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ABSTRACT 

Hypertension affects over 50% of adults in the United States and is a risk factor for 

cardiac hypertrophy, stroke, myocardial infarction, and heart failure. If high blood 

pressure is untreated, damage to the myocardium and vasculature occurs, resulting in 

pathological fibrosis, hypertrophy, and inflammation. Polyphenols have antioxidant and 

anti-inflammatory properties and are beneficial against cardiovascular risk. Muscadine 

grapes are native to the Southeastern US and their skins and seeds are abundant in 

polyphenols including ellagic acid, gallic acid, and catechins. Previous studies 

demonstrated that muscadine grapes reduce cell proliferation and decrease inflammation. 

In these studies, we investigated the effects of a muscadine grape extract (MGE) on 

angiotensin II (Ang II)-induced hypertension and the resulting cardiac and vascular 

damage.  

Male Sprague-Dawley rats were treated for four weeks with: no addition (Control), 

MGE alone, Ang II alone to increase blood pressure, and Ang II + MGE. Ang II was 

administered by implantation of a subcutaneous osmotic mini-pump at a dose of 24 

µg/kg/h and MGE was provided in the drinking water at a dose of 0.2 mg total 

phenolics/mL. Rats in MGE groups were pre-treated with the extract one week prior to 

the implantation of Ang II pumps. Ang II treatment resulted in a time-dependent increase 

in systolic blood pressure, measured by tail-cuff plethysmography. At week 4, blood 

pressure in Ang II-treated animals was significantly higher than other groups, whereas 

MGE had no effect. MGE did not affect gross cardiac hypertrophy induced by Ang II, 

measured as the heart-weight-to-tibia length; however, mean cross-sectional area of 

cardiomyocytes was not upregulated in MGE-treated hypertensive animals compared to 
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Ang II alone, suggesting that MGE improves cardiomyocyte hypertrophy without an 

effect on gross hypertrophy. Echocardiography was performed by ultrasound to 

determine cardiac function. Systolic parameters were not affected with any treatment. 

However, Ang II increased E/e’, a measure of left ventricular filling pressure; co-

administration of MGE significantly prevented the increase in E/e’ ratio, suggesting that 

MGE can prevent Ang II-mediated diastolic dysfunction.  

Pathological cardiac fibrosis contributes to the development of diastolic 

dysfunction. Total interstitial collagen and collagen III specifically were increased by 

Ang II administration and pre-treatment with MGE inhibited this effect, indicating that 

the extract may reduce hypertension-induced cardiac fibrosis. The TGFβ pathway, which 

is critical to cardiac fibrosis, was upregulated in Ang II-treated animals and this change 

was prevented by co-administration of the extract. Phosphorylation of Smad2, which is 

activated by TGFβ, was also increased by Ang II and not changed in hypertensive 

animals co-treated with MGE. Connective tissue growth factor (CTGF), which intersects 

with the TGFβ pathway and contributes to ECM protein production, was increased in the 

hearts of Ang II-treated animals but was normalized by co-administration of MGE. MGE 

alone had no effect on any of these parameters. These data suggest that MGE improves 

Ang II-mediated cardiac fibrosis by modulating the TGFβ pathway. 

 Reactive oxygen species (ROS) are increased in the presence of hypertension and 

also contribute to cardiac damage. The lipid peroxidation products malondialdehyde 

(MDA) and 4-hydroxynonenal (4-HNE) were increased in the hearts of Ang II-treated 

animals but were normalized by the co-administration of MGE, suggesting that MGE 

reduces end products of excessive ROS. One of the main producers of ROS in the 
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myocardium is the family of NADPH oxidases (Nox). Nox4 was increased in Ang II-

treated hearts and co-administration of MGE blocked this change. MGE prevented the 

Ang II-mediated increase in p22phox mRNA, a subunit required for Nox4 activity. The 

myocardium also has endogenous antioxidants to protect from excessive ROS production 

including superoxide dismutase 1 (SOD1) and catalase. SOD1 and catalase mRNA were 

decreased 2-fold in Ang II-treated hearts and co-treatment with MGE prevented this 

change. Collectively, these data suggest that MGE prevents Ang II-mediated diastolic 

dysfunction through reducing fibrosis and oxidative stress in the myocardium. 

 Arterial stiffness is also present in hypertensive disease and contributes to vascular 

and left ventricular dysfunction. Pulse wave velocity, a measure of arterial stiffness, was 

increased in the aortas of Ang II-treated rats and co-administration of MGE blocked this 

change. Aortic media thickness was augmented in hypertensive animals and MGE 

prevented this effect, whereas the Ang II-mediated reduction in lumen diameter was 

normalized by co-treatment with MGE. These results suggest that aortic media 

hypertrophy was prevented by MGE in animals receiving Ang II.  

Fibrosis was upregulated in the vasculature of rats with hypertensive disease— 

total collagen, measured by Masson’s trichrome staining, and collagen III were both 

enhanced in the aortic media of Ang II-treated animals; treatment with MGE prevented 

this increase. TGFβ mRNA was not changed with any treatment. However, 

phosphorylation of nuclear Smad2 was not significantly upregulated in Ang II and MGE-

treated animals compared to Ang II-treated animals and increased CTGF in Ang II-

treated aortas was prevented by the addition of MGE. These data suggest that MGE may 

improve aortic fibrosis by targeting Smad and CTGF signaling. Excessive ROS also 
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contributes to adverse cardiovascular remodeling. The lipid peroxidation product 4-HNE 

was enhanced by 136% in Ang II-treated aortas whereas MGE significantly prevented 

this change. Nox2 mRNA as well as Nox1 and phospho47phox were increased in the 

aortas of Ang II-treated animals; co-administration of MGE significantly blunted these 

responses, suggesting that production of ROS was reduced by MGE treatment.  

Inflammatory markers such as NF-κB, a transcription factor critical to pro-inflammatory 

signaling, are upregulated in the vasculature of hypertensive animals. The p65 subunit of 

NF-κB was increased over 10-fold in the nuclei of cells in the aortic media by Ang II 

treatment and MGE blocked this effect, suggesting that the extract may reduce NF-κB- 

mediated inflammatory signaling. Additionally, increased aortic expression of the 

cytokine IL-6 in Ang II-treated animals was significantly prevented by co-treatment with 

MGE, suggesting that Ang II increased inflammation, which was prevented by the 

extract.  

Collectively, these data demonstrate that, in an Ang II model of hypertension, 

cardiac diastolic function and aortic stiffness were prevented by MGE in association with 

a reduction in fibrosis, oxidative stress, and inflammation, to restore cardiac function 

without an effect on blood pressure. These results suggest that supplementation with 

MGE may be an effective treatment for hypertension-mediated cardiac and vascular 

function. 
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CHAPTER I 

INTRODUCTION 

 

 

Hypertension Overview  

Hypertension affects approximately 46% of the US adult population and is the 

most common risk factor for cardiovascular disease (CVD) [1, 2]. Hypertension 

awareness, treatment, and control have steadily improved since the 1960s in US adult 

men and women with 80.2% and 85.4%, respectively, aware of their disease, 70.9% and 

80.6% receiving treatment, and 69.5% and 68.5% of treated patients having their blood 

pressure (BP) under control. However, only 49.3% and 55.2% of adults in the US with 

hypertension have BP control [3]. Hypertension is a major global burden of disease and 

economically has cost the nation about $51.2 billion yearly. The annual cost of total CVD 

was approximately $316.1 billion during 2012-2013 [4]. The prevalence of hypertension 

rises drastically with increasing age and is higher in African Americans compared to 

Caucasians, Asians, and Hispanic Americans [5]. Modifiable cardiovascular (CV) risk 

factors for the development of hypertension include cigarette smoking/tobacco smoke 

exposure, diabetes mellitus, dyslipidemia (including high levels of low-density 

lipoprotein cholesterol, high levels of triglycerides, and low levels of high-density 

lipoprotein cholesterol), high body mass index (BMI), lack of physical activity, unhealthy 

diet, and psychosocial stress. Not only are CVD risk factors widespread in hypertensive 

individuals, a higher percentage of adults with CVD risk factors have hypertension; for 

example, 71% of US adults with diagnosed diabetes mellitus have hypertension [6]. The 

epidemiology, physiology, pharmacology and genetics of hypertension are well 
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understood, and yet, a significant portion of the hypertensive population remains 

undiagnosed or not treated effectively.  

The ACC/AHA guidelines, revised in 2017, denoted a change in the way 

hypertension is defined which increased awareness of the deleterious effects of this 

chronic disease. According to the newest guidelines, BP is categorized as normal 

(<120/<80 mm Hg), elevated (BP 120-129/<80 mm Hg), hypertension stage 1 (130-139 

systolic or 80-89 mm Hg diastolic), or hypertension stage 2 (≥140 systolic or ≥90 mm Hg 

diastolic). Moreover, treatments for hypertension in the form of lifestyle changes and for 

some patients, pharmaceutical interventions, should now begin at 130/80 mm Hg rather 

than 140/90 mm Hg [2]. In adults, higher BP is associated with increased risk for CVD, 

angina, myocardial infarction (MI), heart failure (HF), stroke, peripheral arterial disease, 

and abdominal aortic aneurysm [2]. Blood pressure reduction can vastly improve quality 

of life and risk of mortality due to cardiovascular disease. In fact, reducing systolic blood 

pressure by 10 mm Hg or diastolic by 5 mm Hg can reduce risk of coronary heart disease 

events by 22% and risk of stroke by 41% [7]. Novel therapies to reduce blood pressure or 

the risk of cardiovascular disease associated with hypertension are necessary to improve 

quality of life in patients with hypertension. 

Hypertension is categorized as either essential (which accounts for 95% of cases) 

or secondary (which accounts for 5% of all cases) [8]. The exact etiology of essential 

hypertension remains unknown, but it is a multifactorial disease that arises due to the 

combined action of genetic and behavioral factors and is strongly associated with obesity 

and salt intake. Secondary hypertension, on the other hand, is usually due to 

distinguishable causes such as renal artery stenosis or adrenal disease [4]. In both types of 
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hypertension, multiple mechanisms of blood pressure control including the sympathetic 

nervous system, the renin angiotensin system (RAS), and endothelial function are 

implicated.  

Pharmacological Treatments for Hypertension 

The benefit of pharmacological treatment for BP reduction is based on patients’ 

10-year atherosclerotic cardiovascular disease (ASCVD), defined as coronary death or 

nonfatal myocardial infarction, or fatal or nonfatal stroke. Management of hypertensive 

disease is based on controlling blood pressure as well as modifiable risk factors including 

dyslipidemia, diabetes, and obesity. One of the cornerstones of antihypertensive therapy 

are antagonists of the RAS, especially AT1 receptor (angiotensin II receptor type 1) 

blockers (ARBs) and angiotensin converting enzyme (ACE) inhibitors. The general 

treatment goal is to reduce systolic BP to less than 130 mm Hg and diastolic below 80 

mm Hg [2]. Initial first line antihypertensive therapy involves thiazide diuretics, calcium 

channel blockers (CCBs), angiotensin-converting enzyme inhibitors or angiotensin 

receptor blockers. Thiazide diuretics inhibit the Na+/Cl− cotransporter in the renal distal 

convoluted tubule, thereby acutely increasing fluid loss to urine, which leads to decreased 

extracellular fluid and plasma volume [9]. CCBs bind to and block the L-type calcium 

channel (found in cardiac muscle and in smooth muscles of arteries and veins), resulting 

in vasodilatation and lowering of blood pressure, as well as negative inotropic effects on 

the heart [10]. CCBs reduce systolic and diastolic BP to the same extent as other BP-

lowering drugs; however, their use is associated with a small increased risk for MI and 

HF [11]. ACE inhibitors work through two pathways: these drugs prevent the formation 

of the vasoconstrictor angiotensin II (Ang II) and they increase the bioavailability of the 
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vasodilator bradykinin (which consequently causes increased release of nitric oxide as 

well as synthesis of vasoactive prostaglandins) [12]. ACE inhibitors are used 

ubiquitously; however, approximately 10% of patients develop a dry nagging cough that 

is enough to prevent compliance with this medication [13]. A small percentage of patients 

taking ACE inhibitors also develop angioedema, a condition that can be fatal in some. 

Banerji et al. [14] reported that among 134,945 patients prescribed an ACE inhibitor, 

0.7% developed angioedema during the following 5 years and those that developed 

angioedema were younger. Other negative side effects with ACE inhibitor therapy 

include hypotension, reduction in glomerular filtration rate and hyperkalemia [15]. ARBs 

have a similar side effect profile as ACE inhibitors, including angioedema and 

hypotension. ARBs specifically displace angiotensin II from the AT1 receptor; 

additionally, by facilitating stimulation of the AT2 receptor (angiotensin II receptor type 

2), ARBs may trigger vasodilation and natriuresis [16]. However, the ARB-associated 

effects on bradykinin, nitric oxide, and vasoactive prostaglandins are clinically less 

important than that occurring with ACE inhibitors [17]. In the REACH (Reduction of 

Atherothrombosis for Continued Health) study consisting of a cohort of 40,625 patients 

(91% with hypertension, 67.9% on ACE inhibitors and 32.1% on ARBs), CV mortality, 

MI, stroke, or hospitalization for cardiovascular reasons was lower in patients taking 

ARBs than in those taking ACE inhibitors [18]. However, in a meta-analysis of 106 

randomized trials with 254,301 patients without heart failure, evidence suggested that 

ARBs were as effective as ACE inhibitors [19]. Other studies demonstrate similar 

reductions in CV end-points with these two drugs. Thus, the data as a whole suggest that 

ACE inhibitors and ARBs have equal efficacy in reducing risk of CVD in patients with 
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hypertension. These two blockers of the RAS are commonly used in combination with 

diuretics to achieve lower CV risk.  

Hypertensive Heart Disease  

Uncontrolled hypertension leads not only to an increased risk of stroke and 

myocardial infarction, but also to pathological cardiac hypertrophy. The common 

paradigm of hypertensive heart disease is the thickening of the left ventricular wall in 

response to elevated blood pressure as a compensatory mechanism to minimize wall 

stress; subsequently, the heart transitions to failure, during which the left ventricle (LV) 

dilates and the LV ejection fraction (EF) declines [20]. The early events in the transition 

to heart failure involve adaptation of the myocardium to preserve pump function in 

response to increased afterload produced by high blood pressure. If left untreated, 

patients transition to overt heart failure (HF), which is defined clinically as a set of 

symptoms and signs (including dyspnea, fatigue, exertional intolerance, and edema) due 

to cardiac dysfunction [21]. Hemodynamically, HF can be defined as an inability to 

provide sufficient blood flow/cardiac output to the body or to only do so with elevated 

cardiac filling pressures. Approximately 50% of patients with heart failure have reduced 

ejection fraction (HFrEF) and half present with HF with preserved ejection fraction 

(HFpEF) [22]. However, both HFrEF and HFpEF involve reduction in diastolic function 

(determined by elevated filling pressures, abnormal relaxation and increased chamber 

stiffness), vascular dysfunction and neurohormonal activation [23]. Though both types of 

HF have similar clinical phenotypes, these two dysfunctions are the product of different 

etiologies. One of the main differences in the manifestations of these two types of heart 

failure is LV geometry, namely, whether the heart undergoes concentric or eccentric 
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remodeling due to various stimuli. Concentric hypertrophy results in thickening of the 

LV wall and a decrease in relative size of the chamber, is usually due to pressure-

overload, and ultimately results in HFpEF; in contrast, eccentric remodeling results in 

dilation of the LV chamber and a reduction in wall thickness and is typically due to 

volume-overload, resulting in HFrEF [24]. In both models, the size of the heart increases 

and individual cardiomyocytes undergo hypertrophy.  

In the clinical setting, an increase in LV mass is used to diagnose LVH. The 

determinants of the LV geometry include the specific combination of volume versus 

pressure overload in a patient [25], demographic factors (age and race), concomitant 

medical conditions (including coronary artery disease, diabetes, and obesity), 

neurohormonal factors (including changes in renin, Ang II, and aldosterone), specific 

alterations in the extracellular matrix (ECM), and genetic factors. Typically, if left 

untreated, patients with concentric left ventricular hypertrophy (LVH) develop 

symptomatic heart failure with a preserved LVEF and those with dilated LVH develop 

symptomatic heart failure with reduced LVEF[20]. The prevalence of left ventricular 

hypertrophy in hypertensive patients is between 36%-41% [26] and is clinically 

important because LVH carries increased risk for stroke, myocardial infarction, 

ventricular arrhythmia and heart failure [27]. In fact, the increase in cardiovascular risk is 

directly related to the degree of increase in LV mass in both men and women [28]. The 

mechanism for increased CV risk is most likely due to ischemia that could be induced by 

various factors. Myocardial capillary density is reduced in the hypertrophied heart and 

the increased pressure prevents complete vasodilation of the cardiac vessels during 

perfusion [29]. Eccentric remodeling is more prevalent than concentric changes (23.7%-
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27.1% vs 17.3%-19.3%, respectively) [10]. However, concentric remodeling is associated 

with worse all-cause mortality and CV prognosis [30]. Treatment and subsequent 

regression of LVH is concomitant with improved CV mortality and risk of stroke 

independent of blood pressure. Soliman et al. [31] recently showed that, in hypertensive 

patients with diabetes, more intensive lowering of BP (target systolic BP <120 mm Hg) 

leads to an even more decreased risk of left ventricular hypertrophy. Additionally, in 

hypertensive patients without diabetes, lowering BP below 120 mm Hg reduced risk of 

developing LVH even more than traditional BP benchmark (SBP < 130 mm Hg). It is 

important to note that this beneficial impact on LVH did not explain the reduction in 

CVD events associated with intensive BP lowering, suggesting that various mechanisms 

other than LVH may factor into cardiovascular risk, such as cardiac fibrosis. Taken 

together, these data suggest that improving left ventricular hypertrophy and the 

accompanying pathological changes that occur will improve a patient’s morbidity and 

quality of life.  

Renin Angiotensin System (RAS) 

The RAS plays a critical role in blood pressure regulation and volume 

homeostasis and is implicated in the development of hypertension. RAS overactivity 

plays a role in the pathogenesis of cardiovascular and renal diseases. However, in 

addition to circulating RAS molecules, all components of the RAS are also present in the 

heart and kidneys. There is an abundance of evidence suggesting that dysregulation of 

intracrine RAS is present in various cardiovascular and renal diseases.  
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Renin is produced and stored mainly in the juxtaglomerular cells in the kidney. 

However, other tissues also produce renin (such as the brain and smooth muscle cells) 

albeit with differences in gene expression [32]. The RAS is activated under reduced 

perfusion and juxtaglomerular pressure and this stimulus triggers the release of renin 

from the juxtaglomerular apparatus. Renin cleaves angiotensinogen (released from the 

liver) in the circulation, thereby producing angiotensin I (Ang I). This peptide is 

converted to Ang II by angiotensin converting enzyme (ACE), which is predominantly 

expressed in high concentrations on the surface of endothelial cells in the pulmonary 

circulation [33]. Ang II is considered the most important effector of the RAS and acts on 

specific receptors on cell surfaces. The physiological functions of Ang II are numerous—

the peptide is an extremely potent vasoconstrictor and acts on the heart, vasculature, 

nervous system, digestive organs, skin, lymphatic tissue, adipose tissue, adrenals, and 

kidneys. In the kidney, Ang II has effects on the vasculature and tubules; it acts to 

modulate renin production and high concentrations of Ang II suppress renin release. Ang 

II concentrations are highest in the kidney, with a two-to-three-fold higher concentration 

than in plasma or other tissues [34]. Administration of exogenous intravenous Ang II 

decreases renal blood flow and glomerular filtration rate (GFR) and constricts afferent 

and efferent arterioles in a dose-dependent manner; addition of losartan prevented these 

effects, confirming that Ang II acts through the AT1 receptor in the kidney to produce its 

blood pressure-increasing effects [35].  

Local RAS 

Evidence suggests that tissue RAS exists and that systemic and local actions of 

RAS are integrated to produce their physiological and pathological effects. Plasma renin 
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activity is increased in 15% of hypertensive patients, is normal in 60%, and is reduced in 

25% of patients, suggesting that systemic RAS may not be the only factor contributing to 

increased blood pressure [36]. The intrarenal RAS is upregulated in heart failure, 

suggesting a relationship between tissue and plasma RAS systems. In fact, Crowley et al. 

[37] found that renal AT1 receptors were responsible for the Ang II effect on cardiac 

hypertrophy in mice and extrarenal AT1 receptors were not necessary for the actions of 

Ang II on the myocardium. However, despite this, evidence of an intracardiac RAS 

system also exists. Renin was detected in cardiac mast cells in normal tissue [38], thereby 

allowing Ang I to be produced from angiotensinogen in the heart and promoting local 

Ang II synthesis. Following myocardial infarction, mice lacking tissue-bound ACE had 

significantly reduced systolic function compared to mice with tissue-bound ACE, 

suggesting that the functions of local ACE (and consequently Ang II) are necessary for 

the maintenance of cardiac function [39]. AT1 receptors in the heart are upregulated 

following cardiac hypertrophy [40] and myocardial infarction [41], but reduced in 

congestive heart failure [42]. 

Ang II is required for physiological cardiac processes. Upon binding to the AT1 

receptor present in various cell types in the heart, Ang II regulates cardiac contractility, 

impulse propagation, and tissue growth. However, numerous studies showed that Ang II 

is upregulated following cardiac damage due to a variety of pathologies including volume 

and pressure overload, heart failure, and myocardial infarction. The Ang II infusion 

animal model mimics hypertension-induced left ventricular and renal remodeling.  

Many intracellular signaling cascades are activated by Ang II binding to the AT1 

receptor. When Ang II binds to the AT1 receptor, the “classical” G protein-coupled 
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signaling pathway is activated. The activated G-protein stimulates phospholipase C 

(PLC) which catalyzes the hydrolysis of phosphatidylinositol bisphosphate (PIP2) to 

inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) [43]. IP3 stimulates the 

mobilization Ca2+ from intracellular stores. Free cytosolic Ca2+ can affect contractility, 

hypertrophy, or hyperplasia, due to its actions on protein kinase C (PKC), proto-

oncogenes such as AP-1 and mitogen-activated protein (MAP) kinases. DAG can also 

activate PKC, which in turn may induce hypertrophy or hyperplasia through various 

mechanisms. Ang II also cross-talks with tyrosine kinases (EGFR, PDGF) via the AT1 

receptor. In addition, Ang II binding to the AT1 receptor activates NADPH oxidases in 

both vascular and cardiac cells, resulting in increased reactive oxygen species [44]. Ang 

II stimulation results in vasoconstriction and activation of vascular smooth muscle cells, 

as well as hypertrophy of cardiomyocytes, and activation of fibroblasts [45].  

RAS in a Hypertensive Animal Model 

Elevated intrarenal Ang II is involved in various models of hypertension [46]. 

Chronic infusion of Ang II provides an experimental model of Ang II-dependent 

hypertension that is similar to the two-kidney/one-clip hypertension model. Plasma and 

intrarenal Ang II accumulates with systemic Ang II infusion; intrarenal Ang II is blocked 

by administration of losartan, suggesting that tissue-specific elevations of intrarenal Ang 

II are mediated by AT1 receptor activation, which can lead to either receptor-mediated 

internalization of Ang II and/or enhancement of intrarenal Ang II formation [47]. Ang II 

infusion reduces plasma renin activity and activates hepatic angiotensinogen synthesis, 

which can help maintain endogenous production of circulating Ang II even in the 

presence of exogenous Ang II infusion [48]. However, the exact mechanism by which 
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increasing circulating Ang II levels cause time-dependent increases in blood pressure is 

not yet completely understood. One possible mechanism by which exogenous Ang II 

increases arterial BP may be due to the fact that renal AT1 receptor mRNA and protein 

are not downregulated [49]. Zou et al. [47] demonstrated that infused circulating Ang II 

is likely bound to AT1 receptors  and therefore is protected from degradation. 

Furthermore, increases in intrarenal Ang II levels during chronic Ang II infusion are 

partly due to considerable stimulation of endogenous Ang II formation [50]. Kobori et al. 

[51] reported a direct AT1 receptor-mediated enhancement of intrarenal angiotensinogen 

(AGT) and urinary AGT excretion rates and AT1 receptor-mediated augmentation of 

intrarenal angiotensinogen, which suggest that modest increases in circulating Ang II 

would further augment intrarenal AGT and intrarenal Ang II formation. 

The infusion of exogenous Ang II has produced various effects on cardiac Ang II 

levels. Zou et al. [47] reported unaffected cardiac Ang II levels with chronic infusion, 

even while intra-renal levels increased two-fold; furthermore, treatment with an ARB 

completely prevented the intra-renal increase of Ang II, while increasing cardiac Ang II 

by four-fold, suggesting that the accumulation of Ang II in the heart is not a receptor-

mediated process. Conversely, acute ARB treatment reduced the heart-to-plasma ratio of 

radiolabeled Ang II nearly 10-fold in the acutely infused pig heart, suggesting that the 

accumulation of Ang II in the mammalian heart is mediated by the AT1 receptor, similar 

to what is seen in the kidney [52]. Finally, Conte et al. [53] demonstrated an increase in 

cardiac Ang II with chronic infusion which was abolished with chronic ARB treatment, 

suggesting that accumulation of Ang II in the myocardium is AT1 receptor-mediated. 

Because Ang II infusion has both systemic and tissue-specific effects, the development of 
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hypertension and cardiac damage may be due to Ang II-dependent stimulation of both 

cardiac and non-cardiac AT1 receptors.   

Hypertension and Cardiac Fibrosis 

Complex and numerous changes occur in the myocardium in the presence of 

hypertension, including cardiomyocyte hypertrophy, expansion of the extracellular 

matrix, differentiation of fibroblasts, and perpetuation of excessive reactive oxygen 

species. Diastolic dysfunction is typically seen in patients with hypertensive heart disease 

and data in normotensive and hypertensive patients suggest that cardiac fibrosis precedes 

the development of LVH and diastolic impairment [54]. Several factors influence the 

accumulation of fibrotic tissue within the myocardium, especially the increase in collagen 

I and collagen III by fibroblasts and the decrease in matrix metalloproteinases (MMPs) 

that degrade collagen. Spontaneously hypertensive rats (SHRs) have increased 

procollagen type I messenger RNA expression and reduced MMP-1 (collagenase) activity 

in their hypertrophied hearts [55]. Patients with essential hypertension display reduced 

free MMP-1 and a carboxy-terminal telopeptide of collagen type I (which is a marker of 

extracellular collagen I degradation) in serum which is normalized by treatment with 

lisinopril, suggesting that changes to collagen degradation are involved in the 

pathogenesis of hypertensive heart disease and are Ang II-dependent [56]. This 

disequilibrium can be affected by mechanical factors such as pressure overload, an 

increase in salt intake, genetic variances, vasoactive substances, and cytokines and 

growth factors [57]. Furthermore, treatment with both the beta-blocker atenolol and the 

ARB irbesartan reduced circulating levels of the carboxy-terminal propeptide of 

procollagen type I, a marker of type I collagen synthesis; however, this correlated with 
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isovolumic relaxation time and myocardial mass only in patients taking the ARB 

irbesartan, not the beta blocker, atenolol [54]. This suggests that Ang II is crucial in the 

maintenance of cardiac fibrosis and contributes to diastolic dysfunction in hypertension-

induced cardiac hypertrophy.  

The pathogenesis of cardiac fibrosis involves various dynamic processes that 

impact the production of extracellular matrix proteins. Regression of fibrosis in patients 

with hypertensive heart disease is correlated with improved cardiac function, suggesting 

that targeting fibrosis may improve patient quality of life. Numerous studies demonstrate 

that the RAS plays a role in pathological fibrosis [58]. For example, in a study of patients 

with essential hypertension receiving either losartan or the CCB amlodipine, both groups 

had similar reductions in blood pressure, although only the group receiving the ARB had 

reduced serum propeptide of procollagen type I and collagen volume fractions, as 

determined in picrosirius-stained cardiac sections [59]. The collective data suggest that 

induction and maintenance of cardiac fibrosis in hypertensive patients is dependent on 

more than blood pressure. Specifically targeting fibrosis in addition to blood pressure 

may diminish cardiovascular risk more than blood pressure reduction alone.  

Molecular Mechanisms of Cardiac Fibrosis 

One of the main molecular mechanisms by which cardiac fibrosis progresses is by 

upregulation of the transforming growth factor beta (TGFβ) pathway. The canonical 

TGFβ pathway is summarized in Figure 1.  The TGFβ family is composed of pleiotropic 

cytokines that are crucial in regulating inflammation, extracellular matrix deposition, cell 

proliferation, differentiation, and growth in various tissues. Three isoforms of TGFβ have 
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been identified in mammals (TGFβ1, 2, and 3) and are encoded by separate genes [60]. 

The structures of the TGFβ isoforms are highly homologous; they signal through the 

same pathways and have similar cellular effects [61, 62]. The TGFβ1 isoform is present 

ubiquitously, has unique actions in vivo and is produced by many cell types, including 

cardiac myocytes and fibroblasts. For the remainder of the discussion, TGFβ refers to any 

of these isoforms unless specified otherwise. TGFβ is secreted as a latent complex and 

activation of the downstream effects of this cytokine are produced by release of the active 

TGFβ from its complex [TGFβ latency-associated peptide (LAP)]. The proteolytic 

cleavage of TGFβ from LAP is not yet clearly understood; however, molecules such as 

thrombospondin-1, plasmin, MMP-2, MMP-9, and reactive oxygen species can alter the 

conformation of TGFβ, making it accessible to its receptor [63-65]. Active TGFβ binds to 

the constitutively active type II receptor (TβRII) which then recruits and 

transphosphorylates the type I receptor (TβRI) [66]. Activation of this receptor 

propagates downstream signaling by phosphorylation and activation of the intracellular 

proteins Smad2 and Smad3 (receptor or R-Smads). These Smads form complexes with 

common Smad (Smad4) and subsequently translocate to the nucleus, where they activate 

or repress transcription of various genes involved in fibrosis and inflammation based on 

the recruitment of coactivators or corepressors [67]. TGFβ signaling is also regulated 

through negative feedback loops by Smad6 and Smad7 (inhibitory Smads) which form 

stable complexes with activated TβRI and, in doing so, block the phosphorylation of R-

Smads [68]. TGFβ can also activate Smad-independent non-canonical pathways 

including the MAPK (mitogen-activated protein kinase) family: (extracellular signal-

regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38) [69]. The functional 
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effects of TGFβ are dependent on the specific cell type—in cardiac myocytes, it causes 

hypertrophy while in cardiac fibroblasts, it causes differentiation of fibroblasts to 

myofibroblasts, ECM protein expression, suppression of MMPs, and induction of tissue 

inhibitors of MMPs (TIMPs).  

The expression and regulation of TGFβ is modulated in models of heart failure 

and hypertensive heart disease. Plasma levels of the cytokine are markedly upregulated in 

hypertensive patients with microalbuminuria and LVH and treatment with ACE inhibitors 

and ARBs reduce plasma levels significantly, suggesting that Ang II is involved in TGFβ 

upregulation [70]. The level of TGFβ upregulation depends on the isoform and the stage 

of response after injury [71]. However, phosphorylated Smad in the myocardium is 

upregulated in various stages and models of cardiac damage including myocardial 

infarction and pressure-overload and normalized by treatment with an ACE inhibitor [72, 

73]. The multitudinous actions of TGFβ in modulating myocardial remodeling are still 

unknown; however, ample evidence suggests that it is critical to the development of 

cardiac fibrosis and hypertrophy. Transgenic mice overexpressing TGFβ exhibit 

significant cardiac fibrosis and promote the transition from compensated hypertrophy to 

heart failure [74]. Administration of an anti-TGFβ neutralizing antibody prevents 

extracellular matrix deposition and attenuates diastolic dysfunction in the pressure 

overloaded heart [75]. However, data suggests that some basal level of TGFβ signaling is 

necessary to maintain cardiac structure and function—mice overexpressing an inducible 

dominant-negative mutation of the TGFβ type II receptor have significantly reduced 

collagen deposition following pressure overload, which leads to left ventricular dilation 

and systolic dysfunction [76]. The functional effects of TGFβ signaling most likely 
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depend on the amount of active TGFβ, with augmented activity resulting in excessive 

collagen deposition, and therefore, increased myocardial stiffness that can promote 

diastolic dysfunction.  

The pro-fibrotic actions of TGFβ are mainly mediated through Smad signaling. In 

mice with Smad3-null hearts, myocardial infarction results in reduced fibrosis and 

improved diastolic dysfunction, without an effect on infarct size or inflammatory 

response [77]. Furthermore, Smad3-null fibroblasts were more proliferative but had 

reduced TGFβ-mediated induction of procollagen type III, decreased migratory activity 

upon stimulation with serum and partially attenuated upregulation of connective tissue 

growth factor (CTGF), a crucial downstream mediator of TGFβ-induced fibrosis [77, 78]. 

CTGF is a matricellular protein that is secreted and involved in ECM production and 

proliferation. TGFβ induces CTGF expression through various intermediaries including 

Smad2/3, protein kinase C, and ERK [79, 80]. Upregulation of CTGF increases 

transcription of various pro-fibrotic genes including collagen and TGFβ itself; 

additionally, CTGF may exert its effects by binding to and presenting cytokines to their 

receptors to stimulate responses (e.g. TGFβ) [81]. The exact functions of CTGF in 

various models of cardiac dysfunction have not yet been elucidated. Panek et al. [82] 

reported that, in a cardiomyocyte-specific knock out of CTGF, Ang II infusion did not 

cause increased cardiac fibrosis or gene expression of fibrotic markers compared to 

control mice. Other animal studies showed that CTGF is necessary for sustained fibrosis; 

in diabetic rats, carotid artery stiffness was prevented in animals that received FG-3019, a 

monoclonal antibody to CTGF [83]. In primary cardiac fibroblasts expressing scrambled 

CTGF shRNA, stimulation with TGFβ produced no response—fibroblasts did not 
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proliferate, differentiate, or produce collagen compared to untreated fibroblasts [84], 

suggesting that CTGF is essential for the fibrotic actions of TGFβ. Ang II treatment can 

also upregulate CTGF in cardiac fibroblasts through activation of the AT1 receptor [85]. 

It is not clear whether Ang II can directly activate CTGF or whether TGFβ is necessary 

for CTGF activation.  

 Although TGFβ also activates non-canonical signaling pathways, the details of 

these signaling pathways are not clearly understood. However, TGFβ-associated kinase 

(TAK1), a recently identified member of the mitogen-activated protein kinase kinase 

(MAPKK) family, plays a role in various models of cardiac damage. TAK1 protein and 

kinase activity are upregulated in the pressure overloaded myocardium and increase 

activation of p38 MAPK [86]. Additionally, a TAK1-activating mutation in the heart 

causes severe cardiac hypertrophy, interstitial fibrosis, heart failure, and ultimately, early 

lethality, suggesting that increased TAK1 contributes to the development of heart failure 

[86]. In various cell types, TGFβ also phosphorylates and activates MAPKs, including 

ERK [87]. Activation of ERK1/2 results in the phosphorylation of cytoplasmic molecules 

as well as the translocation of ERK into the nucleus and subsequent activation of 

transcription factors such as GATA4 and AP-1, which contribute to the development of 

cardiac hypertrophy [88]. However, gain-of-function studies demonstrated that, while 

ERK activation resulted in an increase in cardiac wall thickness, mice had improved 

cardiac function and no cardiac decompensation, suggesting that ERK has 

cardioprotective actions [89]. Further studies are required to define the roles of ERK in 

various models of cardiac damage. In summary, TGFβ signaling is critical to the 

development of myocardial fibrosis and the eventual decrease in cardiac function.  
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Figure 1- TGFβ Pathway in Pathological Cardiovascular Remodeling. Inactive TGFβ 

is converted to its active form by separation from LAP through various mechanisms 

including proteolytic cleavage by matrix metalloproteinases (MMPs) and reactive oxygen 

species (ROS). Active TGFβ then binds to the constitutively active TGFβ receptor 2 

(TβRII) which subsequently phosphorylates TGFβ receptor 1 (TβRI). Activation of this 

signaling complex leads to downstream stimulation of the canonical and non-canonical 

signaling pathways. In the canonical pathway, Smad2 and Smad3 are phosphorylated, 

form a complex with Smad4, and translocate to the nucleus where they act as 

transcription factors. Inhibitory Smad7 can block phosphorylation and activation of 

Smad2 and Smad3. TGFβ signaling can also occur via the non-canonical pathway by 

phosphorylation and activation of the MAP kinases ERK, JNK, and p38. The signaling 

molecule connective tissue growth factor (CTGF) lies downstream of TGFβ, is activated 

by Smad proteins, and increases production of TGFβ itself. All of these signaling 

mechanisms contribute to pathological cardiovascular fibrosis and ultimately, cardiac 

dysfunction.  
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Figure 1- TGFβ Pathway in Pathological Cardiovascular Remodeling 
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Hypertensive Heart Disease and Oxidative Stress 

Oxidative stress is critical to the pathogenesis of cardiovascular disease, 

especially hypertension and hypertension-induced heart disease. Patients with 

cardiovascular disease have diminished total antioxidant capacity [90]. Reactive oxygen 

species (ROS) contribute to both physiological and pathological processes and include 

various free radicals such as superoxide (O2
-) and hydroxyl radical (OH.) and compounds 

such as hydrogen peroxide (H2O2) that can be converted into free radicals. The main 

producers of ROS in the myocardium are NADPH oxidases (Nox), electron transport in 

the mitochondrial oxidative phosphorylation chain and uncoupled nitric oxide synthase 

(NOS) [91]. Because free radicals are short-lived, it is more practical to quantify levels of 

oxidant and antioxidant enzymes and downstream stable end products of free radical 

reactions. These downstream products, though highly reactive, are relatively stable, can 

travel from the site of synthesis (especially into the bloodstream) and therefore, can be 

used as biomarkers. Markers of oxidative stress are upregulated in patients with heart 

failure and correlate with severity of myocardial dysfunction [92].  

Malondialdehyde (MDA) is a marker of lipid peroxidation and is an end oxidation 

product of polyunsaturated fatty acids (PUFAs) undergoing attack by ROS. With 

oxidized PUFAs, the integrity of the cell membrane is compromised and results in 

decreased contractile ability of cardiac myocytes, thus leading to systolic dysfunction 

[93]. MDA can create adducts with free amino acids or proteins and therefore modify 

various cellular molecules, including enzymatic proteins, cytoskeletal proteins, and 

mitochondrial and antioxidant proteins [94]. Serum MDA in patients with late stage heart 

failure was increased and positively correlated with severity; moreover, intensive 
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vasoactive therapy reduced plasma MDA levels in addition to cardiac function 

parameters [95], suggesting that lipid peroxidation is associated with the severity of 

patient symptoms and cardiac function.  

Another reactive but relatively stable product of lipid peroxidation product is 4-

hydroxy-2- nonenal (4-HNE). As a reactive aldehyde, 4-HNE can act both as a signaling 

molecule and as a cytotoxic product by covalent modification of macromolecules such as 

DNA and proteins [96]. 4-HNE can activate AP-1 transcription factor (controlling cell 

proliferation, survival, and death) [97] and nuclear factor-kappa beta (NF-κB) 

transcription factor (involved in immune responses, inflammation, and proliferation) [98]. 

HNE-modified protein expression was increased in patients with dilated cardiomyopathy 

compared to control patients, and carvedilol, a beta-blocker with antioxidant capacity, 

reduced HNE levels by 40% in conjunction with symptomatic improvement of heart 

failure [99].  

8-hydroxy-deoxyguanosine (8-OHdG) is another marker of oxidative stress that is 

present in tissue, serum, and urine. The interaction of hydroxyl radicals with the double 

bond on the guanine base leads to production of 8-OHdG, one of the most abundant 

forms of oxidative damage to DNA [100]. ROS can damage mitochondrial DNA and 

dysfunctional mitochondria can contribute to reduced myocyte contractility and increased 

cell death [101, 102]. A systematic review of prospective studies determined that there is 

an undeniable correlation between 8-OHdG (either urine or plasma) and CVD risk in 

humans [102]. However, additional studies with larger numbers of patients are needed to 

investigate the use of 8-OHdG as a predictor of CVD. Despite the limitations, there is a 

clear association between markers of oxidative stress and heart disease. In addition to 
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oxidative end products, levels of oxidant and antioxidant enzymes are dysregulated in 

CVD.  

Oxidant Enzymes in Hypertensive Heart Disease 

One of the main generators of free radicals in the myocardium is NADPH oxidase 

(Nox). Nox catalyzes the production of superoxide free radical by transferring one 

electron from NADPH to molecular oxygen. The Nox family comprises seven members 

with each having a distinct catalytic subunit (Nox1-5, Duox1-2) [103]. These enzymes 

are regulated in the short term by their subunits. Prototypical Nox2 (previously termed 

gp91phox) has various subunits: p22phox, p47phox, p67phox, p40phox, and the small 

GTPase Rac1 [104].  p22phox forms a stabilizing complex with gp91phox, the former of 

which has a targeted site for p47phox [104]. Nox2 requires the membrane translocation 

and docking of these various subunits to form superoxide species. The highest level of 

Nox2 is in phagocytes but it is also present in endothelial cells, fibroblasts, 

cardiomyocytes, and vascular smooth muscle cells [105] and is primarily localized to cell 

membranes [106]. Nox1 is mainly expressed in vascular smooth muscle cells and is 

dependent on the regulatory factors p47phox, p67phox and p22phox [107]. Both Nox1 

and Nox2 are inducible and are activated by specific cellular agonists such as Ang II, 

other growth factors, and cytokines [105, 108]. Nox4, on the other hand, is constitutively 

active; its activity is determined primarily by mRNA levels and p22phox [109, 110]. The 

cellular localization of Nox4 also differs from that of Nox2; it is located in intracellular 

membranes such as nuclear, mitochondrial, and endoplasmic reticulum membranes [111-

113]. Functional analysis demonstrated that Nox4 may actually produce hydrogen 

peroxide as its main reactive product, rather than superoxide, although these results are 
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controversial [114]. Studies conducted by Nisimoto et al. [115] showed that 

approximately 90% of electron flux from isolated Nox4 produces H2O2 and only 10% 

produces superoxide; in addition, its high Km for oxygen may prove Nox4 to be an 

oxygen-sensor and therefore be dependent on oxygen tension for increased activity. 

Although the intricate mechanisms of Nox4-mediated oxygen species production are 

disputed, the importance of this protein in cardiac damage spans across various 

pathologies.  

Animal studies established that Nox4 is present in the myocardium and Nox4 

mRNA is upregulated in models of pressure overload and Ang II-induced cardiac 

dysfunction [116, 117]. Cardiac-specific deletion of Nox4 resulted in improved systolic 

function and reduced apoptosis in response to pressure overload [117]. Treatment of Ang 

II-infused mice with GKT137831, a Nox4/Nox1 inhibitor, attenuated oxidative stress, 

myocardial hypertrophy, and fibrosis, specifically by suppressing the Akt-mTOR and 

NF-κB signaling pathways [116]. Somanna et al. [118] demonstrated the importance of 

Nox4 in cardiac fibroblasts; GKT137831 addition abolished fibroblast migration and 

proliferation in response to Ang II. Moreover, the AT1 receptor physically associated 

with Nox4 and the inhibitor GKT137831 prevented this binding. Nox4-mediated ROS 

production, cardiac fibroblast migration, and subsequent collagen production were 

dependent on IL-18 induction and MMP-9 activation. These results suggest that 

activation of AT1 receptors by Ang II directly stimulates Nox4-mediated hydrogen 

peroxide formation and may be one of the first steps in resulting cardiac fibrosis. In 

addition to Ang II, Nox4 can be upregulated by TGFβ [119], TNFα [120], and ischemic 

cardiomyopathy [121]. Although Nox4 is widely regarded as constitutively active, 
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several proteins regulate its activity, one of which is p22phox. Loss of p22phox 

attenuated Nox4 activity without changing mRNA concentrations [122]. Recently, 

evidence has emerged that Poldip2 (polymerase DNA-directed delta-interacting protein 

2) interacts with p22phox to increase Nox4 activity [123]. In addition, Nox4 activity 

increases after Ang II stimulation and direct interaction with AT1 receptor. Future studies 

are needed to determine whether Nox4 is directly activated by such factors and, if not, 

what molecules serve as intermediaries. In terms of downstream signaling molecules, 

Nox4 activates various kinases including ERK, p38, JNK, and AKT [124-126]. One of 

the mechanisms by which Nox4 can activate these kinases may be through the ability of 

H2O2 to reversibly oxidize and inhibit protein tyrosine phosphatases [127]. The 

downstream effects of Nox4 and H2O2 are dependent on the cell type, cellular 

localization, and level of Nox expression.  

Nox4 has been implicated in various cardiovascular diseases including 

hypertension, atherosclerosis, fibrosis, heart failure, and stroke [128]. Because Nox4 is 

abundant in vascular smooth muscle cells (VSMCs), Nox4 deletion would be predicted to 

impact blood pressure; however, genetic knockout of Nox4 did not alter blood pressure, 

cardiac function, vascular relaxation, or kidney function. However, responses to agonists 

(such as Ang II and ischemia) were affected in Nox4-/- mice. In cultured VSMC, the 

pressor Ang II increased Nox1 expression but not Nox4 [108]. Nox4 was not changed in 

the aortas of spontaneously hypertensive rats although Nox1 and Nox2 were increased 

[129]. Surprisingly, Nox4 deletion potentiates the Ang II-induced phenotype and basal 

Nox4 in the aorta is necessary for protective vascular mediators such as NO [130]. Nox4 

is abundant in fibroblasts and upregulated by various pro-fibrotic factors including Ang II 
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and TGFβ. Nox4 is also increased in the failing heart in both animal models [112] and 

humans [121]. Patients with congestive heart failure had both increased NADPH-

dependent superoxide generation and cardiac Nox4 isoform in conjunction with reduced 

endothelial function [131]. The divergent roles of Nox4 seem to be dependent on the 

disease model, the cell and tissue type, and the localization of the isoform. Future studies 

with better antibodies, disease models, and inhibitors are necessary to determine the 

precise role(s) of Nox4.  

Endogenous Antioxidants in Hypertensive Heart Disease  

The myocardium has an endogenous anti-oxidant defense system which includes 

the enzymes catalase, superoxide dismutase (SOD), and glutathione peroxidase (GPx) to 

counteract the effect of ROS. This defense system prevents damage by ROS directly by 

intercepting free radicals before damage to intracellular targets occurs and converting 

them into less reactive compounds. SOD converts the superoxide radical to hydrogen 

peroxide. In mammals, there are three isoforms of SOD—SOD1 (Cu/ZnSOD), SOD2 

(MnSOD), and SOD3. Distinct genes encode each of these proteins, which have diverse 

subcellular locations but catalyze the same reaction. SOD1 is the major intracellular SOD 

and is present in the cytoplasm, mitochondrial intermembrane space, nucleus, lysosomes, 

and peroxisomes [132]. Catalase and GPx provide primary defense again excess 

hydrogen peroxide—catalase, by converting the molecule into water and molecular 

oxygen, and GPx, by catalyzing the reduction of H2O2 to water using GSH as a co-

substrate. All three of these major antioxidant enzymes were significantly decreased in 

patients with prehypertension, stage I hypertension and stage II hypertension as compared 

to those in the control group [133]; this decrease was reversed with 6 months of 
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antihypertensive therapy. Furthermore, there was a negative correlation between 

antioxidant enzymes and mean arterial pressure (MAP), suggesting that a decrease in 

these enzymes has an effect of hypertensive pathology. In a porcine model of 

hypertrophic cardiomyopathy, the expression and activities of SOD1 and catalase were 

significantly increased compared to control animals [134]. SOD1/catalase ratios in 

hypertrophic hearts were increased and correlated with the severity of hypertrophy, 

suggesting that an imbalance of antioxidant enzymes can also contribute to hypertrophic 

remodeling. In a cohort of 71 patients with CVD, activity and expression of plasma SOD 

and GPx were significantly lower than in control patients, and these were inversely 

correlated with MDA [90]. In Gαq mice (a model of cardiac hypertrophy), myocyte-

specific overexpression of catalase prevented hallmarks of adverse remodeling, including 

myocyte hypertrophy, apoptosis, and interstitial fibrosis as well as the progression to 

heart failure [135], suggesting that H2O2 and/or linked ROS-dependent pathways are 

critical to pathological cardiac remodeling and transition to failure.   

In summary, ROS and the adducts formed by the interaction of ROS with cellular 

molecules contribute to pathological cardiovascular remodeling, especially fibrosis 

(Figure 2).  
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Figure 2- NADPH oxidase-dependent ROS Production in Adverse Cardiovascular 

Remodeling. NADPH oxidase 1 and 2 (Nox1 and Nox2) are composed of multiple 

subunits required for their activity, including p22phox, p47phox, p67phox, and the small 

GTPase Rac. When these subunits form their active complex, Nox1 and Nox2 produce 

superoxide (O2
.-). Nox4 requires only p22phox for its ROS-producing activity and 

produces mainly hydrogen peroxide (H2O2). The endogenous antioxidant system in the 

myocardium can neutralize some of the negative effects of ROS; superoxide dismutase 

(SOD) converts O2
.- into H2O2 and the enzyme catalase converts hydrogen peroxide into 

water and molecular oxygen. However, excessive ROS can create adducts with lipids and 

contribute to cellular damage. Furthermore, ROS can activate signaling molecules such 

as MAP kinases, inflammatory cytokines, and matrix metalloproteinases (MMPs), and 

can also produce more ROS by uncoupling endothelial nitric oxide synthase (eNOS).  
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Vascular Structure and Function 

The vascular wall is composed of endothelial cells, smooth muscle cells, and 

fibroblasts interacting in an autocrine-paracrine complex and comprising three layers: the 

tunica intima consisting of a single layer of endothelial cells on a basement membrane; 

the tunica media containing multiple layers of smooth muscle cells separated by collagen, 

fibroblasts, ground substance, and elastic fibers; and the tunica adventitia predominantly 

composed of fibro-elastic connective tissue [136]. Arteries can be classified into two 

distinct types based upon differences in cell histology: elastic and muscular [136]. 

Elastic/conducting arteries are present near the heart (and other organs) to assist in 

moving large volumes of blood. The aorta is an elastic artery and is composed of layers 

of elastic membrane that enable it to accommodate large changes in blood volume that 

occur with each ejection from the LV. These conducting arteries dampen fluctuations in 

blood flow and regulate movement of blood away from the heart. In contrast, muscular 

arteries provide rapid distribution of blood to all organs and tissues; their walls are 

predominantly muscular with small amounts of elastic fibers.   

The properties of the aorta as especially important during the pathological 

changes associated with hypertension. Basic fluid dynamics dictate that there is a positive 

relationship between the velocity of blood flow and the radius of a vessel. However, 

blood flow through the aorta is not laminar, but rather, pulsatile. Pulse wave velocity 

(PWV) is used as an index of the pulsatile component of blood pressure and is affected 
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by arterial stiffness. In practice, it is calculated as distance/traveling time of a single wave 

between 2 measuring sites of the pulse in the aorta [137]. Carotid-femoral PWV is the 

‘gold standard’ for the indirect measurement of arterial stiffness in the clinic and has a 

plethora of epidemiological evidence for its predictive value for future CV events. Pulse 

wave velocity has become a method of quantifying arterial stiffness and elasticity, 

properties that are altered in hypertension. 

Vascular Remodeling in Hypertension 

In response to elevated systemic vascular resistance in hypertension, the structure 

of resistance vessels undergoes remodeling. Arteries undergo many changes, such as 

increasing the external diameter, to preserve blood flow in atherosclerotic disease [138]. 

This ability of arteries to adapt is essential in other arterial diseases, including 

hypertension, in which arterial walls fail to maintain a size that allows for normal blood 

flow. Vascular remodeling is an active process involving cell growth, cell death, cell 

migration, and alteration of the ECM. Changes in pressure and flow through the 

vasculature cause stress and ultimately, remodeling of the vessel wall. Mechanical forces 

enhance the expression of both ECM and contractile/synthetic proteins by SMCs in the 

vascular wall.  An increase in blood pressure is associated with remodeling of both 

resistance and muscular arteries. Increased collagen and a damaged elastin fiber network, 

along with a proinflammatory microenvironment, promote ECM remodeling, resulting in 

increased intima-media thickness and ultimately, arterial stiffness in human and animal 

models of hypertension.  
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Arterial stiffness is a prognostic factor and may become a therapeutic target in 

patients with high BP. Studies showed that arterial stiffness is a key determinant of the 

incidence of cardiovascular events independent of peripheral blood pressure. For 

example, patients with renal disease have increased CVD risk, with increased arterial 

stiffness as an independent prognostic marker [139]. Laurent et al. [141] reported that, in 

patients with essential hypertension, aortic PWV was positively associated with all-cause 

and cardiovascular mortality, independent of age, diabetes and previous CVD [140]. In 

patients with long-term essential hypertension, the degree of cardiac hypertrophy 

(determined by the cardiac mass index) correlated significantly with an increase in aortic 

rigidity. In addition to steady state pressure [mean arterial pressure (MAP)], pulsatile 

pressure (PP) also positively correlated with the presence of left ventricular hypertrophy 

in hypertensive patients [142]. Thus, measuring aortic stiffness may help to identify 

patients at high risk of CVD and those who may benefit from more aggressive 

management. 

Molecular Mechanisms of Aortic Stiffness - Hypertrophy 

Arterial stiffness results in premature return of reflected pulse waves in late 

systole, increases central pulse pressure and left ventricular load, and ultimately reduces 

ejection fraction and increases myocardial oxygen demand [143]. The pathophysiology of 

the development of aortic stiffness is complex and not completely known. However, the 

effects of aortic media hypertrophy and changes in collagen composition were 

extensively studied. 
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An increase in blood pressure leads to a reduction in lumen diameter and an 

increase in the media/lumen (M/L) ratio. In hypertensive patients, M/L ratio is associated 

with higher pulse wave velocity, even after adjustment for MAP [144]. Individuals with 

low short-term risk of CVD (<10% 10-year risk of coronary heart disease), a high 

lifetime predicted risk of CVD is associated with concentric LV hypertrophy and 

increased aortic wall thickness [145]. High blood pressure increases wall thickness, at 

least in part by amplifying smooth muscle cell mass [146]. The thickening of the vessel 

wall is a result of expansion of both cellular and acellular components. A major 

contributor to thickened vessel walls is an increase in the total mass of the smooth muscle 

cells. In spontaneously hypertensive rats, the amplification of the smooth muscle layer 

was due to hypertrophy of smooth muscle cells, not proliferation [147]. One of the main 

effectors of vascular hypertrophy is Ang II, which activates AT1 receptors in vascular 

smooth muscle cells (VSMCs) [148]. In cultured VSMCs, activation of the AT1 receptor 

(coupled to the G protein Gq) not only activates PLC and downstream diacylglycerol and 

intracellular calcium but also stimulates multiple signal transduction cascades, including 

MAP kinases. Treatment of cultured SMCs with Ang II activates ERK [149], Janus 

kinase/signal transducer and activator of transcription (JAK/STAT) [150], JNK [151], 

and p38 [152], all of which can participate in hypertrophic signaling. Ang II also induces 

c-fos and c-jun which interact to form the AP-1 complex, which contributes to 

hypertrophy [153]. SIRT1 (silent information regulator 2) functions as a NAD+-

dependent deacetylase and is implicated in the process of aging, metabolism, and ability 

to combat oxidative stress. Over-expression of SIRT1 suppresses Ang II-induced VSMC 

hypertrophy at least in part by down-regulating NADPH oxidase 1 (Nox1) mRNA, a 
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major contributor to oxidative stress in the vasculature [154]. GATA-6 (a member of the 

GATA family of zinc finger transcription factors which bind to the DNA sequence 

“GATA”) maintains the differentiated VSMC phenotype by inhibiting SMC 

proliferation; GATA-6 expression is stimulated by Ang II, suggesting that it plays a role 

in VSMC hypertrophy. Li et al. [155] demonstrated that SIRT1 inhibited GATA-6-

induced Nox1 expression and this may be a mechanism by which SIRT1 inhibits Ang II-

mediated VSMC hypertrophy. Furthermore, GATA-6 activation in VSCMs contributes to 

modulation of the phenotype from contractile to synthetic, which is associated with high 

growth rates and protein synthesis. However, the exact role of these signaling cascades in 

the development of vascular hypertrophy has not yet been determined.  

Molecular Mechanisms of Aortic Stiffness- Fibrosis 

In addition to vascular hypertrophy, hypertension is also associated with fibrosis 

of the vasculature. The ECM is a vital component of vascular integrity and also plays a 

fundamental role in cell signaling and regulation of cell-cell interactions. The absolute 

and relative quantities of collagen and elastin determine the biomechanical properties of 

arteries, in which an elastin deficiency and/or collagen excess lead to vascular fibrosis 

and ultimately, increased stiffness [156]. Activation of TGFβ1 and receptor-mediated 

signaling are increased in the aortic wall during development of and in the presence of 

hypertension. 

Upregulation of various factors that are central to the pathology of hypertension, 

such as Ang II [157], mechanical stress [158], ROS [159], and MMPs (particularly 

MMP-2 and MMP-9) [160], mediate TGFβ activation in the vasculature. Conversely, 
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TGFβ stimulates TIMPs which inhibit ECM degradation and further induce ECM 

accumulation and vascular fibrosis. However, TGFβ is not necessary for Ang II-mediated 

pro-fibrotic signaling in VSMCs. Rodríguez-Vita et al. [161] demonstrated that systemic 

infusion of Ang II in rats increased aortic Smad2 and CTGF expression; blockade of 

endogenous TGFβ in VSMCs did not modify the activation of Smad caused by Ang II, 

suggesting that Ang II can activate the Smad pathway independent of TGFβ. 

CTGF is a secreted profibrotic factor involved in fibroblast proliferation, cellular 

adhesion, and ECM synthesis. Vascular CTGF expression is enhanced by various stimuli 

including TGFβ, mechanical stress, and Ang II [162]. Treatment with an AT1 receptor 

antagonist prevents Ang II-induced CTGF gene expression and ECM synthesis in aortas 

of treated rats as well as in cultured VSMCs [163], suggesting that CTGF is downstream 

of Ang II receptor-mediated signaling in the vasculature. In addition to changes in the 

tunica media, the adventitial layer of the vascular wall also undergoes pro-fibrotic 

remodeling. In adventitial fibroblasts, Ang II stimulates proliferation and differentiation 

via an AT1 receptor/CTGF-dependent mechanism [164].   

Molecular Mechanisms of Aortic Stiffness-Oxidative Stress 

The pathogenesis of vascular hypertrophy and fibrosis also involve reactive 

oxygen species. Vascular ROS is upregulated in various models of hypertension, 

including Ang II infusion [165], two-kidney one-clip [166], DOCA salt [167], renin 

transgenic [168], and SHRs [169]. Hypertension is accompanied by impaired 

endothelium-dependent and -independent relaxation, suggesting that inactivation of 

endothelial nitric oxide synthase (caused by excessive superoxide) [166, 168, 169] may 
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contribute to blood pressure elevation. Antioxidants have successfully diminished 

markers of vessel damage in vivo. Ang II-induced vascular ROS production and 

hypertension are attenuated by administration of the SOD mimetic tempol [170] or the 

antioxidant vitamin E [171] in Sprague Dawley rats. In mice overexpressing the human 

SOD gene, Ang II infusion did not cause the same extent of aortic superoxide production 

or blood pressure increase; however, aortic media hypertrophy was not affected [172], 

suggesting that NADPH oxidase-mediated ROS production plays a role in pressor 

response to Ang II and oxidative damage but not vessel hypertrophy. The production of 

ROS in the vasculature is mediated mainly by NADPH oxidases. Apocynin (a methoxy-

substituted catechol that inhibits the association of the p47phox and p67phox subunits in 

the NADPH oxidase complex) prevents Ang II-mediated fibrosis by reducing aortic 

collagen I and III [173], demonstrating that NADPH oxidase-dependent ROS is involved 

in the pathogenesis of vascular fibrosis. Various studies suggest that NADPH oxidases 

are the primary sources of superoxide in the vasculature—O2
- formation in vessels is 

blocked by SOD [174] but not by inhibitors of xanthine oxidase, NOS, or the 

mitochondrial electron transport chain [166, 167]; conversely, superoxide production is 

increased by NADH [175] but not by xanthine or succinate [176] indicating that Nox 

enzymes are some of the main sources of free radicals.  

The most prevalent Nox isoforms in the vasculature are Nox1, Nox2, and Nox4. 

Nox2 (also known as gp91phox) is predominantly located in the plasma membrane of 

endothelial cells, adventitial cells, and, to a lesser extent, in VSMCs [44]. Nox1 is the 

most abundant Nox isoform present in VSMCs and was detected in the cell membrane 

[177], endoplasmic reticulum [178], and endosomes [179]. Assembly of the Nox1 
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complex is the main mechanism of activation; p47phox is phosphorylated by PKC [180], 

ERK [181] or p38 [181] and subsequently translocated to the membrane where it 

associates with the subunit p22phox[182]. Many of these kinases also phosphorylate 

p67phox and p22phox [183] which increases Nox1 activity [184]. Nox1 and Nox4 

produce superoxide through the reduction of NADPH. There are several mechanisms by 

which increased Nox1 can impair vascular function. Superoxide can react directly with 

NO to generate peroxynitrite; endothelial nitric oxide synthase (eNOS) can become 

uncoupled through oxidative depletion of tetrahydrobiopterin (BH4) which results in the 

enzyme generating superoxide rather than NO [185]. Nox1 is upregulated in the 

vasculature of spontaneous hypertensive rats and is associated with increased ROS 

production by Ang II [186, 187]. In VSMCs from SHRs, Nox1 co-localized with Nox2 

but not with Nox4, suggesting that there may be an association between Nox1 and Nox2 

[187]. Nox1 deficiency protects against Ang II-mediated hypertension [188] while Nox1 

overexpression in SMCs exacerbates the response to Ang II infusion, including 

worsening endothelial dysfunction (through a decrease in nitric oxide bioavailability) and 

aortic hypertrophy [189, 190]. Nox1 also plays a role in inflammation—the activation of 

SMCs by IL-6, IL-1β and TNF-α results in Nox1-mediated ROS production and 

subsequent induction of NF-κB [191].  

Nox2 is also implicated in the development of hypertension; Nox2-/- mice did not 

develop the same degree of hypertension after Ang II treatment, partly due to an increase 

in NO bioavailability [192]. Endothelial-specific overexpression of Nox2 promotes 

vascular dysfunction, activates downstream signaling pathways (ERK1/2) and heightens 

the hemodynamic response to Ang II despite compensatory increases in antioxidant 
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enzymes [193]. Long-term treatment with an AT1 receptor blocker downregulated 

gp91phox mRNA in the arteries of patients with coronary artery disease [194]. Although 

Nox2 is present in endothelial cells and in low amounts in VSMCs, it is one of the main 

isoforms in adventitial ROS signaling—adventitial leukocytes and fibroblasts exhibit 

significant expression of this protein [195]. Adventitial Nox2 is activated in Ang II-

induced hypertensive mice and mediates vascular inflammation by potentiating IL-6 

production, stimulating monocyte recruitment and activation, increasing monocyte 

chemoattractant protein-1 (MCP-1) secretion, ECM remodeling and aortic destabilization 

[196]. Taken together, these data suggest that vascular oxidative stress is involved in the 

pathogenesis of vascular remodeling in response to hypertension.  

Molecular Mechanisms of Aortic Stiffness-Inflammation 

Inflammation also plays a role in the pathogenesis of arterial stiffness, especially 

through the actions of Ang II. In addition to this peptide’s actions on pro-fibrotic and 

hypertrophic signaling, Ang II activates inflammatory cytokines including MCP-1, TNF-

α, Interleukin-1 (IL-1), Interleukin-17 (IL-17) and Interleukin-6 (IL-6) [197-199]. In aged 

human thoracic aortas, post-mortem studies revealed increased levels of collagen I and 

III, ACE, angiotensin II, AT1 receptors, MMPs and MCP-1, suggesting that various 

proteins involved in inflammation may be involved in arterial stiffness [200]. Specifically 

in hypertensive patients, the inflammatory marker c-reactive protein (CRP) is associated 

with vascular stiffness, atherosclerosis, and the development of end-organ damage and 

cardiovascular events. In a case-series study in 258 hypertensive patients without a 

history of cardiovascular disease, CRP positively correlated with pulse wave velocity, 

and specifically in men, also correlated with carotid intima-media thickness [201], 
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indicating that inflammation and arterial stiffness are linked in hypertension. 

Additionally, in hypertensive patients, CRP is associated with left ventricular 

hypertrophy [202] and albuminuria [203], suggesting that inflammation may contribute to 

the development of vascular dysfunction in hypertension, which eventually leads to 

cardiac and renal end-organ damage. Ang II may also play a blood pressure-independent 

role in hypertensive damage; in patients with hypertension, treatment with the AT1R 

blocker valsartan reduces CRP independent of its effects on blood pressure [204]. 

Moreover, treatment with an ARB in patients with essential hypertension significantly 

reduced not only CRP levels but also TNF-α, IL-6, and MCP-1 [202], demonstrating that 

Ang II affects markers of inflammation in hypertension. In addition to being a biomarker 

of vascular damage, CRP may also play a direct mechanistic role in in progression of 

vascular disease—CRP decreases the production of the vasodilator nitric oxide (through 

oxidative signaling and eNOS uncoupling) [205], activates hypertrophic cascades 

(including ERK MAPK and AP-1 transcription factor) and inflammatory signaling (via 

NF-κB) in vascular smooth muscle cells [206].  

One of the main players in inflammatory signaling is IL-6, a pleiotropic cytokine 

that is widely implicated in cardiovascular disease. It is secreted by various cell types 

including macrophages, lymphocytes, fibroblasts, endothelial cells and smooth muscle 

cells [207, 208] and is upregulated by inflammation, Ang II, oxidative stress, and 

vascular injury [209]. In VSMCs, Ang II induces the expression of IL-6 via the AT1R, as 

this response was completely blocked by an ARB [210, 211]. In IL-6-deficient mice, Ang 

II infusion resulted in an attenuation of vascular superoxide and endothelial dysfunction; 

adding exogenous IL-6 to these Ang II-treated mice produced endothelial dysfunction 
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[212], suggesting that IL-6 plays a critical role in Ang II-mediated vascular damage. IL-6 

classically activates molecular signaling by binding to its receptor subunit IL-6Rα which 

then oligomerizes with the ubiquitously-expressed transmembrane gp130 β-subunit, 

inducing gp130 homodimerization and formation of a hexameric high-affinity complex 

[213]. Creation of this complex initiates the phosphorylation of Janus tyrosine kinase 

(JAK) and signal transducer and activator of transcription (STAT) which then enhances 

transcription of target genes, including Smad, NF-κB p65, c-Jun, and AP-1 [214].  

Perhaps one of the most important transcription factors in vascular inflammatory 

signaling is NF-κB, a cytoplasmic transcription factor that is implicated in vascular 

inflammation. The canonical NF-κB pathway is activated by various cytokines including 

TNF-α and IL-1 as well as by Ang II stimulation. Ang II activates NF-κB through the 

AT1 receptor in a G protein-dependent manner [215]. NF-κB is redox-sensitive and 

activated by the release of IκB (inhibitor of κB)  and the translocation of the active p50-

p65 heterodimer to the nucleus, where it can increase transcription of various genes, 

including IL-6 [216]. In the vascular wall of L-NAME–treated hypertensive rats, IκB 

proteins were degraded and NF-κB was translocated to the nucleus, suggesting that NF- 

κB is activated [217]. IL-6 and MCP-1, in association with ROS, are also increased in the 

vasculature of these rats and treatment with an ACE inhibitor prevents the increase in IL-

6 and oxidative stress. Similarly, in non-diabetic overweight adults, salsalate (a 

nonacetylated salicylate that inhibits NF-κB activity) increased brachial artery flow-

mediated dilation (a measure of endothelial function) by 74%. Furthermore, nitrotyrosine 

(a ROS-mediated product of tyrosine nitration) and expression of NADPH oxidase 

subunit p47phox in endothelial cells were reduced with salsalate, without an effect on 
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circulating or endothelial cell inflammatory proteins [218]. Additionally, Ang II 

stimulation results in the activation of PKC which activates RhoA GTPase. Under Ang II 

stimulation, this small G protein then rapidly induces serine phosphorylation of the p65 

subunit of NF-κB (RelA), specifically in VSMCs [219], which leads to excessive smooth 

muscle cell proliferation and inflammation [220, 221]. Collectively, the data suggests that 

NF-κB, in part via stimulation of oxidative stress and the AT1 receptor, plays an 

important role in mediating vascular dysfunction. 

Plant-Derived Drugs  

The concept of plant-derived drugs was exploited for centuries. Ethnomedicine, 

the traditional medications developed and used by different ethnic groups, formed the 

basis of novel drug leads. In 1985, the WHO reported that as many as 80% of the world 

uses plant-derived compounds as a staple in medicinal practices [222]. There are several 

reasons why plants are used as sources of pharmacological agents: 1) to isolate bioactive 

compounds to be directly used in drugs 2) to use these bioactive compounds as the basis 

to produce drugs with higher activity or lower toxicity 3) to use these components as 

pharmacological tools or 4) to use the whole plant itself as a remedy [223]. Newman et 

al. [224] investigated the sources of new drugs from 1991 to 2014 and classified them as 

either an unmodified natural product, a natural product botanical, a modified natural 

product, a biological macromolecule, a synthetic compound with no natural product 

conception, a synthetic compound with a natural product pharmacophore, a synthetic 

compound that mimics a natural product, or a vaccine. They determined that 4% of new 

drugs were unmodified natural products, 16% were biological macromolecules, 1% were 

natural product botanicals and 21% were derived from natural products. However, taking 
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into account the basis of inspiration for new drugs, the total percentage of drugs that were 

truly synthetic was only 27. In recent years, interest has grown in using natural 

products/drugs derived from natural products for therapies in the United States. This is 

due to several reasons--mainly that pharmaceutical drugs naturally have deleterious side 

effects and incorrect use leads to increased risk of side effects making these conventional 

therapies ineffective or potentially harmful. Another reason to base medicines on plants is 

that the majority of the world does not have access to new pharmacological treatments, 

thus making it efficient to use plant-derived substances for medical therapy. Some of the 

most relevant examples of plant-derived conventional medications are galegine, from the 

plant Galega officinalis L., which was the prototype for the synthesis of metformin and 

other bisguanidine-type antidiabetic drugs [223]; papaverine from the plant Papaver 

somniferum was used as the source for development of verapamil, an antihypertensive 

drug [223]. Possibly the most important drugs developed from the field of ethnomedicine 

are the anti-malarials, especially quinine and artemisinin. Quinine was developed from 

the bark of C. officinalis, a plant which was used by indigenous people of the Amazon for 

decades to treat fever [225]. Quinine was the foundation for synthesis of the widely used 

drugs chloroquine and mefloquine. However, the developing resistance to these 

medications brought about interest in the plant Artemisia annua used in traditional 

Chinese medicine to treat fevers. Extraction of the active component of the herb produced 

the constituent that is now known as artemisinin [226]. Although many modern drugs 

were at least in part inspired by plant-based compounds, the majority of plant life is still 

not explored. It is estimated that only 6% of approximately 300,000 plant species were 

investigated pharmacologically and only about 15% were expounded phytochemically 
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[223]. One of the main problems in the development of natural product medications is the 

screening methods. Although high throughput screening systems (HTS) allow hundreds 

of thousands of samples to be screened a day, the extraction of bioactive compounds 

from natural product extracts is a limiting factor [225]. However, despite these 

limitations, natural products are the basis for many drugs and are also used as dietary 

supplements, nutraceuticals, and medical foods. 

Dietary Supplements, Nutraceuticals, and Medical Foods 

Nutraceuticals are generally defined as "naturally derived bioactive compounds 

that are found in foods, dietary supplements and herbal products and have health 

promoting, disease preventing, or medicinal products.” [227] However, the term is freely 

used and does not have a regulatory definition. Dietary supplements, on the other hand, 

are products (1) intended to supplement the diet and contain a vitamin, a mineral, an herb 

or other botanical or an amino acid, (2) intended for ingestion in a pill or liquid form, and 

(3) not represented for use as a conventional food. Nutraceuticals differ from dietary 

supplements in several ways: (1) nutraceuticals should also have benefit in the prevention 

and/or treatment of disease and/or disorder; (2) nutraceuticals are used as conventional 

foods [228]. Different from both of these terms, a medical food is “a food which is 

formulated to be consumed or administered enterally under the supervision of a physician 

and which is intended for the specific dietary management of a disease or condition for 

which distinctive nutritional requirements, based on recognized scientific principles, as 

established by medical evaluation.” [229] Unlike supplements and nutraceuticals, 

medical foods are tested for effectiveness with rigorous research and clinical trials before 

they are brought to the public market. Medical foods can be thought of somewhere on the 
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spectrum between a food and a drug. A well-known example of a medical food is 

IBgard®, a capsule filled with ultrapurified peppermint oil, used to manage the 

symptoms of irritable bowel syndrome (IBS). IBgard® is specially formulated to meet 

the distinctive nutritional requirements of IBS that cannot be met with dietary 

modification alone. Although it does not require a prescription, IBgard® is used under 

medical supervision. Because of a relatively high safety profile, this medical food is 

usually taken as an adjuvant to prescription medications. Like all medical foods, IBgard® 

does not require FDA approval, although it is subject to regulations. Getting a specially 

formulated nutraceutical to be termed a medical food is the long-term goal of most pre-

clinical and clinical research conducted on natural products.  

Use of Dietary Supplements 

Dietary supplements are defined as products taken by mouth that contain a 

“dietary ingredient” such as vitamins, minerals, amino acids, herbs and botanicals. 

Although federal law dictates that dietary supplements must be labeled as such, there is 

no requirement for them to be proven safe or effective by the FDA. Despite the lack of 

federal regulation, the use of dietary supplements has grown over the past 30 years, with 

about half of US adults reporting that they use at least one dietary supplement [230]. A 

study using the NHANES (National Health and Nutrition Examination Survey) data from 

2007-2010 investigated the main motivations for adults to use dietary supplements and 

the most commonly types of supplements taken [231]. The most common reasons for 

taking supplements were “to improve overall health” (45%), “to maintain health” (33%), 

and “bone health” (25%; more common in women than men). The most prevalent type of 

supplement was vitamin-mineral (32%). A significant portion of adults (7.5%) were 
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taking a botanical supplement. The use of a dietary supplement was significantly 

associated with lower BMIs, more exercise, and having health insurance. However, 

patients with higher socioeconomic status and education are more likely to take a dietary 

supplement [232]. Thus, it is difficult to determine whether the supplements themselves 

or a higher nutrient intake in food is the reason for improved health in supplement users 

compared to non-users. In 2012, Americans spent $12.8 billion on out-of-pocket 

spending on natural supplements, about one quarter of what was spent on prescription 

drugs [233]. Most of these products were used by personal choice (77%) rather than by 

physician recommendation (23%) [28]. The reason for choosing to take a dietary 

supplement is likely because most dietary supplements have not undergone thorough 

research or testing to determine their potential deleterious or beneficial effects.  

Polyphenols in Cardiovascular Disease 

The concept that healthy eating leads to a healthier life was established decades 

ago. One of the main components in fruits and vegetables that can account for their health 

benefits are polyphenols. These compounds occur naturally in foods and are secondary 

metabolites produced by plants. Polyphenols, which are composed of various 

combinations of benzene rings and hydroxy groups, are gaining significant scientific 

interest due to various clinical and pre-clinical studies that demonstrate their possible 

advantageous effects on health. More than 8000 polyphenols were identified in plants 

[234] and are broadly classified into one of four groups: phenolic acids, flavonoids, 

stilbenes and lignans.  
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One of the most well-known polyphenols is resveratrol, a stilbene that is abundant 

in red wine and grapes and is also present in peanuts, blueberries, and grape and 

cranberry juices [235]. Resveratrol first gained interest in the scientific community after 

the results of the World Health Organization’s MONItoring trends and determinants in 

CArdiovascular disease study which gathered data on diet and parameters of 

cardiovascular health from patients in 26 countries. This study found that individuals who 

had a higher intake of wine and fat had reduced cardiovascular mortality rates compared 

to individuals from other countries with the same relative intake of fat but lower wine 

consumption [236]. This led to the term “French paradox” which suggests that higher 

wine consumption may prevent some of the detrimental effects of increased fat intake. A 

recent clinical trial investigated 10 mg resveratrol supplementation in patients post-

myocardial infarction [237]. After 3 months of treatment, diastolic function and flow-

mediated dilation in resveratrol-treated patients were significantly improved compared to 

the placebo group. In addition, low density lipoprotein (LDL) levels were also reduced in 

patients given resveratrol, suggesting that this polyphenol may improve cardiovascular 

parameters in patients with coronary artery disease. Another clinical trial investigated the 

effects of a combination of polyphenolic compounds, including resveratrol (60 mg), 

grape seed and skin extract (330 mg), green tea (100 mg), and a blend of quercetin, 

ginkgo biloba and bilberry (60 mg) in hypertensive subjects [238]. After the supplement 

treatment, diastolic BP was significantly reduced, although systolic was unchanged. In 

addition, urinary nitrate and nitrate concentrations were increased compared to placebo, 

suggesting that these polyphenols may improve blood pressure by activating eNOS 

production and nitric oxide. Although some clinical studies show beneficial effects with 
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resveratrol treatment, many others showed that supplementation with this polyphenol did 

not improve cardiovascular parameters. Van der Made et al. [239] found that resveratrol 

had no effect on high density lipoprotein (HDL) or LDL levels in overweight patients; in 

addition, other metabolic risk markers, such as apoA-1, glucose and insulin, were not 

affected by resveratrol after a 4-week treatment. Data in animal models are more 

consistent, showing that resveratrol supplementation improves cardiovascular parameters. 

In male SHRs, a 10-week treatment with 2.5 mg/kg/day resveratrol significantly 

ameliorated systolic and diastolic dysfunction and cardiac hypertrophy in conjunction 

with reduced cardiac oxidative stress, without affecting blood pressure [240]. Although 

blood pressure effects are controversial, resveratrol does improve endothelium-dependent 

relaxation in hypertensive rats by preventing eNOS uncoupling and increasing levels of 

the endogenous antioxidant superoxide dismutase [241]. Resveratrol also reduces 

oxidative stress in ischemic reperfusion injury by downregulating NADPH oxidase 

activity at least in part by its ability to activate AMPK in a fructose-dependent rodent 

model of hypertension [242]. Further studies need to explore the disparate results in 

animal models and why these do not translate completely to clinical models.  

Another polyphenol that may have health benefits is epigallocatechin gallate 

(EGCG), a catechin found mainly in green tea. There is abundant evidence that tea 

polyphenols contain the bioactive compounds that improve cardiovascular parameters. In 

a 12-week double-blinded study of 17 healthy Japanese men that consumed tea 

containing 690 mg of catechins from green tea extract, the treatment group had a 

significant reduction in body weight, BMI, subcutaneous fat, and malondialdehyde-

modified LDL compared to the control group [243]. A meta-analysis of 17 studies of 
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patients that consumed tea that had the endpoints of stroke, myocardial infarction (MI), 

or all coronary heart disease showed a high heterogeneity for stroke and coronary artery 

disease [244]. MI was relatively homogenous and the incidence rate was estimated to 

decrease by 11% with tea consumption of 3 cups per day. The biggest factor that 

confounded results in all studies was the geographical location of the subjects. With 

increasing tea consumption, coronary heart disease risk in the United Kingdom and 

stroke in Australia were increased, whereas risk decreased in other regions, including 

continental Europe. Milk intake with tea may play a role in these disparate results; 

Serafini et al. [245] suggested that tea with milk inhibited in vivo plasma antioxidant 

potential. EGCG present in tea was thoroughly explored in animal models and showed 

promising results as a benefit in hypertension, endothelial dysfunction, cardiac 

hypertrophy, and atherosclerosis. Green tea polyphenols (including flavanols and 

catechins) reduced blood pressure in stroke-prone SHR along with increasing aortic 

expression of the anti-oxidant catalase [246]. In a pressure-overload induced cardiac 

hypertrophy model, EGCG supplementation improved systolic function, in addition to 

attenuating markers of oxidative stress such as MDA, partly by preventing the reduction 

in the anti-oxidant enzymes superoxide dismutase and glutathione peroxidase. 

Furthermore, EGCG also reduces plasma IL-6 and TNFα by modulating NF-κB and the 

AP-1 pathway in a model of myocardial ischemia reperfusion injury, suggesting that it 

can also abrogate inflammation [247].  

Copious clinical interventional studies investigated the effects of polyphenol-rich 

fruits and vegetables on cardiovascular risk. Quercetin is a flavonoid that is found in 

various fruits and vegetables and the levels of quercetin are especially concentrated in 
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apples and onions [248]. A double-blinded, placebo-controlled clinical trial in stage 1 

hypertensive patients receiving a high dose of quercetin (730 mg/day for 28 days) 

showed that the polyphenol significantly reduced systolic, diastolic, and mean arterial 

pressure. This suggests that a high dose of this phenolic may be beneficial in improving 

blood pressure in early stages of hypertension [249]. Although numerous studies 

investigated the effects of single polyphenols on cardiovascular health, the more 

promising studies use extracts with various polyphenols or whole foods themselves. The 

Kuopio Ischemic Heart Disease Study (KIHD) in Finland examined whether a diet rich in 

fruits and vegetables improved cardiovascular risk parameters in middle-aged men via 

questionnaire. In the group that had the highest mortality at the 5 year follow-up, their 

intake of fruits and vegetables was 41% lower than the group with the lowest mortality 

[250]. Men were divided into fifths based on their intake of fruits and vegetables; 12.8 

year follow-up data showed that the relative risk of all-cause mortality was 0.66 in the 

men in the highest fifth compared with the men in the lowest fifth, and that serum HDL 

and cholesterol levels were also lower, indicating that a diet rich in plant-derived food 

may improve cardiovascular and metabolic health.  

Berries are a rich source of a vast number of polyphenols including anthocyanins 

and flavonoids, with anthocyanins being responsible for their deep purple/red color. 

Polyphenolic content is highest in the skin and seeds of grapes; extracts produced from 

these components have high antioxidant potential. Berry consumption—whether whole 

berries or dried extracts—improves blood pressure, lipid levels, vascular health, and 

inflammation in a variety of animal models, through multiple mechanisms. In SHRs, a 7-

week consumption of a diet enriched with freeze-dried blueberries (8% w/w) improved 
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acetylcholine-mediated aortic relaxation by modulating the COX and NO pathways 

[251]. Berry polyphenols also improve markers of cardiac damage that are upregulated in 

heart failure. In a Dahl salt-sensitive hypertension rat model, whole table grape powder 

supplementation (3% w:w) for 18 weeks reduced blood pressure, cardiac hypertrophy and 

diastolic dysfunction [252]. The mechanisms behind these effects include enhanced 

peroxisome proliferator-activating receptor-α (PPARα) and peroxisome proliferator-

activating receptor-γ (PPAR γ) DNA binding activity while reducing NF-κB DNA 

binding activity [253]. PPARs are nuclear receptor transcription factors that influence cell 

metabolism and inflammation; PPAR isoforms are reduced in heart failure [254] and 

PPAR agonists can attenuate cardiac pathologies [255]. NF-κB is a transcription factor 

whose activity is augmented by oxidative stress; it promotes inflammation and is 

positively correlated with heart failure progression. A grape seed extract (GSE) also 

improved doxorubicin-induced cardiotoxicity in a rat model; the GSE (administered at 

100 mg/kg/day, IP for 16 days) prevented changes in ejection fraction, diastolic pressure, 

and cardiac fibrosis, indicating that it may be used concurrently with anthracyclines to 

prevent cardiotoxicity [256]. One of the mechanisms by which grape products improve 

cardiac parameters is by reducing oxidative stress. In a model of isoproterenol-induced 

cardiac damage, oligomerized grape seed proanthocyanidins (a water-alcohol extract 

made from red grape seeds) significantly reduced changes in myocardial hemodynamics 

by preventing fibrosis and hypertrophy [257]. The grape seed proanthocyanidins reduced 

NF-κB and COX-2 activity and increased SOD-2 activity, suggesting that they prevent 

depletion of the endogenous antioxidant defense system and reduce ROS damage to the 

myocardium. Grape polyphenols also improved ischemic-reperfusion injury to 
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cardiomyocytes and contractility by increasing NO, which was mediated by activation of 

the Akt/eNOS pathways [258]. In another study, grape seed proanthocyanidin extract 

(GSPE) was administered orally (100 mg/kg/d) in chow for 3 weeks and then ischemic-

reperfusion injury was induced in hearts [259]. Compared to control animals, the extract 

inhibited cardiomyocyte apoptosis and markers of oxidative stress, at least in part by 

reducing activated JNK-1 and c-fos. This led to an improvement in myocardial 

contractility, suggesting that the grape extract is cardioprotective, at least partly by 

blocking the death signal. The mechanisms for the beneficial effects of grape 

supplementation are complex and involve multiple pathways and organ systems. 

Numerous studies investigated the effects of grape polyphenols on cardiovascular 

protection. However, studies on muscadine grapes are lacking and the majority of these 

experiments were conducted in cancer models.  

Muscadine Grapes 

Muscadine grapes (Vitis rotundifolia) are commonly grown in the southeastern 

United States and are acclimated to warm humid climates which may be unsuitable for 

other grapes. They are the first native grape species to be cultivated (over 400 years ago) 

in North America [260]. These grapes can vary in color from light bronze skin to dark, 

almost black skin. The phenolic content is highest in the skin and seeds of these grapes 

[261]. Muscadine grape pulp is usually eaten raw or consumed in the form of wine, juice 

or jelly.  

Research on muscadine grapes is limited; the few studies conducted investigate 

their effects on cancer and metabolic disease. Muscadine grape extracts reduced breast 
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and prostate cancer cell invasion and migration by cell cycle arrest and apoptotic 

mechanisms [262, 263]. Muscadine grape supplementation in mice fed a high-fat diet had 

a reduced body weight, plasma content of free fatty acids, triglycerides, cholesterol, and 

inflammatory markers compared to control obese mice [264]. Type 2 diabetic patients 

given 150 mL of muscadine wine or de-alcoholized muscadine wine for 28 days had 

reduced blood glucose and glycated hemoglobin, suggesting better glycemic control 

[265]. Additionally, patients taking de-alcoholized wine had increased vitamin C and E 

levels, indicating improved antioxidant status and lower sodium and chloride, suggesting 

that these patients will be at lower risk for developing hypertension. In patients with high 

cardiovascular risk, muscadine grape seed supplementation for 4 weeks resulted in an 

increase in resting brachial diameter without an effect on brachial flow-mediated dilation 

(a marker of endothelial function), lipid peroxidation, or inflammation [266].  

The MGE used in the following studies is an aqueous extract produced from dried 

skin and seeds of muscadine grapes primarily of the Carlos cultivar, produced by 

Piedmont Research and Development Corp. Ultra-high pressure liquid chromatography 

and mass spectroscopy (UHPLC-MS) performed on this extract demonstrated that the 

major phenolic compounds present are epicatechin, gallic acid, procyanidin B, ellagic 

acid, catechin, and catechin gallate [267]. The levels of these polyphenols are 

significantly higher than those found in commercial muscadine extracts including 

Nature’s Pearl, Premier Gold skin, and Muscadinex. Furthermore, the total phenolic 

content of the Piedmont Research and Development MGE was 4-8 fold higher than those 

found in the commercial extract (unpublished data from our lab), indicating that the 
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antioxidant capacity of this extract is higher than others and may therefore provide 

beneficial effects in cardiovascular disease. 

 

 

 

In the studies presented in this doctoral thesis, we sought to determine the effects of a 

muscadine grape extract (MGE) on Ang II-induced adverse cardiac remodeling in vivo 

and to define the signaling mechanisms involved. The grape extract used in this study is a 

concentrated extract composed of various water-soluble polyphenols and has a higher 

polyphenolic content than those currently available on the market, suggesting that it may 

have beneficial cardiovascular actions. The following specific aims were proposed: 

1) Determine whether MGE can improve cardiac function in a model of 

hypertension and hypertensive heart disease by preventing cardiac fibrosis and 

oxidative stress. To address this aim, rats were infused with Ang II 

subcutaneously for 4 weeks and/or given MGE in their drinking water. Blood 

pressure and cardiac function (measured via echocardiography) were measured 

throughout the study period. Cellular changes in the left ventricle were 

determined by immunohistochemistry and RT-PCR.  

2) Determine the effect of MGE on Ang II-induced vascular dysfunction and arterial 

stiffness and elucidate the signaling mechanisms by which MGE acts on the aorta. 

To address this aim, echocardiography was conducted to determine aortic 
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stiffness. After the study period, inflammatory, pro-fibrotic, and oxidant pathways 

were examined via RT-PCR, immunohistochemistry, and ELIZAs.  

 

Based on evidence that polyphenols have beneficial actions on the cardiovascular system, 

we hypothesized that the MGE can improve Ang II-induced cardiac and vascular 

dysfunction by targeting the oxidative and fibrotic pathways.  

References 

1. Go, A.S., et al., Executive summary: heart disease and stroke statistics--2013 

update: a report from the American Heart Association. Circulation, 2013. 127(1): 

p. 143-52. 

2. Brook, R.D. and S. Rajagopalan, 2017 

ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for 

the Prevention, Detection, Evaluation, and Management of High Blood Pressure 

in Adults. A report of the American College of Cardiology/American Heart 

Association Task Force on Clinical Practice Guidelines. J Am Soc Hypertens, 

2018. 12(3): p. 238. 

3. Farley, T.A., et al., Deaths preventable in the U.S. by improvements in use of 

clinical preventive services. Am J Prev Med, 2010. 38(6): p. 600-9. 

4. Benjamin, E.J., et al., Heart Disease and Stroke Statistics-2017 Update: A Report 

From the American Heart Association. Circulation, 2017. 135(10): p. e146-e603. 

5. Whelton, P.K., et al., 2017 

ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for 



54 
 

the Prevention, Detection, Evaluation, and Management of High Blood Pressure 

in Adults: A Report of the American College of Cardiology/American Heart 

Association Task Force on Clinical Practice Guidelines. Hypertension, 2018. 

71(6): p. e13-e115. 

6. Control, C.f.D., Estimates of Diabetes and Its Burden in the United States. 

Atlanta, GA: U.S. Department of Health and Human Services;. National Diabetes 

Statistics Report:, 2014. 

7. Law, M.R., J.K. Morris, and N.J. Wald, Use of blood pressure lowering drugs in 

the prevention of cardiovascular disease: meta-analysis of 147 randomised trials 

in the context of expectations from prospective epidemiological studies. Bmj, 

2009. 338: p. b1665. 

8. Weber, M.A., et al., Clinical practice guidelines for the management of 

hypertension in the community: a statement by the American Society of 

Hypertension and the International Society of Hypertension. J Clin Hypertens 

(Greenwich), 2014. 16(1): p. 14-26. 

9. Duarte, J.D. and R.M. Cooper-DeHoff, Mechanisms for blood pressure lowering 

and metabolic effects of thiazide and thiazide-like diuretics. Expert Rev 

Cardiovasc Ther, 2010. 8(6): p. 793-802. 

10. Muntwyler, J. and F. Follath, Calcium channel blockers in treatment of 

hypertension. Prog Cardiovasc Dis, 2001. 44(3): p. 207-16. 

11. Hansson, L., et al., Randomised trial of old and new antihypertensive drugs in 

elderly patients: cardiovascular mortality and morbidity the Swedish Trial in Old 

Patients with Hypertension-2 study. Lancet, 1999. 354(9192): p. 1751-6. 



55 
 

12. Hornig, B., C. Kohler, and H. Drexler, Role of bradykinin in mediating vascular 

effects of angiotensin-converting enzyme inhibitors in humans. Circulation, 1997. 

95(5): p. 1115-8. 

13. Overlack, A., ACE inhibitor-induced cough and bronchospasm. Incidence, 

mechanisms and management. Drug Saf, 1996. 15(1): p. 72-8. 

14. Banerji, A., et al., Epidemiology of ACE Inhibitor Angioedema Utilizing a Large 

Electronic Health Record. J Allergy Clin Immunol Pract, 2017. 5(3): p. 744-749. 

15. Townsend, R.R., Major side effects of angiotensin-converting enzyme inhibitors 

and angiotensin II receptor blockers. UpToDate, 2018. 

16. Messerli, F.H., et al., Angiotensin-Converting Enzyme Inhibitors in Hypertension: 

To Use or Not to Use? J Am Coll Cardiol, 2018. 71(13): p. 1474-1482. 

17. Messerli, F.H., M.A. Weber, and H.R. Brunner, Angiotensin II receptor 

inhibition. A new therapeutic principle. Arch Intern Med, 1996. 156(17): p. 1957-

65. 

18. Potier, L., et al., Angiotensin-converting enzyme inhibitors and angiotensin 

receptor blockers in high vascular risk. Heart, 2017. 103(17): p. 1339-1346. 

19. Bangalore, S., et al., Angiotensin-Converting Enzyme Inhibitors or Angiotensin 

Receptor Blockers in Patients Without Heart Failure? Insights From 254,301 

Patients From Randomized Trials. Mayo Clin Proc, 2016. 91(1): p. 51-60. 

20. Drazner, M.H., The progression of hypertensive heart disease. Circulation, 2011. 

123(3): p. 327-34. 

21. Hunt, S.A., et al., 2009 focused update incorporated into the ACC/AHA 2005 

Guidelines for the Diagnosis and Management of Heart Failure in Adults: a 



56 
 

report of the American College of Cardiology Foundation/American Heart 

Association Task Force on Practice Guidelines: developed in collaboration with 

the International Society for Heart and Lung Transplantation. Circulation, 2009. 

119(14): p. e391-479. 

22. Bursi, F., et al., Systolic and diastolic heart failure in the community. Jama, 2006. 

296(18): p. 2209-16. 

23. Fukuta, H. and W.C. Little, Contribution of systolic and diastolic abnormalities to 

heart failure with a normal and a reduced ejection fraction. Prog Cardiovasc Dis, 

2007. 49(4): p. 229-40. 

24. Aronow, W.S., Hypertension and left ventricular hypertrophy. Ann Transl Med, 

2017. 5(15): p. 310. 

25. de Simone, G., Concentric or eccentric hypertrophy: how clinically relevant is the 

difference? Hypertension, 2004. 43(4): p. 714-5. 

26. Cuspidi, C., et al., Prevalence of left-ventricular hypertrophy in hypertension: an 

updated review of echocardiographic studies. J Hum Hypertens, 2012. 26(6): p. 

343-9. 

27. Levy, D., et al., Prognostic implications of echocardiographically determined left 

ventricular mass in the Framingham Heart Study. N Engl J Med, 1990. 322(22): 

p. 1561-6. 

28. Haider, A.W., et al., Increased left ventricular mass and hypertrophy are 

associated with increased risk for sudden death. J Am Coll Cardiol, 1998. 32(5): 

p. 1454-9. 



57 
 

29. Beache, G.M., et al., Attenuated myocardial vasodilator response in patients with 

hypertensive hypertrophy revealed by oxygenation-dependent magnetic resonance 

imaging. Circulation, 2001. 104(11): p. 1214-7. 

30. Milani, R.V., et al., Left ventricular geometry and survival in patients with normal 

left ventricular ejection fraction. Am J Cardiol, 2006. 97(7): p. 959-63. 

31. Soliman, E.Z., et al., Effect of Intensive Blood Pressure Lowering on Left 

Ventricular Hypertrophy in Patients With Diabetes Mellitus: Action to Control 

Cardiovascular Risk in Diabetes Blood Pressure Trial. Hypertension, 2015. 

66(6): p. 1123-9. 

32. Dzau, V.J., et al., Tissue-specific regulation of renin expression in the mouse. 

Hypertension, 1987. 9(6 Pt 2): p. Iii36-41. 

33. Cain, A.E. and R.A. Khalil, Pathophysiology of essential hypertension: role of the 

pump, the vessel, and the kidney. Semin Nephrol, 2002. 22(1): p. 3-16. 

34. Raizada, V., et al., Intracardiac and intrarenal renin-angiotensin systems: 

mechanisms of cardiovascular and renal effects. J Investig Med, 2007. 55(7): p. 

341-59. 

35. Yamamoto, T., et al., In vivo visualization of angiotensin II- and 

tubuloglomerular feedback-mediated renal vasoconstriction. Kidney Int, 2001. 

60(1): p. 364-9. 

36. Mulatero, P., et al., Diagnosis and treatment of low-renin hypertension. Clin 

Endocrinol (Oxf), 2007. 67(3): p. 324-34. 



58 
 

37. Crowley, S.D., et al., Angiotensin II causes hypertension and cardiac hypertrophy 

through its receptors in the kidney. Proc Natl Acad Sci U S A, 2006. 103(47): p. 

17985-90. 

38. Silver, R.B., et al., Mast cells: a unique source of renin. Proc Natl Acad Sci U S 

A, 2004. 101(37): p. 13607-12. 

39. Aartsen, W., et al., The role of locally expressed angiotensin converting enzyme in 

cardiac remodeling after myocardial infarction in mice. Cardiovascular Research, 

2002. 56(2): p. 205-213. 

40. Suzuki, J., et al., Rat angiotensin II (type 1A) receptor mRNA regulation and 

subtype expression in myocardial growth and hypertrophy. Circ Res, 1993. 73(3): 

p. 439-47. 

41. Meggs, L.G., et al., Regulation of angiotensin II receptors on ventricular 

myocytes after myocardial infarction in rats. Circ Res, 1993. 72(6): p. 1149-62. 

42. Regitz-Zagrosek, V., et al., Regulation, chamber localization, and subtype 

distribution of angiotensin II receptors in human hearts. Circulation, 1995. 91(5): 

p. 1461-71. 

43. Rosendorff, C., The renin-angiotensin system and vascular hypertrophy. J Am 

Coll Cardiol, 1996. 28(4): p. 803-12. 

44. Griendling, K.K., D. Sorescu, and M. Ushio-Fukai, NAD(P)H oxidase: role in 

cardiovascular biology and disease. Circ Res, 2000. 86(5): p. 494-501. 

45. Mehta, P.K. and K.K. Griendling, Angiotensin II cell signaling: physiological and 

pathological effects in the cardiovascular system. Am J Physiol Cell Physiol, 

2007. 292(1): p. C82-97. 



59 
 

46. Navar, L.G., et al., Intrarenal angiotensin II generation and renal effects of AT1 

receptor blockade. J Am Soc Nephrol, 1999. 10 Suppl 12: p. S266-72. 

47. Zou, L.X., et al., Receptor-mediated intrarenal angiotensin II augmentation in 

angiotensin II-infused rats. Hypertension, 1996. 28(4): p. 669-77. 

48. Kobori, H., L.M. Harrison-Bernard, and L.G. Navar, Expression of 

angiotensinogen mRNA and protein in angiotensin II-dependent hypertension. J 

Am Soc Nephrol, 2001. 12(3): p. 431-9. 

49. Harrison-Bernard, L.M., et al., Regulation of angiotensin II type 1 receptor mRNA 

and protein in angiotensin II-induced hypertension. Hypertension, 1999. 33(1 Pt 

2): p. 340-6. 

50. Shao, W., D.M. Seth, and L.G. Navar, Augmentation of endogenous intrarenal 

angiotensin II levels in Val5-ANG II-infused rats. Am J Physiol Renal Physiol, 

2009. 296(5): p. F1067-71. 

51. Kobori, H., et al., AT1 receptor mediated augmentation of intrarenal 

angiotensinogen in angiotensin II-dependent hypertension. Hypertension, 2004. 

43(5): p. 1126-32. 

52. van Kats, J.P., et al., Angiotensin II type 1 (AT1) receptor-mediated accumulation 

of angiotensin II in tissues and its intracellular half-life in vivo. Hypertension, 

1997. 30(1 Pt 1): p. 42-9. 

53. Conte, D., et al., Chronic angiotensin receptor blockade suppresses intracardiac 

angiotensin II in angiotensin II-infused rats. Exp Biol Med (Maywood), 2011. 

236(12): p. 1449-53. 



60 
 

54. Muller-Brunotte, R., et al., Myocardial fibrosis and diastolic dysfunction in 

patients with hypertension: results from the Swedish Irbesartan Left Ventricular 

Hypertrophy Investigation versus Atenolol (SILVHIA). J Hypertens, 2007. 25(9): 

p. 1958-66. 

55. Varo, N., et al., Chronic AT(1) blockade stimulates extracellular collagen type I 

degradation and reverses myocardial fibrosis in spontaneously hypertensive rats. 

Hypertension, 2000. 35(6): p. 1197-202. 

56. Laviades, C., et al., Abnormalities of the extracellular degradation of collagen 

type I in essential hypertension. Circulation, 1998. 98(6): p. 535-40. 

57. Diez, J., Mechanisms of cardiac fibrosis in hypertension. J Clin Hypertens 

(Greenwich), 2007. 9(7): p. 546-50. 

58. Brilla, C.G., Renin-angiotensin-aldosterone system and myocardial fibrosis. 

Cardiovasc Res, 2000. 47(1): p. 1-3. 

59. Lopez, B., et al., Usefulness of serum carboxy-terminal propeptide of procollagen 

type I in assessment of the cardioreparative ability of antihypertensive treatment 

in hypertensive patients. Circulation, 2001. 104(3): p. 286-91. 

60. Schiller, M., D. Javelaud, and A. Mauviel, TGF-beta-induced SMAD signaling 

and gene regulation: consequences for extracellular matrix remodeling and 

wound healing. J Dermatol Sci, 2004. 35(2): p. 83-92. 

61. Cheifetz, S., et al., Heterodimeric transforming growth factor beta. Biological 

properties and interaction with three types of cell surface receptors. J Biol Chem, 

1988. 263(22): p. 10783-9. 



61 
 

62. Poniatowski, L.A., et al., Transforming growth factor Beta family: insight into the 

role of growth factors in regulation of fracture healing biology and potential 

clinical applications. Mediators Inflamm, 2015. 2015: p. 137823. 

63. Murphy-Ullrich, J.E. and M. Poczatek, Activation of latent TGF-beta by 

thrombospondin-1: mechanisms and physiology. Cytokine Growth Factor Rev, 

2000. 11(1-2): p. 59-69. 

64. Annes, J.P., J.S. Munger, and D.B. Rifkin, Making sense of latent TGFbeta 

activation. J Cell Sci, 2003. 116(Pt 2): p. 217-24. 

65. Cui, Y., et al., Oxidative stress contributes to the induction and persistence of 

TGF-beta1 induced pulmonary fibrosis. Int J Biochem Cell Biol, 2011. 43(8): p. 

1122-33. 

66. Massague, J., How cells read TGF-beta signals. Nat Rev Mol Cell Biol, 2000. 

1(3): p. 169-78. 

67. Feng, X.H. and R. Derynck, Specificity and versatility in tgf-beta signaling 

through Smads. Annu Rev Cell Dev Biol, 2005. 21: p. 659-93. 

68. Yan, X., Z. Liu, and Y. Chen, Regulation of TGF-beta signaling by Smad7. Acta 

Biochim Biophys Sin (Shanghai), 2009. 41(4): p. 263-72. 

69. Derynck, R. and Y.E. Zhang, Smad-dependent and Smad-independent pathways 

in TGF-beta family signalling. Nature, 2003. 425(6958): p. 577-84. 

70. Lijnen, P.J., V.V. Petrov, and R.H. Fagard, Association between transforming 

growth factor-beta and hypertension. Am J Hypertens, 2003. 16(7): p. 604-11. 



62 
 

71. Deten, A., et al., Changes in extracellular matrix and in transforming growth 

factor beta isoforms after coronary artery ligation in rats. J Mol Cell Cardiol, 

2001. 33(6): p. 1191-207. 

72. Hao, J., et al., Interaction between angiotensin II and Smad proteins in fibroblasts 

in failing heart and in vitro. Am J Physiol Heart Circ Physiol, 2000. 279(6): p. 

H3020-30. 

73. Xia, Y., et al., Characterization of the inflammatory and fibrotic response in a 

mouse model of cardiac pressure overload. Histochem Cell Biol, 2009. 131(4): p. 

471-81. 

74. Rosenkranz, S., et al., Alterations of beta-adrenergic signaling and cardiac 

hypertrophy in transgenic mice overexpressing TGF-beta(1). Am J Physiol Heart 

Circ Physiol, 2002. 283(3): p. H1253-62. 

75. Kuwahara, F., et al., Transforming growth factor-beta function blocking prevents 

myocardial fibrosis and diastolic dysfunction in pressure-overloaded rats. 

Circulation, 2002. 106(1): p. 130-5. 

76. Lucas, J.A., et al., Inhibition of transforming growth factor-beta signaling induces 

left ventricular dilation and dysfunction in the pressure-overloaded heart. Am J 

Physiol Heart Circ Physiol, 2010. 298(2): p. H424-32. 

77. Bujak, M., et al., Essential role of Smad3 in infarct healing and in the 

pathogenesis of cardiac remodeling. Circulation, 2007. 116(19): p. 2127-38. 

78. Dobaczewski, M., et al., Smad3 signaling critically regulates fibroblast phenotype 

and function in healing myocardial infarction. Circ Res, 2010. 107(3): p. 418-28. 



63 
 

79. Leask, A., et al., Connective tissue growth factor gene regulation. Requirements 

for its induction by transforming growth factor-beta 2 in fibroblasts. J Biol Chem, 

2003. 278(15): p. 13008-15. 

80. Chen, Y., et al., CTGF expression in mesangial cells: involvement of SMADs, 

MAP kinase, and PKC. Kidney Int, 2002. 62(4): p. 1149-59. 

81. Abreu, J.G., et al., Connective-tissue growth factor (CTGF) modulates cell 

signalling by BMP and TGF-beta. Nat Cell Biol, 2002. 4(8): p. 599-604. 

82. Panek, A.N., et al., Connective tissue growth factor overexpression in 

cardiomyocytes promotes cardiac hypertrophy and protection against pressure 

overload. PLoS One, 2009. 4(8): p. e6743. 

83. Langsetmo I, J.C., Zhang W, Oliver N, Lin A, Coker G, Anti-CTGF human 

antibody therapy with FG-3019 prevents and reverses diabetes-induced 

cardiovascular complications in streptozotocin (STZ) treated rats. Diabetes, 

2005. 55 (Suppl 1)( A122). 

84. Lipson, K.E., et al., CTGF is a central mediator of tissue remodeling and fibrosis 

and its inhibition can reverse the process of fibrosis. Fibrogenesis Tissue Repair, 

2012. 5(Suppl 1): p. S24. 

85. Ahmed, M.S., et al., Connective tissue growth factor--a novel mediator of 

angiotensin II-stimulated cardiac fibroblast activation in heart failure in rats. J 

Mol Cell Cardiol, 2004. 36(3): p. 393-404. 

86. Zhang, D., et al., TAK1 is activated in the myocardium after pressure overload 

and is sufficient to provoke heart failure in transgenic mice. Nat Med, 2000. 6(5): 

p. 556-63. 



64 
 

87. Zhang, Y.E., Non-Smad pathways in TGF-beta signaling. Cell Res, 2009. 19(1): 

p. 128-39. 

88. Mutlak, M. and I. Kehat, Extracellular signal-regulated kinases 1/2 as regulators 

of cardiac hypertrophy. Front Pharmacol, 2015. 6: p. 149. 

89. Bueno, O.F., et al., The MEK1-ERK1/2 signaling pathway promotes compensated 

cardiac hypertrophy in transgenic mice. Embo j, 2000. 19(23): p. 6341-50. 

90. Karajibani, M., et al., The status of glutathione peroxidase, superoxide dismutase, 

vitamins A, C, E and malondialdehyde in patients with cardiovascular disease in 

Zahedan, Southeast Iran. J Nutr Sci Vitaminol (Tokyo), 2009. 55(4): p. 309-16. 

91. Sawyer, D.B., et al., Role of oxidative stress in myocardial hypertrophy and 

failure. J Mol Cell Cardiol, 2002. 34(4): p. 379-88. 

92. Diaz-Velez, C.R., et al., Increased malondialdehyde in peripheral blood of 

patients with congestive heart failure. Am Heart J, 1996. 131(1): p. 146-52. 

93. Folden, D.V., et al., Malondialdehyde inhibits cardiac contractile function in 

ventricular myocytes via a p38 mitogen-activated protein kinase-dependent 

mechanism. Br J Pharmacol, 2003. 139(7): p. 1310-6. 

94. Ayala, A., M.F. Munoz, and S. Arguelles, Lipid peroxidation: production, 

metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-

nonenal. Oxid Med Cell Longev, 2014. 2014: p. 360438. 

95. Castro, P.F., et al., Effects of early decrease in oxidative stress after medical 

therapy in patients with class IV congestive heart failure. Am J Cardiol, 2002. 

89(2): p. 236-9. 



65 
 

96. Uchida, K., 4-Hydroxy-2-nonenal: a product and mediator of oxidative stress. 

Prog Lipid Res, 2003. 42(4): p. 318-43. 

97. Ramana, K.V., et al., Mitogenic responses of vascular smooth muscle cells to lipid 

peroxidation-derived aldehyde 4-hydroxy-trans-2-nonenal (HNE): role of aldose 

reductase-catalyzed reduction of the HNE-glutathione conjugates in regulating 

cell growth. J Biol Chem, 2006. 281(26): p. 17652-60. 

98. Lee, S.J., et al., 4-Hydroxynonenal enhances MMP-2 production in vascular 

smooth muscle cells via mitochondrial ROS-mediated activation of the Akt/NF-

kappaB signaling pathways. Free Radic Biol Med, 2008. 45(10): p. 1487-92. 

99. Nakamura, K., et al., Carvedilol decreases elevated oxidative stress in human 

failing myocardium. Circulation, 2002. 105(24): p. 2867-71. 

100. Wu, L.L., et al., Urinary 8-OHdG: a marker of oxidative stress to DNA and a risk 

factor for cancer, atherosclerosis and diabetics. Clin Chim Acta, 2004. 339(1-2): 

p. 1-9. 

101. Marin-Garcia, J. and M.J. Goldenthal, Mitochondrial centrality in heart failure. 

Heart Fail Rev, 2008. 13(2): p. 137-50. 

102. Kroese, L.J. and P.G. Scheffer, 8-hydroxy-2'-deoxyguanosine and cardiovascular 

disease: a systematic review. Curr Atheroscler Rep, 2014. 16(11): p. 452. 

103. Lambeth, J.D., NOX enzymes and the biology of reactive oxygen. Nat Rev 

Immunol, 2004. 4(3): p. 181-9. 

104. Vignais, P.V., The superoxide-generating NADPH oxidase: structural aspects 

and activation mechanism. Cell Mol Life Sci, 2002. 59(9): p. 1428-59. 



66 
 

105. Sirker, A., M. Zhang, and A.M. Shah, NADPH oxidases in cardiovascular 

disease: insights from in vivo models and clinical studies. Basic Res Cardiol, 

2011. 106(5): p. 735-47. 

106. Heymes, C., et al., Increased myocardial NADPH oxidase activity in human heart 

failure. J Am Coll Cardiol, 2003. 41(12): p. 2164-71. 

107. Banfi, B., et al., Two novel proteins activate superoxide generation by the 

NADPH oxidase NOX1. J Biol Chem, 2003. 278(6): p. 3510-3. 

108. Lassegue, B., et al., Novel gp91(phox) homologues in vascular smooth muscle 

cells : nox1 mediates angiotensin II-induced superoxide formation and redox-

sensitive signaling pathways. Circ Res, 2001. 88(9): p. 888-94. 

109. Serrander, L., et al., NOX4 activity is determined by mRNA levels and reveals a 

unique pattern of ROS generation. Biochem J, 2007. 406(1): p. 105-14. 

110. Dikalov, S.I., et al., Distinct roles of Nox1 and Nox4 in basal and angiotensin II-

stimulated superoxide and hydrogen peroxide production. Free Radic Biol Med, 

2008. 45(9): p. 1340-51. 

111. Block, K., Y. Gorin, and H.E. Abboud, Subcellular localization of Nox4 and 

regulation in diabetes. Proc Natl Acad Sci U S A, 2009. 106(34): p. 14385-90. 

112. Ago, T., et al., Upregulation of Nox4 by hypertrophic stimuli promotes apoptosis 

and mitochondrial dysfunction in cardiac myocytes. Circ Res, 2010. 106(7): p. 

1253-64. 

113. Zhang, M., et al., NADPH oxidase-4 mediates protection against chronic load-

induced stress in mouse hearts by enhancing angiogenesis. Proc Natl Acad Sci U 

S A, 2010. 107(42): p. 18121-6. 



67 
 

114. Martyn, K.D., et al., Functional analysis of Nox4 reveals unique characteristics 

compared to other NADPH oxidases. Cell Signal, 2006. 18(1): p. 69-82. 

115. Nisimoto, Y., et al., Nox4: a hydrogen peroxide-generating oxygen sensor. 

Biochemistry, 2014. 53(31): p. 5111-20. 

116. Zhao, Q.D., et al., NADPH oxidase 4 induces cardiac fibrosis and hypertrophy 

through activating Akt/mTOR and NFkappaB signaling pathways. Circulation, 

2015. 131(7): p. 643-55. 

117. Kuroda, J., et al., NADPH oxidase 4 (Nox4) is a major source of oxidative stress 

in the failing heart. Proc Natl Acad Sci U S A, 2010. 107(35): p. 15565-70. 

118. Somanna, N.K., et al., The Nox1/4 Dual Inhibitor GKT137831 or Nox4 

Knockdown Inhibits Angiotensin-II-Induced Adult Mouse Cardiac Fibroblast 

Proliferation and Migration. AT1 Physically Associates With Nox4. J Cell 

Physiol, 2016. 231(5): p. 1130-41. 

119. Cucoranu, I., et al., NAD(P)H oxidase 4 mediates transforming growth factor-

beta1-induced differentiation of cardiac fibroblasts into myofibroblasts. Circ Res, 

2005. 97(9): p. 900-7. 

120. Moe, K.T., et al., Nox2 and Nox4 mediate tumour necrosis factor-alpha-induced 

ventricular remodelling in mice. J Cell Mol Med, 2011. 15(12): p. 2601-13. 

121. Varga, Z.V., et al., Alternative Splicing of NOX4 in the Failing Human Heart. 

Front Physiol, 2017. 8: p. 935. 

122. Ambasta, R.K., et al., Direct interaction of the novel Nox proteins with p22phox is 

required for the formation of a functionally active NADPH oxidase. J Biol Chem, 

2004. 279(44): p. 45935-41. 



68 
 

123. Lyle, A.N., et al., Poldip2, a novel regulator of Nox4 and cytoskeletal integrity in 

vascular smooth muscle cells. Circ Res, 2009. 105(3): p. 249-59. 

124. Wu, R.F., et al., HIV-1 Tat activates dual Nox pathways leading to independent 

activation of ERK and JNK MAP kinases. J Biol Chem, 2007. 282(52): p. 37412-

9. 

125. Jaulmes, A., et al., Nox4 mediates the expression of plasminogen activator 

inhibitor-1 via p38 MAPK pathway in cultured human endothelial cells. Thromb 

Res, 2009. 124(4): p. 439-46. 

126. Gorin, Y., et al., Nox4 mediates angiotensin II-induced activation of Akt/protein 

kinase B in mesangial cells. Am J Physiol Renal Physiol, 2003. 285(2): p. F219-

29. 

127. Chen, K., et al., Regulation of ROS signal transduction by NADPH oxidase 4 

localization. J Cell Biol, 2008. 181(7): p. 1129-39. 

128. Chen, F., et al., From form to function: the role of Nox4 in the cardiovascular 

system. Front Physiol, 2012. 3: p. 412. 

129. Wind, S., et al., Oxidative stress and endothelial dysfunction in aortas of aged 

spontaneously hypertensive rats by NOX1/2 is reversed by NADPH oxidase 

inhibition. Hypertension, 2010. 56(3): p. 490-7. 

130. Schroder, K., et al., Nox4 is a protective reactive oxygen species generating 

vascular NADPH oxidase. Circ Res, 2012. 110(9): p. 1217-25. 

131. Dworakowski, R., et al., Reduced nicotinamide adenine dinucleotide phosphate 

oxidase-derived superoxide and vascular endothelial dysfunction in human heart 

failure. J Am Coll Cardiol, 2008. 51(14): p. 1349-56. 



69 
 

132. Fukai, T. and M. Ushio-Fukai, Superoxide dismutases: role in redox signaling, 

vascular function, and diseases. Antioxid Redox Signal, 2011. 15(6): p. 1583-

606. 

133. Ahmad, A., et al., The role of the endogenous antioxidant enzymes and 

malondialdehyde in essential hypertension. J Clin Diagn Res, 2013. 7(6): p. 987-

90. 

134. Lin, C.S., et al., Alteration of endogenous antioxidant enzymes in naturally 

occurring hypertrophic cardiomyopathy. Biochem Mol Biol Int, 1997. 43(6): p. 

1253-63. 

135. Qin, F., et al., Cardiac-specific overexpression of catalase identifies hydrogen 

peroxide-dependent and -independent phases of myocardial remodeling and 

prevents the progression to overt heart failure in G(alpha)q-overexpressing 

transgenic mice. Circ Heart Fail, 2010. 3(2): p. 306-13. 

136. Pugsley, M.K. and R. Tabrizchi, The vascular system. An overview of structure 

and function. J Pharmacol Toxicol Methods, 2000. 44(2): p. 333-40. 

137. Hirata, K., M. Kawakami, and M.F. O'Rourke, Pulse wave analysis and pulse 

wave velocity: a review of blood pressure interpretation 100 years after Korotkov. 

Circ J, 2006. 70(10): p. 1231-9. 

138. Glagov, S., et al., Compensatory enlargement of human atherosclerotic coronary 

arteries. N Engl J Med, 1987. 316(22): p. 1371-5. 

139. Chirinos, J.A., et al., Arterial stiffness, central pressures, and incident 

hospitalized heart failure in the chronic renal insufficiency cohort study. Circ 

Heart Fail, 2014. 7(5): p. 709-16. 



70 
 

140. Laurent, S., et al., Aortic stiffness is an independent predictor of all-cause and 

cardiovascular mortality in hypertensive patients. Hypertension, 2001. 37(5): p. 

1236-41. 

141. Girerd, X., et al., Arterial distensibility and left ventricular hypertrophy in 

patients with sustained essential hypertension. Am Heart J, 1991. 122(4 Pt 2): p. 

1210-4. 

142. Darne, B., et al., Pulsatile versus steady component of blood pressure: a cross-

sectional analysis and a prospective analysis on cardiovascular mortality. 

Hypertension, 1989. 13(4): p. 392-400. 

143. Nichols WW, O.R.M., Arnold E, McDonald’s Blood Flow in Arteries: 

Theoretical, Experimental and Clinical Principles. London, UK: Arnold, 1990. 

3rd ed: p. 77–142,216–269,283–359,398–437. 

144. Muiesan, M.L., et al., Pulsatile hemodynamics and microcirculation: evidence for 

a close relationship in hypertensive patients. Hypertension, 2013. 61(1): p. 130-6. 

145. Gupta, S., et al., Left ventricular hypertrophy, aortic wall thickness, and lifetime 

predicted risk of cardiovascular disease:the Dallas Heart Study. JACC 

Cardiovasc Imaging, 2010. 3(6): p. 605-13. 

146. Wiener, J., et al., Morphometric analysis of hypertension-induced hypertrophy of 

rat thoracic aorta. Am J Pathol, 1977. 88(3): p. 619-34. 

147. Owens, G.K., P.S. Rabinovitch, and S.M. Schwartz, Smooth muscle cell 

hypertrophy versus hyperplasia in hypertension. Proc Natl Acad Sci U S A, 1981. 

78(12): p. 7759-63. 



71 
 

148. Geisterfer, A.A., M.J. Peach, and G.K. Owens, Angiotensin II induces 

hypertrophy, not hyperplasia, of cultured rat aortic smooth muscle cells. Circ 

Res, 1988. 62(4): p. 749-56. 

149. Duff, J.L., B.C. Berk, and M.A. Corson, Angiotensin II stimulates the pp44 and 

pp42 mitogen-activated protein kinases in cultured rat aortic smooth muscle cells. 

Biochem Biophys Res Commun, 1992. 188(1): p. 257-64. 

150. Marrero, M.B., et al., Direct stimulation of Jak/STAT pathway by the angiotensin 

II AT1 receptor. Nature, 1995. 375(6528): p. 247-50. 

151. Schmitz, U., et al., Angiotensin II stimulates p21-activated kinase in vascular 

smooth muscle cells: role in activation of JNK. Circ Res, 1998. 82(12): p. 1272-8. 

152. Kusuhara, M., et al., p38 Kinase is a negative regulator of angiotensin II signal 

transduction in vascular smooth muscle cells: effects on Na+/H+ exchange and 

ERK1/2. Circ Res, 1998. 83(8): p. 824-31. 

153. Takeuchi, K., et al., Angiotensin II can regulate gene expression by the AP-1 

binding sequence via a protein kinase C-dependent pathway. Biochem Biophys 

Res Commun, 1990. 172(3): p. 1189-94. 

154. Li, L., et al., SIRT1 inhibits angiotensin II-induced vascular smooth muscle cell 

hypertrophy. Acta Biochim Biophys Sin (Shanghai), 2011. 43(2): p. 103-9. 

155. Rensen, S.S., P.A. Doevendans, and G.J. van Eys, Regulation and characteristics 

of vascular smooth muscle cell phenotypic diversity. Neth Heart J, 2007. 15(3): p. 

100-8. 

156. Harvey, A., et al., Vascular Fibrosis in Aging and Hypertension: Molecular 

Mechanisms and Clinical Implications. Can J Cardiol, 2016. 32(5): p. 659-68. 



72 
 

157. Itoh, H., et al., Multiple autocrine growth factors modulate vascular smooth 

muscle cell growth response to angiotensin II. J Clin Invest, 1993. 91(5): p. 2268-

74. 

158. O'Callaghan, C.J. and B. Williams, Mechanical strain-induced extracellular 

matrix production by human vascular smooth muscle cells: role of TGF-beta(1). 

Hypertension, 2000. 36(3): p. 319-24. 

159. Samarakoon, R., J.M. Overstreet, and P.J. Higgins, TGF-beta signaling in tissue 

fibrosis: redox controls, target genes and therapeutic opportunities. Cell Signal, 

2013. 25(1): p. 264-8. 

160. Wang, M., et al., Matrix metalloproteinase 2 activation of transforming growth 

factor-beta1 (TGF-beta1) and TGF-beta1-type II receptor signaling within the 

aged arterial wall. Arterioscler Thromb Vasc Biol, 2006. 26(7): p. 1503-9. 

161. Rodriguez-Vita, J., et al., Angiotensin II activates the Smad pathway in vascular 

smooth muscle cells by a transforming growth factor-beta-independent 

mechanism. Circulation, 2005. 111(19): p. 2509-17. 

162. Oemar, B.S. and T.F. Luscher, Connective tissue growth factor. Friend or foe? 

Arterioscler Thromb Vasc Biol, 1997. 17(8): p. 1483-9. 

163. Ruperez, M., et al., Connective tissue growth factor is a mediator of angiotensin 

II-induced fibrosis. Circulation, 2003. 108(12): p. 1499-505. 

164. Che, Z.Q., et al., Angiotensin II-stimulated collagen synthesis in aortic adventitial 

fibroblasts is mediated by connective tissue growth factor. Hypertens Res, 2008. 

31(6): p. 1233-40. 



73 
 

165. Landmesser, U., et al., Role of p47(phox) in vascular oxidative stress and 

hypertension caused by angiotensin II. Hypertension, 2002. 40(4): p. 511-5. 

166. Heitzer, T., et al., Increased NAD(P)H oxidase-mediated superoxide production 

in renovascular hypertension: evidence for an involvement of protein kinase C. 

Kidney Int, 1999. 55(1): p. 252-60. 

167. Beswick, R.A., et al., NADH/NADPH oxidase and enhanced superoxide 

production in the mineralocorticoid hypertensive rat. Hypertension, 2001. 38(5): 

p. 1107-11. 

168. Didion, S.P., et al., Superoxide contributes to vascular dysfunction in mice that 

express human renin and angiotensinogen. Am J Physiol Heart Circ Physiol, 

2002. 283(4): p. H1569-76. 

169. Morawietz, H., et al., Upregulation of vascular NAD(P)H oxidase subunit 

gp91phox and impairment of the nitric oxide signal transduction pathway in 

hypertension. Biochem Biophys Res Commun, 2001. 285(5): p. 1130-5. 

170. Nishiyama, A., et al., Systemic and Regional Hemodynamic Responses to Tempol 

in Angiotensin II-Infused Hypertensive Rats. Hypertension, 2001. 37(1): p. 77-83. 

171. Ortiz, M.C., et al., Antioxidants block angiotensin II-induced increases in blood 

pressure and endothelin. Hypertension, 2001. 38(3 Pt 2): p. 655-9. 

172. Wang, H.D., et al., Role of superoxide anion in regulating pressor and vascular 

hypertrophic response to angiotensin II. Am J Physiol Heart Circ Physiol, 2002. 

282(5): p. H1697-702. 

173. Virdis, A., et al., Role of NAD(P)H oxidase on vascular alterations in angiotensin 

II-infused mice. J Hypertens, 2004. 22(3): p. 535-42. 



74 
 

174. Fukui, T., et al., p22phox mRNA expression and NADPH oxidase activity are 

increased in aortas from hypertensive rats. Circ Res, 1997. 80(1): p. 45-51. 

175. Wu, R., et al., Enhanced superoxide anion formation in vascular tissues from 

spontaneously hypertensive and desoxycorticosterone acetate-salt hypertensive 

rats. J Hypertens, 2001. 19(4): p. 741-8. 

176. Rajagopalan, S., et al., Angiotensin II-mediated hypertension in the rat increases 

vascular superoxide production via membrane NADH/NADPH oxidase 

activation. Contribution to alterations of vasomotor tone. J Clin Invest, 1996. 

97(8): p. 1916-23. 

177. Helmcke, I., et al., Identification of structural elements in Nox1 and Nox4 

controlling localization and activity. Antioxid Redox Signal, 2009. 11(6): p. 

1279-87. 

178. Laurindo, F.R., T.L. Araujo, and T.B. Abrahao, Nox NADPH oxidases and the 

endoplasmic reticulum. Antioxid Redox Signal, 2014. 20(17): p. 2755-75. 

179. Miller, F.J., Jr., et al., A differential role for endocytosis in receptor-mediated 

activation of Nox1. Antioxid Redox Signal, 2010. 12(5): p. 583-93. 

180. el Benna, J., L.P. Faust, and B.M. Babior, The phosphorylation of the respiratory 

burst oxidase component p47phox during neutrophil activation. Phosphorylation 

of sites recognized by protein kinase C and by proline-directed kinases. J Biol 

Chem, 1994. 269(38): p. 23431-6. 

181. El Benna, J., et al., Activation of p38 in stimulated human neutrophils: 

phosphorylation of the oxidase component p47phox by p38 and ERK but not by 

JNK. Arch Biochem Biophys, 1996. 334(2): p. 395-400. 



75 
 

182. Fontayne, A., et al., Phosphorylation of p47phox sites by PKC alpha, beta II, 

delta, and zeta: effect on binding to p22phox and on NADPH oxidase activation. 

Biochemistry, 2002. 41(24): p. 7743-50. 

183. Dang, P.M., et al., Phosphorylation of the NADPH oxidase component 

p67(PHOX) by ERK2 and P38MAPK: selectivity of phosphorylated sites and 

existence of an intramolecular regulatory domain in the tetratricopeptide-rich 

region. Biochemistry, 2003. 42(15): p. 4520-6. 

184. Lewis, E.M., et al., Phosphorylation of p22phox on threonine 147 enhances 

NADPH oxidase activity by promoting p47phox binding. J Biol Chem, 2010. 

285(5): p. 2959-67. 

185. Beckman, J.S., et al., Apparent hydroxyl radical production by peroxynitrite: 

implications for endothelial injury from nitric oxide and superoxide. Proc Natl 

Acad Sci U S A, 1990. 87(4): p. 1620-4. 

186. Androwiki, A.C., et al., Protein disulfide isomerase expression increases in 

resistance arteries during hypertension development. Effects on Nox1 NADPH 

oxidase signaling. Front Chem, 2015. 3: p. 24. 

187. Briones, A.M., et al., Differential regulation of Nox1, Nox2 and Nox4 in vascular 

smooth muscle cells from WKY and SHR. J Am Soc Hypertens, 2011. 5(3): p. 

137-53. 

188. Matsuno, K., et al., Nox1 is involved in angiotensin II-mediated hypertension: a 

study in Nox1-deficient mice. Circulation, 2005. 112(17): p. 2677-85. 



76 
 

189. Dikalova, A., et al., Nox1 overexpression potentiates angiotensin II-induced 

hypertension and vascular smooth muscle hypertrophy in transgenic mice. 

Circulation, 2005. 112(17): p. 2668-76. 

190. Dikalova, A.E., et al., Upregulation of Nox1 in vascular smooth muscle leads to 

impaired endothelium-dependent relaxation via eNOS uncoupling. Am J Physiol 

Heart Circ Physiol, 2010. 299(3): p. H673-9. 

191. Miller, F.J., Jr., et al., Cytokine activation of nuclear factor kappa B in vascular 

smooth muscle cells requires signaling endosomes containing Nox1 and ClC-3. 

Circ Res, 2007. 101(7): p. 663-71. 

192. Carlstrom, M., et al., Role of NOX2 in the regulation of afferent arteriole 

responsiveness. Am J Physiol Regul Integr Comp Physiol, 2009. 296(1): p. R72-

9. 

193. Bendall, J.K., et al., Endothelial Nox2 overexpression potentiates vascular 

oxidative stress and hemodynamic response to angiotensin II: studies in 

endothelial-targeted Nox2 transgenic mice. Circ Res, 2007. 100(7): p. 1016-25. 

194. Rueckschloss, U., et al., Dose-dependent regulation of NAD(P)H oxidase 

expression by angiotensin II in human endothelial cells: protective effect of 

angiotensin II type 1 receptor blockade in patients with coronary artery disease. 

Arterioscler Thromb Vasc Biol, 2002. 22(11): p. 1845-51. 

195. Burtenshaw, D., et al., Nox, Reactive Oxygen Species and Regulation of Vascular 

Cell Fate. Antioxidants (Basel), 2017. 6(4). 



77 
 

196. Tieu, B.C., et al., An adventitial IL-6/MCP1 amplification loop accelerates 

macrophage-mediated vascular inflammation leading to aortic dissection in mice. 

J Clin Invest, 2009. 119(12): p. 3637-51. 

197. Belmin, J., et al., Increased production of tumor necrosis factor and interleukin-6 

by arterial wall of aged rats. Am J Physiol, 1995. 268(6 Pt 2): p. H2288-93. 

198. Csiszar, A., et al., Aging-induced proinflammatory shift in cytokine expression 

profile in coronary arteries. Faseb j, 2003. 17(9): p. 1183-5. 

199. Chen, X.L., et al., Angiotensin II induces monocyte chemoattractant protein-1 

gene expression in rat vascular smooth muscle cells. Circ Res, 1998. 83(9): p. 

952-9. 

200. Wang, M., et al., Proinflammatory profile within the grossly normal aged human 

aortic wall. Hypertension, 2007. 50(1): p. 219-27. 

201. Gomez-Marcos, M.A., et al., Relationships between high-sensitive C-reactive 

protein and markers of arterial stiffness in hypertensive patients. Differences by 

sex. BMC Cardiovasc Disord, 2012. 12: p. 37. 

202. Salles, GF,et al. Relation of left ventricular hypertrophy with systemic 

inflammation and endothelial damage in resistant hypertension. Hypertension, 

2007, 50(4):723-8.  

203. Tsioufis, C., et al., ADMA, C-reactive protein, and albuminuria in untreated 

essential hypertension: a cross-sectional study. Am J Kidney Dis, 2010. 55(6): p. 

1050-9. 

204. Ridker, P.M., et al., Valsartan, blood pressure reduction, and C-reactive protein: 

primary report of the Val-MARC trial. Hypertension, 2006. 48(1): p. 73-9. 



78 
 

205. Singh, U., et al., C-reactive protein decreases endothelial nitric oxide synthase 

activity via uncoupling. J Mol Cell Cardiol, 2007. 43(6): p. 780-91. 

206. Hattori, Y., M. Matsumura, and K. Kasai, Vascular smooth muscle cell activation 

by C-reactive protein. Cardiovasc Res, 2003. 58(1): p. 186-95. 

207. Yudkin, J.S., et al., Inflammation, obesity, stress and coronary heart disease: is 

interleukin-6 the link? Atherosclerosis, 2000. 148(2): p. 209-14. 

208. Hou, T., et al., Roles of IL-6-gp130 Signaling in Vascular Inflammation. Curr 

Cardiol Rev, 2008. 4(3): p. 179-92. 

209. Brasier, A.R., A. Recinos, 3rd, and M.S. Eledrisi, Vascular inflammation and the 

renin-angiotensin system. Arterioscler Thromb Vasc Biol, 2002. 22(8): p. 1257-

66. 

210. Han, Y., M.S. Runge, and A.R. Brasier, Angiotensin II induces interleukin-6 

transcription in vascular smooth muscle cells through pleiotropic activation of 

nuclear factor-kappa B transcription factors. Circ Res, 1999. 84(6): p. 695-703. 

211. Funakoshi, Y., et al., Induction of interleukin-6 expression by angiotensin II in rat 

vascular smooth muscle cells. Hypertension, 1999. 34(1): p. 118-25. 

212. Schrader, L.I., et al., IL-6 deficiency protects against angiotensin II induced 

endothelial dysfunction and hypertrophy. Arterioscler Thromb Vasc Biol, 2007. 

27(12): p. 2576-81. 

213. Boulanger, M.J., et al., Hexameric structure and assembly of the interleukin-6/IL-

6 alpha-receptor/gp130 complex. Science, 2003. 300(5628): p. 2101-4. 



79 
 

214. Kurdi, M. and G.W. Booz, Can the protective actions of JAK-STAT in the heart 

be exploited therapeutically? Parsing the regulation of interleukin-6-type cytokine 

signaling. J Cardiovasc Pharmacol, 2007. 50(2): p. 126-41. 

215. Lee, F.T., et al., Interactions between angiotensin II and NF-kappaB-dependent 

pathways in modulating macrophage infiltration in experimental diabetic 

nephropathy. J Am Soc Nephrol, 2004. 15(8): p. 2139-51. 

216. Baeuerle, P.A., IkappaB-NF-kappaB structures: at the interface of inflammation 

control. Cell, 1998. 95(6): p. 729-31. 

217. Gonzalez, W., et al., Molecular plasticity of vascular wall during N(G)-nitro-L-

arginine methyl ester-induced hypertension: modulation of proinflammatory 

signals. Hypertension, 2000. 36(1): p. 103-9. 

218. Pierce, G.L., et al., Nuclear factor-{kappa}B activation contributes to vascular 

endothelial dysfunction via oxidative stress in overweight/obese middle-aged and 

older humans. Circulation, 2009. 119(9): p. 1284-92. 

219. Cui, R., et al., RhoA mediates angiotensin II-induced phospho-Ser536 nuclear 

factor kappaB/RelA subunit exchange on the interleukin-6 promoter in VSMCs. 

Circ Res, 2006. 99(7): p. 723-30. 

220. Yang, D., et al., Proliferation of vascular smooth muscle cells under inflammation 

is regulated by NF-kappaB p65/microRNA-17/RB pathway activation. Int J Mol 

Med, 2018. 41(1): p. 43-50. 

221. Zhang, L., et al., Dual pathways for nuclear factor kappaB activation by 

angiotensin II in vascular smooth muscle: phosphorylation of p65 by IkappaB 

kinase and ribosomal kinase. Circ Res, 2005. 97(10): p. 975-82. 



80 
 

222. Farnsworth, N.R., et al., Medicinal plants in therapy. Bull World Health Organ, 

1985. 63(6): p. 965-81. 

223. Fabricant, D.S. and N.R. Farnsworth, The value of plants used in traditional 

medicine for drug discovery. Environ Health Perspect, 2001. 109 Suppl 1: p. 69-

75. 

224. Newman, D.J. and G.M. Cragg, Natural Products as Sources of New Drugs from 

1981 to 2014. J Nat Prod, 2016. 79(3): p. 629-61. 

225. Cragg, G.M. and D.J. Newman, Natural products: a continuing source of novel 

drug leads. Biochim Biophys Acta, 2013. 1830(6): p. 3670-95. 

226. Klayman, D.L., et al., Isolation of artemisinin (qinghaosu) from Artemisia annua 

growing in the United States. J Nat Prod, 1984. 47(4): p. 715-7. 

227. Brower, V., Nutraceuticals: poised for a healthy slice of the healthcare market? 

Nat Biotechnol, 1998. 16(8): p. 728-31. 

228. Kalra, E.K., Nutraceutical--definition and introduction. AAPS PharmSci, 2003. 

5(3): p. E25. 

229. FDA, Orphan Drug Act. 21 U.S.C. 360ee(b)(3), 2013. 

230. Bailey, R.L., et al., Dietary supplement use in the United States, 2003-2006. J 

Nutr, 2011. 141(2): p. 261-6. 

231. Bailey, R.L., et al., Why US adults use dietary supplements. JAMA Intern Med, 

2013. 173(5): p. 355-61. 

232. Rock, C.L., Multivitamin-multimineral supplements: who uses them? Am J Clin 

Nutr, 2007. 85(1): p. 277s-279s. 



81 
 

233. Nahin, R.L., P.M. Barnes, and B.J. Stussman, Expenditures on Complementary 

Health Approaches: United States, 2012. Natl Health Stat Report, 2016(95): p. 1-

11. 

234. Pandey, K.B. and S.I. Rizvi, Plant polyphenols as dietary antioxidants in human 

health and disease. Oxid Med Cell Longev, 2009. 2(5): p. 270-8. 

235. Burns, J., et al., Plant foods and herbal sources of resveratrol. J Agric Food 

Chem, 2002. 50(11): p. 3337-40. 

236. Renaud, S. and M. de Lorgeril, Wine, alcohol, platelets, and the French paradox 

for coronary heart disease. Lancet, 1992. 339(8808): p. 1523-6. 

237. Magyar, K., et al., Cardioprotection by resveratrol: A human clinical trial in 

patients with stable coronary artery disease. Clin Hemorheol Microcirc, 2012. 

50(3): p. 179-87. 

238. Biesinger, S., et al., A combination of isolated phytochemicals and botanical 

extracts lowers diastolic blood pressure in a randomized controlled trial of 

hypertensive subjects. Eur J Clin Nutr, 2016. 70(1): p. 10-6. 

239. van der Made, S.M., J. Plat, and R.P. Mensink, Resveratrol does not influence 

metabolic risk markers related to cardiovascular health in overweight and 

slightly obese subjects: a randomized, placebo-controlled crossover trial. PLoS 

One, 2015. 10(3): p. e0118393. 

240. Thandapilly, S.J., et al., Resveratrol prevents the development of pathological 

cardiac hypertrophy and contractile dysfunction in the SHR without lowering 

blood pressure. Am J Hypertens, 2010. 23(2): p. 192-6. 



82 
 

241. Bhatt, S.R., M.F. Lokhandwala, and A.A. Banday, Resveratrol prevents 

endothelial nitric oxide synthase uncoupling and attenuates development of 

hypertension in spontaneously hypertensive rats. Eur J Pharmacol, 2011. 667(1-

3): p. 258-64. 

242. Cheng, P.W., et al., Resveratrol Inhibition of Rac1-Derived Reactive Oxygen 

Species by AMPK Decreases Blood Pressure in a Fructose-Induced Rat Model of 

Hypertension. Sci Rep, 2016. 6: p. 25342. 

243. Nagao, T., et al., Ingestion of a tea rich in catechins leads to a reduction in body 

fat and malondialdehyde-modified LDL in men. Am J Clin Nutr, 2005. 81(1): p. 

122-9. 

244. Peters, U., C. Poole, and L. Arab, Does tea affect cardiovascular disease? A 

meta-analysis. Am J Epidemiol, 2001. 154(6): p. 495-503. 

245. Serafini, M., A. Ghiselli, and A. Ferro-Luzzi, In vivo antioxidant effect of green 

and black tea in man. Eur J Clin Nutr, 1996. 50(1): p. 28-32. 

246. Negishi, H., et al., Black and green tea polyphenols attenuate blood pressure 

increases in stroke-prone spontaneously hypertensive rats. J Nutr, 2004. 134(1): 

p. 38-42. 

247. Aneja, R., et al., Epigallocatechin, a green tea polyphenol, attenuates myocardial 

ischemia reperfusion injury in rats. Mol Med, 2004. 10(1-6): p. 55-62. 

248. Khurana, S., et al., Polyphenols: benefits to the cardiovascular system in health 

and in aging. Nutrients, 2013. 5(10): p. 3779-827. 

249. Edwards, R.L., et al., Quercetin reduces blood pressure in hypertensive subjects. J 

Nutr, 2007. 137(11): p. 2405-11. 



83 
 

250. Rissanen, T.H., et al., Low intake of fruits, berries and vegetables is associated 

with excess mortality in men: the Kuopio Ischaemic Heart Disease Risk Factor 

(KIHD) Study. J Nutr, 2003. 133(1): p. 199-204. 

251. Kalea, A.Z., et al., Dietary enrichment with wild blueberries (Vaccinium 

angustifolium) affects the vascular reactivity in the aorta of young spontaneously 

hypertensive rats. J Nutr Biochem, 2010. 21(1): p. 14-22. 

252. Seymour, E.M., et al., 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(10): p. 1034-42. 

253. Seymour, E.M., et al., Whole grape intake impacts cardiac peroxisome 

proliferator-activated receptor and nuclear factor kappaB activity and cytokine 

expression in rats with diastolic dysfunction. Hypertension, 2010. 55(5): p. 1179-

85. 

254. Goikoetxea, M.J., et al., Altered cardiac expression of peroxisome proliferator-

activated receptor-isoforms in patients with hypertensive heart disease. 

Cardiovasc Res, 2006. 69(4): p. 899-907. 

255. Saka, M., et al., Pitavastatin improves cardiac function and survival in 

association with suppression of the myocardial endothelin system in a rat model 

of hypertensive heart failure. J Cardiovasc Pharmacol, 2006. 47(6): p. 770-9. 

256. Razmaraii, N., et al., Cardioprotective Effect of Grape Seed Extract on Chronic 

Doxorubicin-Induced Cardiac Toxicity in Wistar Rats. Adv Pharm Bull, 2016. 

6(3): p. 423-433. 



84 
 

257. Zuo, Y.M., et al., Oligomerized grape seed proanthocyanidins ameliorates 

isoproterenol-induced cardiac remodeling in rats: role of oxidative stress. 

Phytother Res, 2011. 25(5): p. 732-9. 

258. Shao, Z.H., et al., Grape seed proanthocyanidins protect cardiomyocytes from 

ischemia and reperfusion injury via Akt-NOS signaling. J Cell Biochem, 2009. 

107(4): p. 697-705. 

259. Sato, M., et al., Grape seed proanthocyanidin reduces cardiomyocyte apoptosis 

by inhibiting ischemia/reperfusion-induced activation of JNK-1 and C-JUN. Free 

Radic Biol Med, 2001. 31(6): p. 729-37. 

260. Olien, W.C., Muscainde- A Classic Southeastern Fruit. HortScience, 1990. 25. 

261. Sandhu, A.K. and L. Gu, Antioxidant capacity, phenolic content, and profiling of 

phenolic compounds in the seeds, skin, and pulp of Vitis rotundifolia (Muscadine 

Grapes) As determined by HPLC-DAD-ESI-MS(n). J Agric Food Chem, 2010. 

58(8): p. 4681-92. 

262. Luo, J., et al., The comparative study among different fractions of muscadine 

grape 'Noble' pomace extracts regarding anti-oxidative activities, cell cycle arrest 

and apoptosis in breast cancer. Food Nutr Res, 2017. 61(1): p. 1412795. 

263. Burton, L.J., et al., Muscadine grape skin extract can antagonize Snail-cathepsin 

L-mediated invasion, migration and osteoclastogenesis in prostate and breast 

cancer cells. Carcinogenesis, 2015. 36(9): p. 1019-27. 

264. Gourineni, V., et al., Muscadine grape (Vitis rotundifolia) and wine 

phytochemicals prevented obesity-associated metabolic complications in 

C57BL/6J mice. J Agric Food Chem, 2012. 60(31): p. 7674-81. 



85 
 

265. Banini, A.E., et al., Muscadine grape products intake, diet and blood constituents 

of non-diabetic and type 2 diabetic subjects. Nutrition, 2006. 22(11-12): p. 1137-

45. 

266. Mellen, P.B., et al., Effect of muscadine grape seed supplementation on vascular 

function in subjects with or at risk for cardiovascular disease: a randomized 

crossover trial. J Am Coll Nutr, 2010. 29(5): p. 469-75. 

267. Duncan AV, P.N., Tallant EA, Gallagher PE, and Chappell MC, A Targeted 

UHPLC-MS Approach to Quantify Phenolics in Muscadine Grape Supplements. 

FASEB, 2017. 31(1). 

 

 

 

 

 

 

 

 

 

 

 



86 
 

CHAPTER II 

An Extract from Muscadine Grapes Prevents Hypertension-Induced 

Diastolic Dysfunction and Cardiac Damage Associated with Anti-fibrotic and 

Antioxidant Mechanisms 

 

Authors: Pooja D Patil, BS; Jasmina Varagic, MD/PhD; Brian M Westwood, 

MS; E Ann Tallant, PhD; Patricia E Gallagher, PhD 

 

 

 

(The following manuscript will be submitted to the Journal of Nutrition and 

represents the efforts of the first author. The formatting reflects the requirements 

of the journal.) 

 

 

 

 

 

 



87 
 

Abstract 

Background:  Hypertension affects approximately 50% of US adults; 

longstanding hypertension increases risk of cardiovascular disease, such as 

myocardial infarction and stroke, and also results in pathological cardiac 

remodeling, in part due to cardiac hypertrophy and excessive fibrosis.  Muscadine 

grapes are abundant in polyphenols but no research has determined their efficacy 

in hypertension and hypertension-induced cardiac damage.  

Objective:  The objective of this study was to determine whether a muscadine 

grape skin and seed extract (MGE) prevents hypertension-induced cardiac 

damage.    

Methods:  Sprague-Dawley rats (male, 8 weeks old) received normal drinking 

water (Control), were administered MGE at 0.2 mg total phenolics/mL in drinking 

water (MGE), were administered 24 µg/kg/h Ang II via osmotic minipump (Ang 

II) to induce hypertension or were treated with Ang II and MGE (Ang II/MGE).  

Rats were pre-treated with MGE for 1 week prior to Ang II treatment.  Blood 

pressure was measured weekly by tail cuff plethysmography, cardiac function was 

assessed by echocardiography, and proteins and enzymes in cardiac tissue were 

measured by immunohistochemistry. 

Results:  Ang II increased systolic blood pressure in a time-dependent manner 

whereas MGE had no effect.  Increased left ventricular filling pressure induced by 

Ang II was normalized by MGE, suggesting improved diastolic function.  MGE 

co-administration prevented Ang II-induced cardiac fibrosis, in part by down-

regulating TGFβ, pSmad2, and CTGF.  In addition, the Ang II-mediated increases 
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in the oxidative stress markers 4-HNE and MDA were prevented by MGE co-

administration in conjunction with decreased NADPH oxidase subunits Nox4 and 

p22phox.  The anti-oxidant enzymes catalase and SOD1 were significantly 

increased in animals treated with both Ang II and MGE, indicating that 

upregulation of endogenous antioxidants may contribute to reduced oxidative 

stress.  

Conclusions:  These results suggest that MGE may serve as a medical food to 

protect the heart from hypertension-induced diastolic dysfunction, fibrosis, and 

excessive ROS production. 

 

Key words: grape, polyphenols, hypertension, cardiac, oxidative stress, fibrosis, 

Nutrition and Disease 
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Introduction: 

Hypertension affects 46% of American adults, while only about 54% of 

this population have their blood pressure under control [1].  Uncontrolled 

hypertension can lead to pathological cardiac hypertrophy, systolic and diastolic 

abnormalities, and eventually, heart failure.  During early stages of hypertensive 

cardiac remodeling, the heart undergoes compensatory cardiac hypertrophy to 

preserve function.  However, the increase in afterload also results in reduced 

compliance of the cardiac muscle, in part due to excessive fibrosis [2, 3].  

Ultimately, diastolic and systolic abnormalities occur and can lead to congestive 

heart failure.  

Angiotensin (Ang) II is implicated in the pathogenesis of adverse 

hypertensive cardiac remodeling, especially in the progression of hypertrophy and 

fibrosis.  The pathological effects of Ang II on the heart are mediated through the 

angiotensin receptor subtype 1 or AT1 receptor [4].  ACE inhibitors, which 

prevent the production of Ang II from Ang I, or angiotensin II receptor blockers 

(ARBs), which prevent hormone binding to the AT1 receptor, are effective in 

treating hypertension as well as the accompanying cardiac fibrosis and 

hypertrophy.  However, ACE inhibitors and ARBs can cause adverse side effects, 

including cough, hypotension, and angioedema [5].  

Cardiac fibrosis, which occurs during remodeling of the heart, is 

predominantly regulated by the transforming growth factor beta (TGFβ)/Smad 

pathway [6].  Stimuli, such as Ang II and pressure overload, increase TGFβ 

production and activation, leading to phosphorylation of TGFβ receptors [7, 8].  
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Binding of active TGFβ to its receptors causes their phosphorylation as well as 

phosphorylation of the intracellular proteins Smad2 and Smad3, which translocate 

to the nucleus to increase transcription of genes critical for extracellular matrix 

remodeling, including connective tissue growth factor (CTGF), collagen, and 

fibronectin [4].  Inhibiting Smad2 phosphorylation prevents cardiac dysfunction 

due to pressure-overload hypertrophy [9], suggesting that this pathway is 

responsible for pathological cardiac remodeling.  

Oxidative stress also causes pathological cardiac damage in response to 

Ang II-induced hypertension.  The production of reactive oxygen species (ROS) 

plays a crucial role in the development and maintenance of fibrosis and 

hypertrophy [10].  One of the main producers of ROS in the heart is the family of 

NADPH oxidases (Nox) [11].  Subtypes of Nox are specific to cell type and 

intracellular location; for example, Nox4 is critical to the pathogenesis of cardiac 

hypertrophy and subsequent heart failure.  Nox4 is present in both cardiac 

fibroblasts and cardiomyocytes [12, 13] and hydrogen peroxide is the primary 

reactive product of the enzyme complex [14].  Nox4 associates physically with 

the AT1 receptor in cardiac fibroblasts [15] and Ang II stimulates gene 

transcription of Nox4 [15].  Cardiac-specific deletion of Nox4 significantly blunts 

the fibrotic response to Ang II and reduces ROS production, suggesting that Nox4 

is critical to the progression of cardiac fibrosis [16].  

Although ACE inhibitors, ARBs, diuretics, and calcium channel blockers 

are pharmaceuticals used for the treatment of hypertension, one of the first-line 

interventions for cardiovascular disease is improving dietary health [1].  A 
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primary focus of this intervention is to reduce the ingestion of highly processed 

foods, replacing them with fruits and vegetables that are high in polyphenols and 

associated with a reduction cardiovascular risk [17].  In particular, the high 

contents of polyphenols in grapes, tea, and cocoa have antioxidant properties, 

which improve cardiovascular risk factors.  A meta-analysis of the effects of red 

table grape seed extracts on cardiovascular health demonstrated a modest 

improvement in systolic blood pressure and heart rate in patients with moderate or 

high risk of cardiovascular disease [18].  Green tea improves cardiovascular 

outcomes [19] and all-cause mortality, in part due to its high phenolic content 

[20].  Epigallocatechin-3 gallate (EGCG), a polyphenol predominantly found in 

green tea, ameliorates pressure overload-induced cardiac hypertrophy, fibrosis 

and systolic function in rodents [21].  These results suggest that tea and grape 

polyphenols improve cardiovascular health.  

Muscadine grapes (Vitis rotundifolia) have a high antioxidant capacity and 

a phenolic profile that is distinct from European grapes.  The phenolic content is 

highest in muscadine grape skins and seeds [22].  Some of the major compounds 

identified in muscadine grapes include anthocyanins, flavan-3-ols, flavonoids, and 

ellagic acid derivatives; in contrast, the resveratrol content is relatively low [22, 

23].  The aim of this study was to investigate the potential of a propriety 

muscadine grape and skin extract (MGE) to prevent Ang II-mediated 

hypertension and hypertension-associated cardiac damage. 

 

Methods 
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Animal model:  The Wake Forest School of Medicine Animal Care and Use 

Committee approved all animal experiments.  Sprague-Dawley rats (male, 8 

weeks of age, n = 8/treatment group) were treated for 4 weeks with either regular 

drinking water (Control), MGE (0.2 mg/mL of total phenolics in their drinking 

water), Ang II (Bachem, Switzerland)(24 µg/kg/h via implanted osmotic mini-

pump) or both MGE and Ang II.  Administration of MGE was initiated 1 week 

prior to treatment with Ang II (at baseline week).  At week 0, animals were 

sedated with isoflurane before subcutaneous implantation of an osmotic mini-

pump (Alzet model 2004) into the back of rats between the shoulder blades that 

delivered Ang II for four weeks.  The MGE was provided ad libitum in the 

drinking water; the extract was purchased from Piedmont Research & 

Development Corp and is an aqueous extract produced from skin and seeds.  

During the week of sacrifice (week 4), rats were placed in metabolic cages for a 

24 h urine collection.  

Blood pressure and Echocardiography:  Conscious rats were trained on a non-

invasive blood pressure monitor (Columbus Instruments) at six weeks of age.  

Indirect blood pressure was recorded weekly via tail-cuff plethysmography 

starting at seven weeks of age.  At least 3 separate measurements of blood 

pressure were averaged for each animal and blood pressures were taken at the 

same time of day by the same individual.  Echocardiography was performed using 

the small animal ultrasound Vevo 2100 High-Resolution Imaging System 

(VisualSonics Fujifilm) with a MS250 (13-24 MHz) transducer.  Rats were mildly 

sedated with 1-2% isoflurane.  Scans of the short axis M-mode (at mid-papillary 
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level) were used to quantify systolic function, left ventricular posterior wall 

thickness (LVPWT), end diastolic diameter (EDD), and posterior wall thickness 

(PWT).  Scans to estimate diastolic function were taken in Pulse Wave Doppler 

mode in 4-chamber view to quantify isovolumic relaxation time (IVRT) and E 

(peak velocity of blood flow during early diastole) and Tissue Doppler mode in 4-

chamber view at the level of the mitral annulus to measure e’ (peak mitral annular 

velocity during early diastole). 

Immunohistochemistry:  Five-micron sections of paraffin-embedded hearts were 

stained with either Picrosirius red, wheat germ agglutinin (Alexa Fluor™ 488 

Conjugate, #W11261, Invitrogen), or target-specific antibodies.  The OpalTM 

Multiplex IHC kit (Perkin Elmer) was used to stain with various antibodies; 

antigen retrieval was performed using either Antigen Retrieval pH6 buffer (AR6; 

PerkinElmer) or Tris-EDTA pH9 buffer (TE9), and non-specific binding was 

inhibited using serum-free protein block (Dako, Agilent, Santa Clara, CA).  The 

antibodies used were purchased from Abcam (Cambridge, UK) and are specified 

as follows: pSmad2 (Ab188334; 1:400; TE9), Collagen III (Ab7778; 1:250; 

AR6), CTGF (Ab6992; 1:200; TE9), 4-HNE (Ab46545; 1:250; TE9), Nox4 

(Ab133303; 1:400; TE9), SOD1 (Ab13498;1:100; TE9), catalase (Ab16731; 

1:100; TE9) and MDA (Ab6463; 1:100; TE9), followed by application of the 

secondary antibody (anti-rabbit HRP IgG, #NEF812E001EA, Perkin Elmer, 

Waltham, MA).  Slides were subsequently incubated with OpalTM TSA 

fluorophores (Perkin Elmer, Waltham, MA) to label antibody bound to the tissue 

and heat-mediated antigen retrieval in AR6 was performed to remove antibody 
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complexes.  DAPI (Spectral DAPI, Perkin Elmer, Waltham, MA) was used as a 

nuclear counterstain.  Images from four representative regions of each heart 

section were acquired with a Mantra microscope (Perkin Elmer, Waltham, MA) at 

400x magnification.  Mean cross-sectional area of the cardiomyocytes in tissues 

stained with wheat germ agglutinin was obtained using inForm software (Perkin 

Elmer, Waltham, MA).  

Analysis of Immunohistochemistry:  Slides with fluorophore-labelled secondary 

antibodies were processed using inForm software.  For images that were 

quantified as percent positivity per field, object-based segmentation was used to 

create a mask over each image; each object in the mask had a specific fluorophore 

signal [identified by the optical density (OD)].  The upper inner fence (UIF) was 

determined from all objects in each image and across all groups and used as the 

cut-off for positive staining.  The UIF provides a standardized method to identify 

outliers [24].  For images that were quantified as a percent of positively stained 

nuclei, a counterstain-based approach was used in inForm.  The software 

identified cells by the presence of a positive DAPI (nuclear) signal and then 

determined the OD of the fluorophore signal in each nucleus.  The UIF was used 

to identify a positive threshold.  For images stained with WGA to quantify the 

mean cross-sectional area of cardiomyocytes, inForm identified cardiomyocytes 

by creating a “shell” that extended from a positive DAPI signal to the positive 

staining of the WGA.  Any measurements outside of 2.5 standard deviations from 

the mean in each group were eliminated.  
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RNA Isolation/qRT-PCR:  RNA was isolated from the left ventricle of each rat 

heart using TRIzol reagent (Thermo Fischer, Waltham, MA) as directed by the 

manufacturer.  The RNA was incubated with RQ1 DNase (Promega, Madison, 

WI) to eliminate any residual DNA that would amplify during PCR.  RNA 

concentration and integrity were assessed with an Agilent 2100 Bioanalyzer with 

an RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, CA).  

Approximately 1 μg of total RNA was reverse transcribed and 2 μL of the 

resultant cDNA were added to TaqMan Universal PCR Master Mix (Applied 

Biosystems, Foster City, CA) with gene-specific primer/probe sets; amplification 

was performed on the ABI QuantStudio 3 Detection System.  All reactions were 

performed in triplicate and 18S rRNA, amplified using the TaqMan rRNA control 

kit (Applied Biosystems), served as an internal control.  The results were 

quantified as Ct values, where Ct is defined as the threshold cycle of PCR at 

which the amplified product is first detected, and the values were expressed as the 

ratio of the target to control using the 2−ΔΔC
t method.  

8-hydroxy-2'-deoxyguanosine (8-OHdG):  A 24 h urine sample was collected 

using metabolic cages the day before the rats were sacrificed.  Urinary 8-OHdG 

was measured using an in vitro ELISA kit (ab201734, Abcam, Cambridge, UK).  

Urine samples and 8-OHdG antibody were added to a 96-well plate pre-coated 

with 8-OHdG to detect both free and DNA-incorporated 8-OHdG.  The data is 

represented as ng 8-OHdG per mL in a 24 h period.   

Statistics:  Data are presented as mean ± standard error of the mean (SEM).  The 

data were analyzed by one-way ANOVA and post-test analysis by Tukey’s 
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multiple comparisons tests using GraphPad Prism (http://www.graphpad.com, 

GraphPad Software Inc., La Jolla, CA, USA).  The criterion for statistical 

significance was p < 0.05.  

 

Results:   

Effect of a muscadine grape extract on the Ang II-induced increase in blood 

pressure and cardiac morphology 

Male Sprague-Dawley rats were treated with MGE, in the presence or 

absence of Ang II, to determine the effect of the extract on Ang II-induced 

hypertension and cardiac damage.  MGE, provided in the drinking water, was 

initiated one week prior to the implantation of osmotic mini-pumps containing 

Ang II.  Basal blood pressure, either before or after the one-week pretreatment 

with MGE, was not significantly different across groups (average systolic blood 

pressure at baseline: 113 ± 1.1 mm Hg, average systolic blood pressure after pre-

treatment with MGE: 118 ± 1.2 mm Hg).  Treatment with Ang II resulted in a 

time-dependent 81% increase in systolic blood pressure (from 117 ± 1.7 mm Hg 

to 212 ± 5.2 mm Hg in rats treated with Ang II, n = 8, p < 0.0001), as shown in 

Figure 1A.  MGE supplementation in either normotensive or hypertensive rats 

had no effect on blood pressure.  Ang II reduced body weight by 16% (n = 8, p < 

0.001); MGE did not prevent the reduction in body weight (Figure 1B).  Heart 

weight-to-tibia length was used as a measure of gross cardiac hypertrophy.  MGE 

had no effect on the increase in heart weight-to-tibia length induced by Ang II 

(Control: 27.5 ± 0.5 mg/mm, MGE: 28.4 ± 0.5 mg/mm, Ang II: 32.8 ± 0.5 
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mg/mm, Ang II/MGE: 32.7 ± 0.9 mg/mm) (Figure 1C), suggesting that the 

extract did not alter Ang II-induced gross cardiac hypertrophy.  Sections of the 

left ventricle were stained with wheat germ agglutinin (depicted as light gray 

staining of the cell boundary) to identify cardiomyocytes; individual 

cardiomyocytes were outlined to measure cross-sectional area.  Ang II increased 

the cross-sectional area from 341 ± 9.8 µm2 to 402 ± 11.7 µm2 (n = 8, p < 0.001), 

which is quantified in Figure 1D and visualized in representative sections in 

Figure 1E.  While MGE administration alone did not result in myocyte 

hypertrophy, the extract significantly blocked the Ang II-mediated increase in 

mean cross-sectional area of cardiomyocytes (to 338 ± 9.5 µm2, n = 8, p < 0.001), 

suggesting that cardiomyocyte hypertrophy was ameliorated.   

MGE improves Ang II-mediated diastolic dysfunction 

Echocardiography was performed to investigate cardiac morphology and 

function.  Scans taken in parasternal short axis M mode were used to calculate 

systolic function and ventricular thickness.  After 4 weeks of Ang II treatment, 

with or without MGE, neither ejection fraction nor fractional shortening was 

affected by either treatment, as shown in Table 1.  In contrast, treatment with Ang 

II and the associated increase in blood pressure significantly reduced the end 

diastolic internal diameter (EDD; from 8.08 ± 0.12 mm to 6.01 ± 0.22 mm, n = 8, 

p < 0.0001) and increased left ventricular posterior wall thickness (LVPWT, from 

1.98 ± 0.08 mm to 2.55 ± 0.14 mm, n = 8, p < 0.01), resulting in a 75% increase 

in relative wall thickness compared to Control (RWT, from 0.49 ± 0.02 to 0.86 ± 
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0.07 , n = 8, p < 0.0001).  Co-treatment with the muscadine grape extract did not 

improve or exacerbate these morphometric parameters of cardiac hypertrophy.  

Echocardiographic scans were performed in pulsed wave doppler mode to 

investigate mitral inflow and in tissue doppler mode to quantify mitral annular 

movement.  Administration of Ang II increased isovolumic relaxation time 

(IVRT), as shown in Table 1, from 20.8 ± 0.3 ms to 32.1 ± 2.6 ms (n = 8, p < 

0.0001).  Co-administration of MGE had no significant effect on IVRT.  E, peak 

velocity of blood flow in early diastole, and e’, peak velocity of the mitral annulus 

during early diastole, were used to evaluate diastolic function.  Ang II increased 

E/e’, an indicator of left ventricular filling pressure, by 41% compared to Control 

(from 20.0 ± 0.80 to 28.1 ± 1.11, n = 8, p < 0.01) and co-treatment with MGE 

prevented this increase by 72% (from 28.1 ± 1.1 to 22.3 ± 2.0, n = 8, p < 0.05), as 

shown in Figure 2.  These data suggest that MGE did not affect the hypertension-

induced gross cardiac hypertrophic remodeling or systolic function.  However, 

MGE improved Ang II-mediated diastolic dysfunction characterized by left 

ventricular filling pressure.  

MGE abrogated Ang II-induced cardiac fibrosis  

Cardiac fibrosis is a hallmark of maladaptive remodeling in response to 

Ang II [25].  Fibrosis can lead to decreased compliance of the heart tissue, 

resulting in reduced diastolic function [3].  Left ventricular sections were stained 

with Picrosirius Red to quantify total interstitial collagen.  Ang II increased 

interstitial cardiac fibrosis (from 1.0 ± 0.1% in untreated rat hearts to 2.0 ± 0.2% 

in Ang II-treated hearts, n = 8, p < 0.0001), as quantified in Panel A of Figure 3 
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and seen in representative images in Panel B of Figure 3.  The dark red-stained 

total collagen was increased in sections of the heart from Ang II treated rats as 

compared to Controls.  MGE supplementation of Ang II-treated rats prevented the 

Ang II-mediated increase in Picrosirius red staining (to 1.4 ± 0.1% in Ang 

II/MGE-treated rat hearts, n = 8; p < 0.05 compared to Ang II alone), while 

treatment with MGE alone had no effect.  Collagen III immunostaining (yellow 

fluorescence) in the interstitium of the left ventricle was also increased by 

treatment with Ang II (from 0.8 ± 0.2% to 5.5 ± 0.9%, n = 8, p < 0.0001) and the 

Ang II-mediated increase was inhibited by co-administration of MGE (to 2.7 ± 

0.5%, n = 8, p < 0.01 compared to Ang II alone), as seen in Figures 3C and 3D.  

Collagen III in rats treated with MGE alone was no different from rats that 

received no treatment.  These results suggest that MGE prevents fibrosis in the 

interstitium of the heart that occurs because of the increase in blood pressure. 

TGFβ is a critical cytokine that regulates the increase in cardiac fibrosis in 

response to Ang II [26].  TGFβ binding to its receptors results in phosphorylation 

and activation of Smad2/3, ultimately leading to increased transcription of pro-

fibrotic genes.  TGFβ mRNA in the left ventricle was increased two-fold by 

treatment with Ang II, from 1.0 ± 0.1 in untreated rats to 2.0 ± 0.4 in rats treated 

with Ang II, as quantified in Figure 4A.  Co-administration of MGE prevented 

the Ang II-mediated increase in TGFβ mRNA (1.1 ± 0.2; n = 8, p < 0.05); 

treatment of rats with MGE alone was no different than in untreated rat hearts.  

Nuclear phosphorylated Smad2 (pSmad2) was also increased in rats by Ang II, 

from 24.7 ± 3.6% in the left ventricle of untreated rats to 45.5 ± 5.4% in Ang II-
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treated rats (n = 8, p < 0.01).  Co-administration of MGE prevented the Ang II-

mediated increase in pSmad2 (24.9 ± 3.4%, n = 8, p < 0.01 compared to Ang II 

alone), while MGE alone had no effect on pSmad2, as seen in Figure 4B and in 

representative images in Figure 4C, where pSmad2 is depicted by pink staining 

and co-localized to blue DAPI-stained nuclei.  CTGF is regulated by the 

TGFβ/Smad signaling pathway and participates in the development of myocardial 

fibrosis [27].  Treatment of rats with Ang II increased the red CTGF immunostain 

in the heart by two-fold, from 5.4 ± 0.7% to 11.1 ± 1.3% (n = 8, p < 0.001), as 

seen in Figures 4D and 4E, but the Ang II-mediated increase was abolished by 

co-administration of the extract (to 6.8 ± 1.1%, n = 8, p < 0.01 compared to Ang 

II); CTGF in the hearts of rats treated with MGE alone was no different than in 

untreated rat heart Controls.  These results suggest that MGE blocks the Ang II-

mediated increase in cardiac fibrosis by regulating the TGFβ/Smad/CTGF 

signaling pathway that regulates cardiac fibrosis. 

MGE reduces Ang II-mediated cardiac oxidative stress 

Oxidative stress plays a crucial role in the development of Ang II-induced 

cardiac damage.  Various markers of oxidative stress were quantified in the 

myocardium to determine whether treatment with MGE prevented the Ang II-

mediated increases in oxidative stress.  4-hydroxynonenal (4-HNE), a marker of 

oxidative stress-induced lipid peroxidation, was upregulated 4-fold in the hearts 

of Ang II-treated rats (from 1.5 ± 0.4% in untreated rats to 5.9 ± 1.0% in Ang II-

treated rat hearts, n = 8, p < 0.0001) and co-administration of the extract 

prevented this increase (1.7 ± 0.4% in rats treated with both Ang II and MGE, n = 
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8, p < 0.0001), as shown in Figure 5A and in representative images in Figure 5B 

with 4-HNE visualized by orange immunostaining.  Supplementation with MGE 

alone had no effect.  Cardiac malondialdehyde (MDA), a reactive aldehyde which 

is a product of lipid peroxidation, was also increased in rats by Ang II, and MGE 

significantly prevented this change (1.3 ± 0.2% in untreated rats, 7.4 ± 1.1% in 

rats treated with Ang II alone and 2.1 ± 0.5% in rats treated with Ang II and 

MGE, n = 8, p < 0.0001), shown in Figures 5C and in representative images 

(Figure 5D) with MDA visualized as the yellow fluorescence.  MGE 

supplementation alone had no effect on MDA.  As an additional marker of 

oxidative stress, 8-hydroxy-2’-deoxyguanosine (8-OHdG) was quantified in a 24 

h urine collection of each rat at the end of their treatment period.  Ang II 

increased urinary 8-OHdG by 101.5% compared to the urine of untreated rats 

(from 1716 ± 141 ng/24 h to 3458 ± 453 ng/24 h, n = 6-8, p < 0.05), which was 

reduced by pre-treatment with MGE to 26.2% (2167 ± 238 ng/24 h, n=8, p < 

0.05); MGE alone had no effect on urinary 8-OHdG, as seen in Figure 5E.  There 

was a significant positive correlation between MDA and total collagen, as shown 

in Figure 5F, suggesting a relationship between myocardial fibrosis and oxidative 

stress.  These results suggest that MGE prevents both fibrosis and excessive ROS 

resulting from Ang II administration.  

NADPH oxidases (Nox) are a family of enzymes that produce the majority 

of ROS in many cells and tissues and Nox4 is the primary contributor to oxidative 

stress in the myocardium [16].  Nox4 immunoreactivity was significantly 

increased by 142% in Ang II-treated hearts (from 4.0 ± 0.3% to 9.7 ± 0.8%) and 
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co-administration of MGE prevented this response (6.7 ± 0.6%, n = 8, p < 0.001), 

as shown in Figure 6A and in representative images in Figure 6B, where Nox4 

was quantified by red fluorescence, nuclei were stained blue, and WGA was 

stained green.  p22phox is a subunit of Nox that is required for Nox-mediated 

ROS production.  As shown in Figure 6C, p22phox mRNA in the myocardium 

was significantly increased by treatment with Ang II, which was prevented by co-

administration of MGE (1.0 ± 0.1 in untreated rats, 1.9 ± 0.1 in Ang II-treated 

rats, and 1.0 ± 0.1 in rats treated with Ang II and MGE, n = 8, p < 0.0001).  MGE 

alone had no effect on Nox4 or p22phox.  A significant positive correlation was 

observed between Nox4 and pSmad2 in the myocardium of rats, suggesting an 

association between the fibrosis and ROS signaling pathways, as seen in Figure 

6D.   

Superoxide dismutase 1 (SOD1) is a powerful endogenous antioxidant that 

converts the superoxide radical into hydrogen peroxide.  The enzyme catalase 

catalyzes the decomposition of hydrogen peroxide to oxygen and water.  SOD1 

and catalase mRNA were reduced 2-fold in Ang II-treated animals (Figure 7A 

and D, respectively); co-administration of the extract prevented this change.  

However, MGE alone and in conjunction with Ang II increased myocardial SOD1 

protein (red immunostain) compared to Control (by 262% and 369%, 

respectively; Figure 7B and representative images in 7C); Ang II alone did not 

affect SOD1 levels.  Neither Ang II nor MGE alone had a significant effect on 

myocardial catalase protein expression, as shown in Figures 7E and 7F (red 

represents catalase staining); however, co-administration of the two interventions 



103 
 

resulted in a significant increase in catalase (2.7 ± 0.4% in Control, 4.5 ± 0.8% in 

MGE, 1.3 ± 0.3% in Ang II, 8.0 ± 1.1% in Ang II + MGE, n= 8, p < 0.0001 

between Ang II + MGE and Control).  These results are consistent with the 

hypothesis that MGE protects the heart from hypertension-induced damage by 

modulating the fibrotic and oxidative stress pathways.  

Discussion: 

In this study, we report that a proprietary muscadine grape extract 

ameliorated cardiac damage in an Ang II-induced rodent model of hypertension 

but had no effect on blood pressure.  Blood pressure was significantly elevated by 

Ang II, but the grape extract did not exacerbate or prevent this blood pressure 

increase, suggesting that the MGE is safe for hypertensive and normotensive 

patients.  MGE did not block gross cardiac hypertrophy, measured by examining 

the isolated heart and corroborated by the echocardiographic findings indicating 

that MGE had no effect on relative wall thickness.  However, co-administration of 

the grape extract significantly inhibited the increase in cardiomyocyte mean cross-

sectional area compared to Ang II alone, suggesting that MGE administration 

prevents an increase in the size of cardiomyocytes but that the 4 week treatment 

may not have been sufficient to cause gross morphometric changes in the size of 

the heart.   

MGE co-treatment prevented an increase in left ventricular filling 

pressures compared to Ang II-treated animals with no effect on systolic function.  

Diastolic dysfunction in patients often presents with no early symptoms; if left 

untreated, maladaptive remodeling, including pathological fibrosis, associated 
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with diastolic dysfunction, will lead to the presentation of symptoms of heart 

failure.  Fibrosis impairs normal ventricular relaxation and diastolic suction, as 

well as causes an increase in passive stiffness [3].  The pathological response to 

these changes is increased atrial and ventricular filling pressures for a given 

volume.  Atrial work becomes the main contributor to the effectiveness of 

ventricular filling [3].  A diagnosis of diastolic dysfunction is typically based on 

echocardiographic evaluation of left ventricular filling pressures [28].  As LV 

compliance decreases, E/e’ increases, corresponding to increased left ventricular 

filling pressures and diastolic dysfunction.  MGE inhibited the Ang II-induced 

increase in E/e’, suggesting improved diastolic function.   

Interstitial cardiac fibrosis can lead to impaired relaxation and reduced 

ventricular compliance, resulting in diastolic failure.  Pre-treatment with MGE 

prevented the Ang II-mediated increase in collagen III in the myocardium, 

associated with abrogation of TGFβ/Smad signaling.  CTGF is implicated in the 

development of fibrosis in various mechanisms of cardiac damage; a causal link 

between Smad-mediated fibrosis and CTGF in response to Ang II was 

demonstrated in vitro using cardiac fibroblasts and myocytes, as well as in the 

myocardium of rodents receiving Ang II infusion [29].  This study demonstrates 

that co-administration of MGE to Ang II-treated rats significantly prevents the 

hypertension-induced increase in cardiac CTGF in association with suppression of 

the pro-fibrotic pathway.  The proposed targets for MGE in Ang II-mediated 

hypertensive damage to the heart are highlighted in Figure 8.  Ang II directly 

activates TGFβ and CTGF pathways, which results in phosphorylation and 
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activation of Smad proteins that act as transcription factors for pro-fibrotic genes.  

Our data suggest that MGE targets various pro-fibrotic cytokines and cellular 

mediators of fibrosis, including TGFβ, pSmad2, and CTGF, to prevent 

myocardial damage.  

Although it is clear that ROS participate in the pathology of 

cardiovascular diseases, the specific role that reactive species play in the 

development of hypertensive cardiac damage has not been well characterized.  In 

spontaneously hypertensive rats, oxidative stress precedes the development of 

hypertension [30].  Clinical data show that markers of oxidative stress (such as 

MDA and lipid peroxides) are increased in patients with essential hypertension 

and congestive heart failure [31, 32], whereas endogenous antioxidants are 

significantly decreased in these patients [33].  Despite the evidence of increased 

oxidative stress in hypertension and hypertension-induced cardiac damage, 

clinical trials with antioxidants such as Vitamin E and C have not shown 

promising results [34-36].  Explanations for the lack of benefit of natural 

antioxidants in clinical cardiovascular risk include the type of trial conducted, 

variances in cohorts of patients, or the theory of a “whole food” being more 

beneficial than an individual component [37-39].  In contrast, prototypical 

antihypertensives (such as ACE inhibitors and ARBs) provide some advantageous 

effects through reductions in oxidative stress [40, 41].  We demonstrate, for the 

first time, that a muscadine grape extract improves diastolic dysfunction in 

association with a reduction in oxidative stress.  An increase in Nox4 and Nox4 

activity is implicated in the pathogenesis of pressure-overload hypertrophy and 
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heart failure and is activated by Ang II [15, 16, 42].  MGE supplementation in 

hypertensive animals significantly prevented an increase in cardiac Nox4, 

suggesting that the extract may reduce the production of ROS itself.  P22phox is a 

regulatory subunit of Nox4 that is essential for membrane localization of the 

enzyme and ROS-producing activity [43].  Unlike other members of the Nox 

family of enzymes, Nox4 primarily produces H2O2 and activates Smad2/3, 

resulting in increased transcription of pro-fibrotic factors and pathological 

fibrosis, as shown in the pathway in Figure 8.  MGE administration blocked both 

the TGFβ/pSmad/CTGF pathway and ROS production, by reducing activated 

Nox4, which can lead to a decrease in pro-fibrotic and oxidant signaling (Figure 

8).  Additionally, MGE increased endogenous SOD1 and catalase in the 

myocardium, which can scavenge toxic free radicals.  MDA and 4-HNE, end-

products of lipid peroxidation, increase membrane permeability and alter 

membrane-bound enzymes/ion channels contributing to impaired cardiac 

function.  Co-administration of MGE prevented upregulation of downstream 

markers of oxidative stress—MDA, 4-HNE, and urinary 8-OHdG—as observed 

in patients taking ACE inhibitors or ARBs, suggesting that the MGE and 

pharmaceutical anti-hypertensives target similar pathways to improve oxidative 

stress and cardiac function [40, 44].  Endogenous antioxidants are critical to 

maintaining the redox balance in the myocardium and are required for 

physiological cellular processes.  In patients with ST-segment elevation 

myocardial infarction, SOD is a strong prognostic factor of one-year mortality 

[45]; rodents with congestive heart failure treated with losartan had increased 
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SOD mRNA and activity, suggesting that Ang II signaling plays a role in redox 

balance [46].  Plasma catalase activity is decreased in patients with various stages 

of hypertension and treatment with antihypertensive drugs reverses this effect 

[47].  In the present study, hypertensive animals had reduced cardiac catalase and 

SOD1 mRNA and administration of MGE blocked these effects.  Protein levels of 

SOD1 were significantly upregulated by MGE in normotensive and hypertensive 

animals.  MGE alone did not affect cardiac catalase; however, in the presence of 

Ang II, MGE significantly upregulated the antioxidant.  A possible reason for the 

discrepancy between mRNA and protein data may be changes in post-

translational modifications.  Catalase is regulated by phosphorylation on tyrosine 

residues, which results in ubiquitination and proteosomal degradation [48].  In 

addition to increasing catalase and SOD1 gene transcription, MGE may also 

prevent ubiquitination and subsequent degradation of these proteins, thereby 

leading to increased levels of these antioxidants in the myocardium.   

A plethora of studies demonstrate the advantageous effects of polyphenols 

on cardiovascular health (reviewed in [49, 50]).  The beneficial role of 

polyphenols in cardiovascular disease first gained momentum when a clinical 

study found that individuals who had a higher intake of wine and fat had reduced 

cardiovascular mortality rates compared to individuals from other countries with a 

similar amount of fat intake but lower wine consumption [51].  This led to the 

term “French paradox” which suggests that higher red wine consumption may 

prevent some of the detrimental effects of increased intake of fat.  Since then, 

polyphenols present in red wine and green tea emerged as potential treatments to 
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improve various cardiac pathologies.  One of the most notable polyphenols 

present in red wine is resveratrol, which has antioxidant and anti-inflammatory 

properties as well as the ability to reduce blood pressure by upregulating 

endothelial NO synthase [52].  However, clinical trials using resveratrol in 

patients with cardiovascular disease were not successful, potentially due to the 

low bioavailability of resveratrol, the doses used and length of treatment, as well 

as variability in sample size.  Despite studies demonstrating the beneficial role of 

resveratrol in red wine, a recent global study across 195 countries and territories 

reported that any amount of alcohol consumption contributes to the loss of health 

[53], indicating that an alternative way to consume high concentrations of 

polyphenols in the absence of alcohol would be beneficial.  The MGE used in this 

study is a concentrated form of polyphenols derived from the skins and seeds of 

muscadine grapes, contains no alcohol, and can be ingested without any 

deleterious side effects.  The major phenolic compounds in this extract, which is 

derived from whole ground skins and seeds, include epicatechin, catechin, gallic 

and ellagic acid and procyanidin [54] as well as a variety of unidentified phenolic 

compounds.  The multitude of phenolics in the preparation likely accounts for the 

diverse protective actions of the MGE in the myocardium. 

In conclusion, we show for the first time that a muscadine grape extract 

improves Ang II-induced diastolic dysfunction associated with a reduction in 

fibrosis and oxidative stress.  As there are currently no targeted drugs to prevent 

cardiac fibrosis due to hypertension, treatment with MGE in conjunction with 

anti-hypertensive drugs may preserve diastolic function and myocardial structure.  
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Because the grape extract does not affect blood pressure in either hypertensive or 

normotensive animals and has cardiac-specific actions, it may not interfere with 

traditional anti-hypertensive treatment, suggesting that patients will not be at risk 

for unintended hypotension.  Collectively, the results of this study suggest the use 

of this natural product for the treatment of patients with hypertension or for 

patients at high risk for developing hypertension, to prevent cardiac damage due 

to the increase in blood pressure.  
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Figure Legends   

Figure 1.  The effect of MGE on Ang II-induced changes in body weight, gross 

cardiac hypertrophy, and hypertension.  Rats received either normal drinking water 

(Control), MGE alone (MGE), Ang II alone (Ang II) or a combination of MGE and Ang 

II (Ang II + MGE).  (A) Blood pressure was measured by tail cuff plethysmography each 

week for 4 weeks.  (B) Body weight and (C) heart weight/tibia length ratio (HW/TL) 

were measured at the time of sacrifice.  (D and E) Mean cross-sectional area was 

calculated in left ventricles stained with wheat germ agglutinin to outline 

cardiomyocytes; n = 8/group.  * denotes p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001 compared to Control; ### denotes p < 0.001 compared to Ang II alone. (Original 

to this manuscript.) 

Figure 2.  The effect of MGE on Ang II-mediated changes in diastolic function.  E/e’ 

was calculated from pulse wave doppler and tissue doppler mode (quantified in 2A) in 

rats treated with either normal drinking water, MGE and/or Ang II, as indicated, after 4 

weeks of Ang II infusion.  n = 8; ** denotes p < 0.01 compared to Control and # denotes 

p < 0.05 compared to Ang II alone. (Original to this manuscript.) 

Figure 3.  MGE reduces Ang II-mediated pathological cardiac fibrosis.  Sections of 

paraffin-embedded hearts were stained with Picrosirius Red (quantified in Panel A and 

representative images in Panel B) and an antibody to collagen III, represented in yellow 

(Panels C and D) to assess fibrosis.  Four representative images per tissue were obtained 

using the n = 8 per group.  **** denotes p < 0.0001 compared to Control; # denotes p < 

0.05, ## p < 0.01 compared to Ang II alone.  (Original to this manuscript.) 
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Figure 4.  MGE alters TGFβ/Smad/CTGF pro-fibrotic signaling.  TGFβ mRNA in 

cardiac tissue was quantified by qRT-PCR (Panel A).  Sections of the left ventricles were 

stained with antibodies to pSmad2 (quantified in Panel B and representative images 

shown in Panel C, where pSmad2 immunoreactivity is pink and nuclei are blue) and 

CTGF immunoreactivity is red (Panels D and E).  Four representative images per tissue 

were obtained using a Mantra microscope.  n = 8 per group.  *denotes p < 0.05, ** p < 

0.01, *** p < 0.001 compared to Control; # denotes p < 0.05, ## p < 0.01 compared to 

Ang II alone.  (Original to this manuscript.) 

Figure 5.  MGE ameliorated Ang II-mediated increase in markers of oxidative 

stress.  Paraffin-embedded hearts were stained with antibodies to 4-HNE, seen in orange, 

(quantified in Panel A and representative images in Panel B) and MDA, seen in 

yellow, (Panels C and D) as markers of cardiac oxidative stress.  Four representative 

images per tissue were obtained using a Mantra microscope.  8-OHdG was measured in 

urine collected for 24 h after 4 weeks of treatment (Panel E).  A linear regression 

between MDA and total collagen was used to determine the correlation between the 

production of ROS and fibrosis (Panel F).  n = 6-8 per group; * denotes p < 0.05, **** p 

< 0.0001 compared to Control; and # denotes p < 0.05, #### p < 0.0001 compared to Ang 

II alone.  (Original to this manuscript.) 

Figure 6. MGE inhibits Ang II-induced enhancement of ROS-producing enzymes.  

Paraffin-embedded hearts were stained with antibodies to Nox4, shown in red (Panels A 

and B).  Four representative images per tissue were obtained using the Mantra 

microscope.  p22phox mRNA was assessed in myocardial homogenates using qRT-PCR 

(Panel C).  Linear regression was performed between Nox4 and pSmad2 to determine the 
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correlation between the production of ROS and fibrosis (Panel F).  n = 8 per group; **** 

denotes p < 0.0001 compared to Control and ### denotes p < 0.001 compared to Ang II 

alone.  (Original to this manuscript.) 

Figure 7.  MGE upregulates ROS-degrading enzymes.  SOD1 (Panel A) and catalase 

(Panel D) mRNA in left ventricular tissue was quantified by qRT-PCR.  Paraffin-

embedded hearts were stained with antibodies to SOD1 (Panels B and C, shown in red) 

or catalase (Panels E and F, shown in red).  Four representative images per tissue were 

obtained using a Mantra microscope and quantified using inform software.  n = 8; * 

denotes p < 0.05, ** p < 0.01, **** p < 0.0001 compared to Control; # denotes p < 0.05, 

### p < 0.001, #### p < 0.0001 compared to Ang II alone.  (Original to this manuscript.) 

Figure 8.  Proposed mechanisms of action of MGE on Ang II-mediated cardiac 

damage.  Ang II increases TGFβ; phosphorylation and activation of the TGFβ receptors 

results in phosphorylation of the cytosolic proteins Smad2 and Smad3, which translocate 

to the nucleus to increase gene transcription of various extracellular matrix proteins.  Ang 

II also upregulates CTGF, which can further activate Smad proteins and extracellular 

matrix proteins.  Additionally, Ang II increases Nox4 and p22phox; activated Nox4 

mainly produces the reactive oxygen species hydrogen peroxide, which can have 

deleterious effects in the myocardium.  In our study, MGE prevented the hypertension-

induced increase in proteins involved in the TGFβ pathway, ultimately reducing collagen 

deposition in the myocardium.  MGE may affect only TGFβ production, which 

subsequently results in decreased activation of Smad and CTGF, or it may be having 

direct effects on each of these pro-fibrotic signaling molecules.  Furthermore, MGE 

blocked the increase in Nox subunits and the antioxidant catalase caused by Ang II 
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treatment, which may be another mechanism by which the extract prevents cardiac 

oxidative stress, and ultimately adverse cardiac remodeling.  Together, the modulation of 

these pathways by MGE may be responsible for an improvement in Ang II-mediated 

diastolic function. (Original to this manuscript.) 
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Table 1: Echocardiographic measurements of rats after 4 weeks of treatment with Ang 

II and/or MGE  

Echocardiographic analysis of cardiac function and hypertrophy after 4 weeks of treatment with 

normal drinking water (Control), MGE, Ang II or the combination of Ang II and MGE.  EF: 

ejection fraction; FS: fractional shortening; EDD: end diastolic diameter; LVPWT: left 

ventricular posterior wall thickness; RWT: relative wall thickness (calculated as (2 x 

PWT)/EDD); IVRT: isovolumic relaxation time. n=8 per group. * denotes p < 0.05, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001 compared to Control.  (Original to this manuscript.) 
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Abstract 

Background: Hypertension affects almost half of the US adult population and one 

of the defining features of high blood pressure is arterial stiffness. Increased 

vascular stiffness contributes to reduced vascular as well as cardiac function.  

Objective: The goal of this study was to determine whether a muscadine grape 

skin and seed extract (MGE) improves Ang II-induced aortic remodeling. 

Methods: Sprague-Dawley rats (male, 8 weeks old) received either normal 

drinking water (Control), MGE at 0.2 mg total phenolics/mL in drinking water 

(MGE), 24 µg/kg/h of Ang II via osmotic minipump to induce hypertension, or 

both Ang II and MGE (Ang II/MGE). Rats were pre-treated with MGE for 1 week 

prior to Ang II treatment. Blood pressure was measured weekly by tail cuff 

plethysmography and aortic stiffness was determined by echocardiography. 

Results: Ang II increased systolic blood pressure in all animals treated with this 

hormone; MGE had no effect in either normotensive or hypertensive animals. 

Aortic stiffness, determined by pulse wave velocity, was increased in Ang II-

treated animals and co-administration of MGE significantly improved this 

pathological effect. Furthermore, MGE prevented aortic hypertrophic remodeling 

in association with a reduction in pERK. Aortic fibrosis, measured by total 

collagen and collagen III, was significantly attenuated in hypertensive animals 

treated with MGE. 4-HNE, a marker of lipid peroxidation, and subunits of 

NADPH oxidases--Nox1, Nox2, p-p47phox--were upregulated with Ang II and 
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normalized with MGE. Additionally, the markers of inflammation IL-6 and NF-

κB were enhanced in Ang II-treated aortas and attenuated with MGE.  

Conclusions: These results suggest that MGE may reduce aortic stiffness through 

anti-hypertrophic, anti-fibrotic, anti-oxidant, and anti-inflammatory mechanisms 

and therefore improve vascular function. 

Key words: grape, polyphenol, hypertension, vascular, oxidative stress, fibrosis, 

inflammation 
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Introduction: 

Hypertension affects approximately 50% of the US adult population [1] and only 

53% of patients with arterial hypertension achieve target blood pressure control under 

pharmacological treatment [2]. Hypertension is associated with arterial stiffness, which is 

a measure of the rigidity of the arterial walls. The aorta serves as the conduit for blood 

flow from the heart to the systemic vasculature. The highly elastic nature of the 

vasculature provides “buffering” action to the pulsatile flow of blood leaving the left 

ventricle, thereby moderating afterload. However, as the aorta stiffens, the fluctuations in 

blood pressure increase, resulting in impaired cardiac function, and eventually, end-organ 

damage [3].  

The gold standard for quantifying aortic stiffness is measurement of carotid-

femoral pulse wave velocity (PWV), which is determined non-invasively by measuring 

the distance that a pulse wave travels between two points in an artery divided by the time 

delay of the pulse [4]. Aortic pulse wave velocity (calculated at the aortic arch region) 

also has significant prognostic value. Among patients with heart failure with reduced 

ejection fraction, aortic pulse wave velocity was an independent predictor of adverse 

clinical cardiovascular outcomes [5]. In patients with essential hypertension, higher PWV 

was associated with increased risk of stroke and cardiovascular disease [6], suggesting 

that PWV can be a diagnostic marker for the development of future cardiovascular 

disease. 

The pathophysiology of aortic stiffness is complex and not yet completely 

understood. However, significant vascular remodeling occurs in response to stimuli such 
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as high vascular stress and Ang II [7]. Increased blood pressure leads to hypertrophy and 

fibrosis of the aortic media [8]. Various signaling mechanisms contribute to this 

remodeling, including the TGFβ/Smad pathway [9], reactive oxygen species (ROS) [10], 

and inflammation [8]. The presence of hypertension results in pathological fibrosis that 

includes an increase in the activation of fibroblasts, increased production of extracellular 

matrix proteins and a reduction in elastic fibers [11, 12]. ROS also contribute to the 

pathogenesis of arterial stiffness and blocking the production of ROS improves arterial 

remodeling [13]. The main producers of excessive ROS in the vasculature are the family 

of NADPH oxidases (Nox). These enzymes are composed of various subunits and are 

localized to specific cell types depending on the Nox isoform. Nox1, present in vascular 

smooth muscle cells (VSMCs)[14], and Nox2, present in endothelial cells, VSMCs and 

fibroblasts [15], are upregulated in various models of vascular damage, including 

hypertension. These enzymes contribute to increased vascular oxidative stress and their 

regulation may be a therapeutic option to improve vascular remodeling. In addition to 

fibrosis and oxidative stress, inflammation is also present in the vasculature of 

hypertensive animals. Furthermore, systemic inflammation precedes the development of 

hypertension [16] and is a predictor of adverse cardiovascular events [17], suggesting that 

anti-inflammatory therapy may at least partially reduce cardiovascular risk.  

Muscadine grapes are native to the southeastern United States and have a different 

phenolic profile from European grapes. Some of the most abundant polyphenols in 

muscadine grapes include ellagic and gallic acid, anthocyanins, and catechins. Numerous 

studies suggest that polyphenols are beneficial to cardiovascular health. Red wine 

polyphenols improve endothelium-independent and -dependent relaxation of human and 
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rodent arteries [18-20] through various mechanisms, including increasing bioavailability 

of nitric oxide. Additionally, red wine polyphenols improve vascular function by 

reducing oxidative stress, in part by decreasing NADPH oxidase subunits [21]. In patients 

with high risk of cardiovascular disease, a 4-week supplementation with muscadine grape 

seed increased resting brachial diameter, but there were no effects on markers of 

inflammation, lipid peroxidation, and antioxidant capacity [22]. However, no published 

studies have investigated the effects of muscadine grape skins and seeds on vascular 

remodeling in an animal model of hypertension. The goal of these studies was to 

determine whether MGE supplementation in Ang II-treated hypertensive rats would 

improve vascular oxidative stress and ameliorate adverse aortic remodeling.  

Methods 

Animal Model: Sprague Dawley rats (8 weeks old at baseline) were divided into four 

groups: (1) Control, which received no treatment, (2) MGE only, which received 0.2 

mg/mL total phenolics of MGE in the drinking water, (3) Ang II only (Bachem, at a dose 

of 24 µg/kg/h), which received continuous Ang II infusion via subcutaneous implantation 

of an osmotic mini-pump (Alzet model 2004) and (4) Ang II + MGE, which received 

both treatments. Water and food were provided ad libitum. The MGE, an aqueous extract 

of the skin and seeds from muscadine grapes, was purchased from Piedmont Research 

and Development Corp. MGE administration to rats receiving both MGE and Ang II 

began one week prior to Ang II treatment (at baseline week). Ang II treatment began at 

Week 0 and continued for 4 weeks. Indirect blood pressure was measured weekly using a 

tail-cuff blood pressure monitor (Columbus Instruments) by the same individual. 

Echocardiography was conducted at baseline, Week 0, and Week 4, after which the 
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animals were sacrificed. The aortic arch was excised and snap-frozen or fixed in 4% 

paraformaldehyde for paraffin-embedding. Blood pressure was taken weekly by tail-cuff 

plethysmography. 

Echocardiography: Echocardiography was conducted at baseline (before any treatment), 

Week 0 (after 1 week of MGE pre-treatment), and at Week 4 to determine aortic function 

using the Vevo 2100 High-Resolution Imaging System (VisualSonics Fujifilm) and 

analyzed using Vevo LAB 3.0. Rats were mildly sedated with 1-2% isoflurane. Scans to 

quantify aortic pulse wave velocity were taken in pulse wave color-flow Doppler mode. 

Two separate scans were taken for each animal—one at the proximal transverse aorta and 

one distal to the first site—and the distance (in mm) between these two points was 

measured. Each scan consisted of pulse wave forms for several cardiac cycles. The time 

intervals (measured in msec) between the R-wave of the EKG to the foot of the Doppler 

waveforms were averaged over three cardiac cycles and the time interval at the proximal 

site was subtracted from that at the distal site. PWV was then calculated as the distance 

traveled by the pulse wave divided by the time required (D/t). The diameter of the aortic 

lumen at the transverse aorta was calculated using Vevo LAB in a freeze-frame of the 

Doppler mode.  

Immunohistochemistry: Paraffin-embedded transverse and proximal descending aorta 

were cut into 5 µm sections. To quantify total collagen, sections were stained with 

Masson’s Trichrome kit (ab150686, Abcam, Cambridge, UK) according to the 

manufacturer’s instructions. For staining with specific antibodies, the OpalTM Multiplex 

IHC kit (Perkin Elmer) kit was used. The aortic sections were deparaffinized, rehydrated, 

and then permeabilized with 0.2% Triton-X100 and 3% hydrogen peroxide to block 
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endogenous peroxidase activity. Antigen retrieval was performed using either Antigen 

Retrieval pH6 buffer (AR6; PerkinElmer) or Tris-EDTA pH9 buffer (TE9); subsequently, 

slides were treated with Dako Antibody Block to reduce non-specific binding and then 

primary antibody was applied overnight. Anti-rabbit (anti-rabbit HRP IgG, 

#NEF812E001EA, Perkin Elmer, Waltham, MA) or anti-mouse (anti-mouse HRP-IgG, 

#NEF822001EA, Perkin Elmer, Waltham, MA) secondary antibodies were applied. Opal 

fluorophores were then applied to label positive binding and slides were subsequently 

microwaved to remove antibody complexes. Spectral DAPI was then used to label nuclei. 

The following primary antibodies were obtained from Abcam, Cambridge, UK: Collagen 

III (ab7778; 1:250; AR6), CTGF (ab6992; 1:200; TE9), Nox1 (ab131088; 1:200; TE9), 

phospho p47phox (ab111855; 1:100; AR6), pSmad2 (ab188334; 1:400; TE9), 4-HNE 

(ab46545; 1:250; TE9), NF-κB (ab16502; 1:50, TE9) and IL-6 (ab9324; 1:750, TE9).  

Analysis of Immunohistochemistry: Four representative images were taken from each 

slide using a Mantra microscope (Perkin Elmer, Waltham, MA) at 400x magnification. 

Slides with fluorophore-labelled antibodies or Trichrome stain were analyzed using 

Inform software (Perkin Elmer, Waltham, MA). For each image, the processing region 

was limited to the aortic media. For stains that were quantified as a percent positive 

staining per field, object-based segmentation was used to create a mask over each image; 

each object in the mask had a specific fluorophore signal, identified by the optical density 

(OD). The upper inner fence (UIF) of the ODs was calculated in Excel from all objects in 

each image and across all groups and used as the cut-off to mark positive staining. The 

UIF provides a standard for positive threshold [23]. For stained images that were 

quantified as a percent of positively stained nuclei, a counterstain-based application was 
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used with Inform identifying nuclei by positive DAPI signal and quantifying the OD of 

the fluorophore signal in each nucleus. The UIF was used as the cut-off for positive 

staining.  

RNA Isolation/RT-PCR: RNA was isolated from a section of the transverse/proximal 

descending aorta of each rat heart using TRIzol reagent (GIBCO Invitrogen, Carlsbad, 

CA) as directed by the manufacturer.  RNA was incubated with RQ1 DNase (Promega, 

Madison, WI) to eliminate any residual DNA. RNA concentration and integrity were 

assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip (Agilent 

Technologies, Palo Alto, CA). RNA was reverse transcribed and the subsequent cDNA 

was added to TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) 

with gene-specific primer/probe sets and amplification was performed on the ABI 

QuantStudio 3 Detection System. All reactions were performed in triplicate, with 18S 

rRNA, amplified using the TaqMan rRNA control kit (Applied Biosystems), as the 

internal control. The results were quantified as Ct values, where Ct is defined as the 

threshold cycle of PCR at which the amplified product is first detected, and the values 

were expressed as the ratio of the target to control using the 2−ΔΔCt method. 

Statistics: All data are presented as mean ± standard error of the mean (SEM). Data from 

all experiments were analyzed by one-way ANOVA and post-test analysis by Tukey’s 

multiple comparisons tests using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, 

USA). Statistical significance was determined as p < 0.05. 

Results 
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Male Sprague-Dawley rats were divided into four groups—Control, MGE, Ang 

II, and Ang II + MGE—and blood pressure was measure by tail cuff plethysmography. 

At baseline (prior to any treatment) and at Week 0 (one week after pre-treatment with 

MGE), there was no significant difference in systolic blood pressure (SBP) across groups 

(baseline: average SBP 120 ± 1.4 mm Hg; Week 0: average SBP 124.8 ± 1.1 mm Hg). 

Blood pressure increased with Ang II treatment in a time dependent manner as seen in 

Figure 1A; MGE had no effect on blood pressure in normotensive or hypertensive 

groups (123.8 ± 2.5 mm Hg in Control versus 198.4 ± 7.4 mm Hg in Ang II alone and 

198 ± 4.9 mm Hg in Ang II + MGE). To measure arterial stiffness, aortic pulse wave 

velocity (PWV) was determined after four weeks of Ang II treatment using 

echocardiography. Ang II administration significantly increased PWV by approximately 

2.8-fold and co-administration of MGE prevented this change (to a 1.5-fold increase from 

Control), seen in Figure 1B. This suggests that the Ang II-mediated increase in arterial 

stiffness was reduced by MGE. 

Tunica media thickness was measured in picrosirius red-stained aortic sections to 

determine whether aortic hypertrophy was affected by treatment with MGE and/or Ang 

II. Lumen diameter of the aorta was calculated in echocardiographic scans of the 

transverse aorta. Ang II treatment increased media thickness by 41% compared to 

Control and co-treatment with MGE prevented this increase (95.8 ± 2.1 µm in Control, 

135.1 ± 3.7 µm in Ang II alone, and 118.2 ± 2.9 µm in Ang II + MGE, n=8, p < 0.001 

between Ang II and Ang II + MGE), as shown in Figure 2A and in representative images 

in Figure 2B. Similarly, Ang II treatment reduced lumen diameter by 21% and co-

administration with MGE inhibited the Ang II-mediated increase by 23% compared to 
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Ang II alone (2.7 ± 0.2 mm in Control, 2.1 ± 0.1 mm in Ang II alone, and 2.6 ± 0.1 mm 

in Ang II and MGE-treated) as seen in Figure 2C. MGE alone had no effect on these 

parameters.  

One of the signaling molecules involved in the hypertrophic response to Ang II is 

the extracellular regulated kinase (ERK) mitogen-activated protein (MAP) kinase. When 

ERK MAP kinase is phosphorylated and translocated to the nucleus, the enzyme activates 

the transcription factor AP-1 to exert pro-hypertrophic effects [24]. Phosphorylated ERK 

(pERK) (pink staining) in the nuclei (blue DAPI staining) of cells in the aortic media was 

significantly increased by 131% in Ang II-treated compared to Control (p < 0.05); MGE 

co-administration prevented this by 83% compared to Ang II alone (p < 0.001), as shown 

in Figures 2D and E. Supplementation with MGE alone had no effect on ERK 

activation. These results suggest that hypertension-induced aortic hypertrophy was 

prevented by MGE administration, in part by a reduction in ERK signaling.  

The effect of MGE on aortic fibrosis was investigated, since an increase in 

pathological fibrosis contributes to arterial stiffness. Ang II increased total collagen (blue 

staining) in the media of Masson’s trichrome-stained aortic sections; the Ang II-mediated 

increase was significantly blocked by co-administration of the extract (0.006 ± 0.004% in 

Control, 1.905 ± 0.974% in the aorta of Ang II-treated rats, and 0.065 ± 0.025% in rats 

treated with both Ang II and MGE; p<0.05), as shown in Figure 3A and in 

representative images in 3B, suggesting that total fibrosis was reduced. The 

concentration of total collagen was not altered by MGE supplementation alone. One of 

the most prevalent types of collagen in the vasculature is Collagen III. Collagen III was 

measured in the aorta of treated rats by immunohistochemistry. Collagen III in the aortic 
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media (depicted by the yellow immunostain) was significantly increased by 98% in Ang 

II treated rats compared to Control rats (p < 0.001) and co-administration of MGE in 

hypertensive animals significantly prevented this upregulation compared to Ang II 

treatment alone (p < 0.05), as seen in Figures 3C and 3D. MGE administration to the 

rats had no effect on collagen III concentration in the aorta. These results suggest that 

Ang II increased fibrosis, which was prevented by co-administration of MGE. 

The TGFβ/Smad pathway plays a critical role in Ang II-induced fibrosis. TGFβ 

mRNA in the heart was not changed in rats treated with either Ang II or MGE (Figure 

4A). However, immunostaining of nuclear pSmad2 (where pSmad2 stains orange and is 

co-localized to nuclei which are stained blue) in the aorta was significantly increased by 

9.4-fold in Ang II-treated animals compared to untreated rats. MGE administration 

significantly inhibited this change (2.7 ± 0.6% in Control, 25.1 ± 4.0% in Ang II alone, 

and 2.5 ± 0.8% in Ang II/MGE-treated animals; p < 0.0001), as shown in Figures 4B 

and 4C. Connective tissue growth factor (CTGF) is implicated in the fibrotic pathway 

and can increase expression of ECM proteins, including collagen [25]. Aortic media 

CTGF (stained in light green) was upregulated by 5.4-fold in rats treated with Ang II 

compared to Control (1.3 ± 0.3% in Control versus 7.2 ± 1.1% in Ang II; p < 0.0001) and 

MGE blocked this increase (3.7 ± 0.9% in Ang II + MGE; p<0.01), as seen in Figure 4D 

and representative images in Figure 4E. Treatment with MGE alone had no effect 

compared to Control. These data suggest that MGE improves aortic media fibrosis by 

targeting the Smad/CTGF pathway. 

Oxidative stress also plays a role in arterial stiffness and directly affects the 

fibrotic pathway. 4-HNE, a marker of lipid peroxidation, was used to investigate 



142 
 

oxidative stress in the aorta. Treatment of rats with Ang II increased aortic 4-HNE (red 

staining) by 2.3-fold and co-administration of the extract inhibited this change (2.8 ± 

0.7% in Control, 6.6 ± 0.8% in Ang II-treated, and 1.4 ± 1.1% in Ang II + MGE-treated; 

p < 0.0001), as seen in Figures 5A and 5B, suggesting that the extract prevents 

upregulation of end markers of oxidative damage that are present in hypertensive aortas. 

NADPH oxidases are one of the main producers of reactive oxygen species (ROS) in the 

vasculature, with Nox1 as the prevalent isozyme present in vascular smooth muscle cells. 

Nox1 immunoreactivity was significantly increased by 364% in hypertensive animals (p 

< 0.0001) and MGE treatment significantly prevented this change (p < 0.0001), as seen 

by the red immunostaining in Figures 5C and 5D. MGE supplementation alone had no 

effect on Nox1.  Phospho-47phox (p-p47phox) is a critical subunit of Nox and 

phosphorylation of this subunit increases the ROS-producing activity of NADPH 

oxidases [26]. Ang II treatment increased phospho-p47phox (red staining) in the medial 

layer and co-administration with MGE significantly blocked this change (0.04 ± 0.02% in 

Control, 2.4 ± 0.9% in Ang II, and 0.2 ± 0.07% in Ang II/MGE-treated; p < 0.01), as 

shown in Figures 5E and 5F). The concentration of phospho-p47phox was not effected 

by MGE alone in the aortic media. Another NADPH oxidase isoform that is present in 

the vasculature is Nox2, which is increased in the arteries of hypertensive animals [27]. 

Nox2 mRNA was upregulated in Ang II-treated animals and this change was prevented 

by co-administration of the extract (1.0 ± 0.09 in Control, 1.7 ± 0.09 in Ang II alone, and 

1.2 ± 0.1 in Ang II/MGE-treated; p < 0.01 between Ang II and Ang II + MGE), as shown 

in Figure 5G. Supplementation of the rats with MGE alone did not alter Nox2 levels in 
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the aorta. These data indicate that MGE may prevent oxidative stress in the aorta of Ang 

II-treated animals by reducing the levels of NADPH oxidase subunits.  

Another key regulator of arterial stiffness is local and systemic inflammation and 

aortic inflammation is increased by Ang II [28]. NF-κB is a pro-inflammatory 

transcription factor that increases expression of cytokines and is upregulated in vascular 

damage [29]. Ang II treatment significantly enhanced nuclear factor-kappa beta (NF-κB) 

p65 expression in the media of the aorta (1.1 ± 0.6% in Control versus 9.8 ± 2.5% in Ang 

II-treated; p < 0.0001), as shown in Figure 6A and 6B, where NF-κB is depicted by 

yellow staining and co-localized to nuclei stained with blue DAPI. Co-treatment with 

MGE prevented this increased (0.5 ± 0.3% in Ang II and MGE-treated), while treatment 

with MGE alone had no effect. This suggests that the extract inhibits the activation and 

subsequent translocation of NF-κB to the nucleus. The cytokine interleukin-6 (IL-6) (red 

staining) was also upregulated in the aortic media of Ang II-treated rats (0.3 ± 0.1% in 

Control versus 3.8 ± 0.9% in Ang II-treated; p < 0.0001) and administration of the extract 

to hypertensive animals prevented this change (1.7 ± 0.4% in Ang II/MGE-treated; p < 

0.05), as seen in Figure 6C and 6D. MGE alone did not affect these markers of 

inflammation. These data suggest that local inflammation may be attenuated by MGE.  

Discussion 

MGE improves Ang II-induced aortic stiffness 

In this study, we demonstrate that supplementation with an extract isolated from 

the seeds and skins of muscadine grapes improves Ang II-induced aortic remodeling. 

Ang II induced a time-dependent increase in systolic blood pressure; MGE in normal or 
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hypertensive animals did not affect blood pressure. However, MGE inhibited the Ang II-

mediated increase in aortic pulse wave velocity, suggesting that the extract prevented the 

increase in vascular stiffness. Arterial stiffness is present in various vascular pathologies, 

including hypertension. Previous studies demonstrated that arterial stiffness precedes 

overt hypertension and heart failure [30, 31], suggesting that it is involved in the 

development of hypertensive disease. The ability of MGE to improve vascular stiffness 

may lead to an improvement in vascular and cardiac function. Ohyama et al. 

demonstrated that a decrease in aortic compliance increased systolic stress on the 

myocardium and contributed to the etiology of cardiac dysfunction [32]. A clinical study 

demonstrated that PWV was an independent predictor of diastolic function; mild and 

moderate LV diastolic dysfunction could be discriminated based on PWV value. 

Therefore, aortic stiffness can be used to predict the degree of left ventricular diastolic 

function [33]. MGE supplementation of hypertensive patients may improve impaired 

cardiac function as well as vascular function. However, MGE did not block Ang II-

induced hypertension, suggesting that the improvement in vascular function was not due 

to a reduction in blood pressure but a direct effect of the extract on the aorta. In fact, 

arterial stiffness, measured by PWV, is a predictor of stroke in hypertensive patients, 

independent of blood pressure [34].  

MGE improves hypertrophic remodeling of the aorta in hypertensive animals 

MGE has multiple effects on the vasculature. We demonstrated that the extract 

reduced Ang II-induced aortic hypertrophic remodeling, demonstrated by an increase in 

lumen diameter and a decrease in media thickness. This hypertrophic effect of Ang II is 

partly mediated by expansion of smooth muscle cells; in a model of spontaneously 
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hypertensive rats, the increase in media thickness was due to hypertrophy of VSMCs 

rather than an increase in proliferation of these cells [35]. However, expansion of 

acellular components of the extracellular matrix, such as collagen, also contributes to the 

increase in media thickness. Ang II-induced hypertrophic remodeling of the vasculature 

is mediated by the AT1 receptor and activation of this receptor in VSMCs activates 

various signaling pathways, including MAP kinases [36]. Phosphorylated ERK was 

decreased in the media of aortas in Ang II/MGE-treated animals compared to Ang II 

alone, suggesting that MGE may improve aortic hypertrophy by either reducing the 

phosphorylation and activation of this MAP kinase or by reducing the dephosphorylation 

or degradation of this protein. A reduction in aortic hypertrophy may be part of the 

mechanism by which MGE improves aortic pulse wave velocity in hypertensive animals.  

Ang II-mediated aortic fibrosis is attenuated with MGE 

Ang II-mediated fibrosis, demonstrated by the increase in total collagen and 

collagen III in the aortic media, was ameliorated by the pre-treatment with MGE. 

Hypertensive animals and patients display enhanced arterial fibrosis [37, 38] which 

contributes to decreased compliance of vessels. In response to Ang II, fibroblasts in the 

vasculature proliferate and undergo differentiation into active myofibroblasts [11]. These 

cell types are present in both the media and the adventitia of the vasculature. Expansion 

and activation of fibroblasts increase the production of ECM proteins that contribute to 

decreased compliance [39]. Targeting excessive fibrosis may be a mechanism to improve 

arterial stiffness. In the present study, Ang II specifically increased pSmad2 and CTGF in 

the aorta, without an effect on TGFβ; co-administration of MGE prevented the 

upregulation of these pro-fibrotic signaling molecules. Rodriguez-Vita et al. showed that 
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Ang II can activate pSmad through TGFβ-independent pathways [40]. MGE may reduce 

Smad activation and subsequent deposition of extracellular matrix proteins (as seen by a 

decrease in total collagen and collagen III in the media of aortas) by its effect on other 

MAP kinases.  

MGE ameliorates Ang II-induced aortic oxidative stress 

Oxidative stress is present in the aorta of Ang II-treated animals and co-

administration of MGE prevented markers of lipid peroxidation (downstream effects of 

excessive ROS) in association with a reduction in subunits of NADPH oxidase, 

specifically Nox2 and Nox1 subunits, as well as phospho-p47phox. NADPH oxidases are 

one of the main contributors to oxidative stress in the aorta. Previous studies showed that 

inhibition of Nox enzymes significantly reduces oxidative stress in the vasculature, in 

association with a reduction in fibrosis and inflammation [41, 42]. This suggests that 

oxidative stress plays a critical role in aortic fibrosis and inflammation and is a central 

effector of adverse aortic remodeling.  

Various isoforms of Nox exist in the vasculature. Nox1 is the primary Nox 

isoform present in vascular smooth muscle cells (VSMCs) whereas Nox2 is primarily 

present in fibroblasts and infiltrating inflammatory cells in both the media and adventitia 

of vessels [43, 44]. Our study shows that in hypertensive rats co-treated with MGE, 

upregulation of Nox1 is significantly prevented in the media of the aortas, which is 

primarily composed of VSMCs. Nox1 physically associates with the AT1 receptor in 

VSMCs and Ang II enhances the interaction between Nox1 and the AT1 receptor to 

increase the production of collagen, suggesting that these two membrane proteins directly 
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interact and are crucial to the pathogenesis of fibrosis [45]. Nox2 was also decreased in 

the aorta of Ang II/MGE-treated hypertensive animals compared to treatment with Ang II 

alone. In hypertensive animals, inflammatory cells migrate into the vasculature and 

contribute to increased oxidative stress [46]. These data suggest that oxidative stress, 

inflammation, and fibrosis all contribute to the pathogenesis of arterial remodeling in 

hypertension. Thus, MGE may regulate NADPH oxidase levels in various cell types, 

including adventitial fibroblasts, infiltrating immune cells, as well as smooth muscle 

cells, present in the aortic media. 

Local and systemic inflammation is improved with MGE supplementation  

The precise role of inflammation in arterial remodeling is not completely 

understood but both systemic and local inflammation are present in hypertension. MGE 

blocked the Ang II-mediated increase in aortic media NF-κB and IL-6. NF-κB is a 

transcription factor that plays a central role in inflammation; it is composed of various 

subunits, including p65, and can be inhibited by IκB [47]. However, when the inhibitory 

subunits are separated from NF-κB, the transcription factor translocates to the nucleus 

where it induces the transcription of various inflammatory mediators, including IL-6, 

MCP-1, and vascular adhesion molecules [47, 48]. We demonstrated that nuclear 

localization of the p65 subunit of NF-κB was reduced by MGE supplementation, 

indicating that less active NF-κB was present in the aorta of MGE-treated rats. MGE may 

inhibit the separation of NF-κB from its inhibitory subunits and/or increasing degradation 

of active NF-κB. Upregulation of local IL-6 was also prevented by MGE administration; 

IL-6 transcription is enhanced by NF-κB. These finding suggest that in hypertensive 
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animals, downstream effects of NF-κB activation may be inhibited by the administration 

of MGE.  

Conclusion 

In this study, we demonstrate for the first time that Ang II-induced vascular 

remodeling is improved by co-adminstration of a muscadine grape extract. MGE reduced 

aortic stiffness, in association with a decrease in fibrotic, oxidative stress, and 

inflammatory signaling, suggesting that MGE supplementation may be used to improve 

vascular function in hypertensive patients.   
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Figure Legends 

Figure 1: The effects of Ang II and MGE on blood pressure and aortic pulse wave 

velocity. Rats received either normal drinking water (Control), MGE alone (MGE), Ang 

II alone (Ang II), or a combination of MGE and Ang II (Ang II + MGE). (A) Blood 

pressure was measured weekly by tail cuff plethysmography from Baseline to Week 4. 

(B) Pulse wave velocity was used as an indicator of aortic stiffness and was determined 

using echocardiography at Week 4 in the pulse wave tissue-doppler mode and is 

represented as distance of pulse traveled by time. n = 4-8 per group; * denotes p < 0.05, 

** p < 0.01, **** p < 0.0001 compared to Control; # denotes p < 0.05 compared to Ang 

II alone.  

Figure 2: MGE improves Ang II-induced aortic hypertrophic remodeling. (A and B) 

The diameter of the aortic media was calculated in images of Picrosirius Red-stained 

sections, quantified in Panel A and shown in representative images in Panel B. (C) The 

diameter of the aortic lumen was calculated in a freeze-frame of the aorta obtained via 

echocardiography. Aortic sections were stained with an antibody to pERK and quantified 

as percent of nuclei with positive staining (Panels D and E), where pERK is pink and 

nuclei are blue). n = 7-8 per group; * denotes p < 0.05, **** p < 0.0001 compared to 

Control; # denotes p < 0.05, ### p < 0.001 compared to Ang II only. 

Figure 3: MGE attenuates pathological fibrosis of the aortic media. Aortic sections 

were stained with either Masson’s trichrome (Panels A and B) or a collagen III antibody, 

shown in yellow (Panels C and D). Four representative images were obtained for each 

animal and were quantified as percent of the field that was positively stained. n = 7-8 per 
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group; * denotes p < 0.05, *** p < 0.001 compared to Control; # denotes p < 0.05 

compared to Ang II alone.  

Figure 4: MGE administration improves Ang II-mediated upregulation of fibrotic 

signaling. (A) TGFβ mRNA was measured by RT-PCR in aortic sections.  Aortic 

sections were incubated with a pSmad2 antibody and the percent of positively stained 

nuclei in the media was quantified (Panels B and C), where pSmad2 is orange and nuclei 

are blue). In Panels D and E, aortic sections were stained with an antibody to CTGF 

(shown in light green) and quantified as percent of positively-stained section of aortic 

media. n = 7-8 per group; **** denotes p<0.0001 compared to Control; ## denotes 

p<0.01, #### p<0.0001 compared to Ang II only.  

Figure 5: Ang II-induced oxidative stress is attenuated with MGE. Aortic sections 

were stained with either 4-HNE antibody, shown in red, (Panels A and B) or Nox1 

antibody, seen in red, (Panels C and D) and data is represented as total positive staining 

per field of the media. (Panels E and F) Sections of the aorta were stained with phospho-

p47phox antibody and data was calculated as total percent of field in the aortic media that 

stained positively (shown in red). (Panel G) RT-PCR was conducted on sections of the 

aorta to quantify mRNA levels of Nox2. n = 7-8 per group; ** denotes p < 0.01, *** p < 

.001, **** p < 0.0001 compared to Control; ## denotes p < 0.01, #### p < 0.0001 

compared to Ang II alone.  

Figure 6: Markers of inflammation are not upregulated in hypertensive rats treated 

with MGE. Sections of the aorta were incubated with an antibody to p65 NF-κB and the 

data is presented as total percent of nuclei with positive staining (Panels A and B), where 
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NF-κB is yellow and nuclei are blue). In Panels C and D, slides were stained with an IL-

6 antibody (shown in red) and the percent of positive field of the aortic media was 

calculated. n = 6-8 per group; **** denotes p < 0.0001 compared to Control; # denotes p 

< 0.05, #### p < 0.0001 compared to Ang II alone.  
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CHAPTER IV 

DISCUSSION 

 

 Our studies are the first to show that treatment of animals with a muscadine grape 

extract prevents both cardiac and vascular dysfunction in an Ang II-dependent model of 

hypertension. Continuous Ang II infusion resulted in systemic hypertension, diastolic 

dysfunction, and aortic stiffness, and co-treatment with MGE significantly inhibited both 

cardiac and aortic dysfunction without an effect on blood pressure. In addition to these 

functional changes, MGE modulated fibrotic, oxidative, and inflammatory pathways, and 

these changes may be partly responsible for the improvement in cardiovascular function. 

Current Therapies for Hypertensive Cardiac Dysfunction 

 Hypertension is prevalent among adults and, if left untreated, can lead to damage 

in the myocardium and the vasculature. Although various drugs are available to decrease 

blood pressure, not all antihypertensive medications reduce end organ damage in the 

heart, the kidneys and the vasculature; the effects on cardiac damage by different 

therapeutics vary in their efficacy. Brilla C et al. demonstrated that, in a rodent model of 

established renovascular hypertension, a twelve-week treatment with various 

hypertensive drugs had differing effects on cardiac hypertrophy and fibrosis, independent 

of their effects on blood pressure [33]. Patients with hypertensive heart disease who were 

treated with ACE inhibitors or diuretics had reduced cardiac fibrosis and isovolumic 

relaxation time and increased LV peak flows during early diastole, which were 

independent of LVH with long-term lisinopril treatment but not hydrochlorothiazide 

treatment [34]. Antihypertensive drugs may be classified into three groups based on their 
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diverse actions in the myocardium: (1) drugs with no effects on LVH and fibrosis (direct 

vasodilators); (2) drugs which improve LVH (diuretics, α- and β-adrenergic receptor 

antagonists); and (c) drugs with confirmed effects on regression of both LVH and fibrosis 

(ACE inhibitors, AT1 receptor antagonists). Therefore, the choice of antihypertensive 

agent can affect a patient’s prognosis with regard to cardiac function. We demonstrate 

that MGE prevents cardiomyocyte hypertrophy, cardiac fibrosis, and Ang II-induced 

diastolic dysfunction, indicating that the extract may serve as a therapeutic option for 

various pathologies contributing to cardiac dysfunction without an effect on blood 

pressure.  

MGE on Ang II-Induced Hypertension 

In the current studies, Ang II infusion resulted in a time-dependent increase in 

systolic blood pressure; MGE in normotensive or hypertensive animals did not affect 

blood pressure. Previous studies showed that supplementation with table grape products 

improves blood pressure in both animal models and in some clinical trials, although the 

reduction was modest compared to antihypertensive drugs [1, 2] The exact mechanism of 

blood pressure reduction in these studies is likely complex; however, some reports 

demonstrated that nitric oxide availability is increased, which can cause vasodilation [3, 

4]. A reduction in blood pressure is sometimes associated with an improvement in cardiac 

function [5].  Although Seymour et al. [6] showed that the vasodilator hydralazine and a 

whole grape powder reduced blood pressure to a similar degree in the Dahl salt-sensitive 

model of hypertensive heart disease; hydralazine did not ameliorate diastolic dysfunction 

while the grape powder did. These results suggest that the molecular mechanisms by 
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which grape polyphenols improve cardiac function are not just dependent on blood 

pressure; rather, direct actions on the myocardium are most likely involved.  

The Effect of MGE on Cardiac Hypertrophy 

 Cardiac hypertrophy is an outcome of hypertension if the disease is left untreated. 

Hypertrophy is a compensatory mechanism by which an increase in wall thickness and 

wall stress allows systolic function to remain intact and provide sufficient output to 

maintain blood flow to the body. However, after longstanding cardiac hypertrophy, the 

heart progresses to overt failure in which clinical symptoms of cardiac dysfunction as 

well as hemodynamic changes are present. In the present study, treatment of 

normotensive rats with Ang II caused hypertrophy at both the gross and molecular levels. 

This was evident by the increase in heart weight-to-tibia length ratio as well as the 

increase in posterior wall thickness (PWT) and the decrease in LV end diastolic internal 

diameter (EDD), which resulted in an increase in relative wall thickness [defined as (2 X 

PWT)/EDD)]. Furthermore, myocyte cross-sectional area in Ang II-treated rat hearts also 

increased by approximately 18% in cardiomyocytes, as identified in cardiac sections by 

positive immunoreactivity with WGA, suggesting that individual cardiomyocytes 

underwent hypertrophy. The Ang II-mediated increase in cardiomyocyte hypertrophy 

may account for the significant increase in both LV thickness and heart mass. 

Administration of MGE to Ang II-treated hypertensive rats did not significantly block 

gross cardiac hypertrophy; however, the extract did prevent cardiomyocyte hypertrophy 

in cardiac sections stained with WGA. Increased hemodynamic workload causes various 

structural changes to the myocardium, two of the most important being: (1) 

cardiomyocytes undergo hypertrophy, contributing to an increase in heart mass and (2) 
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cardiac fibroblasts proliferate, differentiate to a myofibroblast phenotype, and produce 

ECM components. Although cardiac myocytes are the most numerous cell type in the 

heart, they only account for a third of total cell mass; cardiac fibroblasts make up almost 

two thirds of the mass of the heart [7]. In response to Ang II, cardiac fibroblasts undergo 

proliferation as well as differentiation to myofibroblasts, thereby increasing cardiac mass. 

Various in vitro studies demonstrated that incubation of primary cardiac fibroblasts 

isolated from fetal and adult rats with Ang II increased proliferation, measured by [3H]-

thymidine or BrdU incorporation [8, 9]. Although MGE reduced cardiomyocyte 

hypertrophy, the extract did not reduce heart mass; this may result from the inability of 

the extract to reduce the proliferation of fibroblasts that also make up a significant portion 

of cardiac mass.  

MGE as a Modulator of Hypertension-Induced Cardiac Fibrosis 

 MGE inhibits excessive ECM protein production by reducing total interstitial 

collagen and collagen III although the extract may not inhibit the proliferation of cardiac 

fibroblasts. The mechanism by which MGE attenuated fibrous protein production may 

result from its ability to modulate the TGFβ/Smad pathway. Although Ang II increased 

TGFβ mRNA, as well as pSmad2 and CTGF immunoreactivity, these were not 

significantly increased in the myocardium of Ang II-treated rats administered MGE. 

MGE prevented the upregulation of TGFβ, which may have decreased pSmad2 and 

CTGF, downstream mediators of TGFβ; alternatively, MGE may independently inhibit 

TGFβ, pSmad2, and CTGF synthesis. There are several mechanisms by which MGE 

treatment may inhibit the increase in TGFβ activity. First, MGE may reduce the amount 

of active TGFβ. TGFβ is secreted from the cell bound to the latency associated complex 
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(LAP) which prevents TGFβ from associating with the TGFβ receptor II (TβRII) [10]. 

Latent TGFβ can also be proteolytically cleaved to active TGFβ by serine proteases and 

metalloproteinases as well as by activation by ROS. Plasmin [11], MMP-2, and MMP-9 

[12] degrade ECM proteins and can cleave the LAP from active TGFβ. Ang II-induced 

myocardial hypertrophy and fibrosis are characterized by increased MMP-2 and MMP-9 

which is prevented by losartan [13], suggesting that Ang II specifically increases 

expression of these metalloproteinases, which may have a direct role on the pathogenesis 

of pathological fibrosis. Clinical data shows varying changes in MMP-2 and MMP-9. In 

patients with end-stage dilated heart failure, LV myocardial MMP-9 was increased but 

there were no changes in MMP-2 [14]. In patients with primary hypertension, serum 

MMP-9 was higher than in controls and treatment with an ARB normalized MMP-9 [15]. 

In addition to MMP-9 activation of TGFβ, other studies demonstrated that MMP-9 more 

effectively degrades elastin compared to collagen [16], thus resulting in a stiffer more 

fibrotic ventricle. In vivo studies examining the role of MMP-2 in cardiac dysfunction are 

more variable. While mice infused with Ang II had an increase in cardiac MMP-2 [17, 

18], a deficiency in MMP-2 improved cardiac hypertrophy and fibrosis in an animal 

model of pressure overload resulting from a transverse aortic constriction (TAC) [19] and 

a deficiency in MMP-9 also partially reduced myocardial fibrosis and LV dilatation and 

dysfunction [20]. These data suggest that both MMP-2 and MMP-9 are involved in 

adverse cardiac remodeling and heart failure. Reactive oxygen species also contribute to 

the activation of latent TGFβ. Ionizing radiation efficiently activated latent TGFβ1 in 

vivo and cell-free studies demonstrate that ROS promote disassociation of LAP from 

active TGFβ [21] suggesting that oxidation of specific amino acids in the latency-
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conferring peptide leads to a conformation change that allows release of TGFβ [22]. 

ROS-mediated TGFβ activation is isoform-specific—redox-mediated activation only 

occurred with the TGFβ1 isoform and was dependent on levels of OH- but not superoxide 

or hydrogen peroxide [23]. Oxidative stress also increases transcription and translation of 

TGFβ1.  Bellocq et al. [24] demonstrated that increased release of TGFβ1 from human 

epithelial alveolar cells by superoxide (produced by xanthine and xanthine oxidase 

system) was completely blocked by an RNA polymerase inhibitor, while TGFβ 

production by reactive nitrogen intermediates was only blocked by the protein synthesis 

inhibitor cycloheximide, suggesting that translational and post-translational mechanisms 

may be involved. Thus, MGE may be affecting transcriptional or translational activity of 

TGFβ or activation of this protein and downstream signaling by reducing ROS or MMP 

activity.  

 Polyphenols can improve cardiac fibrosis through a variety of mechanisms. 

Curcumin reduced cardiac fibrosis (including collagen I and III) in a rodent myocardial 

infarction model in association with a reduction in cardiac TGFβ, pSmad2, and MMP-9 

[25], suggesting that it may target the activation and downstream activity of the TGFβ 

pro-fibrotic pathway. In a TAC-induced model of heart failure, treatment with resveratrol 

improved medial survival and attenuated cardiac fibrosis, in part by reducing cardiac 

MMP-2 [26]. We showed that MGE decreased transcription of TGFβ1, but the extract 

may also reduce protein translation. MGE may reduce the production of active TGFβ 

from its latent state by decreasing MMP-2, MMP-9, or reactive oxygen species. 

Additionally, MGE may block the phosphorylation of Smad2, thereby inhibiting its 

activation and downstream pro-fibrotic signaling. The concept that polyphenols 
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physically dock to and inhibit signaling molecules has not been extensively explored; 

however, Ahmad et al. [27] reported that in a model of cerebral ischemia, resveratrol 

improved neurological function by occupying the active sites of MMP-2 and MMP-9, 

thereby preventing their deleterious effects. HMG-CoA reductase is inhibited by various 

polyphenols to improve cardiovascular health; this enzyme catalyzes the conversion of 

HMG-CoA to mevalonate, is the rate-limiting enzyme of the mevalonate pathway that 

produces cholesterol, and is an important target of statins to reduce hypercholesterolemia. 

Docking studies demonstrated that the polyphenols quercetin, catechin, and 

epigallocatechin-3-gallate physically bind to HMG-CoA reductase and sterically hinder 

HMG-CoA binding [28], thereby reducing cholesterol synthesis. These data suggest that 

one of the mechanisms of polyphenols may be the physical docking of metabolites to 

cellular molecules, thereby inhibiting their activity. Further studies need to be conducted 

to determine the exact mechanisms by which MGE inhibits the TGFβ pathway. 

 In addition to changes in TGFβ, MGE administration also prevented the increases 

in pSmad2 and CTGF in the hearts of Ang II-treated animals. The reduction of these 

proteins may be due to MGE’s effect on TGFβ, preventing TβR-mediated 

phosphorylation of Smad2 and the subsequent increase in CTGF production. Smad2 can 

also be phosphorylated by other kinases, including MAPK ERK. In supplementary data 

(Appendix Figure 1), we show that pERK1 and pERK2 are not affected by MGE 

treatment in hypertensive or normotensive animals, suggesting that non-canonical 

pathways may not be the target of MGE in cardiac fibrosis. MGE may also physically 

bind to and inhibit the action of Smad and CTGF proteins. Further study is warranted to 
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determine the precise molecular mechanism(s) involved in the reduced Smad2 

phosphorylation and CTGF synthesis by MGE polyphenols. 

 Nearly all heart disease etiologies involve the deposition of ECM proteins by 

cardiac fibroblasts, resulting in decreased tissue compliance and progression to heart 

failure. Initially, after myocardial injury, the ability of cardiac fibroblasts to proliferate 

and convert to the myofibroblast phenotype, which secrets ECM components, preserves 

the structural integrity of the myocardium and enables the heart to continue to generate 

enough pressure to maintain its function. However, excessive fibrosis alters the structure 

of the myocardium and enables the transition from decreased cardiac function to overt 

heart failure. Various animal studies demonstrated that a reduction in pathological cardiac 

fibrosis improves systolic and diastolic function. Reducing TGFβ activity by inhibiting 

TβRI rescues systolic function, in conjunction with a reduction in cardiac fibrosis and 

hypertrophy in a rodent model of myocardial infarction [29]. Using anti-TGFβ-

neutralizing antibody to reduce fibrosis was investigated in a model of MI; although the 

antibody reduced collagen production, it worsened cardiac dysfunction and increased 

mortality [30]. However, Kuwahara et al. [31] found that an anti-TGFβ neutralizing 

antibody improved diastolic dysfunction without an effect on blood pressure and systolic 

function in a model of pressure-overload. Clinical data on the safety and efficacy of TGF 

inhibitors are also disparate. In patients with diabetic nephropathy, 12 months of 

treatment with a TGFβ1–specific, humanized, neutralizing monoclonal antibody in 

addition to standard of care did not improve the decline in renal function [32]. At the 

present time, clinical trials involving TGF pathway inhibition are limited to diseases 

involving fibrosis and cancer. The first in-human dose study of the TGFβ Receptor I 
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Kinase Inhibitor LY2157299 monohydrate for 6 months showed no signs of medically 

relevant cardiotoxicity in cancer patients [33]; however, the long-term effects of this 

inhibitor are not known. The effects of the TGFβ1 inhibitors on pathological cardiac 

fibrosis in the clinical setting are also lacking. Further investigation of the effects of 

inhibiting the TGF pathway is necessary before use of these drugs to improve cardiac 

pathologies can become clinically significant.  

 Although not approved for the treatment of cardiac fibrosis, RAS blockers 

improved fibrosis in various models of heart disease. Losartan, an ARB, is thought to 

reduce cardiac fibrosis by inhibiting the endothelial-mesenchymal transition in the heart 

(which is another source of cardiac fibroblasts under pathological conditions) [34] as well 

as collagen synthesis and fibroblast activation in response to shear stress [35]. In addition 

to reducing fibrosis, ARBs also improved ejection fraction and LV relaxation in a model 

of obesity-induced cardiac dysfunction [36]. In patients with hypertrophic 

cardiomyopathy, a small clinical trial of 20 patients showed that treatment with losartan 

for one year attenuated the progression of myocardial hypertrophy and fibrosis [37]. In 

patients with muscular dystrophy-induced cardiac fibrosis, treatment with an ACE 

inhibitor reduced fibrosis and slowed the progression of heart failure [38]. These data 

suggest that various etiologies of myocardial fibrosis are attenuated by blocking the 

renin-angiotensin system. However, ACE inhibitors and ARBs are not approved to treat 

cardiac fibrosis and currently, there are no targeted therapies for hypertension-induced 

pathological myocardial fibrosis. Our studies suggest that MGE may improve cardiac 

fibrosis in patients with hypertensive heart disease, warranting further research and 

clinical trials.  
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Oxidative Stress as a Contributor to Cardiac Damage 

 Markers of oxidative damage (4-HNE, MDA, and 8-OHdG) were increased in the 

hearts of Ang II-treated animals and co-administration of MGE significantly blocked this 

effect, in association with a reduction in NADPH oxidase subunits and an increase in 

endogenous antioxidants. End markers of lipid peroxidation, such as MDA and 4-HNE, 

are not only biomarkers in patients with cardiovascular disease but also directly 

contribute to cardiac damage. The family of NADPH oxidases is one of the main 

contributors of ROS in the myocardium. In this study, the increase in Nox4 protein and 

p22phox mRNA observed in Ang II-treated rats was significantly prevented in rats that 

also received the extract. Nox4 is unique compared to other Nox enzymes because it 

mainly produces hydrogen peroxide rather than superoxide and it binds to the integral 

membrane protein p22phox which is necessary for its activity but does not require any 

cytosolic subunits for activation [39, 40]. We showed that Nox4 was elevated in the left 

ventricle of rats treated with Ang II and was abrogated by co-administration of MGE. 

Since Nox4 is present in various cardiac cell types including myocytes and fibroblasts, 

MGE may modulate Nox4 in both cardiac myocytes and fibroblasts. Nox4 is activated in 

response to pressure overload as well as Ang II and is required for cardiac hypertrophy 

and fibrosis [41, 42]. Upregulation of Nox4 by TGFβ and Ang II in fibroblasts was 

associated with an increase in proliferation, differentiation, migration, and extracellular 

matrix secretion, ultimately resulting in prolonged pathological fibrosis [43]. Nox4 also 

physically associated with the AT1 receptor in fibroblasts and administration of Ang II 

enhanced this binding; notably, the Nox1/Nox4 inhibitor GKT137831 attenuated the AT1 

receptor/Nox4 interaction as well as the increase in fibroblast proliferation, migration, 
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and collagen secretion [44]. These data suggest that Nox4 is critical to cardiac fibrosis in 

various models suggesting that inhibition of Nox4 may be a therapeutic option for 

hypertensive cardiac fibrosis. Our study showed that MGE inhibited increased Nox4 as 

well as p22phox, a subunit that is critical to its activity, indicating that this may be a 

mechanism by which the extract reduces Ang II-induced fibrosis. Further studies are 

needed to determine whether these oxidative stress and fibrotic pathways are connected.  

For example, by silencing Nox4 in cardiac fibroblasts, it would be possible to determine 

whether MGE’s actions on fibrosis are mediated by Nox4 and its production of ROS.  

PWV as a Measure of Aortic Stiffness 

 Ang II increased aortic pulse wave velocity in male Sprague-Dawley rats, 

suggesting that the peptide hormone caused an increase in aortic stiffness, and co-

treatment with MGE prevented this pathological change. The ability of MGE to reduce 

aortic stiffness is especially important in the context of hypertensive disease; arterial 

stiffness precedes the development of hypertension and contributes to cardiac and 

vascular dysfunction. In physiological settings, the distensibility of the aorta dampens 

pulsatile flow when blood is ejected from the left ventricle. However, as the vascular wall 

thickens and loses its elastic properties due to fibrosis, the aorta has reduced compliance 

and pulse wave velocity increases.  

 Measurement of arterial stiffness is important in the evaluation of individual risk 

in hypertensive patients in outpatient clinic. Laurent et al. [45] demonstrated that PWV is 

an independent risk factor for mortality (all-cause and CVD-related) in hypertensive 

patients. Patients evaluated in this study had stage 1 and 2 hypertension at the original 

screening, with approximately 25% of the cohort taking antihypertensive drugs at that 
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time. When the presence of concurrent antihypertensive treatment was added to the 

multivariate analysis, PWV remained an independent predictor of CV-related mortality. 

Therefore, the measurement of PWV as a predictor of CVD and all-cause mortality may 

be beneficial to the general population. The independent predictive value of aortic 

stiffness was demonstrated after adjusting for classical CV risk factors, suggesting that 

aortic stiffness has a better predictive value than each traditional risk factor. In addition, 

aortic stiffness remains significantly associated with the occurrence of CV events even 

after adjustment to the Framingham risk score [46], suggesting that measuring aortic 

stiffness has an added value compared to the assessment of classical risk factors. The 

measurement of aortic stiffness provides translation of damaging CV risk factors on the 

aortic wall over time longitudinally whereas BP, blood glucose, and lipids can vary each 

time these parameters are measured.  

No specific pharmacological regimen is approved to treat arterial stiffness. 

However, antihypertensive drugs have benefits as assessed in clinical trials. Particularly, 

ACE inhibitors and ARBs show efficacy against arterial stiffness compared to other 

antihypertensives such as beta blockers [47]. This may be due to the direct contribution 

of RAS to the pathogenesis of aortic remodeling which leads to decreased compliance. 

However, because there are no targeted treatments for arterial stiffness, new treatment 

strategies are needed to combat this earlier stage of cardiovascular remodeling. The 

increased PWV in Ang II-induced hypertension was attenuated by co-administration of 

MGE. This suggests that MGE may be protective against adverse aortic remodeling and 

can reduce the risk of further CV disease in patients with hypertension.  
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Aortic Stiffness on Cardiac Function 

 In addition to affecting vascular function, aortic stiffness also plays a role in the 

development of left ventricular dysfunction. Aortic stiffening enhances the pressure load 

on the left ventricle by increasing pulse pressure and causing earlier return of the 

reflected wave; thus, the heart must compensate for increased afterload and may do so by 

concentric hypertrophic remodeling. In a cross-sectional, community-based cohort study, 

aortic stiffness (determined by PWV) was independently associated with both reduced 

systolic and diastolic function and the presence of left ventricular remodeling [48]. In 

patients with risk factors for heart disease and the presence of grade 1 LV diastolic 

dysfunction (earliest stage of cardiac dysfunction), arterial stiffness was present and was 

positively correlated with E/e’ ratio [49], suggesting that vascular stiffness may 

contribute to the development and progression of heart failure. Thus, measuring arterial 

stiffness may predict the risk of developing cardiac dysfunction and serve as a therapeutic 

target to improve both early vascular and cardiac function. Based on these results, we 

hypothesize that the ability of MGE to improve large artery stiffness, in addition to direct 

protective effects on the myocardium, contribute to the improvement of diastolic 

dysfunction that was observed in this study.   

Mechanisms Contributing to the Beneficial Effect of MGE on Aortic Remodeling 

 Our studies demonstrate that MGE inhibits Ang II-mediated aortic media 

hypertrophy and fibrosis, both of which contribute to vascular stiffness and dysfunction. 

It is interesting to note that cardiac hypertrophy was not prevented by MGE, although 

vascular hypertrophy was affected. This suggests that MGE may have specific effects on 

different tissues based on tissue type and the signaling mechanisms which predominate 
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within these locations. Ang II-mediated aortic hypertrophy, measured by media thickness 

and aortic lumen diameter, was attenuated by MGE with a concomitant decrease in 

pERK. Various models demonstrate that vascular hypertrophy occurs with hypertension 

and that this hypertrophy is not due to an increase in blood pressure alone; treatment with 

the vasodilator hydralazine in SHRs did not prevent vascular hypertrophy although high 

blood pressure was normalized [50]. In contrast, treatment with an ACE inhibitor reduced 

medial hypertrophy [51], suggesting that Ang II specifically plays a role in the 

development of this phenomenon. Various signaling cascades are involved in vascular 

hypertrophy, including activation of MAP kinases. In smooth muscle cells from SHRs, 

Ang II stimulation increased pERK and the hypertrophic response was blocked with an 

ERK1/2 inhibitor [52]. Previous data showed that polyphenols improve aortic 

remodeling—red wine polyphenolic compounds reduced aortic media hypertrophy and 

protein synthesis in L-NAME treated rats [53] and quercetin improved Ang II-induced 

vascular smooth muscle hypertrophy through inhibition of the MAPK JNK but not ERK 

[54]. Our data suggest that MGE attenuates Ang II-mediated medial hypertrophy by 

preventing an increase in hypertrophic signaling via MAPK, similar to data using other 

polyphenols. 

 Vascular fibrosis also plays a role in the development of arterial stiffness in part 

by increasing deposition of collagen and reducing vascular elasticity. In hypertension, 

fibrosis is present in both small and large arteries; fibrosis in the larger arteries, including 

the aorta, resulted in a stiffer vasculature and therefore, alterations in the perfusion of 

tissues [55]. SHRs develop aortic fibrosis and treatment with an ACE inhibitor attenuated 

hypertension, cardiac function, and aortic fibrosis, suggesting that Ang II mediates 
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cardiac and vascular fibrosis [56]. At the molecular level, vascular fibrosis is caused by 

activation of the TGF pathway and excessive ROS. We demonstrate that, in hypertensive 

animals, MGE inhibited vascular fibrosis, demonstrated by the lack of upregulation in 

total collagen and collagen III. TGFβ mRNA was not significantly changed by any 

treatment but upregulation of pSmad2 in hypertensive animals was prevented by co-

administration of MGE. Several reasons can explain the lack of change in TGFβ: (1) 

levels of TGFβ transcription vary by the stage and model of cardiovascular disease [57, 

58] and we may not have quantified TGFβ at the appropriate time to detect the increase 

or (2) Ang II can stimulate fibrosis by TGFβ-independent activation of pSmad2 and 

CTGF via the AT1 receptor, as observed in vascular cells in vitro and in vivo [59], 

thereby suggesting a direct mechanism of activation of Smad proteins. These results in 

the aorta are different from what is observed in cardiac tissue, suggesting that MGE has 

specific actions depending on the tissue.  

 Oxidative stress also contributes to pathological vascular fibrosis in hypertension. 

The primary sources of ROS in the vasculature include uncoupling of NOS (which 

produces superoxide instead of NO) and NADPH oxidases (particularly Nox1, Nox2, and 

Nox4 which produce superoxide or hydrogen peroxide). NADPH oxidase components 

and activity are upregulated in many models of hypertension (reviewed in [60]) and 

treatment with antioxidants reduces vascular fibrosis, indicating the ubiquitous 

pathological nature of excessive ROS. Ang II increases NADPH oxidase activity, the 

expression of various Nox subunits and the translocation/formation of the enzyme 

complex [61-63]. Nox1 is a ubiquitous isoform present in the vasculature; the AT1 

receptor physically associates with Nox1 in VSMCs and Ang II stimulation increases this 
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binding [64], suggesting that Ang II directly increases oxidative stress by stimulating 

Nox1. Nox subunits are recruited from the intracellular space to membranes in order to 

form their active complexes. Phosphorylation of the p47phox subunit is a rate-limiting 

step of NADPH oxidase activity [65]. Furthermore, Ang II stimulates the 

phosphorylation and subsequent translocation of p47phox to the membrane [66], thereby 

increasing Nox-dependent ROS production in VSMCs. In the current studies, we showed 

that Ang II increased vascular oxidative stress (detected by the increase in the lipid 

peroxidation product 4-HNE) and co-administration of MGE prevented this change. To 

investigate the molecular mechanisms by which MGE inhibited oxidative stress, we 

quantified NADPH oxidase subunits (gp91phox, Nox1, and phosphop47phox) and 

observed that MGE treatment blocked the increase seen in Ang II-treated animals. 

Gp91phox mRNA was characterized in the whole aortic tissue; the location of this 

subunit may be in the aortic intima, media, or adventitia. The Nox2 isoform is present in 

VSMCs, endothelial cells, fibroblasts, and infiltrating immune cells [67, 68] and 

increased expression of Nox2 in the aorta of Ang II-treated animals may be due to 

changes in any of these locations. Nox1 is the most prevalent isoform in VSMCs and 

Nox1 immunoreactivity was analyzed in the media of aortic tissues, where the 

predominant cell type is smooth muscle cells. However, other cell types, including 

fibroblasts and immune cells, are also present in the media and upregulated after Ang II 

infusion. Therefore, the increase in oxidative stress seen in the media of the aorta may be 

due to ROS production from any of these cell types. However, the most likely 

explanation for the increase in ROS is through the increased number of VSMCs since 

they are the most prevalent type of cell in this location. Immunostaining with specific 
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markers for SMCs, fibroblasts, and immune cells can elucidate the sources of ROS 

production, as all of these cell types have NADPH oxidases (albeit composed of different 

isoforms of Nox) and produce reactive species.  

 ROS produced in the vasculature contributes to hypertrophy, fibrosis, and 

inflammation. In our studies, we demonstrated that the Ang II-mediated increase in aortic 

hypertrophy and fibrosis was prevented by MGE, in association with a lack of 

upregulation in ROS and ROS-producing enzymes. Additionally, we also found that 

markers of aortic inflammation were not enhanced with co-administration of MGE. 

Inflammation contributes to aortic remodeling, both dependent and independent of blood 

pressure [69, 70]. Liu et al. [70] reported that inhibiting NADPH oxidase in Ang II-

infused animals not only reduced vascular oxidative stress but also decreased 

inflammation by blocking infiltration of macrophages in the aorta. In our study, levels of 

IL-6 and NF-κB in the aortic media were increased in Ang II-treated animals and co-

administration of MGE prevented this increase, suggesting that inflammation may be 

reduced by the extract. IL-6 has many roles in the vasculature—it causes endothelial 

dysfunction, recruits immune cells, increases vascular permeability, and contributes to 

vascular fibrosis and oxidative stress [71]. Many cells present in the vasculature produce 

this cytokine, including VSMCs, fibroblasts, endothelial cells, and immune cells. 

Therefore, the production of IL-6 in the vascular wall may be due to resident cells as well 

as infiltrating cells that are increased in hypertension. IL-6 contributes to the 

development of high blood pressure—IL-6 deletion prevented Ang II-induced 

hypertension [72]. Specifically, IL-6 was released from vascular tissue (including from 

SMCs) in response to Ang II in an AT1 receptor-dependent manner and the release was 
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inhibited by administration of a flavoprotein inhibitor and antibodies to p47phox, 

suggesting that ROS produced by NADPH oxidases serve as secondary messengers for 

IL-6 production [73, 74].  

 IL-6 contributes to SMC hypertrophy [75] as well as fibrosis through various 

signaling mechanisms, including the JAK/STAT pathway and ROS. Ang II-treated IL-6-

deficient mice had lower levels of cardiac fibrosis compared to control Ang II-treated 

mice [76]. Specifically, Ang II increased secretion of IL-6 from cultured fibroblasts [77]. 

Moreover, cardiac fibroblasts co-cultured with macrophages produced more IL-6 in 

response to Ang II stimulation than when either cell type was cultured alone [78]. These 

data suggest that, in the presence of increased macrophages (a phenomenon seen in the 

hypertensive state), fibroblasts may communicate with other cell types to enhance IL-6 

expression. Treatment of fibroblasts with IL-6 increases α-SMA (a marker of fibroblast 

differentiation into myofibroblast phenotype) and collagen synthesis, a response that is 

not present in IL-6-deficient fibroblasts [79]. These findings suggest that IL-6 plays a 

critical role in the production of ECM proteins from active fibroblasts. Furthermore, 

treatment of fibroblasts with IL-6 enhances TGFβ and downstream Smad3 signaling, 

similar to responses seen with Ang II stimulation [80]. Together, these data suggest that 

IL-6 signaling and fibrosis are interrelated and that these pathways may influence each 

other to produce vascular remodeling. The MGE-mediated inhibition of increased 

vascular IL-6 levels may be due to various mechanisms: the extract may prevent 

increases in IL-6 by decreasing its transcription in response to excessive ROS or it may 

be reducing direct Ang II-mediated activation of IL-6. To determine whether the 

elimination of ROS is the primary mechanism by which MGE reduces markers of 
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vascular inflammation, VSMCs could be treated with the flavoprotein inhibitor DPI with 

and without MGE and Ang II; if DPI inhibits production of IL-6 to a similar level as 

MGE, then MGE-based elimination of ROS may be the main process by which it can 

reduce inflammation.  

 We also demonstrated that NF-κB p65 was increased in the aortic media of Ang 

II-infused animals and this response was abrogated in Ang II + MGE-treated animals.  

NF-κB is a transcription factor that plays a central role in vascular inflammation and is 

necessary for the transcription of most cytokine genes. In vascular cells, NF-κB 

activation is mediated by various signals including Ang II, advanced glycation end-

products, and inflammatory cytokines, making NF-κB a diverse signaling molecule in 

vascular remodeling. The promoter region of IL-6 has an NF-κB binding site and 

activation of NF-κB increases transcription of the IL-6 gene [81]. The inactive form of 

NF-κB is activated by the release of the inhibitory protein κB (IκB) by phosphorylation 

of IκB or by phosphorylation of another subunit of the NF-κB complex, p65, without 

phosphorylation of IκB [82]. The active NF-κB, along with p65, then translocates to the 

nucleus to induce gene transcription. Ang II stimulation causes both phosphorylation of 

IκB as well as phosphorylation of p65, thereby increasing its activation [83] and 

subsequent inflammatory pathways. The MGE-mediated reduction in nuclear NF-κB p65 

may be another mechanism by which the extract reduces inflammatory signaling. IL-6 

and NF-κB recruit macrophages, B cells, and T cells, thereby increasing local wall 

inflammation. Further research on effects of MGE on vascular inflammation is necessary 

to provide a more thorough picture of its role in reducing hypertension-induced 

inflammation. We hypothesize that MGE also reduces the amount of infiltrating immune 
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cells in the vasculature through a reduction in NF-κB and ROS signaling. NF-κB 

activation induces the expression of molecules involved in leucocyte recruitment, 

including intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion 

molecule-1 (VCAM-1), both of which increase vascular adhesion, and monocyte 

chemotactic protein-1 (MCP-1) (which promotes monocyte chemotaxis) [84]. MGE may 

affect local levels of these proteins, thereby reducing infiltration of immune cells into the 

vascular wall. ACE inhibitor treatment of patients with abdominal aortic aneurysms 

reduced the expression of the pro-inflammatory cytokines IL-1β, IL-6, IL-8, TNF -α, 

Interferon- , and MCP-1 in the aortic wall [85], suggesting that Ang II plays a critical 

role in mediators of inflammation. Hypertensive patients treated with an ARB had 

reduced levels of plasma MDA, MCP-1, and TNF-α, but not CRP; the reduction in 

inflammatory markers was not correlated with blood pressure reduction [86], suggesting 

that Ang II affects inflammation in hypertension independent of blood pressure. 

However, another clinical study showed that treatment with an ARB improved CRP 

levels in hypertensive patients, also independent of blood pressure reduction [87], 

indicating that Ang II modulates various signaling molecules in inflammation. In a study 

of patients with coronary artery disease, treatment with an ACE inhibitor and ARB 

reduced serum IL-6 [88].  These data suggest that blocking Ang II signaling has anti-

inflammatory effects in vascular disease.  

 Similar to blockers of the RAS, the anti-inflammatory properties of polyphenols 

were also observed in vitro and in vivo. In a model of abdominal aortic aneurysm, 

curcumin improved the structural integrity of the media and reduced inflammatory 

markers including NF-κB, IL-6, MCP-1, and MMP-9 [89] . Resveratrol decreased the 
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expression of the adhesion molecules ICAM-1 and VCAM-1 by inhibition of the NF-κB 

pathway [90]. Quercetin showed similar anti-inflammatory effects in vitro and a clinical 

trial investigating the effects of quercetin treatment in diabetic patients showed a 

significant decrease in the serum concentration of IL-6 and TNF-α [91]. Polyphenol-rich 

olive oil also reduced serum IL-6 and CRP in patients with diabetes [92] and reduce 

plasma CRP in hypertensive females [93]. These data suggest that polyphenols mitigate 

inflammation in a wide range of pathologies. We hypothesize that MGE prevents 

vascular inflammation by inhibiting the activation of NF-kB and abrogating downstream 

IL-6 signaling, the expression of vascular adhesion molecules, and the subsequent 

recruitment of inflammatory cells into the aortic wall. Future studies with MGE will be 

required to demonstrate the effects of this extract on local vascular and cardiac 

inflammation.  

Antioxidants as Therapeutics for Heart Disease 

 The crucial role of ROS in cardiovascular disease suggests that reducing oxidative 

stress in the myocardium can halt or prevent the progression of heart disease. Despite 

evidence suggesting that oxidative stress underlies hypertension and heart disease, 

clinical evidence for this hypothesis is lacking. Explanations for the lack of clinical 

evidence include the need for more information on the molecular mechanisms of ROS in 

human tissue (although abundant evidence is available in animal models and in in vitro 

studies), insufficient methods to evaluate ROS in the clinical setting, and small-scale 

clinical trials to evaluate the effects of antioxidants on hypertension and hypertensive 

heart disease. Various clinical trials with simple antioxidants, such as vitamin C and E, 

were not successful in preventing the progression of heart disease [94, 95]. One 
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explanation for the lack of beneficial effects in these trials is that these vitamin 

antioxidants do not target specific sites, so the antioxidant may not reach the myocardium 

in sufficient amounts to produce a noticeable effect. Another explanation is that some 

ROS react more quickly than an antioxidant—for example, peroxynitrite formation from 

superoxide and NO is formed approximately 10 times faster than its degradation by SOD 

[96], suggesting that blocking peroxynitrite formation may be challenging. Additionally, 

vitamin E is a fat soluble vitamin, and partitions into lipoproteins and cell membranes 

[97]; however, most ROS compartmentalize into various intracellular locations so that the 

antioxidant may never reach the location of the ROS that produce negative effects in the 

presence of hypertensive heart disease. In addition, increasing the dose of Vitamin E 

worsened atherosclerosis and vascular function, possibly due to the formation of the pro-

oxidative vitamin E radical, which can exert negative inotropic effects in the myocardium 

and ultimately worsen cardiac function [98].  

 ACE inhibitors and angiotensin receptor blockers also have antioxidant effects. 

By preventing the formation of Ang II or the activation of the AT1 receptor, these 

therapeutics prevent formation of ROS that would result from activation of downstream 

inflammatory and proliferative pathways. In addition, these drugs actually reduce the 

activation of NADPH oxidases, thereby directly preventing superoxide formation [99].  

 The beneficial effect of statins on the cardiovascular system is partly due to their 

ability to reduce oxidative stress. When statins inhibit HMG-CoA reductase, these drugs 

interfere with the synthesis of mevalonate and isoprenoid intermediates, which are 

responsible for the isoprenylation of small proteins associated with GTP, such as Ras, 

Rho, and Rac [100]. Isoprenylation of these molecules is essential for the covalent 
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attachment, subcellular localization, and intracellular trafficking of membrane-associated 

proteins [101]. Therefore, inhibition of the synthesis of isoprenoid intermediates may be 

the reason for statins’ pleiotropic effects, including their ability to reduce inflammation 

and oxidative stress. Statins decrease Nox activity and subsequent ROS production by 

inhibiting the activation of the small GTPase Rac, which is required for the activity of 

NADPH oxidases. A decrease in other Nox subunits, such as p22phox and p47phox, was 

also observed after statin therapy. In addition, statin treatment increases the expression of 

SOD and catalase in various cell types [102, 103]. In patients with cardiovascular disease, 

statin use decreased serum markers of oxidative stress, such as MDA, as well as reduced 

Nox subunits and activity [104, 105], suggesting that one of the mechanisms of the 

beneficial action of this drug class is by reducing oxidative stress.  

 These data suggest that targeted therapies to reduce oxidative stress in the 

myocardium may be beneficial to cardiac pathologies. Non-specific antioxidants, such as 

vitamins, may not be efficient in reducing ROS in various tissues and intracellular 

compartments and may require high doses to produce a physiological effect. The MGE 

used in the present studies specifically modulated pro-fibrotic molecules, inhibited 

NADPH oxidase subunits, and increased endogenous antioxidants, indicating that the 

extract may be beneficial in clinical models of hypertensive heart disease.  

Challenges in the Translation of Pre-Clinical and Clinical Research of Polyphenols 

 One of the major problems with the use of polyphenols as supplements or medical 

foods is the lack of translation from pre-clinical research to clinical models. An 

abundance of preclinical studies in numerous cellular and animal models of 

cardiovascular disease suggests that resveratrol, a polyphenol found in grapes and red 
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wine, has beneficial effects. However, clinical trials show disparate results with regard to 

the efficacy of resveratrol for the treatment or prevention of cardiovascular pathologies. 

One reason that pre-clinical and human data cannot be compared effectively is the wide 

range of doses used in studies in animals and humans. In animal studies, the doses of 

resveratrol range from 0.1 mg/kg/day to 1200 mg/kg/day while in clinical studies, the 

doses range from 10 mg/kg/day to 1000 mg/kg/day [106]. Abundant research showed that 

resveratrol is successful in preventing or reducing cardiovascular risk in animals, 

including improving cardiac systolic and diastolic function, hypertrophy, endothelial 

function, and ROS [107]. However, these in vivo studies failed in translation to the clinic 

where patient data suggest that resveratrol has minor or no effects on cardiovascular 

health. In addition to differences in the dosage of resveratrol used, the length of 

treatment/intervention varies between studies; while resveratrol supplementation dosage 

varied from 6 mg/day to 5 g/day [108], the treatment period, cited as both acute and long-

term, varied from a few weeks up to a year. The terms acute (single dose for days), 

subchronic (recurring doses for weeks), and chronic (repetitive doses for months) are 

conventional terms used in the evaluation of toxicity of treatments and drugs. The same 

cannot be said for phytochemicals, which generally have lower biological activity 

compared to pharmaceutical drugs [108]. Moreover, establishing a time interval to 

evaluate either ‘preventive’ or ‘curative’ effects of a dietary compound is difficult 

because potential toxicity must also be assessed, a process that is conducted thoroughly 

for pharmaceutical drugs.  

 Another issue with the use of polyphenols as supplements or medical foods is the 

mechanism of administration of polyphenols—resveratrol is poorly water-soluble [109] 
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but clinical trials administer this polyphenol in drinking water. Resveratrol is highly 

absorbed but is rapidly metabolized, leaving little free plasma resveratrol to reach target 

organs; it is also quickly eliminated [110]. In vivo, resveratrol is absorbed through the GI 

tract and is rapidly metabolized to glucuronides, sulfates, and hydroxylates [111]. The 

nature of these metabolites differs between individuals and this variability can also 

contribute to the efficacy of resveratrol [112]. Furthermore, it is not clear whether free 

resveratrol or its metabolites are responsible for its biological actions. In vitro, 

metabolism of polyphenols by specialized gastrointestinal or hepatic cells cannot occur; 

the responses observed in vitro are thus primarily due to free resveratrol. However, in 

vivo, resveratrol is actively metabolized and therefore clinical actions may be due to 

unprocessed resveratrol or its metabolites. If resveratrol itself is responsible for the 

beneficial effects on the cardiovascular system, its rapid metabolism in vivo may explain 

the lack of effects seen in clinical trials.  

 The main factor that determines whether a polyphenol will exert beneficial 

actions in vivo is based on its bioavailability. The bioavailability of a compound is 

defined as “the fraction of an ingested nutrient or compound that reaches the systemic 

circulation and the specific sites where it can exert its biological action” [113]. The 

measurement of detectable plasma levels of a polyphenol or its metabolite(s) does not 

necessarily mean that the active compound reaches the tissue of interest. The structure of 

a polyphenol determines the rate and extent of intestinal absorption and what types of 

metabolites are produced. After oral administration of polyphenols, these compounds 

undergo extensive modifications in the small intestine and in the liver; if ingested 

polyphenols are not absorbed in the small intestine, they reach the colon where 
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polyphenols are metabolized and transformed by the intestinal flora. Administering a 

drug/compound orally is less invasive and inexpensive compared to direct intravenous 

administration. However, various factors affect the efficacy of oral formulations 

including improper degradation in the stomach, variable metabolism and absorption in 

the intestines, differences in the permeability of the intestinal wall, and incomplete 

release of the drug. The two fundamental factors that affect drug bioavailability, though, 

are the solubility of the compound and its gastrointestinal permeability [114].   

 The bioavailability and actions of polyphenols vary significantly between species 

and contribute to disparate data between pre-clinical and clinical trials involving natural 

products. A comprehensive study conducted by Musther et al. [115] investigated whether 

animal and human bioavailability of drugs correlated in an extensive analysis of the 

published literature data on 184 compounds. They found that non-human primates are the 

most predictive amongst other species for human bioavailability; conversely, data from 

mice and rats showed no correlation to human drug bioavailability data. Another study 

investigated the absorption mechanisms of 14 drugs in the rat and human jejunum and 

found a significant correlation for drug permeability in both carrier-mediated absorption 

and passive diffusion [116]. However, no correlation was found for oral drug 

bioavailability between the two species; in addition, the expression of metabolizing 

enzymes in rat and human intestine did not correlate and the levels of intestinal 

transporters were not similar. Specifically, for the polyphenol epicatechin, which is 

present in high levels in MGE, the relative amounts of individual epicatechin metabolites 

vary between mice, rats, and humans [117]. These differences can contribute to the 



190 
 

variability of the absorption and bioavailability of compounds between rodent and human 

models.  

 One of the main determinants of the efficacy of absorption in the gut is the 

microbiome that is present in each individual. The human gut is colonized by more than 

1014 bacteria, which is 10 times higher than the total number of human cells [118]. The 

human microbiome has 100-fold greater metabolic capacity than the liver, making it 

critical to the absorption and ultimate impact of polyphenols in the body [119]. The 

intestinal microbiota contains numerous enzymes that modify polyphenols by processes 

such as esterification, glycosidic hydrolysis, demethylation, dehydroxylation and 

decarboxylation [119]. For example, the metabolism of epicatechin is highly dependent 

on the gut microbiome. Ottaviani and colleagues demonstrated that epicatechin (a 

polyphenol present in MGE) was highly absorbed (~82%) and was biotransformed into 

more than 20 different metabolites; in fact, levels of unmetabolized epicatechin in the 

circulatory system were below the limits of detection [117]. Only about 20% of 

epicatechin metabolites were absorbed in the small intestine, with the highest absorption 

occurring in the large intestine. Another highly metabolized but poorly bioavailable 

polyphenol present in MGE is ellagic acid. This compound is mainly metabolized to 

urolithins and ellagic acid-dimethyl ether glucuronide by the gut microbiota; the type of 

urolithin produced also varies between human subjects as well as between species [120-

122]. After ingestion of ellagic acid, only its metabolites were detectable in urine—

unconverted ellagic acid was not present in the urine or plasma of patients [120]. Thus, 

the active metabolites of polyphenols most likely are responsible for their advantageous 

actions in the body. Another complicating factor is the variability in the individual 
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microbiota based on the health status of patients—a study found that the types of 

urolithins produced after ingestion of ellagic acid was different in healthy patients versus 

those with chronic diseases [123]. Abundant evidence describes the anti-inflammatory 

and anti-oxidant effects of urolithins in vitro [124, 125], but in vivo data is lacking and 

mainly consists of data on the ingestion of the relatively low bioavailable ellagic acid. 

The beneficial actions of MGE in the presence of cardiovascular disease may be in part 

due to the metabolism of ellagic acid into the potent compounds urolithins; furthermore, 

the metabolism of MGE may differ between animals and humans. Therefore, another 

missing link between the translation of data from in vivo studies in animal models to 

human studies may be the diversity of the microbiome, and ultimately the polyphenol 

metabolites produced in animals versus humans.  

 These data suggest that the microbiome plays a critical role in polyphenol 

absorption and that in vitro studies may not correlate with in vivo studies because the 

bioactive metabolites may be the main effectors of the beneficial impact in human 

studies. Further research to identify the metabolites of various polyphenols and the 

degree of their effect on biological diseases are necessary. Additionally, the impact of the 

microbiome on the efficacy of natural products needs to be studied so that all patients can 

benefit from consuming polyphenols. Moreover, creating formulations of bioactive 

metabolites of polyphenols for ingestion may reduce the intersubject variability present in 

humans.  

The Use of Natural Products in the Clinical Setting 

 Although many adults use dietary supplements, the disclosure of such use varies 

between patients. A cross-sectional study of patient supplement disclosure demonstrated 
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that patients were more likely to report dietary supplement use if they were specifically 

asked about it by a physician [126]. In this study, office visits of 603 patients were 

recorded. The total number and types of supplements taken by each patient were 

determined by a detailed survey given to the patient after their office visit. Only 48.6% of 

patients disclosed taking any supplements with their provider at their office visit and 

patients disclosed only 33.9% of the supplements they were taking. With primary care 

providers (PCPs), there was a significantly higher chance of patients disclosing their 

supplement use when the PCPs reported that it was very important to them to ask about 

supplements (compared to moderately/not important). The probability of disclosure was 

also associated with the physician’s knowledge of supplements (very knowledgeable vs. 

moderately or not knowledgeable). The importance of low disclosure rates depends on 

the type of supplements patients are taking. For example, most multivitamins have little 

chance of interaction with pharmaceutical drugs. However, non-vitamin non-mineral 

(NVNM) supplements may have toxic effects, especially if taken in excess or with 

prescription medications. The level of knowledge for the specific actions of these 

supplements in both healthy and sick individuals is severely lacking; patient disclosure of 

the use of these compounds is necessary to prevent any adverse side effects and possible 

interactions of supplements with pharmaceutical drugs.  

Combination of Polyphenols vs Individual Polyphenols 

The importance of the combination of various polyphenols versus the use of a 

single polyphenol was highlighted in a study conducted in 43 men and women who had 

higher-than-average CV risk factors due to smoking status, high cholesterol, or 

hypertension [127]. This study was a double-blinded, randomized crossover trial in which 
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patients consumed 1 g of a grape seed extract +/− 0.5 g quercetin. Patients who consumed 

a grape extract alone had a 1.1% greater flow-mediated brachial artery dilatation 

compared with the control group and the addition of quercetin seemed to nullify this 

improvement in flow-mediated dilation. These results suggest that some polyphenols may 

not have an additive or even synergistic effect with other polyphenols. Therefore, the 

particular combination of phenolics used in a treatment is extremely important to the 

results of a clinical study and may account for discrepancies between studies that use a 

grape or berry extract where the exact phenolic content is not known. The total content of 

phenolics, the types of polyphenols that are present, and the particular combination of 

polyphenols in each extract may cause different effects on blood pressure, vascular 

health, and cardiac damage. Although general antioxidants and specific polyphenols, 

such as resveratrol, did not show efficacy in the clinic, diets rich in whole fruits and 

vegetables have shown benefit in various cardiovascular diseases. The Mediterranean diet 

is high in fruits and vegetables, legumes, nuts, whole grains, and olive oil. In a cohort of 

individuals on the Mediterranean diet, the subjects in the highest quartile of phenolic acid 

intake were less likely to have hypertension [128]. This diet is also associated with a 

lower incidence of overall mortality, blood pressure, inflammatory biomarkers, type 2 

diabetes, and obesity. In hypertensive patients, consuming the Mediterranean diet 

enhanced the activity of the antioxidants SOD and catalase while reducing levels of the 

pro-oxidant xanthine oxidase [129]. These data suggest that combinations of polyphenols 

are more effective than supplementation with individual polyphenols in the setting of 

cardiovascular disease. 
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The Effects of Polyphenols With and Without Alcohol  

The French Paradox suggests that the polyphenols found in red wine improve 

cardiovascular health despite high fat intake [130]. However, recent studies showed that 

no amount of alcohol is beneficial to health [131]. Based on the later studies, the copious 

amounts of data on the beneficial effects of a moderate intake of red wine intake are 

questionable. A study conducted by Chiva-Blanch et al. [132] investigated the effects of 

red wine and de-alcoholized red wine in 67 men at high cardiovascular risk (diabetes 

mellitus or ≥ 3 cardiovascular disease risk factors) in a randomized, crossover, controlled 

clinical trial comprising three 4-week periods. In this study, the use of de-alcoholized red 

wine decreased SBP and DBP while increasing plasma NO concentration. Although the 

intake of red wine resulted in a similar trend, the changes in blood pressure were not 

significant, suggesting that the alcohol may negate some of the effects of wine 

polyphenols. The concept that de-alcoholized wine has more benefits than alcoholized 

wine was explored in a study conducted by Banini et al. [133], in which type 2 diabetic 

patients were given either muscadine wine or de-alcoholized muscadine wine for 28 days. 

Participants drinking de-alcoholized wine had improved insulin levels compared to those 

who drank regular wine, suggesting that alcohol may hinder some of the beneficial 

effects of the polyphenols found in muscadine grapes.  

Future Directions for Clinical Evaluation of MGE in Cardiovascular Disease 

Our studies demonstrated that MGE improved cardiac fibrosis, oxidative stress, and 

diastolic dysfunction caused by Ang II-induced hypertension. In the aorta, MGE reduced 

Ang II-mediated hypertrophy, fibrosis, oxidative stress, and inflammatory mediators in 

the media. The effects of MGE on the cardiovascular system were independent of blood 
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pressure, suggesting that the extract acts on specific tissues and organs to prevent damage 

to the myocardium and aorta. In our studies, the beneficial effects of MGE were 

demonstrated in a model of hypertension resulting from Ang II infusion. However, 

cardiac Ang II is not upregulated in all patients with hypertension, suggesting that the 

beneficial effects that we observed may not necessarily be applicable to all patients. A 

next step would be to duplicate this study in a transgenic model of hypertension, such as 

the Ren-2 transgenic rat TGR (mREN2)27, or in spontaneously hypertensive rats. The 

TGR (mREN2)27 rats develop hypertension (systolic blood pressure of approximately 

200 mm Hg) by 8 weeks of age with unchanged or lower systemic concentrations of 

renin, Ang I, Ang II, and angiotensinogen but with higher levels of renin; however, the 

(mREN2) 27 rats display various pathomorphologic changes similar to those observed in 

patients with systemic hypertension [134]. SHRs are the most widely used animal model 

to study hypertension and do not require any physiological, pharmacological, or surgical 

intervention. SHRs develop hypertension in a manner that most closely mimics the 

human development of hypertension; SHRs have an age-dependent increase in blood 

pressure and reach maximum blood pressure around 20-28 weeks of age, in adulthood 

[135]. The slow progressive increase in blood pressure makes the SHR an effective 

model because the development of hypertensive heart disease correlates to the human 

condition. Moreover, environmental factors such as increased salt intake and stress 

impact blood pressure in this model [136, 137].  

In the current studies, MGE was dissolved and administered in the drinking water 

ad libitum. When the amount of water consumed by each group was measured, Control 

and MGE groups drank about 25 mL of water a day whereas Ang II and Ang II + MGE 
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groups drank about 40 mL. This difference in water intake, and therefore MGE 

consumption, may be a confounding source. Using oral gavage to administer MGE would 

eliminate this variability seen between groups and ensure that all animals are consuming 

the same amount of MGE. 

Because MGE has no effects on blood pressure, the extract would most likely be 

used in conjunction with an antihypertensive drug in hypertensive or pre-hypertensive 

patients. Therefore, animal studies should first demonstrate the effects of MGE 

concurrently with an antihypertensive medication. Because studies showed that ACE 

inhibitors and ARBs have antioxidant and anti-fibrotic effects on the myocardium and 

vasculature, MGE supplementation of an ACE inhibitor or ARB treatment may cause a 

synergistic or additive effect on these tissues. Various doses need to be examined to 

determine the optimal effects of an ACE inhibitor or ARB in conjunction with MGE.  

 In conclusion, we demonstrated that treatment with a muscadine grape extract 

prevents Ang II-mediated cardiac and vascular damage without an effect on hypertension. 

Ang II-induced diastolic dysfunction was attenuated by MGE administration, in 

association with a reduction in cardiac myocyte hypertrophy, total fibrosis, and oxidative 

stress. In the aorta, MGE supplementation ameliorated arterial stiffness, in conjunction 

with a decrease in media hypertrophy, fibrosis, oxidative stress, and inflammatory 

markers. These data suggest that MGE may be a therapeutic option for patients with 

hypertensive heart and vascular damage.  
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APPENDIX 

 

Figure 1-Assessment of pERK in heart homogenates of treated rats.  

MGE did not affect the Ang II-mediated increase in myocardial pERK1 and 

pERK2.  

 

 

 

 

 

 

  

Figure 1: The left ventricles of rats treated with either MGE and/or Ang II were 

harvested for protein analysis and western blot. Protein concentrations in sample 

homogenates were determined using the Bradford Protein Assay. Equal amounts of 

protein were loaded into each lane for separation by SDS polyacrylamide gel 

electrophoresis and then transferred to polyvinyl membranes. After transfer, immunoblots 

were blocked with 5% milk and incubated overnight with an antibody to pERK (#9101, 

Cell Signaling), and subsequently anti-rabbit secondary antibody.  The total amount of 

protein loaded per lane was quantified using a GelDoc (Biorad) and immunoreactive 

proteins were normalized to total protein/lane. ** denotes p < 0.01 compared to Control.  
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