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Abstract: 

Small resistance arteries affect total peripheral resistance (TPR). Increased blood pressure (BP) 

in hypertension is proportionate to changes in cardiac output (CO) and TPR. Thus, it is 

imperative to examine compounds that affect microvascular parameters. Resveratrol (trans-

3,5,4’-trihydroxystilbene), a stilbenoid polyphenol, has gained significant research interest and is 

purportedly linked to improved longevity and cardiovascular health. Although resveratrol is 

well-tolerated in humans, it is readily metabolized and exhibits low bioavailability and half-life. I 

hypothesized that resveratrol analogues with altered pharmacokinetics and pharmacodynamics 

would produce greater vasculoprotective effects in an experimental model of hypertension and 

heart failure.  

9-week-old Sprague-Dawley (SD; normotensive control) and spontaneously hypertensive 

heart failure (SHHF) rats were treated for 8 weeks by oral gavage with vehicle (control) or low 

doses (2.5 mg/kg/d) of resveratrol, pterostilbene and gnetol. Systolic BP increased in the SHHF 

rat but was unaltered by stilbenoid treatment. SHHF media:lumen (M:L) increased (17.4±1.2 vs. 

SD 8.9±0.5; p<0.01), while media cross-sectional area remained unchanged, indicating eutrophic 

remodeling, as found in human essential hypertension. All three stilbenoids reduced M:L toward 

normal (SHHF-R 13.8±0.8, SHHF-P 13.7±0.5, SHHF-G 13.0±0.3; p<0.01). Intrinsic stiffness of 

the arterial wall was comparable between groups, demonstrating unchanged geometry-

independent stiffness (SHHF 4.97±0.27 vs SD 4.36±0.18). AMPK! activation was elevated in 

SHHF small arteries and attenuated by gnetol. No differences in ERK1/2, p38, or AT1 signaling 

were detected in mesenteric resistance arteries. Further research on stilbenoid polyphenols as an 

adjunct to current anti-hypertensive therapy is warranted.  
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1. Hypertension 

1.1 Prevalence 

Hypertension is one of the top ten leading causes of mortality worldwide and is responsible for 

9.4 million deaths every year ("Global Summary Estimates, 20 leading causes of death.," 2012; 

Lim, 2012). While hypertension can be considered a preventable contributor to disease and 

death, by the year 2025 it is predicted that 1.56 billion adults will suffer from hypertension 

(James et al., 2014; Kearney et al., 2005). 

Therefore, global measures need to be implemented to recognize high risk populations, 

and to initiate population-based prevention, treatment and management protocols (Kearney et al., 

2005). Hypertension was originally believed to specifically impact the economically developed 

world, although as the incidence of communicable disease decreases in the developing world, the 

incidence of hypertension increases (Ibrahim & Damasceno, 2012; Pickering, 1952). With 

increasing detection and diagnosis of hypertension, especially within the developing world, 

methods to educate this subset of the population through prevention and management of high BP 

via affordable and accessible treatments proves necessary. Elevated BP is a major global health 

burden and risk factor for the development of several disease states including stroke, 

cardiovascular disease, myocardial infarction, atherosclerosis, and diabetes mellitus ("Kidney 

Disease Improving Global Outcomes," 2012; Lund-Johansen, 1983; Pickering, 1952). 

 

1.2 Diagnosis 

Diagnosis of hypertension occurs after two seated consecutive visits to the doctor yield a BP 

reading over 140/90 mm Hg (Pickering et al., 2005). Over 90% of normotensive adults over the 

age of 55 will develop hypertension within their lifetimes (Chobanian et al., 2003). When 
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diagnosing hypertension other cardiovascular risk factors, aside from increased hemodynamic 

load, are also assessed, such as presence of organ damage and cardiac hypertrophy (Ramsay et 

al., 1999). The Joint National Committee (JNC) on the prevention, detection, evaluation, and 

treatment of high BP outlines the stages of hypertension and forms management guidelines for 

health care professionals (James et al., 2014).  

In 2014, the Eighth Joint National Committee (JNC8) published nine recommendations 

for the management of high BP based on systemic evidence gathered from several hypertensive 

clinical studies. However, compared to the Seventh Joint National Committee (JNC7) which 

indicated specific guidelines defining pre-hypertension and hypertension, no such guidelines 

were supplied by the JNC8 (Chobanian et al., 2003; James et al., 2014). According to the JNC7 

report, hypertension is diagnosed when systolic BP (SBP) is greater than 140 mm Hg and 

diastolic BP (DBP) is greater than 90 mm Hg. These numeric guidelines remain comparable to 

the new JNC8 recommendations, who have stated that this definition remains reasonable 

(Chobanian et al., 2003). A key difference between the two panels are new guidelines for 

patients >60 years old. Per the JNC8’s first recommendation, patients who are >60 years old 

should aim to lower their BP to 150/90 mm Hg even though the SBP is still above the old JNC7 

hypertensive definition of 140 mm Hg (James et al., 2014). The JNC8 emphasizes that the 

objective of hypertensive treatment is to reach and maintain a BP goal and forms evidence-based 

guidelines, while the JNC7 identifies pre-hypertensive, hypertensive stage 1, and stage 2 criteria 

for patients with specific BP ranges (Table 1).  

  The Canadian equivalent of the JNC is the Canadian Hypertension Education Program 

(CHEP). CHEP is similarly evidence-based although it is annually updated with 

recommendations for diagnosis of hypertension (Leung et al., 2016). In 2016 four new 
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recommendations were made and two were modified from previous reports. Modifications 

include increasing dietary potassium and extreme lowering of systolic BP to ≤120 mm Hg in 

select high risk patients to prevent cardiovascular events (Leung et al., 2016). Both the JNC and 

CHEP aim to educate both health care providers and the public via improved methods to 

measure and treat high BP. 

 

	
	
	
	
	
	
Table 1. Guidelines for diagnosis of hypertension 

diagnosis SBP (mm Hg) DBP (mm Hg) 

normotensive <120 <80 

pre-hypertensive 120 - 139 80 - 89 

hypertension ≥140 ≥90 

stage 1 hypertension 140-159 90-99 

stage 2 hypertension ≥160 ≥100 

SBP, systolic blood pressure; DBP, diastolic blood pressure (Chobanian et al., 2003). 
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1.3 Forms of hypertension 

1.3.1 Essential hypertension 

Essential (primary) hypertension occurs in 90% of people with high BP and can occur due to 

several factors such as genetics, age, sex, race, and environmental influences (Chobanian et al., 

2003; Folkow, 1982; Staessen et al., 2003). There is not one specific cause that leads to the 

development of essential hypertension, but a cumulative effect of several factors that increase BP 

(Staessen et al., 2003). Essential hypertension is an early sign of development for multiple 

disease states, including myocardial ischemia, cardiac hypertrophy and heart failure (MacMahon 

et al., 1990). Due to the wide range of hypertensive symptoms, the exact etiology remains 

largely unknown. 

 

1.3.2 Secondary hypertension 

Secondary hypertension has an identifiable cause and is diagnosed in 5-10% of hypertensive 

cases (Chobanian et al., 2003; Rimoldi et al., 2014). Secondary hypertension is distinguished 

from essential hypertension by several indicators, including resistance to antihypertensive 

treatments, acute onset, and malignant or accelerated hypertension (Calhoun et al., 2008). 

Indirect or direct actions of prescription drugs, illicit drugs, or food products (e.g. black licorice) 

(Ottenbacher & Blehm, 2015) may cause secondary hypertension or exacerbate hypertension 

(Saseen & MacLaughlin, 2014). However, most cases of secondary hypertension are a result of a 

comorbid disease, such as renal dysfunction, chronic kidney disease, and endocrine disorders 

(Saseen & MacLaughlin, 2014).  
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1.3.3 White coat and masked hypertension 

Patients that demonstrate elevated BP during appointments with health care providers are not 

always hypertensive and may be experiencing white coat hypertension (Pickering et al., 2005). 

This phenomenon occurs when clinical BP readings are elevated but, when measured in a non-

clinical setting, are normotensive (Pickering et al., 2005). Due to the prevalence of white coat 

hypertension, CHEP 2016 recommended health care providers be absent during automated office 

BP measurement to prevent patient interaction (Leung et al., 2016). 

The opposite of white coat hypertension is masked hypertension, where patients appear 

normotensive in a clinical setting even though they are hypertensive in a non-clinical setting 

(Pickering et al., 2005). These two anomalies can be identified through health care providers 

requesting out-of-office BP measurements either at home or a pharmacy, along with concurrent 

clinical measurements. 

 

1.4 Pathophysiology  

Hypertension is an asymptomatic disease and has been referred to as a silent killer. Blood 

pressure is the pressure exerted against the arterial wall by circulating blood. Symptoms related 

to the elevated BP are not always experienced in hypertensive patients. When hypertension 

remains undiagnosed, deleterious effects occur (i.e. resistance artery narrowing and cardiac 

hypertrophy) (Staessen et al., 2003). 

Hypertension is characterized by an increase in BP, which is a function of CO and TPR. 

Where CO is the volume of blood ejected by the heart per minute and in turn is a product of 

stroke volume (SV) and heart rate (HR) (Lund-Johansen, 1983). However, CO is rarely affected 
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in a patient diagnosed with essential hypertension (Dustan et al., 1972). Therefore, BP is directly 

related to TPR, which is the resistance to blood flow in the periphery (Figure 1). 

 

$% = '(	*	+%,	

'( = -.	*	/,	

$%	 ∝ +%, 

Figure 1. BP is proportional to CO and TPR. CO, cardiac output; SV, stroke volume; HR, heart 
rate. 

 

 A major mechanism affecting BP are alterations in the feedback regulation of the Renin-

Angiotensin-Aldosterone System (RAAS) (Saseen & MacLaughlin, 2014). Modifications to the 

RAAS result in vascular complications by increasing angiotensin II through altered renin 

production in the kidney (Brunner et al., 1972; Saseen & MacLaughlin, 2014). Renin catalyzes 

the conversion of angiotensinogen to angiotensin I, which is converted to angiotensin II that 

stimulates the adrenal cortex to produce aldosterone (Saseen & MacLaughlin, 2014). Higher 

incidence of stroke and myocardial infarction are attributed, at least in part, to normal and high 

levels of renin and aldosterone (Brunner et al., 1972). RAAS alterations may explain the 

initiation of essential hypertension. 

 

2. Microvascular disease in hypertension 

2.1 Resistance arteries 

Vascular resistance within the arterioles causes a decline in arterial pressure. The arterioles are 

therefore termed resistance arteries (or small arteries), where lumen diameters are typically less 
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than 400 µm and greater than 100 µm (Intengan & Schiffrin, 2000; Neves et al., 2012). The 

small resistance vessels regulate TPR through vasodilation and vasoconstriction.  

Poiseuille’s law is a mathematical equation that describes the fundamental relationship of 

TPR with vessel flow (R). As stated by Poiseuille’s Law, resistance to blood flow is inversely 

related to the fourth power of the vessel radius (Figure 2) (Ibrahim & Berk, 2009). Several 

factors are considered in this equation, including resistance to flow rate (R), radius (r), fluid 

viscosity (2), and length (l). Thus, even small changes in lumen diameter during hypertension 

result in an exponential increase in TPR. 

 

 

 

, =
4#5
678	

+9:7:;<7:, 78 ∝
>

+%,	

5?@:A	AB77<CDAE →	↓ 78 →	↑ +%,	 →	↑ $%	

Figure 2. Poiseuille’s law. Resistance to blood flow is directly related to the fourth power of the 
radius of the artery. Lumen narrowing, or internal radius decrease, will subsequently increase 
TPR and BP as they are directly related.	
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2.2 Vascular remodeling 

Vascular disease can be triggered by several different mechanisms and may be caused through 

varying degrees of resistance artery narrowing within several circulatory systems, including 

peripheral, renal and cerebral (Schiffrin et al., 2000; Virdis et al., 2008). The two major forms of 

small artery remodeling are eutrophic remodeling, which may occur via rearrangement or 

apoptosis of arterial components, and hypertrophic growth, which is characterized by 

hypertrophy and hyperplasia of vascular smooth muscle cells (VSMC) (Heagerty et al., 1993; 

Intengan, Thibault, et al., 1999). These processes are not mutually exclusive, resistance arteries 

may undergo a combination of the two processes.  

Vascular remodeling increases the severity of hypertension by narrowing the lumen, and 

increasing TPR (Intengan & Schiffrin, 2000; Schiffrin, 2004). It remains to be determined 

whether vascular remodeling is a compensatory mechanism resultant from elevated BP or 

alternatively, whether increased BP is a consequence of TPR changes during vascular 

remodeling; it is likely that remodeling is bidirectional. Vascular abnormalities occur through 

geometric, mechanical, and functional modifications to the small resistance arteries (Intengan & 

Schiffrin, 2000; Neves et al., 2012).  

 

2.2.1 Vascular geometry 

Structural changes that occur in small arteries during hypertension increase media:lumen (M:L) 

through thickening of the media and narrowing of the lumen. The media cross sectional area 

(CSA) is a key property that determines which remodeling process is dominant. Eutrophic 

remodeling, and more specifically inward remodeling, occurs primarily in human essential 

hypertension, while hypertrophic growth typically occurs during secondary hypertension 
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(Mulvany, 1999; Neves et al., 2012). Eutrophic remodeling occurs when there is an inward 

narrowing of the arterial lumen, and media CSA remains unchanged (Intengan & Schiffrin, 

2001). Hypertrophic growth involves an increase in the M:L and CSA through media growth 

(Buus et al., 2001; Intengan & Schiffrin, 2001). Both eutrophic and hypertrophic remodeling 

result in a narrowing of the lumen and increase in the TPR (Figure 3). Different experimental 

models of hypertension predominantly exhibit eutrophic remodeling, as found in mild and 

moderate hypertension, or hypertrophic growth, which occurs in severe and secondary 

hypertension (Table 2) (Korsgaard et al., 1993; Lee et al., 1995). 
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Figure 3. Structural remodeling in small arteries with hypertension. Normotensive vessels may undergo hypertrophic growth or 
eutrophic remodeling or a combination of both. Hypertrophic remodeling involves increases in both the cross-sectional area (CSA) 
and media to lumen ratio (M:L). Eutrophic remodeling presents as unchanged media CSA and increased M:L. Reprinted with 
permission from Wolters Kluwer Health, Inc., (Intengan, H. D., & Schiffrin, E. L, 2000). 
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Table 2. Hypertensive models and vascular remodeling 

eutrophic remodeling reference 

spontaneously hypertensive rat (SHR)  (Intengan, Thibault, et al., 1999; Mulvany & Halpern, 1977; 
Mulvany et al., 1978) 

2-kidney, 1-clip Goldblatt rat (Li et al., 1996) 

angiotensin II-induced hypertensive rat  (Dolinsky et al., 2013) 

mild essential hypertension in humans  (Korsgaard et al., 1993) 

hypertrophic remodeling reference 

deoxycorticosterone acetate (DOCA) salt rat (Deng & Schiffrin, 1992; Lemkens et al., 2012) 

1-kidney, 1-clip Goldblatt rat (Korsgaard & Mulvany, 1988) 

Dahl-salt sensitive rats (d'Uscio et al., 1997) 

secondary hypertension in humans (Lee et al., 1995) 
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2.2.2 Vascular mechanics 

The mechanical properties of small arteries, such as vascular stiffness and compliance, are 

altered in hypertension and affect the resistance to blood flow. Stiffness and compliance, or the 

ability of the artery to buffer changes in pressure, of small resistance arteries may increase 

through several different mechanisms. These include vascular fibrosis, which can occur due to 

the rearrangement and change in expression of extracellular matrix components, such as collagen 

and elastin (Intengan & Schiffrin, 2001). Collagen, for example, is elevated within the arterial 

wall in hypertensive individuals, thereby increasing vascular stiffness and reducing compliance 

(Intengan & Schiffrin, 2001).  

 

2.3 Anti-hypertensive treatments 

Currently, the JNC8 recommends several pharmacotherapies for the management of high BP 

including thiazide-type diuretics, calcium channel blockers (CCB), angiotensin-converting 

enzyme (ACE) inhibitors, or angiotensin receptor blockers (ARB) (James et al., 2014). The 

objective of hypertension management through both pharmacotherapies and lifestyle 

modifications is to minimize symptoms and prevent progression to target-organ damage, such as 

heart failure and kidney disease. By the year 2030, it is projected that the cost of treating 

hypertension will rise to $200.3 billion, from $91.4 billion in 2015 (Heidenreich et al., 2011). 

Even though the cost of treating hypertension is significant, it can be argued that it will remain 

less than the total cost of treating target-organ failure, which would substantially increase health 

care cost and burden. 
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2.3.1 Pharmacotherapies 

Initial drug treatment depends on the degree of BP elevation (stage 1 or 2 hypertension) as well 

as pre-existing comorbidities including diabetes mellitus, stroke, coronary artery disease (CAD) 

and chronic kidney disease (Saseen & MacLaughlin, 2014). Anti-hypertensive treatment is 

classified into first line treatments and alternative treatments; all elicit varying degrees of risk 

reduction for cardiovascular disease. ACE inhibitors, ARB, CCB, and thiazide diuretics are all 

first line treatments and recommended as monotherapies for stage 1 hypertensive patients and as 

combination therapies for more severe stage 2 hypertension (Chobanian et al., 2003). Current 

first line treatments exhibit higher rates of reducing cardiovascular events compared to other 

medications, such as β-blockers, which were previously recommended as first line. However, β-

blockers are still considered a beneficial treatment and are recommended for hypertensive cases 

with specific comorbidities, specifically post-myocardial infarction (MI) or CAD (Saseen & 

MacLaughlin, 2014). 

Beyond BP lowering capabilities, studies indicate concurrent vasculoprotective effects on 

small resistance arteries. Target-organ damage that occurs in hypertension is likely prefaced by 

small artery remodeling and it is therefore probable that resistance artery abnormalities are one 

of the first indicators of human hypertension (Schiffrin, 2001). As mentioned previously, TPR is 

directly associated with the development of hypertension (Figure 1). Therefore, changes in 

geometry and mechanics of small resistance arteries are important. Exponential increase in 

resistance is directly proportional to changes in the radius of the artery (Figure 2). Vascular 

protection vis-à-vis improving blood vessel structure, mechanics, and function toward 

normotensive levels are achieved by some, but not all, anti-hypertensive therapies.  
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Three of the four first line pharmacotherapies suggested by the JNC8 (i.e. ACE 

inhibitors, ARBs, and CCBs) correct deleterious vascular remodeling in experimental animal 

models, through decreased collagen deposition, and improved endothelial function (Schiffrin, 

2001). ACE inhibitors have been reported by Schiffrin et al. to improve vascular structure and 

endothelial dysfunction in specific vascular beds in humans with stage 1 and 2 hypertension 

(Schiffrin & Deng, 1995; Schiffrin et al., 1995). Benetos et al. have also shown reduced media 

thickness of radial and carotid arteries after ARB treatment (Benetos et al., 2000). β-blockers do 

not affect vascular remodeling or endothelial dysfunction even though BP decreases to a level 

comparable to ACE inhibitors (Schiffrin & Deng, 1995). Incidentally this suggests that β-

blockers may not be effective in reversing deleterious vascular remodeling. 

Vascular remodeling and improvement of endothelial function are intertwined with BP 

lowering and it remains challenging to conclude added benefits from anti-hypertensive therapies 

that remodel small arteries from those that do not (Schiffrin, 2001). β-blockers are less effective 

at reducing cardiovascular events compared to first line treatments (Saseen & MacLaughlin, 

2014) and this may be because they lack the ability to improve small artery geometry, 

mechanics, and function (Saseen & MacLaughlin, 2014; Schiffrin, 2001). There is evidence to 

suggest that the regression of vascular remodeling and improvement of endothelial dysfunction 

associated with ACE inhibitors, ARBs, and CCBs may enhance prevention of cardiovascular 

events (Saseen & MacLaughlin, 2014). 

 

2.3.2 Lifestyle modifications 

Lifestyle and dietary modifications that contribute to lowering BP include, but are not limited to, 

increased physical activity, salt intake reduction, and adherence to diet plans such as the Dietary 
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Approaches to Stop Hypertension (DASH), and the Mediterranean diets (Kris-Etherton et al., 

2001; Sacks et al., 1999; Sacks et al., 2001; Saseen & MacLaughlin, 2014). Sacks et al. reported 

that low sodium, in combination with the DASH diet, has greater BP lowering effects then the 

DASH diet alone (Sacks et al., 1999; Sacks et al., 2001). Thus, the JNC has endorsed the DASH 

diet and recommends it in combination with reduced sodium intake and weight loss (James et al., 

2014).  

The DASH diet was created to study how dietary factors affect BP and is now known to 

significantly lower BP in hypertensive individuals (Sacks et al., 1999). This diet stresses fruits, 

vegetables, low fat dairy products, reduced fats, cholesterol, and sugars. The cumulative effect of 

the food components in the DASH diet is responsible for BP lowering, rather than just one 

specific food or nutrient (Appel et al., 2006). The Lyon Heart study examined the effects of the 

Mediterranean-style diet, which emphasizes bread, root vegetables, fish, and low levels of beef 

consumption (Kris-Etherton et al., 2001). Olive oils and moderate wine consumption are also 

encouraged, as this is typical in diets of Greece and Southern Italy (Kris-Etherton et al., 2001). 

Of the patients participating in the Lyon Heart Study, 50 to 70% had a decreased risk of recurrent 

cardiovascular disease (Kris-Etherton et al., 2001). The Mediterranean-style diet was 

popularized when it was discovered that the percent of the population suffering from 

hypertension and coronary heart disease in French and Mediterranean cultures is lower compared 

to their surrounding European countries (de Lorgeril et al., 2002). The Mediterranean and DASH 

diets each have their own advantages, and the specific diet recommended for patients is based on 

preference.  
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3. Natural health products 

3.1 Need for alternatives 

Hypertension is an asymptomatic disease that is not always easily managed. A subset of the 

population will be non-adherent to pharmacotherapies and some may experience resistant 

hypertension. When a patient is unable to maintain a BP lower then 140/90 mm Hg while 

prescribed three or more hypertensive therapies of different classes, they are classified as having 

resistant hypertension (Calhoun et al., 2008). A study detecting adherence through urine analysis 

by Pucci et al. discovered that only 51% of the cohort were adherent to their prescribed anti-

hypertensive medication(s) (Pucci & Martin, 2016). As prescriptions per patient increased, such 

as the case with resistant hypertension, the more likely a patient became non-adherent or 

partially-adherent. The most common reasons for non-adherence included adverse side effects of 

the medication and forgetfulness (Pucci & Martin, 2016). Nonetheless, there are many other 

reasons for lack of adherence to western medications such as cost, availability and accessibility.  

Coinciding with a large percentage of non-adherence to western medications, an 

increasing number of hypertensive patients seek alternative medications in combination with, or 

in place of, western medicine. Natural health products (NHP) have gained widespread popularity 

for treating several morbidities and maladies, including hypertension, diabetes, and cancer. The 

term NHP includes a broad variety of products including vitamins and minerals, herbal remedies, 

homeopathic medicine, traditional medicines, probiotics and other products such as fatty acids 

(Canada, 2015). Currently, the global market for herbal remedies alone totals $60 billion USD 

annually (WHO, 2008). Approximately 80% of the African population uses traditional medicine 

as their primary form of health care (WHO, 2008). Reflecting how the prevalence of 

hypertension in the economically developing world is expected to increase dramatically, an 
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alternative to western medicine is imperative to potentially reduce this forthcoming global 

burden (Ibrahim & Damasceno, 2012).  

Reasons for NHP use vary, whether they are used in combination with or preferred over 

western drugs or products, for seasonal illnesses, or improvement of general health. Both 

Canadians and Americans are turning to these alternatives, with 38% and 40% of the population 

consuming NHPs respectively (Balluz et al., 2000; Troppmann et al., 2002). NHPs are widely 

used and therefore warrant further research. 

 

3.2 Polyphenols and stilbenoids 

Polyphenols are highly conjugated compounds that are found in a wide range of plant species 

such as grapes (Vitis vinifera), blueberries (Vaccinium spp.), legumes, grasses and peanuts 

(Aggarwal et al., 2004; Chen et al., 2002). The most common polyphenols in the grapevine are 

resveratrol (3,5,4′-trihydroxy-trans-stilbene), pterostilbene (trans-3,5-dimethoxy-4’-

hydroxystilbene), pallidol, and viniferins (Ehrhardt et al., 2014; Li et al., 2013).	Polyphenols 

may be found naturally or be synthetically produced. The natural isoforms of polyphenols are 

produced as phytoalexins, secondary metabolites of plants that are produced de novo when 

exposed to stress (Dixon, 2001). Phytoalexins are polyphenolic, and of these compounds many 

are stilbenoid in structure (Ehrhardt et al., 2014). The most important phytoalexin group found in 

the grapevine is considered to be the stilbenes (Martinez-Marquez et al., 2016). 

Stilbenes are non-flavonoid compounds that are a subclass of phenolic acids (Rentzsch et 

al., 2009). Stilbenoid polyphenols are structurally similar, consisting of two benzene rings linked 

by a styrene double bond. Stilbenes are not always monomeric in structure and can exist as 

viniferins, which are oligomeric and polymeric stilbenes (Rentzsch et al., 2009). The stilbenoid 
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structure has been linked to numerous biological activities including anti-oxidant, anti-

angiogenic, anti-carcinogenic and anti-inflammatory actions (Kloypan et al., 2012).  

	
3.3 French Paradox 

The percentage of the population suffering from hypertension and CAD in French and 

Mediterranean cultures is lower compared to their surrounding European countries (de Lorgeril 

et al., 2002). In Britain the likelihood of an adult male to develop ischemic heart disease was 

four times higher than in France (Law & Wald, 1999). This was considered a paradoxical 

relationship, as the French people at that time consumed a diet high in saturated fats, smoked 

abundantly, and led sedentary lifestyles. This relationship suggests two notions: the association 

between CAD and a diet high in saturated fats was invalid, or that there was an external factor 

that mitigated this risk, and conferred lower CAD risk. 

 Finland consumes a diet high in saturated fatty acids; however, in comparison to France, 

this population also has a high percentage of heart disease. The people of Finland consume a diet 

that is plentiful in fatty red meats, butter and bread, and partake a lifestyle that involves laboring 

in cold and damp climates (Huang & Sumpio, 2008). The French climate has hot summers and 

cool winters, which allow an extended growing season for vegetables. The lifestyle in France is 

suited for a diet rich in olive oils, fresh fruit and vegetables, whole grains, and red wine (Huang 

& Sumpio, 2008; Perez-Lopez et al., 2009). The climate in France has significant periods of sun 

exposure that allow a high antioxidant content in their plants, which allows protection from 

reactive oxygen species (ROS) produced during photosynthesis (Huang & Sumpio, 2008). The 

French Paradox is therefore likely due to an accumulation of several external factors.  

The relationship between red wine consumption and lower mortality rates from CAD is 

one of several theories that attempts to explain the French Paradox (Rodrigo et al., 2012). 
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Despite the significant focus on resveratrol, a polyphenol in red wine, there remains a lack of 

satisfactory evidence to support that it is solely responsible to explain the French Paradox. 

Resveratrol exists as two diastereomers, cis-resveratrol and trans-resveratrol, and the latter is the 

most common isoform in nature due to increased structural stability (Figure 4) (Ehrhardt et al., 

2014; Trela & Waterhouse, 1996). The conversion of trans-resveratrol to cis-resveratrol occurs 

through photoisomerization. Both cis and trans-resveratrol are found in red and white wines 

although the trans isomer is readily found in much greater concentrations within dark red wines, 

such as pinot noir (Rentzsch et al., 2009). Red wines that are cultivated in colder climates, such 

as Ontario and the Bordeaux region of France, also have greater resveratrol concentrations than 

those from warmer climates, such as California and South America (Rentzsch et al., 2009). Other 

candidate contributors to the French Paradox include vitamin K2, cheese, fresh fruits and 

vegetables, olive oils, garlic, and alcohol (spirits) (de Lorgeril et al., 2002; Law & Wald, 1999; 

Renaud & de Lorgeril, 1992).  

 There have been several papers published on other contributing factors such as olive 

oils and cheeses (Hohmann et al., 2015; Huang & Sumpio, 2008; Perez-Lopez et al., 2009; 

Petyaev & Bashmakov, 2012; Zheng et al., 2015). France has many olive trees as they are very 

weather-resistant and resilient. The olive tree root is able to grow in very infertile soil (Huang & 

Sumpio, 2008). Olive oils contain flavonoids, phenols, and sterols, and the main antioxidants are 

polyphenols and carotenoids (Huang & Sumpio, 2008). Olive oil antioxidants exert a slight 

lowering effect on oxLDL cholesterol levels and a moderate effect on lowering SBP (Hohmann 

et al., 2015). Therefore, there is evidence of a positive relationship between cardiovascular risk 

factors and high phenolic olive oils. Another explanation of the French paradox was revealed 

through cheese proteomics. This methodology allowed the identification and isolation of novel 
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peptides that inhibit ACE, and some cheeses also downregulate pro-inflammatory cytokines such 

as IL-6, C-reactive protein and TNF-α (Petyaev & Bashmakov, 2012). In summary, the French 

and Mediterranean diets include and allow full year access to a wide variety of foods. 
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Figure 4.	Resveratrol diastereomers. The most common isoform of resveratrol is trans-
resveratrol (trans-3,5,4′-trihydroxy-stilbene). The conversion of trans-resveratrol to cis-
resveratrol (cis-3,5,4′-trihydroxy-stilbene) occurs through photoisomerization with UV light. 
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3.4 Resveratrol and limitations 

Resveratrol alters arterial wall components and compliance in the context of hypertension and 

delays cardiac hypertrophy (Behbahani et al., 2010; Dolinsky et al., 2013; Raj et al., 2014; 

Thandapilly et al., 2010). Resveratrol does not consistently lower BP in animal models 

(Behbahani et al., 2010; Dolinsky et al., 2013; Li et al., 2006). However, resveratrol exerts 

cardioprotective effects; heart weight reduction occurs in partially nephrectomised rats, SBP 

elevation and cardiac hypertrophy is prevented in fructose fed rats, and BP is decreased in high-

fat diet rats (Aubin et al., 2008; Liu et al., 2005; Miatello et al., 2005). Resveratrol also increases 

compliance, and decreases diastolic and systolic dysfunction in SHR (Behbahani et al., 2010; 

Thandapilly et al., 2010) (Table 3). In vivo studies utilizing trans-resveratrol treat hypertension 

through anti-oxidant and anti-inflammatory pathways that may in turn delay the onset 

atherosclerosis and heart failure (Dolinsky et al., 2013; Thandapilly et al., 2010).  

These beneficial effects of resveratrol do not seem sufficient to produce the four fold 

decrease of CAD risk between Britain and France and it is unlikely the sole variable to explain 

the French Paradox (Law & Wald, 1999). In particular, resveratrol has poor solubility, is readily 

metabolized, and undergoes rapid glucuronidation during phase II conjugation resulting in low 

oral bioavailability of 20% and a half-life of 14 minutes in Sprague Dawley rats (Biasutto et al., 

2010; Hao et al., 2015; Kapetanovic et al., 2011; McCormack & McFadden, 2012).  
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Table 3. Cardioprotective effects of resveratrol in vivo  

animal model dose duration effect reference 

partially nephrectomized rat 50 mg/kg/d 4 weeks decreased heart weight and SBP (Liu et al., 2005) 

fructose fed rat 10 mg/kg/d 45 days prevented SBP elevation and 
cardiac hypertrophy (Miatello et al., 2005) 

high fat diet rat 20 mg/kg/d 8 weeks decreased BP and preserved 
vascular function (Aubin et al., 2008) 

SHR 2.5 mg/kg/d 10 weeks 
increased compliance, decreased 
oxidative stress, and 
diastolic/systolic dysfunction 

(Behbahani et al., 2010; 
Thandapilly et al., 
2010) 

CHF – ligation of left coronary 
artery 5 mg/kg/d 10 months improved LV systolic function 

and aortic stiffness (Ahmet et al., 2017) 
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3.5 Clinical Trials 

In clinical trials the bioavailability of resveratrol may be too low to be biologically effective 

(Goldberg et al., 2003). Several trials have used resveratrol, with the highest dose being 5 g/d 

(Boocock et al., 2007; Ghanim et al., 2011; Popat et al., 2013). This was administered in trials 

involving healthy individuals, diabetic patients, and patients with multiple myeloma (Boocock et 

al., 2007; Ghanim et al., 2011; Popat et al., 2013). The long-term effects of daily dosage have 

not yet been entirely determined for resveratrol. In multiple myeloma patients, 5 of 24 

participants developed renal failure, which demonstrated that there is still unknown information 

about the safety of resveratrol treatment and its side effects (Popat et al., 2013). Even though the 

safety profile has not been readily established, resveratrol supplements are available for purchase 

with a wide range of doses. In Canada, there are currently 186 natural health products containing 

resveratrol with market authorization. 

The bioavailability of resveratrol is 20% with an absorption of 70% based on urinary 

excretion data in humans (Biasutto et al., 2010; Kapetanovic et al., 2011; Walle et al., 2004). 

However, two studies claim bioavailability may be higher than that found in the plasma. Blache 

et al. showed that resveratrol was incorporated into lipoproteins and red blood cells, while 

Baisutto et al. determined incomplete recovery in plasma as some resveratrol is likely retained in 

whole blood cell pellet (Biasutto et al., 2010; Blache et al., 1997). The low bioavailability and 

rapid metabolism through sulfation and glucuronidation of resveratrol is consistent between 

humans and animals (Walle et al., 2004).  

Increasing plasma bioavailability has been attempted by changing the structural 

properties of resveratrol to enhance oral dosage effects. SRT501 is a micronized resveratrol 

product that was synthesized by Sirtis, a GlaxoSmithKline (GSK) company, to increase oral 
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bioavailability. Micronized particles were developed and absorption improved through 

dissolution. The mean plasma concentration of SRT501 was 3.6 fold higher than resveratrol 

(Boocock et al., 2007; Howells et al., 2011). SRT501 was used by Howells et al. in a phase 1 

clinical trial. However, a phase II study utilizing SRT501 was terminated due to adverse side 

effects (Boocock et al., 2007; Popat et al., 2013). Sirtis ceased using SRT501 in clinical trials in 

2010. Despite the theoretical potential of resveratrol, clinical trials utilizing resveratrol may not 

produce beneficial results without improved oral bioavailability. The answer for a safer and more 

bioavailable treatment may be in resveratrol analogues. However, the signaling and effectiveness 

of resveratrol analogues are not well understood, and there remains a lack of information on in 

vivo effects. 

 

4. Resveratrol analogues 

Pterostilbene and gnetol are two structural derivatives of resveratrol that share its characteristic 

stilbenoid structure, but their minor compositional differences alter their pharmacokinetic and 

pharmacodynamic profile markedly. 

 

4.1 Pterostilbene  

Pterostilbene (trans-3,5-dimethoxy-4’-hydroxystilbene) is a dimethoxylated analogue of 

resveratrol. Blueberries (Vaccinium spp.) and certain species of grapes and grape leaves (Vitis 

vinifera) contain pterostilbene (Martinez-Marquez et al., 2016; Rimando et al., 2004). The 

natural amount of pterostilbene in Vitis vinifera is considerably less compared to its parent 

compound, trans-resveratrol (Martinez-Marquez et al., 2016). Within the grapevine resveratrol is 

converted to pterostilbene or piceatannol via methylation or hydroxylation, respectively 
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(Martinez-Marquez et al., 2016). The conversion of resveratrol to pterostilbene occurs through 

resveratrol O-methyl transferase, which is specific to Vitis vinifera (VvROMT) (Martinez-

Marquez et al., 2016; Schmidlin et al., 2008). 

  There are approximately 1.5 - 3 mg of resveratrol (per litre of red wine); however, in   

100 g of blueberries there is only 15 !g of pterostilbene (McCormack & McFadden, 2012). In 

contrast, the oral bioavailability of pterostilbene compared to resveratrol is much higher at 80%, 

with a half-life of 105 minutes (McCormack & McFadden, 2012). The prolonged half-life of 

pterostilbene is a result of a methoxy group occupying position 3 and 5 of the benzene ring that 

temporarily prevents glucuronidation. Even though the natural abundance of pterostilbene is not 

substantial, it is easily attainable through chemical synthesis (Schmidlin et al., 2008). 

 

Figure 5.	Structure of pterostilbene (trans-3,5-dimethoxy-4’-hydroxystilbene). The stilbenoid 
polyphenol, pterostilbene, is a structural derivative of resveratrol. The increased bioavailability 
of pterostilbene is due to the addition of two methoxy groups (McCormack & McFadden, 2012).   
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4.1.1 Traditional uses of pterostilbene 

Pterostilbene is an active compound found in several Vaccinium berries and plant species, 

specifically the Pterocarpus genus (Manickam et al., 1997). Pterostilbene was originally 

discovered as a constituent compound in P. santalinus, more commonly known as red 

sandalwood (Manickam et al., 1997; Schmidlin et al., 2008). The heartwood of P. marsupium 

also contains pterostilbene (Manickam et al., 1997). Traditionally, the wood of the P. marsupium 

plant was used in Indian Ayurvedic or holistic medicine for the treatment of diabetes (Manickam 

et al., 1997). The Indian herbal preparation called “Darakchasava” is also used in Ayurvedic 

medicine and consists mainly of dried grape berries (Vitis vinifera) that contains pterostilbene 

and resveratrol (Paul et al., 1999). Darakchasava is consumed as both a general health tonic, and 

more intriguingly, as a cardiotonic (Paul et al., 1999).  

 

4.2 Gnetol 

The tetrahydroxy stilbene, gnetol (trans-2,6,3’,5’-tetrahydroxystilbene), is used in NHPs and 

traditional medicine (Narayanan et al., 2015; Xiang et al., 2002). However, compared to 

resveratrol, gnetol has increased solubility, but a low bioavailability of 6.59% (Remsberg et al., 

2015). The enhanced solubility of gnetol is a result of the increased presence of alcohol groups 

located in the C2 and C6 position of the stilbene frame (Figure 6). 
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Figure 6. Structure of gnetol (trans-2,6,3’,5’-tetrahydroxystilbene). The stilbenoid polyphenol, 
gnetol, is a structural analogue of resveratrol. The tetrahydroxy chemical structure of gnetol 
allows for increased solubility when compared to resveratrol.   

 

4.2.1 Traditional uses of gnetol 

Gnetol has been found in several families of plants including; Gnetaceae and Moraceae, which 

are commonly located in Southern China, and South East Asia (Ohguchi et al., 2003; 

Sermboonpaisarn & Sawasdee, 2012). Of the family Gnetaceae, the genus Gnetum contains 

several stilbene analogues and is traditionally used in folk medicines as well as traditional 

Chinese medicines (Xiang et al., 2002).  

Furthermore, G. gnetum and G. montanum are traditionally used as treatments for 

arthritis, bronchitis, and asthma (Ohguchi et al., 2003; Xiang et al., 2002). Melinjo plants, which 

are part of the species G. gnemon, are fully edible and consumed as a major food item in 

Indonesia (Narayanan et al., 2015). Melinjo seed extract is also sold as a nutritional supplement 

in Japan (Narayanan et al., 2015). The family Moraceae contains the rare species Ficus 

foveolata, a medicinal plant located in Northern Thailand (Sermboonpaisarn & Sawasdee, 2012). 

HO
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The roots of F. foveolata are mashed into an alcoholic beverage and consumed for rejuvenating 

properties, and for enhancing sexual performance (Sermboonpaisarn & Sawasdee, 2012). 
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Figure 7. Resveratrol and structural analogues, pterostilbene and gnetol. Stilbenoid polyphenols consist of two benzene rings 
connected by a styrene double bond. The methoxy groups at C3/C5 of pterostilbene prevent rapid glucuronidation increasing 
bioavailability, while the tetrahydroxy arrangement on gnetol lowers bioavailability. 
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5. Disease and stilbenoids 

Pterostilbene and G. gnemon exert anti-inflammatory, anticancer and antioxidant actions, which 

overlap with the broad range of effects of resveratrol (Fremont, 2000; McCormack & McFadden, 

2012; Narayanan et al., 2015).  

 

5.1 Non-cardiovascular diseases 

5.1.1 Alzheimer’s Disease 

Interest in resveratrol has been extended to Alzheimer’s disease (AD), perhaps by preventing 

downregulation of iNOS (Clement et al., 1998; Dolinsky et al., 2009; Huang et al., 2011; Tome-

Carneiro, Gonzalvez, et al., 2013). Resveratrol also inhibits butyrylcholinesterase (BChE), a 

causal enzyme of AD (Sermboonpaisarn & Sawasdee, 2012). Sermboonpaisarn et al. isolated 

several polyphenols from F. faveolata, including gnetol and resveratrol, and tested anti-

cholinesterase activity (Sermboonpaisarn & Sawasdee, 2012). Gnetol exhibited the greatest 

selectivity and inhibitory effects on BChE (Sermboonpaisarn & Sawasdee, 2012). The 

tetrahydroxy configuration of gnetol may play an important role as it proved more effective than 

the trihydroxy structure of resveratrol. The position and number of hydroxyl groups on the 

stilbenoid frame may influence BChE inhibition. Compared to two commercial drugs for AD, 

galanthamine and phytostiginine, gnetol exhibited greater BChE inhibition (Sermboonpaisarn & 

Sawasdee, 2012). Gnetol is therefore considered an attractive therapeutic to treat AD since BChE 

inhibitors decrease !-amyloid plaques in the brain (Furukawa-Hibi et al., 2011). 
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5.1.2 Melanoma 

Gnetol extracted from the roots of G. gnemon is a strong inhibitor of tyrosinase activity resulting 

in decreased melanin biosynthesis (Ohguchi et al., 2003). The enzyme tyrosinase plays a role in 

the accumulation of melanin pigments. Hyperpigmentation occurs when there is an abundance of 

melanin (Ohguchi et al., 2003). Oxyresveratrol, another tetrahydroxy analogue of resveratrol, is 

also an inhibitor of tyrosinase activity. Both gnetol and oxyresveratrol exhibit greater inhibition 

compared to resveratrol and again, the quantity and placement of hydroxy groups may affect 

tyrosinase activity (Ohguchi et al., 2003). Currently, kojic acid and albumin are used in beauty 

products as depigmenting agents; however, gnetol is 30-fold more effective than kojic acid 

(Ohguchi et al., 2003). Gnetol shows potential as a cosmetic for hyperpigmentation or as a 

pharmacological agent for the treatment of melanomas. 

Pterostilbene treatment has inhibited malignant melanomas through several mechanisms, 

but not specifically through tyrosinase inhibition. Pterostilbene has been attributed to inhibition 

of NO production and preventing metastasis and apoptosis (McCormack & McFadden, 2012). 

Pterostilbene is also associated with preclinical anticancer effects. After treatment with 

pterostilbene, breast cancer stem cells (BCSC) lost tumorigenicity by virtue of effects on cancer 

stem cell maintenance and reduced CD44 activity (Wu et al., 2015). The greater lipophilicity and 

bioavailability of pterostilbene, compared to resveratrol, increases potential for cellular uptake 

and promoted apoptosis in several cancer lines including melanoma, breast, bladder, colon, 

leukemia, lung, pancreas, prostate and stomach (McCormack & McFadden, 2012). 
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5.1.3 Diabetes 

Anti-diabetic effects have also been linked to resveratrol and pterostilbene (Pari & Satheesh, 

2006; Szkudelski & Szkudelska, 2011). Pari et al. reported that pterostilbene lowered glucose 

concentration by increasing glycolysis and decreasing gluconeogenesis (Pari & Satheesh, 2006). 

Pterostilbene-fed diabetic rats also exhibited increased plasma insulin and lowered blood glucose 

levels (Pari & Satheesh, 2006). A multitude of studies suggest anti-diabetic mechanisms for 

resveratrol, including reducing blood glucose, preserving beta cells and improving insulin action 

(Szkudelski & Szkudelska, 2011). Thus, resveratrol, pterostilbene and gnetol may have 

therapeutic potential through numerous mechanisms. 

 

5.2 Cardiovascular disease  

The effect of resveratrol on cardiovascular disease has been studied extensively since the 

observation of the French Paradox. Resveratrol targets multiple pathways and elicits beneficial 

cardiovascular effects in several animal models. For example, resveratrol has reduced the size, 

density, and surface area of atherosclerotic plaques in hypercholesteremic animal models, 

improved cardiac function and reduced cardiac hypertrophy in SHR, and improved 

chemotherapy-induced cardiotoxicity by alleviating oxidative stress (Li et al., 2012; Thandapilly 

et al., 2012).  

Regardless of the low plasma concentration, rapid metabolism and conjugation, 

pharmacological effects of resveratrol are still detected. Despite resveratrol having low 

bioavailability it proves to have high bioactivity, leading to a paradoxical relationship (Tome-

Carneiro, Larrosa, et al., 2013). Resveratrol metabolites that occur through sulfation and 

glucuronidation are considered potential effectors, and likely contribute to the resveratrol 
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paradox (Tome-Carneiro, Larrosa, et al., 2013; Walle et al., 2004). However, the promising 

effects observed pre-clinically do not have comparable outcomes in clinical trials (Bonnefont-

Rousselot, 2016).  

 Stilbenoid analogues such as gnetol and pterostilbene have not been extensively 

researched within the subject of cardiovascular disease, though pterostilbene has been studied in 

the context of atherosclerosis. Pterostilbene inhibits VSMC growth and cell cycle progression 

within rat aorta (Park et al., 2010). Matrix-metalloproteinase-2 (MMP-2) and SMC play key 

roles in the progression of atherosclerosis. Pterostilbene inhibits SMC migration and activation 

of MMP-2 (Lin et al., 2015). Rimando et al. also demonstrated that pterostilbene lowered 

lipid/lipoprotein in hypercholestermic hamsters via PPAR-"	agonism (Rimando et al., 2005). 

Stilbenes of the family Gnetaceae, including resveratrol and gnetol, prevent arachidonic acid-

induced platelet activation; however, both are less potent then aspirin (Kloypan et al., 2012). 

Structural analogues of resveratrol are gaining interest in cardiovascular research. 

 

6. Rationale and hypothesis 

Although resveratrol is well-tolerated in humans, it is readily metabolized and exhibits low oral 

bioavailability. Resveratrol undergoes phase II conjugation and is readily glucuronidated at the 

C3 position. Nevertheless, low dose resveratrol reportedly prevents resistance artery 

abnormalities in the mesenteric arteries of SHR (Behbahani et al., 2010). I extended on previous 

findings using resveratrol analogues, pterostilbene and gnetol. I also utilized a different and 

possibly more physiological relevant animal model, the SHHF rat. The SHHF is a genetic model 

of human heart disease with the risk of heart failure superimposed upon hypertension (Heyen et 

al., 2002).  
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I compared the effects of resveratrol, pterostilbene, and gnetol on the structural and 

mechanical properties of SD and SHHF mesenteric arteries. Vascular structure was examined 

through measuring media and lumen diameters of mesenteric resistance arteries (<400 µm), 

using pressure myography.  

I hypothesized, based upon stilbene oral bioavailability found within the literature, that 

pterostilbene would induce the greatest vasculoprotective effect in the SHHF mesenteric 

resistance arteries. Gnetol, with the lowest bioavailability compared to resveratrol and 

pterostilbene, would have a minor, yet positive effect on vascular remodeling in hypertensive 

resistance arteries.  
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1. Animals 

This study was conducted per recommendations from the Animal Care Committee of the 

University of Manitoba and the Canadian Council of Animal Care. Male Sprague Dawley (SD) 

rats and lean spontaneously hypertensive heart failure (SHHF) rats were obtained from Charles 

River (Senneville, Quebec, Canada) at 7 weeks of age. Animals were housed under a 12-h 

light/dark cycle at 22°C and 60% humidity and fed ad libitum. The rats were acclimatized for 2 

weeks to remove stress induced by their new environment as a variable. 

	

2. Blood pressure and weight 

Rats were trained for BP measurement using tail cuff plethysmography (CODA non-invasive 

blood pressure system; Kent Scientific, Torrington, CT), during the 2 week acclimatization 

period. Systolic BP was measured on a biweekly basis, for a total of five measurements (Figure 

8). 

	
3. Treatments 

After 2 weeks of acclimatization, rats (9 weeks of age) were split into four treatment groups 

within each animal model (i.e. SD, the normotensive animal model, and SHHF, the hypertensive 

animal model). SD and SHHF rats were treated for 8 weeks by oral gavage with vehicle (SD-C, 

SHHF-C) or low doses (2.5 mg/kg/d) of resveratrol (SD-R, SHHF-R), pterostilbene (SD-P, 

SHHF-P), and gnetol (SD-G, SHHF-G) (Sigma Aldrich-Canada, Oakville, ON, Canada; Cayman 

Chemical, Ann Arbor, MI, USA; and Sabinsa Corporation, East Windsor, NJ, USA).  
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Figure 8. In vivo stilbene study timeline. Animals arrived at 7 weeks of age and after 2 weeks of acclimatization, received vehicle, or 
2.5 mg/kg/day of resveratrol, pterostilbene, or gnetol via oral gavage for 8 weeks. Blood pressure was measured bi-weekly. 
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This dose was chosen based on our previous study that showed vascular improvement using low 

dose resveratrol in the SHR animal model (Behbahani et al., 2010). Each treatment group 

consisted of 8 animals, for a total of 64 animals at the beginning of the study. However, mortality 

during the eight week treatment period lowered total animals (Table 4). 

 

4. Tissues 

At 17 weeks of age, rats were anesthetized by 3% isoflurane and hearts were excised. The 

mesenteric cascade was isolated and placed in ice-cold Krebs buffer (118 mmol/L NaCl, 4.65 

mmol/L KCl, 1.18 mmol/L MgSO4, 1.18 mmol/L KHPO3, 25 mmol/L NaHCO3, 2.5 mmol/L 

CaCl2, 5.5 mmol/L glucose, 0.026 mmol/L EDTA). As indicated previously (Kopilas et al., 

2007), the mesenteric artery was chosen for study based on three parameters (Behbahani et al., 

2010; Thandapilly et al., 2013):  

1. mesenteric arteries remodel in human hypertensives; 

2. the mesenteric circulation contributes to TPR as a large percentage of CO flows 

through the resistance arteries;  

3. mesenteric arteries are more suitable for study than coronary, renal, and femoral 

arteries, which also remodel and similarly respond to treatment in hypertensive rat 

models, since branching is less prevalent. 

To maintain consistency and ensure unbiased sampling, arterial segments were dissected from 3rd 

order branches (Figure 9). 
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5. Pressure myography  

Resistance arteries were mounted between two glass micro-cannulas and secured with nylon ties 

in a pressure myograph chamber (Living Systems Instrumentation, Burlington, VT). Small 

arteries were adjusted such that the walls were parallel without stretch. Vessels were equilibrated 

for 1 hour at constant intraluminal pressure (45 mm Hg) in Krebs buffer bubbled with 20% O2 

and 5% CO2, to pH 7.4 and maintained at 37°C. Vessels were considered viable if KCl (125 x 10-

3 mol/L) elicited >50% constriction in lumen diameter. 
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Figure 9. Mesenteric 3rd order arterial segment. Mesenteric resistance arteries are highly 
branched structures. To maintain consistency and ensure unbiased sampling, all mesenteric 
resistance arterial segments were isolated from 3rd order branches. 
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5.1 Vascular geometry 

Vessels were deactivated by perfusing with Ca2+-free Krebs solution containing 10-3 mol/L 

EGTA for 30 minutes, thereby removing myogenic tone. Lumen and media dimensions were 

measured in triplicate along the length of the vessel while the intraluminal pressure was 

maintained at 45 mm Hg. 

 

5.2 Vascular mechanics 

Intraluminal pressure was raised from 3 to 140 mm Hg three times, and arteries were unbuckled 

by adjusting the cannulas. To obtain pressure-lumen diameter relationships, the intraluminal 

pressure was increased stepwise (10 increments) from 3 to 140 mm Hg. Lumen and media 

measurements were measured in triplicate along the length of the vessel at each pressure interval, 

from which parameters of mechanical properties were calculated.  

 

5.3 Formulas 

Media cross-sectional-area (CSA) was calculated by the subtraction of the internal CSA from the 

external CSA:  

1 	#$%&'	()* =
,
4 × /01 − /31  

where De and Di are external and internal diameters of the blood vessel, respectively.  

Incremental distensibilty was calculated as the product of the fractional change in internal 

diameter (D) per change in the intraluminal pressure (P):  

2 	&567$#$58'9	%&:8$5:&;&98< =
1
ΔP ×

ΔD
D ×100 

Circumferential strain (e) was calculated as: 
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3 	B =
/ − /C
/C

 

where D is the internal diameter for a given intravascular pressure, and Do is the original 

diameter at 3 mm Hg.  

Circumferential stress was determined by: 

4 	D =
E/
2F  

where P is the intraluminal pressure in dyne/cm2 (1 mm Hg= 1.334 x 103 dyn/cm2), D is the 

internal diameter and M is the media thickness.  

Elastic modulus (EM) was determined by fitting stress-strain data to the exponential equation 

(y=aebx) using least squares analysis:  

5 	D = DC$HI 

where so was stress at the original diameter, Do, and b is a constant related to the rate of increase 

in the stress-strain curve.  

Tangential elastic modulus (ET) was calculated at several values of stress from the derivative of 

the abovementioned exponential curve (Equation 5):  

6 	KL =
%D
%B = MDC$HI 

The slope of the elastic modulus vs. stress curve, yields the intrinsic stiffness of wall 

components. 

Remodeling index was calculated as: 

7 	7$#O%$9&5P	&5%$Q = 100	×
/3 R − /3 S0TCU0V
/3 R − /3 W

 

where (Di)n and (Di)h were lumen diameters of normotensive and hypertensive vessels, 

respectively. Where (Di)remodel is calculated as: 
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7' 	 /3 S0TCU0V = 	 /0 W
1 −

4()*C
,

X.Z
 

and (De)h is the external diameter of hypertensive vessels.  

Growth index was determined as the difference of hypertensive and normotensive cross-sectional 

area over normotensive cross-sectional area;  

8 	P7O\8ℎ	&5%$Q =
()*W − ()*R

()*R
 

where CSAn and CSAh are media cross-sectional areas of normotensive and hypertensive vessels, 

respectively. 

 

6. Western blot 

The remaining mesenteric cascade was submerged in ice-cold RNAlater immediately after 

dissection. The mesenteric cascade was cleaned and arteries were dissected as previously 

described (Rodrigo et al., 2002). Protein was isolated from frozen mesenteric resistance arteries 

using lysis buffer (50 mmol/L Hepes pH 7.4, 150 mmol/L NaCl, 10% glycerol, 1.5 mmol/L 

MgCl2, 1 mmol/L EGTA, 1% Triton X-100, 1% sodium deoxycholate, and 1% SDS with 

protease inhibitors). Arteries were cut into smaller pieces and sonicated for 1 minute (10 second 

sonication/10 second rest), tissues were then centrifuged at 4°C for 20 minutes and supernatant 

was collected. Protein concentration was determined by BCA assay. 

Protein (20 ug) from mesenteric arteries was separated on 10% polyacrylamide gel and 

transferred to PVDF (polyvinylidene difluoride) membrane. Membranes were blocked for 1 hour 

using 5% skim milk powder in TBS with 0.1% Tween 20. Membranes were incubated overnight 

at 4°C with antibodies against phosphorylated and native AMPKα (Thr172) (1:500, Cell 

Signaling Technology, Danvers, MA), mitogen activated protein kinase 44/42 (ERK1/2), p38, 
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(1:1500, ERK1/2 and 1:500, p38, Cell Signaling Technology, Danvers, MA), and angiotensin-II 

type I receptor (1:1000, AT1, Santa Cruz Biotechnology, Santa Cruz, CA). β-actin antibody 

(1:50,000, Sigma-Aldrich Canada) was blotted for 1 hour at room temperature and used as a 

loading control. Amersham ECL Prime Western Blot detection reagent (GE Healthcare Life 

Sciences, Mississauga, ON) was used to visualize protein bands using an Alpha Innotech 

FluorChemQ imaging system.  

 

7. Statistics 

Data are expressed as mean ± SEM. Statistics are calculated using GraphPad Prism 7 (GraphPad 

Software Inc., CA, USA). Statistical analysis of data was performed by applying one-way or 

two-way analysis of variance (ANOVA) for repeated measures, followed by Bonferroni post-hoc 

test for multiple comparisons. Statistical significance was accepted with a  

p value < 0.05. 
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CHAPTER 3. RESULTS 
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1. Blood pressure, weight and treatment groups 

Systolic BP was significantly elevated in SHHF rats compared to SD throughout the 8 week 

treatment period (Figure 10A; p<0.01) and remained significantly raised at the end of treatment 

(195.7±2.9 mm Hg vs. SD 142.6±7.1 mm Hg; p<0.01; Figure 10B and Table 6). Stilbenoids did 

not have a significant BP lowering effect in the SHHF rat. However, it should be noted that 

compared to the SBP of hypertensive controls (SHHF-C 195.7±2.9 mm Hg, Table 6) there was 

an approximate drop of 10 mm Hg in both resveratrol- and pterostilbene-treated SHHF animals 

(SHHF-R 184.9±6.4 mm Hg and SHHF-P 186.2±3.9 mm Hg, Table 6). At the end of the 

treatment period SHHF rats weighed significantly less than SD (374.7±9.8 vs. SD 564.3±14.5 g; 

p<0.01; Figure 11 and Table 6).  

Each treatment group began with 8 rats for a total of 64 rats (32 SD, and 32 SHHF). 

However, mortality during the eight week treatment period lowered total animals to 55 (Table 4). 

Furthermore, mortality did not demonstrate any pattern and was random in nature. 
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Table 4. In vivo stilbene study treatment groups. 

 
control resveratrol pterostilbene gnetol 

SD (normotensive) 8 8 7 8 

SHHF (hypertensive) 6 6 
 

6 6 

Total n=55. SD, Sprague Dawley; SHHF, spontaneously hypertensive heart failure rat. 
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Figure 10. Systolic blood pressure. Blood pressure was measured using tail cuff 
plethysmography (a) biweekly over the 8 week treatment period and for (b) endpoint blood 
pressure of SD and SHHF rats at 17 weeks of age. Blood pressure was significantly higher in 
SHHF compared to SD animals. (n=5-8). *p<0.05 and **p<0.01 vs untreated SD. 
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	Figure 11. Weight (a) over the 8 week treatment period and at (b) endpoint (17 weeks) was 
significantly greater in SD compared to SHHF. (n=5-8). *p<0.05 and **p<0.01 vs untreated SD. 
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2. Vascular geometry 

The lumen diameter of SHHF arteries was significantly reduced compared to normotensive 

controls (200.2±5.1	"m vs. SD 317.6±9.5 "m; p<0.01; Figure 12A and Table 6). Furthermore, 

the media thickness of the hypertensive control was increased compared to normotensive control 

(35.0±2.7 "m vs. SD 28.1±1.5 "m; p<0.01; Figure 12B and Table 6). However, stilbene-treated 

hypertensive arteries did not exhibit a significant increase in media thickening compared to SD 

arteries (not significant; Table 6). Increased M:L was observed in SHHF control arteries (p<0.01 

vs. SD-C; Figure 13A). However, 8 week stilbenoid treatment significantly attenuated increased 

M:L in SHHF arteries (p<0.01 vs. SHHF-C; Figure 13A). All three stilbenoids (resveratrol, 

pterostilbene and gnetol), elicited comparable reduction in M:L within SHHF arteries. Media 

CSA was similar between animal models and was unaffected by stilbene treatment (not 

significant; Figure 13B). 

 The remodeling index of the untreated SHHF mesenteric arteries was 97.4% with a 

growth index of 3.9% (Table 5). Therefore, eutrophic remodeling was the predominant process 

in SHHF arteries, whereas hypertrophic growth was minimal. 
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Figure 12. Effect of stilbenoids on lumen diameter and media thickness of SD and SHHF 
mesenteric arteries. (a) Lumen diameter of all SHHF resistance arteries were significantly 
smaller then SD arteries. However, SHHF arteries treated with stilbenoids did not have increased 
(b) media thickness, while SHHF-C media thickness was significantly greater relative to SD. 
(n=5-8). *p<0.05 and **p<0.01 vs. untreated SD.
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Figure 13. Effect of stilbenoids on vascular geometry. (a) Media:lumen was attenuated by 8 
week treatment of resveratrol, pterostilbene, and gnetol. No change in (b) media CSA was 
observed between SD and SHHF animals. (n=5-8). *p<0.05 and **p<0.01 vs. untreated SD. 
‡p<0.01 vs. untreated SHHF (Lee et al., 2017).
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Table 5. Growth and remodeling indices in 17 week old SHHF vs. SD arterial segments 

 control resveratrol pterostilbene gnetol 

growth index 3.9% 
 

5.6% 
 

19.4% 
 

14.0% 
 

remodeling index 97.4% 
 

96.2% 
 

79.9% 
 

90.2% 
 

Normalized for body weight (SHHF BW/SD BW)0.05 (Lee et al., 2017).
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3. Vascular mechanics 

3.1 Vascular compliance 

The tension in the arterial wall of SHHF was lower than SD arteries at high pressures. SHHF 

arteries experienced decreased isobaric stress (Figure 14) and strain (Figure 15). When media 

stress is examined as a function of media strain (i.e. under isometric conditions), vascular 

compliance is reflected. A leftward shift of the stress vs. strain curve indicates a decrease in 

compliance, or the ability of the artery to buffer changes in pressure. The compliance curve 

represents geometry and arterial wall components such as elastin and smooth muscle, and less 

distensible wall components, like collagen and the basement membrane. The SHHF arteries 

exhibited a leftward shift of the stress vs. strain curve (Figure 16), which indicates a potential 

decrease in compliance and ability of the artery to buffer changes in pressure. However, when 

quantified using area under the curve (AUC) there is no significant change between SD and 

SHHF arteries (Figure 14B). However, there is a trend towards (p=0.07) towards reduced 

compliance in SHHF-C arteries.  
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Figure 14. Effect of stilbenoids on isobaric stress. Stilbenoid-treated SHHF arteries experienced 
less at high pressures compared to SD. Structural changes that occurred in SHHF arteries were 
beneficial and resulted in protection against pressure-induced tension, these compensatory 
changes serve to protect the artery at extreme pressures. (n=5-8). *p<0.05 and **p<0.01 vs. 
untreated SD. (Lee et al., 2017) Note: The above figure is split into panels for visual clarity, 
statistical analyses were on all data. 
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Figure 15. Effect of stilbenoids on isobaric strain. Stilbenoid-treated SHHF arteries experienced 
less strain at high pressures compared to SD. Geometric changes that occurred in SHHF arteries 
were beneficial and resulted in protection against pressure-induced tension. Compensatory 
changes serve to protect the artery at extreme pressures. (n=5-8). *p<0.05 and **p<0.01 vs. 
untreated SD. (Lee et al., 2017) Note: The above figure is split into panels for visual clarity, 
statistical analyses were on all data. 
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Figure 16. Effect of stilbenoids on vascular compliance. (a) The stress vs. strain curve appeared 
to be shifted to the left in SHHF arteries, but when quantified using (b) AUC of stress vs. strain 
was not statistically significant. However, there is a trend towards reduced compliance (p=0.07, 
SD-C vs. SHHF-C). (n=5-8). (Lee et al., 2017) Note: The above figure is split into panels for 
visual clarity, statistical analyses were on all data. 

	  



	
	
	

60	

3.2 Wall component stiffness 

Isobaric elastic modulus is determined through two factors; wall component stiffness and vessel 

geometry. Thus, when elastic modulus is plotted against stress, geometry is mathematically 

removed as a contributor allowing the plot to provide information solely regarding stiffness. The 

elastic modulus vs. stress curve specifically provides information regarding the stiffness of the 

wall components; i.e. connective tissue, elastin, collagen, smooth muscle and endothelial cells, 

which is depicted through the slope. There is a slight leftward shift in the elastic modulus vs. 

stress curve (Figure 17A). However, the slope of the elastic modulus vs. stress indicates similar 

stiffness between animal models and no effect with stilbenoid treatment (not significant; Figure 

17B). Therefore, compliance changes in SHHF arteries do not occur through altering the 

physical elements such as collagen and elastin, and appear to occur predominantly through 

geometric changes in the artery. 
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Figure 17.  Effect of stilbenoids on vascular wall component stiffness. (a) The elastic modulus 
vs. stress curve of SHHF arteries is not statistically different then SD. This is replicated by (b) 
slope of the EM vs. stress. Wall component stiffness is therefore similar between SD and SHHF 
arteries with or without stilbenoid treatment.	(n=5-8). (Lee et al., 2017) Note: The above figure 
is split into panels for visual clarity, statistical analyses were on all data. 
  



	
	
	

62	

4. Signaling effectors 

4.1 ERK1/2, AMPKα, AT1 and p38 

Four signaling effectors were examined in the mesenteric arteries of SD and SHHF rats: 

ERK1/2, AMPKα, AT1 and p38 MAPK. ERK1/2 activation was similar in SHHF rats compared 

to SD and stilbenoids did not influence arterial ERK1/2 activation (Figure 18). The activation 

status of AMPK was measured via phosphorylation at Thr172 of AMPKα. SHHF arteries had a 

significant increase in phosphorylated AMPKα compared to SD arteries (Figure 19A). AMPKα 

phosphorylation was attenuated in the SHHF mesenteric arteries with gnetol (p<0.05, Figure 

19A) while resveratrol and pterostilbene had no effect. No detectable difference was determined 

in angiotensin receptor AT1 between SD and SHHF or between stilbene groups (Figure 20). No 

differences in phosphorylated and native p38 were significant in mesenteric small arteries of 

SHHF (Figure 21). 
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Figure 18. Mesenteric artery signaling - ERK1/2. Effect of stilbenoids on ERK1/2 in mesenteric arteries normalized to (a) total ERK 
and (b) !-actin. Stilbenoids did not influence arterial ERK activation, and ERK activation was similar in SHHF rats compared to SD. 
(n=3-4). (Lee et al., 2017) 
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Figure 19. Mesenteric artery signaling - AMPK". Effect of stilbenoids on AMPKα activation in mesenteric arteries normalized to (a) 
!-actin and (b) total AMPK. AMPKα activation through phosphorylation of Thr172 was detected in SHHF arteries, and attenuated by 
gnetol. (n=3-4). **p<0.01 vs. untreated SD. (Lee et al., 2017) 
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Figure 20. Mesenteric artery signaling – AT1. Effect of stilbenoids on angiotensin receptor AT1 
activation in mesenteric arteries. Angiotensin receptor AT1 was similar between SD and SHHF 
arteries, with or without stilbenoid treatment. (n=3-4).  
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Figure 21. Mesenteric artery signaling – p38. Effect of stilbenoids on p38 MAPK mesenteric 
arteries normalized to total p38. Stilbenoids did not influence arterial p38 activation. (n=3-4). 
(Lee et al., 2017) 
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Table 6. Blood pressure and geometry of mesenteric arteries in SD and SHHF rats at 17 weeks of age. 

 SD SHHF 

parameter C R P G C R P G 

body weight (9 wk old), g 309.6±5.7 312.53±8.5 309.4±7.3 312.3±7.7 267.1±10.5** 254.0±10.3** 246.7±7.2** 250.0±6.4** 

body weight, g 564.3±14.5 573.5±18.8 551.5±23.6 600.0±38.1 374.7±9.8** 363.1±14.4** 351.1±12.1** 364.1±8.6** 

SBP, mm Hg 142.6±7.1 131.7±6.9 137.5±8.9 135.3±4.5 195.7±2.9 ** 184.9±6.4** 186.2±3.9** 193.6±6.3** 

baseline lumen diameter 

(3 mm Hg), µm 

186.5±9.6 203.6±17.7 179.0±7.4 178.9±4.6 143.5±5.4 173.6±6.3 173.6±1.8 164.8±13.6 

lumen diameter, µm 317.6±9.5 333.5±16.3 308.3±8.0 306.9±3.4 200.2±5.1** 236.9±6.3** 238.4±6.4** 222.6±9.0** 

media thickness, µm 28.1±1.5 28.7±1.7 25.4±0.6 25.9±0.7 35.0±2.7* 32.5±1.8 32.5±0.7 30.6±1.6 

media:lumen, % 8.9±0.5 8.7±0.6 8.6±0.5 8.3±0.3 17.4±1.2**‡ 13.8±0.8**‡ 13.7±0.5**‡ 13.0±0.3**‡ 

media CSA, µm2 30567±2054 32859 ± 2821 27842±1365 27525±1019 26017±2709 27604±1829 26514±1382 24441±1740 

slope of EM vs. stress 4.4±0.2 4.9±0.3 4.2±0.1 4.5±0.1 5.0±0.3 5.3±0.4 5.3±0.3 5.4±0.4 

Data represent mean ± SEM. Arterial parameters are measured in relaxed mesenteric arteries at intravascular pressure of 45 mm Hg. n = 5-8.  *p<0.05, **p<0.01 
vs. untreated SD and ‡p<0.01 vs. untreated SHHF. SD, Sprague -Dawley; SHHF, spontaneously hypertensive heart failure; SBP, systolic blood pressure; EM, 
elastic modulus. C, control; R, resveratrol; P, pterostilbene; G, gnetol.   
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CHAPTER 4. DISCUSSION 
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1. Discussion 

Total peripheral resistance is a major component of BP regulation (Figure 1). However, this 

relationship is multi-directional; BP is a vital part of TPR. As blood returns to the heart there is a 

50-70% decline in mean arterial pressure within the small arteries (<400 µm), demonstrating the 

influence these vessels have in regulating TPR (Digne-Malcolm et al., 2016; Hanson et al., 2016; 

Kato & Pinsky, 2015). Vascular remodeling of small arteries is related to TPR alterations 

through Poiseuille’s law (Figure 2). This equation demonstrates that minor changes to the vessel 

diameter will result in exponential changes to the resistance of blood flow. Media thickening that 

occurs in hypertensive arteries can encroach upon the lumen narrowing the area of blood flow. 

The Law of Laplace (P=s/rm) describes how media (m) is inversely related to pressure (P), while 

stress (s) is directly related to pressure (P) and inversely related to radius (r) (Ibrahim & Berk, 

2009). Therefore, as BP increases in hypertensive individuals the vessel wall thickens and 

counterbalances increases in arterial tension. SHHF small arteries had significantly narrower 

lumens which is a key characteristic that influences eutrophic remodeling. Eutrophic remodeling, 

and more specifically inward remodeling, is observed in human essential hypertension 

(Mulvany, 1999).  

Stilbene treatment positively affected the geometry of the SHHF resistance arteries at 17 

weeks of age. Of the three stilbenes studied, both resveratrol and pterostilbene partially 

attenuated lumen narrowing, while all three attenuated the M:L increase in hypertensive arteries. 

Stilbenes had null effects in SD animals. In contrast to my hypothesis that pterostilbene would 

have the greatest vasculoprotective effect, all three stilbenes lowered M:L to the same extent 

within hypertensive small arteries. Interestingly, gnetol with the lowest bioavailability of 6.59% 

showed similar in vivo effects as pterostilbene and resveratrol, with 80% and 20% oral 
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bioavailability, respectively (Kapetanovic et al., 2011; McCormack & McFadden, 2012; 

Remsberg et al., 2015). Pterostilbene only lowered M:L 1% more than gnetol and resveratrol 

treated SHHF (Table 4). All three stilbene compounds demonstrated direct actions on the 

mesenteric resistance arteries and exerted equal vasculoprotective effects.  

Arteries exposed to pterostilbene and resveratrol exhibited very similar remodeling 

overall, even though bioavailability of pterostilbene is reported to be four-fold greater. This may 

be a result of comparable chemical structures when metabolized via glucuronidation or sulfation. 

These processes result in indistinguishable metabolite structures for resveratrol and pterostilbene, 

while gnetol gives rise to an altered structure due to a fourth hydroxy group on the phenol rings. 

Studies investigating resveratrol and metabolites showed pleiotropic actions and different 

biological signaling mediators between metabolite compounds (Calamini et al., 2010; Smoliga & 

Blanchard, 2014). Calimini et al. speculated that resveratrol metabolites may have similar or 

greater physiological activity than the parent compound (Calamini et al., 2010). Remsberg et al. 

noted gnetol and pterostilbene are eliminated via non-renal routes, which coincides with Marier 

et al. who reported similar findings for resveratrol (Marier et al., 2002; Remsberg et al., 2015; 

Remsberg et al., 2008). However, there is possible accumulation of stilbenes in the liver or GI 

tract (Remsberg et al., 2015). Therefore, further research on the bioavailability of stilbenoids in 

plasma, urine and arterial tissue is necessary, as current findings do not reflect the reported 

bioavailability from plasma or serum alone. Literature investigating pterostilbene and gnetol on 

small resistance artery remodeling is currently lacking, despite their structural similarities to 

resveratrol.	

Low-dose stilbene treatment resulted in beneficial vascular remodeling but did not 

demonstrate significant BP lowering. Nonetheless, the observed changes in BP warrant 
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discussion. Lewington et al. reported two-fold differences in mortality from ischemic heart 

disease and vascular causes for every 20 mm Hg elevation in SBP in middle-aged populations 

(Lewington et al., 2002). We found premature mortality was approximately eight times higher 

when BP was elevated (Table 3). However, according to the INTERSTALT study, lowering SBP 

by 2 mm Hg reduces projected 16-year mortality from cardiovascular disease by 4.6%, while a 

10 mm Hg reduction in SBP lowers cardiovascular disease mortality risk by 21.0% (Stamler, 

1997). Anti-hypertensive effects of resveratrol and pterostilbene treatment resulted in a SBP 

decline of 11 mm Hg and 10 mm Hg, respectively (Table 4). Gnetol treatment had the lowest 

decline in hypertensive SBP with 2 mm Hg reduction. Accordingly, even minor SBP changes, 

may be sufficient to result in positive long term health benefits.  

Previous studies utilizing low-dose resveratrol also showed beneficial vascular 

remodeling without lowered BP (Behbahani et al., 2010), although higher doses of resveratrol, 

fluctuating from 10 mg/kg/d to 50 mg/kg/d, have demonstrated BP lowering effects (Liu et al., 

2005; Miatello et al., 2005). Long-term low-dose resveratrol treatment has also been investigated 

by Ahmet et al. and again, they did not demonstrate BP lowering (Ahmet et al., 2017). Long 

term dosing spanned 10 months compared to other resveratrol in vivo studies ranging from 4 to 

10 weeks (Ahmet et al., 2017; Behbahani et al., 2010; Liu et al., 2005). Grape powder consisting 

of several polyphenols, including resveratrol, has also shown significant BP lowering effects in 

SHR (Thandapilly et al., 2012). Coordinated effects of polyphenols, and not specifically one 

factor (i.e. resveratrol), may enhance improvement of arterial parameters and BP lowering. 

Perhaps investigating the synergistic effect of resveratrol, pterostilbene and gnetol could lead to 

noteworthy findings. 
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Vascular remodeling that occurred in SHHF is indicative of eutrophic remodeling (Figure 

3). There are several studies reporting the remodeling mechanism of the small resistance arteries 

of SHR, an animal model that specifically develops hypertension (Bakker et al., 2014). Bakker et 

al. reported that sublines of SHR differ in several parameters including BP, structure, mechanical 

properties and endothelial function (Bakker et al., 2014). The SHR does not consistently show a 

decrease in lumen diameter along with media thickening, and therefore does not reliably mimic 

human essential hypertension through eutrophic inward remodeling (Bakker et al., 2014). The 

SHR model at 20 weeks experiences a combination of hypertrophic and eutrophic remodeling 

(Bakker et al., 2014; Intengan, Thibault, et al., 1999). However, the SHHF rat predominately 

demonstrates eutrophic remodeling, reinforced by a growth index of 3.9% and a remodeling 

index of 97.4% (Table 3). The structural changes that occurred in the SHHF arteries likely 

protect the artery against pressure-induced tension.  

SHHF and SHR do not only show variance in structural properties, but also demonstrate 

mechanical differences. The hypertensive resistance arteries experienced less stress and strain at 

high intraluminal pressures. This is likely due to compensatory mechanisms of the SHHF 

arteries, which serve to protect the artery in the face of high BP. However, structural changes 

that occurred in the SHHF arteries did not improve vascular compliance, as demonstrated by the 

AUC of stress vs. strain (Figure 16). This finding is model specific, SHR mesenteric arteries 

demonstrate increased compliance (Behbahani et al., 2010). Another contrast between SHR and 

SHHF small arteries is wall component stiffness. While mesenteric resistance arteries in SHR 

exhibit reduced stiffness, SHHF mesenteric arteries demonstrate unaltered wall component 

stiffness (Behbahani et al., 2010). Vascular changes in SHR and SHHF occur through alterations 
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in vessel wall composition. Accordingly, the SHHF animal model may be more suitable then 

SHR to model cardiovascular disease progression (Heyen et al., 2002). 

Mild human essential hypertension presents with eutrophic remodeling and increased 

M:L, but is also characterized by increased compliance within the small resistance arteries 

(Intengan, Deng, et al., 1999). Vascular compliance is determined by geometry, and is the ability 

of the artery to buffer changes in pressure. In contrast to the structural changes indicating that the 

SHHF models human essential hypertension, the mechanical properties (lack of increased 

compliance) do not coincide with this finding. In fact, not only do SHHF small resistance arteries 

show no change in stiffness, there is a trend (p=0.07) towards reduced compliance. SHHF rats 

are characterized initially by spontaneous hypertension at 4 months but further develop 

symptoms of congestive heart failure (CHF), including compensated left ventricular hypertrophy 

and cardiac remodeling (Heyen et al., 2002). Conceivably, the mechanical properties that are 

demonstrated by the SHHF small resistance arteries may resemble hypertension alongside 

progression to CHF. Small resistance arteries of SHHF demonstrate altered mechanical 

properties compared to SHR but also express regional, bed-specific differences within the model 

itself (Lee et al., 2017).  

SHHF mesenteric resistance arteries and the middle cerebral arteries (MCA) yield altered 

vascular properties. Wall component stiffness of mesenteric small arteries remains unchanged in 

SHHF, while the MCA demonstrates increased stiffness (Izzard et al., 2006; Lee et al., 2017). 

However, both SHHF mesenteric arteries and MCA exhibit reduced vascular compliance, and 

similar geometrical changes, such as increased M:L (Lee et al., 2017). Vascular compliance in 

SHHF MCA showed a statistically significant decrease, likely occurring through a combination 

of increased vascular stiffness and changes is vascular geometry. However, SHHF mesenteric 
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arteries only exhibit geometrical changes and unchanged wall component stiffness, leading to 

merely a trend in reduced compliance.  

SHHF MCA also exhibit both hypertrophic and eutrophic remodeling, with growth and 

remodeling indices 43.6% and 58%, respectively (Lee et al., 2017), whereas the SHHF 

mesenteric resistance arteries predominantly exhibit eutrophic remodeling. Unlike SHHF 

mesenteric arteries, the SHHF MCA experience similar remodeling profiles in both SHR and 

SHHF animals (Izzard et al., 2006; Lee et al., 2017). 

There are several signaling mediators that are modified in the development of 

hypertension and through polyphenol treatment. ERK1/2 is a mitogen activated protein kinase 

that is an upstream regulator of angiotensin II induced cAMP response element binding (CREB) 

and nuclear factor-kappa B (NF-kB) (Sahar et al., 2007). Behbahani et al. concluded that 

phosphorylation of ERK1/2 increased in SHR mesenteric arteries, but resveratrol treatment 

attenuated ERK1/2 upregulation (Behbahani et al., 2010). Similar observations were made by 

Lopez-Sepulveda et al. using red wine polyphenols, which were found to inhibit ERK1/2 

activation (Lopez-Sepulveda et al., 2011). Phosphorylated ERK1/2 signaling was not elevated in 

SHHF mesenteric arteries, and stilbenoids did not attenuate ERK1/2 signaling. Notably, this 

shows ERK1/2 signaling abnormalities is a difference between SHR and SHHF mesenteric 

resistance arteries.  

Angiotensin II is a part of the RAAS and binds two receptors, angiotensin-II type-1 (AT1) 

and angiotensin-II type-2 (AT2) (de Gasparo et al., 2000). These receptors are major targets for 

BP lowering drugs. AT2 receptors are more common in fetal development, but control BP and 

renal modifications as well, while AT1 receptors mediate most of the known functions of 

angiotensin II (de Gasparo et al., 2000). In salt-sensitive models of hypertension renin 
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production within the kidney is affected, causing downstream changes of angiotensin II 

production and BP increase. In vivo studies with resveratrol treatment in C57/B6 mice show 

inhibitory effects against angiotensin II induced hypertension and production of IL-6 (Inanaga et 

al., 2009). In agreement with Behbahani et al. who demonstrated no change in AT1 or AT2 

receptors in SHR small mesenteric arteries (Behbahani et al., 2010), there was also no 

upregulation or inhibition of AT1 receptors within SHHF. 

AMP-activated protein kinase, a regulator of vascular tone, is elevated in SHR mesenteric 

arteries (Ford et al., 2012). BP lowering effects through AMPK activation are thought to occur 

via vasorelaxation in small resistance arteries (Ford et al., 2012). SHHF mesenteric arteries 

exhibit exaggerated AMPK signaling which corresponds with SHR model findings (Ford et al., 

2012). However, resveratrol and pterostilbene failed to attenuate AMPK upregulation in SHHF 

animals (Figure 21). Only gnetol showed partial attenuation of AMPK signaling. Therefore, it 

seems unlikely that AMPK is a major signaling mediator involved in stilbene vascular 

remodeling. Furthermore p38, a MAP kinase, is upregulated during chronic hypertension 

(Hanson et al., 2016). Hanson et al. showed amplified phosphorylation of p38 in SHR aorta 

(Hanson et al., 2016). Alterations in phosphorylation of p38 between SD and SHHF stilbene 

treated mesenteric resistance arteries was not evident (Figure 23).  

Although no specific signaling mediator was detected that demonstrated altered effects 

due to stilbenoid treatment there are other effectors that could potentially be involved. NF-kB is 

downregulated through the action of resveratrol (Manna et al., 2000; Tome-Carneiro et al., 

2012). However, the mode of action in which resveratrol inhibits NF-kB remains to be 

concluded. NF-kB inhibitors, such as curcumin, act on IKBα through phosphorylation and 

degradation of the protein (Singh & Aggarwal, 1995). Resveratrol did not affect IKBα as found 
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by Manna et al. (Manna et al., 2000). Caffeic acid phenethyl ester inhibits NF-kB by altering the 

DNA binding site. However, there was no effect on the NF-kB DNA binding domain by 

resveratrol (Manna et al., 2000). Manna et al. therefore reported that resveratrol inhibition of 

NF-kB may occur through inhibition of TNF-induced translocation, NF-kB p65 subunit, and 

reporter gene transcription (Manna et al., 2000). Inhibition of TNF-α, a pro-inflammatory 

cytokine, activated the NF-kB pathway in CVD primary prevention (Tome-Carneiro et al., 

2012). However, the pathway for the downregulation of TNF-α and subsequent NF-kB 

activation was not concluded. However, it is improbable that NF-kB signaling is responsible for 

stilbene remodeling as ERK1/2 was not affected.  

Another signaling mediator that could play a potential role is eNOS. Under physiological 

conditions, eNOS produces NO, which is a key molecule in the endothelium for vasoprotection 

(Li & Forstermann, 2000). When the arterial endothelium experiences oxidative stress the 

production of NO is rapidly inhibited by the increasing concentration of superoxide radicals (Li 

et al., 2014). Bhatt et al. examined eNOS in SHR aortic homogenates using the NOS substrate L-

arginine methyl ester (L-NAME) (Bhatt et al., 2011). Incubation with L-NAME caused an 

increase in superoxide generation in SHR but not WKY. When exposed to L-NNA, an eNOS 

inhibitor, superoxide levels in SHR were re-established to WKY levels (Bhatt et al., 2011). 

Resveratrol treatment had the same effect on SHR as L-NNA, indicating that superoxides were 

developed through eNOS. However, BH4 addition abolished superoxide development in SHR, 

resveratrol had equivalent effects on superoxides (Bhatt et al., 2011). Bhatt et al. report that SHR 

treated with resveratrol re-established SOD levels, similar to the findings from Cheng et al. who 

found resveratrol increased NO and SOD levels (Bhatt et al., 2011; Cheng et al., 2014). 

Resveratrol and red wine polyphenols prevent eNOS uncoupling, re-establish SOD and NO, and 
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attenuate the onset of hypertension by re-establishing endothelial function or lowering BP in 

hypertensive animal models.  

Lastly, the endothelium-derived contracting factor, endothelin-1 (ET-1) may be a key 

player in vascular remodeling in hypertension (Lopez-Sepulveda et al., 2011). ET-1 is a 

vasoconstrictor that increases superoxide levels through activation of NADPH oxidase subunits 

(Jimenez et al., 2007). Endothelial dysfunction is common when there are high circulating levels 

of ET-1, concurrent with excessive lumen narrowing (Lopez-Sepulveda et al., 2011). Both red 

wine polyphenols and resveratrol may inhibit is ET-1, resulting in downregulation NADPH 

oxidase activity (Jimenez et al., 2007; Lopez-Sepulveda et al., 2011; Lopez-Sepulveda et al., 

2008; Sarr et al., 2006). Major products of NADPH oxidase are superoxides, which are produced 

from ROS in the VSMCs (Bendall et al., 2007). Increasing ROS would subsequently decrease 

NO bioavailability (Marchesi et al., 2009). Jimenez et al. determined that DOCA-salt induced 

hypertensive rats treated with red wine polyphenols had diminished NADPH oxidase activation 

and lower p47phox concentration within arteries (Jimenez et al., 2007). Rat thoracic aortic rings 

treated with red wine polyphenols demonstrated similar effects to those found by Jimenez et al., 

resulting in the reduction of ET-1, and improved endothelial function (Lopez-Sepulveda et al., 

2011). As demonstrated through multiple studies there appears to be an essential relationship 

between a reduction in NADPH oxidase activity and improving endothelial dysfunction in 

hypertensive arteries with high circulating ET-1 levels.  

Oxidative damage of proteins and lipids alter cell functionality. Cell damage via 

oxidative stress was quantified via lipid peroxidation using malondialdehyde (MDA), an 

aldehyde that is an essential end-product of oxidative degradation. SHHF plasma was used to 

examine MDA concentration, and no detectable changes in oxidative stress from stilbene 
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treatment were analyzed (Lee et al., 2017). Thus, both eNOS and ET-1 are unlikely major 

signaling effectors within SHHF at 4 months. Perhaps investigating oxidative damage in SHHF 

at the onset of CHF closer to 16-18 months would show elevated oxidative stress via MDA 

(Heyen et al., 2002). 

 

2. Conclusion 

Although BP lowering may seem like the major contributing factor for essential hypertension, 

vascular remodeling is also noteworthy when it comes to the progression and pathogenesis of 

this disease. Structural remodeling of mesenteric resistance arteries of the SHHF rat exhibit 

eutrophic inward remodeling, as found in human essential hypertension (Mulvany, 1999). 

Mechanical properties of SHHF resistance arteries did not show stilbene induced differences. All 

stilbenes exerted compensatory structural benefits in hypertensive resistance arteries, resulting in 

protection against pressure-induced tension at extreme pressures. The ability of the small arteries 

to buffer changes in pressure, or the vascular compliance, presented a slight leftward shift in the 

stress vs. strain curve, representative of potential decreased compliance in SHHF. A trend toward 

reduced compliance (p=0.07) was evident when quantified by AUC. Furthermore, wall 

component stiffness did not appear to be altered in diseased animals. Overall, this study 

demonstrated that stilbene polyphenols act on small resistance arteries in an analogous manner, 

regardless of previously reported oral bioavailability.  

Clinically, an increase in the M:L of arteries predicts cardiovascular events independently 

of BP lowering (Mathiassen et al., 2007; Rizzoni et al., 2003). It is probable that vascular 

remodeling had already begun before stilbenoid treatment, as BP was already significantly 

elevated in SHHF at 9 weeks. The lack of stilbene-induced BP lowering was beneficial in 
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determining how changes to the vasculature were effected. This suggests that vascular 

improvement was not secondary to BP lowering and reduced hemodynamic stress, but rather a 

result of direct actions on the arterial wall. These findings could assist in clarifying outcomes 

related to metabolite function, and insight into future studies investigating stilbene derivatives. 

Stilbenes in combination with anti-hypertensive therapy or as part of a healthy diet may 

assist in the prevention of hypertension. Further studies investigating stilbenes in combination 

with anti-hypertensive pharmacotherapies or as a component of diet through supplements may 

yield increased benefits compared to singular stilbene treatment. Thus, further research on 

optimizing stilbenoid polyphenol dosage, examining stilbenoid pharmacokinetics and 

pharmacodynamics, and using stilbenoids as an adjunct to current anti-hypertensive therapy is 

necessary.  

	

3. Strengths and limitations 

Overall, this study demonstrated vasculoprotective effects of stilbenoid polyphenols in the 

mesenteric resistance arteries. Previously, the Anderson lab studied the effects of low-dose 

resveratrol in the SHR mesenteric arteries, allowing direct comparison between SHR and SHHF 

vascular remodeling (Behbahani et al., 2010). This current study also simultaneously 

investigated the effects of stilbenes within the failing heart and within the MCA of the SHHF, 

which demonstrated tissue-specific modifications (Akinwumi et al., 2017; Lee et al., 2017) 

Although the use of controls was appropriate for the experimental design (SD for every SHHF 

stilbene group) this resulted in a large number of groups, decreasing overall statistical power. 

Perhaps with a lower number of groups or increased n, statistical significance would have 

emerged within BP, mechanical properties, and signaling effectors. 
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The dose chosen for pterostilbene and gnetol was based on previous studies using low-

dose resveratrol in mesenteric resistance arteries (Behbahani et al., 2010). Structural and 

mechanical changes in the vasculature were indistinguishable between resveratrol, pterostilbene 

and gnetol, demonstrating this dose was effective for all stilbenes. Investigating higher doses 

could be noteworthy for identifying dose-dependent remodeling, or if there is a limit of stilbene 

uptake by the body. This could identify at what dose, volume, and compound structure excess 

stilbenes are excreted. As noted previously, SHHF and SHR could be directly compared with 

previous literature on resveratrol treatment. Nevertheless, the effects of pterostilbene and gnetol 

within the SHR remain unknown. Further experiments in SHR potentially could support and 

clarify model specific vascular differences. Most importantly further studies examining the 

metabolomics of urine, plasma or tissue of SHHF and/or SHR animals treated with stilbenes 

could shed greater insight on bioavailability, metabolites produced and excreted, and 

accumulation within tissue beds. 

Stilbene treatment commenced at 9 weeks of age when SHHF animals were already 

hypertensive. Perhaps earlier intervention, before hypertension onset within SHHF could further 

demonstrate how stilbenes interact with the vasculature, i.e whether stilbenes act through 

genuine attenuation or through remodeling and rearrangement of the vasculature. Before the start 

of the study there were also several cases of premature mortality, although causes remain 

unknown. Death of hypertensive animals and the microscopic nature of small resistance arteries 

resulted in not all animals being included in the study. If resistance arteries were not viable when 

mounted or if slight errors occurred due to the intricacies of pressure myography, the entire 

sample could be discarded, leaving some treatment groups with lower sample size. Another 

limitation of this study was the very small amount of usable tissue acquired from the mesenteric 



	
	
	

81	

cascade (~10 mg) for investigating signaling mediators. The aorta has been used to circumvent 

this limitation (Hanson et al., 2016), although it should be noted the aorta is not a resistance 

artery (<400 µm) and is an imperfect solution. 

 Lastly, the stilbene dose of 2.5 mg/kg/d equates to a human equivalent dose of 27 mg for 

a 60 kg person. Resveratrol content in red wine is approximately 1.5 - 3 mg per liter while 

pterostilbene content in blueberries is 15 !g per 100 g (McCormack & McFadden, 2012). 

Therefore, to receive the equivalent dose used in our study through diet you would need to 

consume approximately 10 litres of wine (resveratrol), and 1.8 kg of blueberries (pterostilbene). 

Accordingly, this further supports that resveratrol alone is unlikely the sole contributor to explain 

French Paradox.  
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