angiostatin (Robich et al., 2010; Robich et al., 2010). Currently there 

are a paucity of data on the impact of resveratrol in human and large animal models of 

metabolic syndrome and chronic myocardial ischemia. The aim of this work was to 

examine the effects of resveratrol on risk factors that lead to the development of coronary 

artery disease.

Our hypothesis was that supplemental resveratrol would improve the burden of 

common chronic diseases and positively influence coronary artery disease risk factors in 

swine with diet-induced metabolic syndrome and chronic myocardial ischemia.

2.  MATERIALS AND METHODS

2.1  Animal Model

Yorkshire miniswine (Parsons Research, Amherst, MA) were fed one of three 

diets throughout the 11 week experiment. The first group was given 500 grams of a 

hypercholesterolemic diet daily (HCD, n=7) (2,248 kcal/day) composed of 4% 

cholesterol, 17.2% coconut oil, 2.3% corn oil, 1.5% sodium cholate, and 75% regular 

chow.  A second group was fed the same hypercholesterolemic diet supplemented with 

100mg/kg/day of resveratrol (HCD-R, n=7) (ChromaDex, Irvine, CA). The third group of 

swine was fed regular chow (control, n=7, 1824 kcal/day) and served as the control. All 

animals were housed singly, and were observed during feeding.  All animals consumed 

the entire portion of feed each day.  There have been concerns about the bioavailablity of 

orally delivered resveratrol, and some studies have shown low systemic concentrations. 

In one study, 25 mg of resveratrol was given to healthy volunteers and showed 

approximately 70% absorption, with peak plasma levels of resveratrol and metabolites of 
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491 ± 90 ng/ml and a plasma half-life of 9.2 ± 0.6 hours (Walle et al., 2004).  Early 

studies in animal models and humans demonstrated no adverse effects at doses up to 1 

gm/kg/day and 5 grams, respectively (Elliott and Jirousek, 2008).  Thus we chose a 

higher dose in an attempt to achieve adequate cardiac tissue levels, and though these 

doses were higher than some previous work, they are well below the doses that were 

tolerated in other studies.

After 4 weeks of dietary modification, all animals underwent ameroid constrictor 

placement on the proximal left circumflex coronary artery. Anesthesia was induced with 

ketamine (10 mg/kg i.m) and thiopental 2.5%, and maintained with a gas mixture of 

oxygen at 1.5-2 l/min and 3.0% isoflurane. Animals were weighed and measured while 

under anesthesia to allow accurate measurements.  Body mass index was calculated by 

using the weight of the animal and the length (from tip of the snout to the base of the tail 

along the back). During the first procedure, the pericardium was opened through a left 

mini-thoracotomy, and a titanium ameroid constrictor (1.75mm) was placed around the 

proximal left circumflex coronary artery. This device is designed to produce myocardial 

ischemia without causing infarction. Post operatively, the animals received a single dose 

of buprenorphine (0.03 mg/kg) and fentanyl (4 mcg/kg transdermal for 72 hours). 

Seven weeks after ameroid placement, swine were again anesthetized and a 

functional cardiovascular magnetic resonance imaging (MRI) study was completed 

(please see details below). The heart was exposed through a median sternotomy and 

physiologic measurements were taken, followed by euthanasia. Blood pressure was 

measured using an intra-aortic pressure transducer. Myocardial tissue was harvested for 

study. 
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All experiments were approved by the Beth Israel Deaconess Medical Center 

Institutional Animal Care and Use Committee. Animals were cared for in compliance 

with the Harvard Medical Area Institutional Animal Care and Use Committee and 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’ (NIH publication no. 5377-3 1996).

2.2  Serum Cholesterol and Intravenous Glucose Tolerance Test

An intravenous glucose tolerance test was performed prior to placement of the 

ameroid and again prior to euthanasia. A fasting baseline blood glucose level was 

measured and dextrose, 0.5 gm/kg, was infused. Blood glucose levels were measured at 

30 minutes and 60 minutes post-infusion, and are reported as mg/dl.  Homeostatic model 

assessment of insulin resistance (HOMA-IR), a calculation to quantify insulin resistance 

and beta-cell function, was measured using fasting glucose and insulin levels. Serum C-

reactive protein, total cholesterol, direct low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL) measurements were performed by AccelLAB, Boisbriand, Quebec, 

Canada.  

2.3  Serum Insulin and Tumor Necrosis Factor-α (TNFα) Levels 

Serum insulin and TNFα levels were measured using commercially available 

swine insulin ELISA kits (ALPCO Diagnostics, Salem, NH). Undiluted serum, along 

with standards and controls were added to a 96-well plate pre-coated with specific anti-

insulin or anti-TNFα monoclonal antibody. 
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2.4  Measurement of Global and Regional Myocardial Function 

Indices of global and regional left ventricular function were obtained prior to 

animal sacrifice for 10 sequential beats via a catheter in the femoral artery using a 

Sonometrics system (Sonometrics Corp. London, ON, Canada).

2.5  Cardiovascular Magnetic Resonance Imaging 

Animals underwent a functional cardiovascular magnetic resonance imaging 

study prior to sacrifice. A 1.5T Philips Achieva (Philips Healthcare, Best, Netherlands) 

with a five-element cardiac phased-array receiver coil was used.  Left ventricular systolic 

function was assessed by cine short axis steady state free processing (SSFP) slices 

covering the entire left ventricle during suspended respiration (10mm thickness, 0mm 

gap). Myocardial perfusion at rest was assessed by first-pass turbo field echo-echo planar 

imaging in three short axis 10mm-thick slices (basal, mid, and distal ventricle) after 

injection of 0.05mmol/kg gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) 

(Magnevist, Berlex/Schering AG, Berlin, Germany). Fifteen minutes after an additional 

0.15mmol/kg Gd-DTPA, a late gadolinium enhancement- cardiovascular magnetic 

resonance imaging was performed in the 2 chamber, 4 chamber, and short axis 

orientations corresponding to SSFP cine slices (Kim et al., 1999).  

2.6  Microvascular Responses

After cardiac harvest, coronary arterioles (80-180μm in diameter) from the left 

circumflex territory were placed in isolated microvessel chambers. Vessels were 
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preconstricted by 25-50% of the baseline diameter with the thromboxane A2 analog, 

U46619 (10-6 M). The microvascular responses to sodium nitroprusside (SNP, 10-9 to 10-4 

mol/l, an endothelium-independent vasodilator) and adenosine diphosphate (ADP, 10-12 to 

10-7 mol/l, an endothelium-dependent vasodilator) were evaluated. Control microvessels 

were also subjected to ADP pretreated with a nitric oxide synthase (NOS) inhibitor, L-

NG-Nitroarginine methyl ester. All reagents were obtained from Sigma-Aldrich (St Louis, 

MO).

2.7  Immunoblotting Studies 

Whole-cell lysates were isolated from homogenized myocardial samples from the 

ischemic myocardium with radio-immunoprecipitation assay buffer (Boston Bioproducts, 

Worcester, MA). Sixty micrograms of total protein were fractionated by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (Invitrogen, San Diego, CA) and transferred to 

polyvinylidene fluoride membranes (Millipore, Bedford, MA). Each membrane was 

incubated with the following specific primary antibodies involved in glucose metabolism: 

glucose transporter 1 (GLUT 1)(Abcam, Cambridge, MA), GLUT 4 (Abcam), insulin 

receptor substrate-1 (IRS-1)(Cell Signaling, Beverly, MA), peroxisome proliferator-

activated receptor gamma (PPARγ)(Cell Signaling), retinol binding protein 4 (RBP 4)

(Cell Signaling), total and phosporylated AMP-activated protein kinase (AMPK)(Cell 

Signaling), and total and phosphorylaed mammalian target of rapamycin (mTOR)(Cell 

Signaling). Immune complexes were visualized with enhanced chemiluminescence 

(Amersham, Piscataway, NJ). Bands were quantified by densitometry of autoradiograph 

films. Ponceau staining was used to ensure equal protein loading.
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2.8  Non-esterified fatty acids

Serum levels of non-esterified, “free”, fatty acids were measured by an enzymatic 

colorimetric assay (NEFA-HR, Wako Diagnostics, Richmond, VA). Coenzyme A (CoA) 

was acylated by non-esterified fatty acids in serum in the presence of acyl-CoA 

synthetase. Acyl-CoA was then oxidized by the addition of acyl-CoA oxidase, which 

produced hydrogen peroxide. Peroxidase was added the colorimetric product was 

measured at 550nm.  

2.9  Protein oxidative stress

Dinitrophenylhydrazine-derivatized myocardial tissue homogenates samples were 

separated by 10% PAGE and transferred to PVFD membranes (Chemicon International, 

Inc. Temecula, CA). Membranes were incubated with a primary antibody specific for the 

2,4-dinitrophenyl moiety, followed by incubation with secondary antibody. Immune 

complexes were visualized with the enhanced chemiluminescence detection system 

(Amersham, Piscataway, NJ, USA). 

2.10  Immunoflorescence

Frozen sections of ischemic myocardium were fixed in acetone and blocked. 

Anti-GLUT-4 primary antibody was applied (Epitomics, Burlingame, CA). Slides were 

washed and secondary antibody applied (Jackson Immunoresearch). Slides were mounted 

with 4',6-diamidino-2-phenylindole (DAPI) and viewed with a confocal microscope. 
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Photomicrographs were taken with a Zeiss Axiolab microscope (Carl Zeiss Inc, 

Thornwood, NY) equipped with a digital camera (Photodoc, Upland, CA).

2.11  Data Analysis

All results are expressed as mean ± standard error of the mean (S.E.M.). 

Microvessel responses are expressed as percent relaxation of the preconstricted diameter 

and were analyzed using a two-way, repeated-measures analysis of variance (ANOVA) 

with Bonferroni correction. Western blots were analyzed after digitalization of x-ray 

films using a flatbed scanner (ScanJet 4c; Hewlett-Packard, Palo Alto, CA) and NIH 

ImageJ 1.40g software (National Institute of Health, Bethesda, MD).  For data analysis, 

levels of phosphorylated proteins were normalized to total levels. Comparisons between 

groups were analyzed by a one-way ANOVA with a Newman-Keuls Multiple 

Comparison post-hoc test.  

3.  RESULTS

3.1  Experimental model

All animals survived the entire procedure. The swine had similar body mass 

indices (BMI) at the time of the ameroid placement (baseline, P=0.11). Immediately prior 

to sacrifice animals in the HCD group were significantly larger (Fig. 1A). The ameroid 

caused one-hundred percent occlusion of the left circumflex coronary artery based on an 

angiogram completed prior to sacrifice. Core body temperature at sacrifice was similar 

among the groups (P=0.68).  There was no gross evidence of myocardial infarction in any 

of the animals.
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3.2  Serum Cholesterol Measurements

The HCD group had significantly higher levels of total cholesterol as compared to 

the control and HCD-R groups. While total cholesterol in HCD-R was approximately 30 

percent lower than HCD, it was still significantly higher than the control. Serum LDL 

demonstrated a similar pattern, with the HCD group significantly greater than control and 

HCD-R, but HCD-R still elevated compared to the control group. The ratio of LDL:HDL 

cholesterol was significantly higher in the HCD-R group as compared to the HCD and 

control groups, while there was no difference between the control and HCD groups (Fig. 

1A-D).

3.3  Intravenous Glucose Challenge Testing 

Pre-euthanasia intravenous glucose challenge testing showed no difference 

between groups at baseline measurement (P=0.4). Thirty minutes post-dextrose infusion, 

the HCD group had blood glucose levels significantly higher than the control and HCD-R 

groups. There was no statistical difference between the HCD-R group and the control 

group at 30 minutes. One hour post-glucose infusion there was no difference between any 

of the groups (P=0.2, Fig. 1E). 

3.4  Functional Measurments

Systolic blood pressure was higher in the HCD group than either the control or 

HCD-R groups (Fig. 2A). There was no difference in heart rate (control 122.7±10.5 

beats/min, HCD 129.4±15.7 beats/min and HCD-R 115.3±16.7 beats/min, P=0.8). The 
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HCD group demonstrated an increased resting double product, a measure of myocardial 

work that is proportional to myocardial oxygen consumption (Fig. 2B). Measurement of 

+dP/dt and vertical segmental shortening in the ischemic territory demonstrated higher 

values in the HCD group (Fig. 2C and D).  

3.5  Cardiac Magnetic Resonance Imaging 

There was normal perfusion at rest to the territories subtended by the left 

circumflex in all animals. Global left ventricular systolic function was also similar 

between groups. Cardiac index, Stroke-volume index, and left ventricular wall mass 

index were not different between groups. There was no evidence of mitral regurgitation 

in any of the animals (Table 1).

3.6  Microvascular Responses

There was no difference in the baseline diameter of the microvessels between 

groups (control 157 ± 12 μm, HCD 139 ± 10 μm, and HCD-R 137 ± 7 μm, P=0.37), or 

the preconstricted diameter of the microvessels when the responses to ADP were 

examined (control 99 ± 7 μm, HCD 92 ± 8 μm, and HCD-R 85 ± 6 μm, P= 0.43). There 

was no difference in the percent vessel preconstriction between the groups with U46619 

(control -37 ± 2%, HCD -34 ± 2%, and HCD-R -39 ± 3%, P= 0.42).

Response of microvessels from the collateral dependent territory to the 

endothelial-independent drug SNP demonstrated no difference between groups (P=0.95). 

Endothelial-dependent microvascular relaxation response to ADP (10-4 M) was 

diminished in HCD swine but was normalized in the HCD-R group. Addition of L-NG-
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Nitroarginine methyl ester led to a marked decrease in the vasorelaxation response of the 

control coronary microvessels as compared to ADP alone (Fig. 3).

3.7  Myocardial Protein Oxidation

Measurement of the levels of protein peroxidation demonstrated significantly 

increased stress in the HCD and this was attenuated in the HCD-R group; HCD increased 

1.8 fold v. control and 2.0 fold v. HCD-R (Fig. 4A).

3.8  Serum Non-Esterified Fatty Acid Level

Serum levels of free fatty acids were significantly increased in the HCD group as 

compared to the control, and were significantly lower in the HCD-R group (Fig. 4B).

3.9  Serum Insulin Levels

Serum insulin levels were significantly elevated in the HCD group, but were 

normalized in the HCD-R group as compared to the control group (Fig. 4C).

3.10  Homeostasis Model Assessment of Insulin Resistance (HOMA-IR)

HOMA-IR, an index of insulin resistance, was increased in the HCD group and 

significantly decreased in the HCD-R group as compared to HCD. There was no 

difference in HOMA-IR between HCD-R and control groups (Fig. 4D).

3.11  Markers of Inflammation
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Serum levels of C-reactive protein were significantly increased in the HCD group 

and were normalized in the HCD-R group as compared to the control group (Fig. 4E). 

Conversely, serum levels of TNFα were not affected by resveratrol supplementation, and 

were significantly increased in both the HCD and HCD-R groups as compared to the 

control group (Fig. 4F). Local expression of TNFα in ischemic myocardial tissue was not 

different between the groups (P=0.36).

3.12  Immunoblotting

Glucose transporter-1 (GLUT 1) was increased in the HCD-R group, as was 

insulin receptor substrate-1 (IRS-1). Two proteins demonstrated increased expression in 

the HCD group, peroxisome proliferator-activated receptor-γ (PPARγ) and retinol 

binding protein-4 (RBP4). 

Expression of phospho-AMPK (thr 132) was significantly increased in the HCD-

R group. The expression of phospho-p38 mitogen activated protein kinase (MAPK) 

(thr180/tyr182) was not different between the groups (P=0.58). Levels of phosphorylated 

mammalian target of rapamycin (mTOR) (ser2448) were not different between groups. 

Rictor expression was equal in the HCD-R and control groups, and they were 1.4 fold 

elevated as compared to HCD; however, this did not reach statistical significance 

(P=0.18). p70S6K also was not significantly different between groups (P=0.38) (Fig. 5A-

F).

3.13  Glucose Transporter-4 (GLUT 4) Protein Expression and Localization within 

the Myocyte
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GLUT 4 protein expression was significantly increased only in the HCD-R group 

as compared to the control. Localization of GLUT 4 by immunofluorescence 

demonstrated a diffuse cytoplasmic and sarcolemmal distribution in the ischemic 

myocardium of the control group.  In the HCD group, GLUT 4 protein was confined to 

the cytoplasm. In the HCD-R group the protein was heavily localized to the sarcolemmal 

membrane (Fig. 6A-D).

4.  DISCUSSION

In this study, we examined the metabolic effects of resveratrol in a clinically 

relevant large animal model of metabolic syndrome and chronic myocardial ischemia. 

Our results demonstrated that orally supplemented resveratrol considerably modified 

major risk factors for cardiovascular disease. Many molecular pathways which regulate 

cardiac metabolism were altered in the ischemic myocardium (Fig. 7). 

Our results show that a high fat, high cholesterol diet significantly increases BMI, 

and that resveratrol treatment alleviates the HCD-associated increase in weight. Calorie 

restriction has been shown in experimental studies to be an effective means of reducing 

many obesity-related diseases, including heart disease and cancer. SIRT1, stimulated by 

caloric restriction and resveratrol, is thought to upregulate a number of molecular 

pathways that lead to decreased weight. Resveratrol leads to enhanced lipolysis, which 

has been linked to improving the diseases associated with metabolic syndrome (Lavu et 

al., 2008). In addition, SIRT1 inhibits PPARγ which leads to decreased lipogenesis 

(Picard et al., 2004).   
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Resveratrol supplementation resulted in decreased total cholesterol and LDL 

levels by 33% and 30% respectively in the current study. These results are similar to 

those found in patients taking HMG CoA reductase inhibitors (statins) (Illingworth and 

Bacon, 1987). Possible mechanisms involve upregulation of enzymes involved with lipid 

metabolism and excretion in the liver. In particular, resveratrol stimulates scavenger 

receptor-B1, involved in reverse cholesterol transport which returns cholesteryl esters to 

the liver for excretion, and Cyp7A1, the rate limiting enzyme in bile acid synthesis and 

cholesterol degradation (Rodgers and Puigserver, 2007). Interestingly, levels of HDL 

were also decreased and the LDL:HDL ratio increased in the HCD-R animals. Possible 

explanations include decreased HDL production and increased metabolism. It has been 

shown that HDL production is linked to PPARα expression (Shah et al., 2009). If PPARα 

is downregulated this may lead to decreased HDL levels. Additionally, cholesteryl esters 

are returned to the liver by HDL and the entire complex is brought into the hepatocyte 

(Chen et al., 2000). The fate of HDL after endocytosis in vivo is not entirely clear, though 

it may be metabolized.

Resveratrol supplementation appears to have significantly reversed insulin 

resistance induced by HCD by normalizing insulin levels and the HOMA-IR index. 

Though the heart utilizes fatty acids as the main energy source, myocardial cells require 

glucose for proper function and glucose is especially important during ischemia (Liu et 

al., 1993). It has been postulated that the diabetic myocardium utilizes less glucose and 

preferentially increases free fatty acid uptake and oxidation (Vidavalur et al., 2006). The 

result is increased free radical production and decreased calcium dependent contractility. 

This situation makes the heart not only more susceptible to an ischemic event, but also 
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increases the risk for a greater decline in ventricular function following an event (Barsotti 

et al., 2009).  

A number of molecular pathways governing glucose metabolism in the ischemic 

myocardium were altered by resveratrol. We demonstrated an increase in expression of 

the GLUT-1 and -4 transmembrane proteins, which are involved in glucose transport into 

cardiomyocytes. They are translated within the cytoplasm of the cell and transported to 

the sarcolemmal membrane when activated (Vidavalur et al., 2006). It has been reported 

that AMPK plays an important role in activation and movement of GLUT 4 to the cell 

membrane (Weisova et al., 2009). AMPK activation is regulated by fatty acids and 

insulin, and results in improved glucose uptake into the cell and activation of energy 

producing pathways during stress (Fujii et al., 2006). Another important protein in 

glucose metabolism, IRS-1, was upregulated in the HCD-R group. This protein is 

involved in insulin binding and the signaling necessary for GLUT 4 translocation. 

Interestingly, GLUT 4 was localized in the cytoplasm in the HCD group, but was heavily 

localized to the sarcolemmal membrane in the HCD-R group. This supports the idea that 

GLUT 4 is stored in an inactive state without the signaling of AMPK and IRS-1 in the 

cardiomyocyte. However, signaling by insulin leads to increased AMPK and IRS-1 

activation, which in turn stimulates the transition of GLUT 4 to the sarcolemmal 

membrane, as seen in the HCD-R group, where it is active. 

Expression of RBP4 was increased in the HCD group and significantly decreased 

in the HCD-R group. RBP4 is an adipokine which inhibits glucose uptake and blocks 

insulin signaling in muscle (Muoio and Newgard, 2005). GLUT 4 and RBP4 protein 

expression levels are inversely proportional to one another, and this relationship is 
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thought to be a cause of obesity-related diabetes (Graham et al., 2006). Thus with 

resveratrol decreasing free fatty acids available to the myocardium, and increasing 

glucose metabolism machinery, the detrimental energy switch to fatty acids may be 

mitigated, and theoretically the risk of fatal myocardial ischemic event lowered.

The altered substrate metabolism in dyslipidemia and diabetes (increased 

utilization of fatty acids) accelerates the oxidative stress burden (Stanley et al., 1997). 

Oxidative stress in the myocardium has been linked to global myocardial dysfunction, 

cellular injury and increased apoptosis, and this likely leads to ventricular remodeling 

(Barouch et al., 2003). Thus, reducing the amount of reactive oxygen species in the 

myocardium may act to improve function and minimize cardiomyopathy (Boudina and 

Abel, 2007). mTOR, a regulator of protein synthesis and cell growth, has been implicated 

in causing cellular senescence and pathologic cardiac hypertrophy (Wang et al., 2009). 

The proposed mechanism involves increased reactive oxygen species leading to 

production of reactive aldehydes which downregulate AMPK, an inhibitor of 

mTOR/p70S6K (Dolinsky et al., 2009). A study by Dolinsky et al. demonstrated that 

resveratrol prevented inhibition of AMPK which in turn inhibited mTOR/p70S6K leading 

to prevention of cardiac hypertrophy.  

Animals in the HCD group had higher systolic blood pressure and double product, 

a measure of myocardial oxygen consumption. It has previously been demonstrated that 

SIRT1 can directly activate eNOS leading to increased nitric oxide (NO) production 

(Hung et al., 2000; Mattagajasingh et al., 2007). In the current study, endothelial 

dependent vasorelaxation was decreased in the ischemic myocardium of the HCD group 

and normalized in the HCD-R group. This may be a result of increased levels of NO in 
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the endothelium leading to increased vasorelaxation. Addition of a NOS inhibitor to the 

microvessels led to significantly reduced vasorelaxation, and demonstrates the critical 

role of NO in microvascular endothelial function. Enhancement of similar pathways in 

systemic microvessels could lead to lower systemic blood pressures (Gracia-Sancho et 

al., 2010; Panza et al., 1993).

Serum C-reactive protein is a clinical indicator of inflammation and an 

independent marker for cardiovascular events (Kaptoge et al.). Our study demonstrated a 

significant reduction with supplemental resveratrol. The mechanism for this finding is not 

entirely clear. Some investigators have hypothesized that decreases in LDL and the 

burden of oxidative stress may lead to decreased C-reactive protein levels (Plenge et al., 

2002). This is supported by our findings in the current study. Conversely, in a study 

performed in Hep3B cells it was shown that the molecular mechanism may involve 

decreased phosphorylation of p38 MAPK (Kaur et al., 2007). We did not demonstrate a 

reduction in phospho-p38 MAPK, and this would suggest the decrease in C-reactive 

protein was by a different mechanism.  

Limitations

There are a number of limitations in this work that should be considered. First, it 

was performed in a porcine model of chronic myocardial ischemia. While in most 

situations, porcine coronary circulation closely mimics the physiology of the human 

coronary circulation, this may not be the case for resveratrol supplementation. While we 

did measure some baseline metrics (blood glucose and BMI), we did not assess blood 

pressure or myocardial glucose metabolism protein expression.  These data would be 
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helpful in assuring the animals were similar at baseline and providing data on changes 

over time. Second, the number of animals in each group was relatively small and our 

findings should be interpreted in this context. In addition, the length of the study was 

limited to 11 weeks of diet modification and resveratrol supplementation. A longer study 

period may have allowed for further changes to take place, such as myocardial 

hypertrophy in the setting of hypertension. Further, we did not include a time matched, 

non-ischemic control group.  This would allow us to determine if the effects of 

resveratrol resulted in full reversal or attenuation of metabolic syndrome. Finally, 

although a number of significant changes were found in the HCD-R group, we did not 

demonstrate that these changes were wholly or in part secondary to SIRT1 activation. 

Conclusion

In this swine study resveratrol favorably modified the risk factors of metabolic 

syndrome, and modified glucose metabolism in the ischemic myocardium to improve 

glucose metabolism and decrease levels of oxidative stress. Oral supplementation with 

resveratrol may provide a reasonable therapeutic option for patients with risk factors for 

cardiovascular disease.
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Figure Legends

Fig. 1.  Clinical results.  A) The BMI of animals in the HCD group were significantly 

higher than the control and HCD-R animals (*P< 0.001).  B) Total cholesterol in 

the HCD group was significantly increased as compared to the control and HCD-

R groups (*P<0.001). Though total cholesterol in the HCD-R group was about 

30% lower than the HCD group it was still significantly increased when compared 

to the control group (†P<0.05).  C) LDL was significantly increased in the HCD 

group as compared to the control and HCD-R groups (*P<0.001 and †P<0.05). 

D) The ratio of LDL:HDL demonstrated a significant increase in the HCD-R 

group (‡P=0.01).  E) Blood glucose levels were significantly increased 30 

minutes after dextrose infusion (§P=0.002). Dashed line indicates blood glucose 

of 160, above which is considered glucose intolerance.

Fig. 2.  Myocardial function results.  A) Mean systolic blood pressure was significantly 

increased in the HCD group (*P=0.03). There was not a difference between the 

control and HCD-R groups.  B) The double product was significantly increased in 

the HCD group (†P=0.02).  C) The +dP/dt was increased in the HCD group, and 

there was no difference between the control and HCD-R groups (‡P=0.04).  D) 

Vertical segmental shortening in the ischemic territory was increased in the HCD 

group (§P=0.01).

Fig. 3. Myocardial microvascular response to adenosine diphosphate (ADP).  The 

microvascular relaxation response to the endothelial-dependent vasorelaxing 
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agent ADP is dysfunctional in the HCD group and normalized to the control in the 

HCD-R group (*P<0.001). Addition of L-NG-Nitroarginine methyl ester, a 

specific nitric oxide inhibitor, with ADP to control vessels demonstrates a 

significant decrease in microvascular vasorelaxation as compared to ADP alone 

(*P<0.001).

Fig. 4. Assessment of protein oxidative stress, serum free fatty acids, serum insulin 

levels, and HOMA-IR.  A) Protein peroxidation in the ischemic territory was 

significantly higher in the HCD group (*P=0.03).  B) The concentration of free 

fatty acids was increased significantly in the HCD group compared to the control 

and HCD-R groups. The concentration in the HCD-R group was significantly 

lower than in the HCD group (†P<0.001, ‡P<0.05).  C) Fasting serum levels of 

insulin were significantly elevated in the HCD group, and decreased in the HCD-

R group (§P=0.002, ‡P<0.05).  D) HOMA-IR scores were higher in the HCD 

group and significantly lower in the HCD-R group as compared to the HCD group 

(**P=0.02, ‡P<0.5).  E) Levels of C-reactive protein were increased in the HCD 

group and significantly lowered in the HCD-R group (**P=0.04).  F) Serum 

concentration of TNFα were significantly lower in the control group as compared 

to the HCD and HCD-R groups (††P=0.002).

Fig. 5. Protein immunoblotting studies.  A) Expression of GLUT 1 was significantly 

increased in the HCD-R group (*P=0.02).  B) Insulin receptor substrate 1 (IRS-1) 

was increased in the HCD-R group (†P=0.03). There was no significant difference 
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between the control and HCD-R groups (P>0.05).  C) PPARγ had a trend toward 

increased expression in the HCD group (P=0.18).  D) RBP4, an inhibitor of 

GLUT 1 and 4, was increased in the HCD group (‡P=0.009).   E) The ratio of 

phospho-AMPK (thr172) to total AMPK expression was significantly increased in 

the HCD-R group (§P=0.03).  F) The ratio of phospho-mTOR (ser2244) to total 

mTOR was not different between groups, P=0.28.

Fig. 6. Glucose transporter 4 (GLUT 4) protein expression and localization within 

the cell.  A) Protein expression of GLUT 4 was significantly increased in the 

HRCV group, though the HCD group had a trend to increased translation 

(*P=0.04). B) Immunofluorescence of GLUT 4 in the control group demonstrates 

diffuse and rather equal distribution of GLUT 4 in the cytoplasm and sarcolemmal 

membrane.   C) GLUT 4 distribution in the HCD group demonstrates areas of 

high concentration in the cytoplasm. The protein is thought to be inactive in this 

location.  D) In the HCD-R group GLUT 4 is heavily concentrated in the cell 

membrane. In this location it is active and likely at least partially responsible for 

improved glucose metabolism (40x, inset 180x, scale bar represents 10μm).

Fig. 7. Summary figure.  Schematic figure describing the metabolic molecular pathways 

influenced by resveratrol (→ indicates activation, ┤indicates inhibition).
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Table 1. Cardiovascular magnetic resonance imaging data

 Control HCD HCD-R p-value
Left ventricular ejection fraction (%) 39.4±5.4 45.9±4.4 48.5±6.9 0.6
Cardiac index (mL/min/m) 3.4±0.1 4.1±0.3 4.2±0.4 0.43
Stroke volume index  (L /( beat x m2) 42.2±3.4 39.5±3.8 42.6±6.8 0.86
Aortic flow (mL/min) 38±1 38.4±2.6 38.6±6.3 0.99
Left ventricular mass index (g/m2) 96±3.4 80.5±4.9 91.1±1.5 0.16
Mitral regurgitation (mL/beat) 1.4±0.2 3.7±0.9 2.5±1.0 0.38
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