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Supervisor: Robert Matthew Brothers 

 

The series of studies in this dissertation determined: 1) the effectiveness of a 

clinically applicable dietary supplement on cerebral vascular function in African 

Americans (AA), 2) cerebral vascular function in obese individuals, and 3) the underlying 

mechanism of cutaneous microvascular dysfunction in AA. Study #1 identified that acute 

flavanol consumption improves cerebral vasodilatory capacity in response to rebreathing-

induced hypercapnia in AA. Our laboratory previously found that hypercapnia-induced 

cerebral vasodilation is reduced in AA when compared with Caucasian Americans (CA). 

Findings in study #1 may provide an effective interventional strategy to mitigate the high 

incidence of cerebral vascular diseases, which is commonly found in AA. Study #2 

assessed the cerebral vasodilatory capacity in obese individuals. Cerebral vasodilation 

during hypercapnia, as indexed by the total range of change and the maximal increase in 

cerebral vascular conductance, was decreased in obese individuals relative to lean 

counterparts. This attenuated response in obese individuals may explain why they are at 

higher risk for cerebral vascular diseases including Alzheimer’s disease and stroke. In 

study #3, mechanisms underlying impaired cutaneous microvascular thermal reactivity in 
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AA were explored using an intradermal microdialysis technique. Our preliminary data 

previously found that cutaneous vasodilation in response to local heating is decreased in 

AA. As a follow-up study, we assessed cutaneous vasodilation using pharmacological 

agents ascorbic acid and tempol, a global antioxidant and superoxide-specific scavenger, 

respectively. Study #3 determined that reduced cutaneous microvascular thermal 

reactivity in AA is mainly due to elevated concentration/activity of superoxide.  

Collectively, the series of studies in the current dissertation provide a potential 

therapeutic strategy to ameliorate the vascular impairment as well as potential 

mechanisms for elevated cerebral and peripheral vascular dysfunction in individuals with 

elevated risk of cardiovascular diseases for future clinical/mechanistic investigations. 
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Chapter I:  Introduction 

Cardiovascular disease (CVD) is currently the number one cause of death in the 

U.S. (175). CVD is a class of diseases associated with the heart or blood vessels 

including ischemic heart disease, stroke, hypertension, etc. To this end, coronary artery 

disease (CAD), hypertension, and stroke account for 75% of CVD deaths. Direct and 

indirect medical costs associated with the treatment are estimated at 300 billion dollars 

every year (175). The underlying mechanisms are multifactorial; however, many 

potential factors including obesity and race/ethnicity have been proposed to be 

independent contributors for the development of CVD.  

Race/Ethnicity is suggested as an important determinant for the development of 

CVD. Importantly, African Americans (AA) have higher CVD morbidity and mortality 

relative than Caucasian Americans (CA) despite the fact that the overall trend for CVD 

morbidity and mortality is decreasing in the U.S. (131). This higher CVD morbidity and 

mortality can be partially explained by an increased risk for development of a variety of 

cardiovascular and metabolic disease when compared with CA (66, 91, 141, 175). 

Obesity is also one of the critical factors for the future CVD development. The 

prevalence of obesity is increasing dramatically in developed-world populations (148), 

such that approximately 2/3 of the adult population in the U.S. is currently overweight, 

with half of those individuals being obese (175). Being overweight and obese are closely 

associated with increased morbidity and mortality from atherosclerotic diseases (25, 93), 

and are related to 13% of all deaths (175), which contributes to a shorter life expectancy 
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due to the increased prevalence of such diseases (165). Every year, $209 billion is being 

spent on health-related expenses for obesity-related diseases or complications, and this is 

expected to grow to $900 billion by 2030 (28). 

Given that obesity and ethnicity are associated with increase in CVD risks as well 

as increasing healthcare expenses, it is critical to determine mechanisms underlying 

physiological impairment generally found in those populations and to find a clinical 

solution to restore decreased vascular functions.  
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Chapter II:  Statement of the Problem 

 AA are at higher risk for developing a variety of cardiovascular and metabolic 

diseases including CAD, metabolic syndrome, hypertension, and stroke than other 

ethnicities (66, 91, 141).  

 The underlying impairments reveal in early adulthood, often by the second 

generation of life, prior to observable signs of risk, such that healthy young AA 

have vascular impairment (122, 159).  

 Our laboratory has recently determined that cerebral vasodilatory capacity is 

blunted in college-aged AA relative to CA counterparts (95). 

 Flavanols have positive effects on NO bioavailability, contributing to enhancing 

endothelial function (38). 

 

Thus, study #1 aimed to assess the acute effects of flavanol consumption on cerebral 

vasodilatory capacity in AA individuals. This study has been already published in a peer-

reviewed journal (94).  

 

 Obesity increases CVD morbidity and mortality by more than 45% and 

contributes to 13% of all deaths occurring in the United States (6, 40, 55, 153). 

 Obesity is associated with cerebral diseases including cognitive impairment, 

dementia, and Alzheimer disease (44, 60, 68, 177).  
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 Decreased cerebral vasodilatory function is associated with endothelial 

dysfunction (127), which is commonly found in obese individuals (142, 160).   

 

Thus, study #2 aimed to assess the cerebral vasodilatory function in obese individuals. 

 

 The cutaneous microcirculation is recognized as a surrogate vascular bed for 

assessing mechanisms underlying systemic vascular disease (42, 86), such that 

microvascular dysfunction is a precursor to macrovascular dysfunction, and leads 

to various diseases, including hypertension, atherosclerosis, and insulin resistance 

(101). 

 Our preliminary data showed that NO-dependent cutaneous microcirculatory 

function is decreased in a population of college-aged AA individuals relative to 

age, sex, and body mass index (BMI) matched CA.  

 

Thus, study #3 aimed to expand our previous findings and investigate potential 

mechanisms of the impaired cutaneous microvascular function in AA. 
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Chapter III:  General Hypotheses 

 
Carbon dioxide is a strong vasodilator in the cerebral vasculature. Cerebral blood 

flow changes depending on partial pressure of arterial carbon dioxide (PaCO2) with 

hypocanpia and hypercapnia eliciting decreases and increases in cerebral blood flow 

respectively..This feature of the cerebral circulation is important in ensuring an adequate 

supply of nutrients and oxygen, and removal of metabolic waste products from brain 

tissue (113, 174). The sensitivity of this unique feature of the brain is often assessed in 

clinical and research settings to provide an index of cerebral vascular health (113, 174). 

Given the high prevalence of a variety of diseases and conditions including stroke, 

Alzheimer’s disease, and cognitive dysfunction in the AA population (175) and obese 

individuals (44, 60, 68, 177), it is particularly important to determine whether cerebral 

vascular function is impaired in these populations.   

Recently our laboratory reported impaired cerebral vasodilatory capacity in 

college-aged AA, as indexed by a reduction in the total range of change in cerebral 

vascular conductance index (CVCI) and reduced maximal CVCI achieved during 

rebreathing-induced hypercapnia, when compared with CA (95). Flavanols have positive 

effects on endothelium-mediated vasodilation in patients with hypertension (62), chronic 

kidney disease (157), and smokers (78) who are known to have vascular impairments. 

Thus, the study #1 tested the hypothesis that flavanol consumption would acutely improve 

the cerebral vascular response to rebreathing-induced hypercapnia in AA.  
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Harrell et al. demonstrated that cerebral vascular reactivity is the same between 

patients with metabolic syndrome and healthy controls (70). However, we previously 

identified in AA subjects that blunted cerebral vasodilatory response (i.e., plateau) is 

observed only when the hypercapnic stimulus is intense, which is approximately greater 

than 50 mmHg of partial pressure of end-tidal carbon dioxide (PETCO2). Given the 

pattern of the blunted cerebral response in AA, it is possible that the magnitude of 

PETCO2 that was adapted in Harrell’s study (approximately up to 50 mmHg) would not 

have been enough to observe attenuated responses in obese individuals. Thus, study #2 

tested the hypothesis that cerebral vascular capacity in response to intense rebreathing-

induced hypercapnic is impaired in obese individuals when compared with lean 

counterparts. Such a finding would suggest an underlying impairment in cerebral 

vascular function that was worsen as over the course of time.  

Previous studies determined that AA, when compared with CA, have reduced NO 

production due to elevated levels of O2
- (106). Elevated levels of O2

- react with NO 

leading to the production of peroxynitrite and a concomitant decrease in NO 

bioavailability (106, 136). Furthermore, NO production in AA is completely restored by a 

NADPH oxidase inhibitor, suggesting that these elevated levels of O2
- in AA were due to 

increased NADPH oxidase activity, a major source of O2
- production. To this end, our 

recent preliminary data determined that cutaneous microvascular response is decreased in 

AA, suggesting a decreased NO bioavailability. Thus, study #3 tested the hypothesis that 

reduced cutaneous microvascular function is restored by an intradermal infusion of 
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tempol (a specific O2
- scavenger), implicating that impaired cutaneous microvascular 

function in AA occurs mainly due to increased O2
- level.  
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Chapter IV:  Study #1 

Acute Flavanol Consumption Improves the Cerebral Vasodilatory Capacity in 

College-aged African Americans 

This study has been already published in a peer-reviewed journal (94). 

 
 
Abstract 

African Americans (AA) have increased risk for cardio-/cerebrovascular disease. 

AA have attenuated cerebral vasodilator capacity during hypercapnia relative to 

Caucasian Americans (CA). This study tested the hypothesis, using a placebo-controlled 

crossover design, that acute flavanol consumption improves the range of change in 

cerebral vascular conductance (CVCI, (a)) and the maximum CVCI (y0) achieved during 

rebreathing induced increases in end-tidal carbon dioxide tension (PETCO2). 14 college-

aged AA and 14 CA participated. a and y0 were lower in AA prior to flavanols (a; AA: 

46 ± 16 % vs. CA: 74 ± 18 % CVCI; P < 0.001, y0; AA: 151 ± 18 % vs. CA: 176 ± 20 % 

CVCI; P = 0.002); however, these variables were increased post flavanols, such that there 

were no differences between groups (a; AA: 64 ± 19 % vs. CA: 72 ± 22 % CVCI; P = 

0.35, y0; AA: 166 ± 22 % vs. CA: 176 ± 22 % CVCI; P = 0.26). a and y0 were also lower 

in AA prior to placebo (a; AA: 52 ± 19 % vs. CA: 76 ± 15 % CVCI; P = 0.002, y0; AA: 

156 ± 20 % vs. CA: 177 ± 21 % CVCI; P = 0.015) and these differences remained 

following placebo (a; AA: 52 ± 17 % vs. CA: 80 ± 20 % CVCI; P < 0.001, y0; AA: 152 ± 

18 % vs. CA: 181 ± 25 % CVCI; P = 0.003). These data suggest that acute flavanol 

consumption improves cerebral vasodilatory capacity during hypercapnia in AA.  
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Introduction 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality 

worldwide and affects individuals of all races and ethnicities. However, the incidence is 

greatest in African Americans (AA) relative to other populations, including Caucasian 

Americans (CA) (175). Approximately 45% of AA men and 50% of AA women above 

the age of 20 have hypertension, coronary artery disease, metabolic syndrome, and/or 

type II diabetes (175). The mechanisms accounting for this discrepancy remain 

unresolved and are multifactorial; however, impaired endothelial function is a major 

contributing factor (159). Endothelial dysfunction also impairs cerebral vasodilatory 

capacity that can lead to impaired cerebral blood flow (CBF) regulation (127, 223). In 

this regard, AA also have a greater prevalence of the cerebral vascular disease including 

stroke, relative to CA (175). 

Dietary intake of flavanoid-rich foods is inversely correlated with coronary artery 

disease (CAD) mortality (7) as well as stroke incident (109). In a cross-sectional analysis, 

cocoa intake, a source for flavanols (a subgroup of the flavonoid family), was associated 

with reduced cardiovascular and all-cause mortality (23). These findings are supported by 

studies demonstrating improved vascular endothelial function following acute and long-

term flavanol supplementation (59). Furthermore, these improvements are augmented in 

populations with underlying vascular endothelial dysfunction relative to healthy controls 

(78). The proposed mechanisms of flavanol-mediated improvement in endothelial 

function include: increased endothelial nitric oxide synthase (eNOS) expression/activity 

and thus nitric oxide (NO) bioavailability, reduced endothelin-1 (ET-1) 
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activity/production and thus circulating ET-1 concentration, and a reduction in 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity/production (59, 

79, 180). In this regard, AA typically have elevated oxidative stress, circulating ET-1, 

and NADPH oxidase protein expression, and reduced NO bioavailability (106, 136). 

Flavanol consumption increases middle cerebral artery blood velocity in healthy 

elderly individuals at rest (192). The responsiveness of the cerebral vasculature to a 

hypercapnic stimulus is a common functional test to assess CBF regulation (37, 95), 

which occurs primarily through modulation of the cerebral microcirculation and thus 

provides a non-invasive index of cerebral vascular health (104). This is a more robust 

approach relative to resting conditions because it assesses the response to a perturbation 

and thus provides a better index of vascular function. College-aged AA have impaired 

cerebral vasodilatory capacity as indexed by a reduction in the range of change in 

cerebral vascular conductance (CVCI) and reduced maximal CVCI achieved in response 

to hypercapnia when compared with CA (95). The acute effect of flavanol supplement on 

the cerebral vascular response to hypercapnia, particularly in AA, remains unknown. The 

current study tested the hypothesis that flavanol supplement would acutely improve the 

cerebral vascular response to rebreathing-induced hypercapnia in AA. 
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Materials and Methods 

All procedures were approved by the Institutional Review Board at the University 

of Texas at Austin. Participants were given a verbal and written description of all 

procedures, purpose, and risks involved in the study prior to participation. All trials were 

conducted in the morning following an overnight fast (at least 12 hr). Participants 

refrained from strenuous exercise and caffeinated or alcoholic beverages for at least 24 hr 

prior to testing. All trials were conducted in a temperature-controlled laboratory (~24°C 

and 40% relative humidity). 

 

Participants. 14 AA and 14 CA voluntarily participated in the study (Table 1.1). A 

participant’s race was self-defined as AA or CA and was only accepted if both parents 

were AA or CA, respectively. All participants were free from any known cardiovascular, 

cerebral vascular, neurological, metabolic, or cognitive diseases and were non-smokers.  

 

Instrumentation and Measurements. Data were collected in the supine position. 

Participants were instrumented for measurement of heart rate (HR) and cardiac rhythms 

from an electrocardiogram (HP Patient Monitor, Agilent, Santa Clara, CA) interfaced 

with a cardiotachometer (CWE, Ardmore, PA). Mean arterial pressure (MAP) was 

monitored noninvasively using the Penaz method (CNAP, Biopac Monitor 500, Bruck an 

der Mur, Austria). Velocity of blood in the middle cerebral artery (CBFV) was recorded 

by transcranial Doppler ultrasonography (TCD) using a 2-MHz Doppler probe (Multi-

flow, DWL Elektronische Systeme, Singen, Germany) adjusted over the right temporal 
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window. The probe was fixed securely in place using a head strap. CVCI was calculated 

as the ratio of CBFV to MAP. End-tidal carbon dioxide tension (PETCO2) was measured 

via a capnograph (VitalCap Capnograph Monitor, Oridion, Needham, MA) through a 

mouthpiece.  

 

Experimental Protocol. This was a placebo-controlled crossover, randomized study. Data 

collection for each participant occurred during two visits to the laboratory, separated by a 

minimum of one week. Within each participant, data collection was performed at the 

same time of day.  

 

Visit 1: Following instrumentation participants rested quietly in the supine position for 20 

min. Participants were then fitted with a nose clip and breathed through a mouthpiece 

attached to a Y-valve. One end of the Y-valve was connected to a 5-liter bag, and the 

other was open to room air. Participants breathed room air for 6-min of baseline data 

collection. Participants were then exposed to the rebreathing protocol. They first 

performed a deep inspiration and exhaled into an empty rebreathing bag and following 

expiration the Y-valve was switched so they could no longer breathe room air. They 

continued to rebreathe the air in the bag for 3 min. While rebreathing, arterial oxygen 

saturation (SaO2) was held constant (between 97 and 98%) by bleeding oxygen into the 

rebreathing bag (37, 95). 

Following the first rebreathing trial, participants were randomly assigned to 

consume either a flavanol-containing beverage or a placebo, mixed in 250 ml of water, 
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within 5 min. They were not informed regarding which beverage they consumed. 

Beverages were similar in taste and were matched for macro- and micro-nutrients the 

exception being that the placebo was absent of flavanol content (Table 1.2). Plasma 

flavanol concentration reaches its peak at approximately 2-3 hr following consumption of 

flavanol-rich foods (184). Therefore, baseline hemodynamic data were collected and a 

second rebreathing trial was repeated 2 hr post beverage consumption.  

 

Visit #2: Data collection for visit #2 was identical to visit #1 with the exception that 

participants consumed the other beverage.  

 

Data Analysis. MAP, HR, CBFV, and PETCO2 were collected at 125 Hz via a data-

acquisition system (Biopac System, Santa Barbara, CA). Cerebral vascular responses 

(CBFV and subsequent calculation of CVCI) to rebreathing were assessed on a breath-

by-breath basis. Average values for CBFV, CVCI, and PETCO2 were determined during 

the last minute of baseline and for every breath during hypercapnia. The percent change 

in CVCI was determined while the change in PETCO2 was determined. The relationship 

between CBFV and PETCO2 is sigmoidal (37); therefore, a four-parameter logistic 

regression was employed for sigmoidal curve fitting (36, 37, 95).  

 

Where a represents the range of change in % CVCI, b is a constant that determines the 

overall sigmoidal property of the curve, x0 is the level of PETCO2 where cerebral 
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vasomotor reactivity for % CVCI is maximal, and y0 represents the maximum value of % 

CVCI achieved during rebreathing.  

 

Statistical Analysis. All data were analyzed using a statistical software package 

(SigmaPlot 12.5; Systat Software, Inc., San Jose, CA). Participant characteristics, 

baseline hemodynamic data, and all variables from the four-parameter logistic function 

were compared using Student’s two-tailed paired t-test within individuals in each ethnic 

group or Student’s two-tailed unpaired t-test between two ethnic groups. A three-way 

mixed ANOVA (two within, one between) was conducted with factors of time (pre- and 

post-drink), beverage (flavanol and placebo), and group (AA and CA), followed by a 

Tukey’s post hoc procedure. Chi-square test was used for a difference in sex ratio 

between the two groups. Significance was set at P < 0.05 and data are presented as means 

± SD. 
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Results 

The correlation coefficients (r2) for the logistic regressions were 0.93 for AA, 

0.96 for CA, and 0.95 for all participants combined. 

 

Participant characteristics and baseline hemodynamic values. Groups were well matched 

for age, sex ratio, BMI, height, and weight (Table 1.1; P > 0.05 for all comparisons). 

During eucapnic baseline prior to each rebreathing procedure, HR, MAP, CBFV, 

PETCO2, and CVCI were similar between AA and CA (Table 1.3; P > 0.05 for all 

comparisons). The range of change in PETCO2 during rebreathing was similar between 

groups (Table 1.3; P > 0.05).   

 

Flavanol treatment. Compared with CA, a (Figure 1.2A) and y0 (Figure 1.3A) were 

lower in AA prior to flavanol consumption (a; AA: 46 ± 16 % vs. CA: 74 ± 18 % CVCI; 

P < 0.001, y0; AA: 151 ± 18 % vs. CA: 176 ± 20 % CVCI; P = 0.002). There were 

interactions (Type of drink × Pre_Post × Race) for a (P = 0.002) and y0 (P = 0.01), such 

that a (Figure 1.2A&B) and y0 (Figure 1.3A&B) were elevated in AA following flavanol 

consumption (a; pre: 46 ± 16 % vs. post: 64 ± 19 % CVCI; P = 0.007, y0; pre: 151 ± 18 

% vs. post: 166 ± 22 % CVCI; P = 0.02); however, no effects were observed in CA for 

either a (Figure 1.2A. pre: 74 ± 18 % vs. post: 72 ± 22 % CVCI; P = 0.70) or y0 (Figure 

1.3A. pre: 176 ± 20 % CVCI vs. post: 176 ± 22 % CVCI; P = 0.99). Following flavanol 

consumption, a (Figure 1.2A. AA: 64 ± 19 % vs. CA: 72 ± 22 % CVCI; P = 0.35) and y0 

(Figure 1.3A. AA: 166 ± 22 % vs. CA: 176 ± 22 % CVCI; P = 0.26) were not different 
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between groups. There was no difference in x0 and b between groups (AA and CA) and 

time (pre- and post-beverage) (P > 0.05 for all comparisons). 

 

Placebo treatment. In AA, a (Figure 1.2A) and y0 (Figure 1.3A) were lower prior to the 

placebo beverage consumption (a; AA: 52 ± 19 % vs. CA: 76 ± 15 % CVCI; P = 0.002, 

y0; AA: 156 ± 20 % vs. CA: 177 ± 21 % CVCI; P = 0.015); and, these differences in a 

(Figure 1.2A. AA: 52 ± 17 % vs. CA: 80 ± 20 % CVCI; P < 0.001) and y0 (Figure 1.3A. 

AA: 152 ± 18 % vs. CA: 181 ± 25 % CVCI; P = 0.003) remained after the placebo. There 

was no effect of placebo in either the AA (Figure 1.2A. a; pre: 52 ± 19 % vs. post: 52 ± 

17 % CVCI; P = 0.97, Figure 1.3A. y0; pre: 156 ± 20 % vs. post: 152 ± 18 % CVCI; P = 

0.06) or the CA (Figure 1.2A. a; pre: 76 ± 15 % vs. post: 80 ± 20 % CVCI; p = 0.24, 

Figure 1.3A. y0; pre: 177 ± 21 % CVCI vs. post: 181 ± 25 % CVCI; P = 0.45). There was 

no difference in x0 and b between groups (AA and CA) and time (pre- and post-

beverage) (P > 0.05 for all comparisons). 
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Discussion 

These results confirm attenuated cerebral vasodilator capacity during rebreathing-

induced hypercapnia in college-aged AA relative to CA (95). The new finding is that 

flavanol supplement improved this impairment in AA, such that there were no differences 

between groups. 

 

Cerebral Vascular Response to Hypercapnia. Carbon dioxide tension is a modulator of 

cerebral vascular tone and thus cerebral perfusion with hypercapnia and hypocapnia 

eliciting increases and decreases in CBF respectively (222). The sensitivity of this 

response is assessed as an index of cerebral vascular function and thus, cerebral vascular 

health (113). A reduction in cerebral vasodilatory capacity to carbon dioxide tension is 

diminished in various clinical conditions (36, 104) and is a predictor of, as well as a 

contributor to, stroke (67). Attenuated cerebral vasodilatory capacity is also present in a 

variety of other conditions including cognitive dysfunction, dementia, and Alzheimer’s 

disease (10, 188). In this regard, impaired cerebral vasodilatory capacity during 

hypercapnia in AA is of particular importance given the higher rates of these 

aforementioned conditions in AA relative to other populations (175).   

 

Cardiovascular Benefits of Flavanols. Flavonoids are present in a variety of fruits and 

vegetables. Specifically flavanols are found in cocoa (920-1220 mg/100 g), apples (120 

mg/200 g), and tea (~300 mg). (65). The average flavanol intake of an adult in the United 

States is in the range of 50-100 mg per day (143). The flavanol content in the 
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experimental beverage (528 mg) was high enough to observe significant acute effects on 

cerebral vasodilatory capacity in the current investigation. The flavanol-containing 

supplement used in this study included both monomers and oligomers. Epicatechins and 

catechins, which are the flavanol monomers, are absorbed in the small intestine; however, 

flavanol oligomers are not. (90). Epicatechin and catechin have favorable effects on 

endothelial function, blood pressure, and the inflammatory response (77). 12% of the 

flavanol content of the experimental beverage was comprised of monomers, which is well 

matched with the 10% of flavanol monomers that are found in the aforementioned 

flavanol-rich foods (65).  

The favorable physiological effects of flavanols are well documented in both 

clinical and epidemiological studies. High-flavanol consumption, including dark 

chocolate, black tea, and red wine, improved endothelium-dependent vasodilation in 

healthy participants (53) as well as in individuals with type II diabetes (9), hypertension 

(61), kidney disease (157), and coronary artery disease (46). Dark chocolate reduces 

systolic and diastolic blood pressure in both healthy participants and in untreated 

essential hypertensive patients (204), decreases LDL cholesterol (163), and inflammation 

(149), and improves glucose tolerance (61). Lastly, flavanol consumption improves basal 

CBFV in elderly individuals (192). Beneficial effects of flavanols on hemodynamic 

factors have been reported following 2-18 weeks of supplementation (61, 149, 163, 204). 

In contrast, a single dose of flavanol consumption showed inconsistent results (4, 15, 46). 

In the present study, no hemodynamic changes were observed.  
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Potential Mechanisms. CBF is regulated by a number of factors including changes in CO2 

tension, endothelial signals, as well as blood pressure and cardiac output. Thus, 

impairments in endothelial function and/or decreased cerebral vascular sensitivity to 

changes in CO2 tension could negatively impact cerebral vasodilator capacity. Nitric 

oxide synthase (NOS) inhibition reduces basal CBF (102) and the CBF response to 

hypercapnia (181). Furthermore, the effect of NOS inhibition is correlated with the 

degree of hypercapnia (22), suggesting a critical role for NO on CBF regulation. Further 

implicating a role of NO in cerebral vascular sensitivity to CO2 tension are findings in 

primates (206) and humans (223) with elevated cerebral vascular risk indicating that a 

blunted response to hypercapnia is improved following infusion of L-arginine, a 

precursor for NO synthesis. Lavi et al. demonstrated that patients with an impaired 

peripheral endothelial function have reduced CO2-dependent changes in CBF, and this 

was improved following exogenous NO administration (127).  

AA’s attenuated cerebral vasodilatory capacity in response to rebreathing-induced 

hypercapnia may be due to a decrease in NO bioavailability. AA commonly have 

endothelial dysfunction, which is at least partially related to reduced NO bioavailability 

and/or vascular responsiveness to NO (106, 140, 159). AA, when compared with CA, 

have reduced NO production due to elevated levels of superoxide (O2
-). In young AA (22 

± 1 yrs), elevated levels of O2
- react with NO leading to the production of peroxynitrite 

and a concomitant decrease in NO bioavailability (106). Furthermore, NO production in 

young AA is restored by a NADPH oxidase inhibitor (136), suggesting that these 

elevated levels of O2
- in AA were due to increased NADPH oxidase activity. 
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Though these vascular health benefits of flavanols have not been elucidated some 

mechanisms have been proposed. Epicatechin, a flavanol monomer, prevents O2
- 

generation through inhibition of NADPH oxidase, resulting in enhanced NO bioactivity 

(180). 3’-O-methyl-epicatechin, a bioactive metabolite of epicatechin with catechol-O-

methyl-transferase (COMT), attenuates NADPH oxidase activity, contributing to a 

decrease in O2
- and the concomitant increase in NO production, such that inhibition of 

COMT attenuates NO production.  

Given that AA have elevated oxidative stress and NADPH oxidase protein 

expression, and reduced NO bioavailability (106, 136), the underlying mechanism for 

reduced endothelial function in AA concords with the underlying mechanism of the 

favorable vascular effects of flavanols (180). Furthermore, other mechanisms of positive 

flavanol effects on NO bioavailability (i.e., protection of eNOS and inhibition of 

arginase) have been suggested as ‘long-term effects’ (79, 182). Although NADPH 

oxidase, COMT, and O2
- were not analyzed in the current research, it is likely that the 

acute effects of the flavanol beverage in this study were exerted through inhibition of 

NADPH oxidase and/or its scavenging effect, leading to a reduction in O2
- in AA 

participants. 

 

Limitations: CBFV is an index of CBF only if the MCA diameter is constant. CBFV was 

used to represent CBF in the current study. The diameter of the MCA does not change 

significantly during moderate changes in arterial blood pressure and carbon dioxide 

tension in plasma (within the range adopted in the current study), thus changes in CBFV 
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reflect changes in CBF and can be used as an index of cerebral perfusion (185). More 

recently, Coverdale et al. demonstrated that cross-sectional area of the MCA increases 

within the first minute of hypercapnia (39). Further research is needed to determine the 

ethnic difference in the time course of vasodilation in MCA in response to hypercapnia. 

Also, we did not directly measure PaCO2 but measured PETCO2 instead as an 

index of PaCO2. It has been shown that PETCO2 is correlated well with PaCO2 at rest 

(162) or during hypercapnia (221). Thus, we believe that PETCO2 is an acceptable index 

for representing PaCO2 during both rest and hypercapnia. In contrast, recent findings 

suggest that PETCO2 overestimates PaCO2 (210). However, in the present study, the 

same rebreathing procedures were applied in both groups, and the magnitude of the 

hypercapnic stimulus was not different between groups. 

 

Conclusions: These findings indicate that the reduced cerebral vasodilatory capacity in 

AA in response to rebreathing-induced hypercapnia is increased acutely following 

flavanol consumption. The range of change in cerebral vascular conductance and the 

maximum cerebral vascular conductance achieved during hypercapnia were both 

increased 2 hr post-flavanol consumption in AA, but not in CA. Given that the 

endothelium in AA produces more superoxide, resulting in attenuated NO production 

(106, 136), the underlying mechanisms for the improvement in cerebral vasodilatory 

capacity with the flavanol-rich beverage in AA may be due to its antioxidant effect.  
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Tables and Figures 

Table 1.1.Participants characteristics 

Variables 

Caucasian 

Americans 

(n=14) 

African 

Americans 

(n=14) 

P - value 

Age (yrs) 24 ± 3 23 ± 3 0.29 

Sex (m/f) 7/7 8/6 1.00 

BMI (kg/m2) 24.1 ± 3 24.2 ± 4 0.93 

Height (cm) 172 ± 9 170 ± 9 0.46 

Weight (kg) 72 ± 14 70 ± 12 0.66 

BMI, body mass index.Values are means ± SD. 
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Table 1.2. Product nutrition information 

Nutritional Composition 

Per serving 
Flavanol  Placebo 

Calories, kcal 149 153 

Fat, g (calculated) 2 0 

Saturated fat, g 1 0 

Trans fat, g 0 0 

Cholesterol, mg 11 12 

Sodium, mg 364 370 

Carbohydrates, g 25 26 

Dietary fiber, g 5 5 

Sugar, g 17 20 

Protein, g 14 14 

Vitamin A, IU 10 8 

Vitamin C, mg 2 3 

Calcium, mg 429 486 

Iron, mg 1 0 

Magnesium, mg 113 41 

Potassium, mg 780 676 

Flavanols 1-10, mg 247.2 0.0 

  Monomers, mg 64.8 0.0 

*Catechin, mg 17.8 0.0 

*Epicatechin, mg 47.0 0.0 

2-10 mers, mg 182.4 0.0 

Total flavanols, mg 528.0 0.0 

 

Total flavanols, all flavanols including those that are 

greater than 10 polymers. 
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Table 1.3. Hemodynamics values during 6-min resting baseline period prior to rebreathing protocol and Δ PETCO2 during 

rebreathing 

 

 

Caucasian  

Americans 

 

African  

Americans 

Flavanol Placebo Flavanol Placebo 

Pre Post Pre Post Pre Post Pre Post 

HR (beats×min-1) 61 ± 6 61 ± 12 62 ± 7 62 ± 10 65 ± 8 63 ± 8 61 ± 9 59 ± 9 

MAP (mmHg) 94 ± 11 95 ± 9 93 ± 8 93 ± 9 101 ± 15 97 ± 13 96 ± 10 100 ± 12 

CBFV (cm×s-1) 70 ± 12 67 ± 14 69 ± 14 65 ± 15 62 ± 19 59 ± 15 60 ± 20 61 ± 19 

CVCI (cm×s-1×mmHg-1) 0.8 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 

Resting PETCO2 (mmHg) 40 ± 3 40 ± 3 39 ± 3 40 ± 3 42 ± 6 42 ± 4 40 ± 5 40 ± 4 

∆ PETCO2 (mmHg) 15 ± 3 16 ± 3 15 ± 4 16 ± 4 15 ± 2 15 ± 4 15 ± 3 16 ± 3 

 

HR, heart rate. MAP, mean arterial pressure. CBFV, velocity of blood in the middle cerebral artery. CVCI, index of cerebral 

vascular conductance. PETCO2, partial pressure of end-tidal carbon dioxide. ∆ PETCO2, the range of PETCO2 that was obtained 

during rebreathing protocol. There were no differences in HR, MAP, CBFV, CVCI, resting PETCO2, ∆ PETCO2 between groups 

(AA and CA), treatments (flavanol and placebo), and conditions (pre- and post-beverage). Values are means ± SD. 
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Figure 1.1. Schematic representation of the sigmoidal curvilinear relationship between 

PETCO2 and CVCI during rebreathing-induced hypercapnia 

 

Four parameters are shown. a represents the range of changes in % CVCI, b is a constant 

that determines the overall sigmoidal property of the curve, x0 is the level of PETCO2 

where cerebral vasomotor reactivity for % CVCI is maximal, and y0 represents the 

maximum % CVCI achieved during hypercapnic rebreathing protocol. 
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Figure 1.2. Effect of beverage on range of % CVCI (a) and individual responses in AA following flavanol consumption 

 

In panel A, AA (black bar) have a decreased a prior to flavanol consumption relative to CA (white bar) but this difference was 

not significant following flavanol consumption. Similarly, a was lower in AA prior to placebo consumption; however, this 

difference remained following consumption of the placebo. In panel B, a was significantly increased following flavanol 

consumption in AA. Significant interaction (Types of drink × Pre_Post × Races) was observed (P = 0.002). Values are mean ± 

SD. *P < 0.01 compared to pre-beverage value in the same treatment condition. 
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Figure 1.3. Effect of beverage on maximum % CVCI (y0) and individual responses in AA following flavanol consumption 

 

In panel A, AA (black bar) have a reduced y0 prior to flavanol consumption relative to CA (white bar) but this difference was 

not significant following consumption. Similarly, y0 was lower in AA prior to consumption of the placebo; however, this 

difference remained following consumption. In panel B, y0 was significantly increased overall in AA following flavanol 

consumption. Significant interactions (Types of drink × Pre_Post × Races) were observed (P = 0.010). Values are mean ± SD. 

#P < 0.05 compared to pre-beverage value in the same treatment condition. 
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Chapter V:  Study #2 

Blunted Cerebral Vasodilatory Capacity to Hypercapnia in Obese Individuals 

 

Abstract 

Obesity increases the risk of cardiovascular disease (CVD) morbidity and 

mortality by more than 45%, thereby accounting for 13% of all deaths occurring in the 

United States. Furthermore, obesity is a contributing factor for cognitive impairment, 

dementia, and Alzheimer disease. The underlying mechanisms accounting for this 

increased risk for the aforementioned diseases remain unclear; however, emerging 

evidence in other populations, have suggested that impaired cerebral vascular function is 

a contributor. Accordingly, we investigated the cerebral vascular response to rebreathing-

induced hypercapnia in obese individuals. We hypothesized that cerebral vasodilatory 

capacity in response to a hypercapnic stimulus would be attenuated in obese individuals 

(Obese) relative to their lean counterparts (Lean). The magnitude of hypercapnia, and 

thus the vasodilator stimulus, induced by the rebreathing protocol was not different 

between groups (Lean: 15 ± 2 mmHg vs. Obese 14 ± 3 mmHg; P = 0.13). Maximal 

cerebral vascular conductance achieved during the hypercapnic stimulus, and normalized 

to baseline, was attenuated in Obese compared with Lean individuals (Lean: 176 ± 19 % 

vs. Obese: 158 ± 17 %; P < 0.01). The total range of change in conductance (a, %) during 

the hypercapnic stimulus was reduced in Obese (Lean: 74 ± 22 % vs. Obese: 51 ± 15 %; 

P < 0.01), as was the maximum increase in conductance (y0, %) (Lean: 174 ± 23 % vs. 
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Obese: 155 ± 17 %; P < 0.05). These data indicate that cerebral vasodilatory capacity in 

response to rebreathing-induced hypercapnia is attenuated in obese compared with lean 

individuals. 
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Introduction 

 Obesity increases cardiovascular disease (CVD) morbidity and mortality by more 

than 45%, and it is a contributing factor in 13% of all deaths occurring in the United 

States (6, 40, 55, 153). Furthermore, obesity has been implicated in cognitive impairment, 

dementia, and Alzheimer disease (44, 60, 68, 177). Though the underlying mechanisms 

remain unclear, endothelial dysfunction that is consistently observed in obese individuals 

(160, 197) is a major contributing factor. 

Blood flow in the cerebral circulation is regulated by arterial carbon dioxide 

tension (PaCO2), such that under normal physiological conditions, hypercapnia increases 

while hypocapnia decreases cerebral blood flow (CBF) (96, 216). The relationship 

between changes in CBF in response to changing PaCO2 is often assessed in research and 

clinical settings to evaluate cerebral vascular function and is known as cerebral 

vasomotor reactivity (CVMR) (113, 174). The increase in CBF during hypercapnia takes 

place through modulation of the cerebral microvasculature. Thus, CVMR is used as a tool 

that provides a non-invasive index of cerebral vascular health (125, 126, 174). CVMR is 

diminished in some clinical conditions including diabetes (104), hypertension (127), and 

carotid artery disease (174) and is a predictor as well as a contributor to stroke (67, 155). 

Importantly, impaired endothelial function results in blunted vasodilation in the cerebral 

vasculature, leading to a dysfunction in cerebral blood flow (CBF) regulation (127, 212, 

223). 

We hypothesized that cerebral vasodilatory capacity, as determined by the range 

of change in cerebral vascular conductance (CVCI) as well as the maximum increase in 
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CVCI during rebreathing-induced hypercapnia, is attenuated in healthy young obese 

individuals relative to age-matched lean counterparts. 
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Materials and Methods 

Ethical Approval. The Institutional Review Board at The University of Texas at Austin 

approved all study procedures as well as the consent process used in the present study. 

Subjects were given a verbal description of all procedures and informed of the purpose 

and risks involved in the study. 

 

Subjects. 15 lean (8 males) and 15 obese subjects (7 males) participated in this study. The 

subject characteristics are shown in Table 2.1. All subjects were non-smokers, were not 

taking medications, and were free from cardiovascular, neurological, metabolic, or 

cognitive disease. Obese subjects (Obese) had a body mass index (BMI) > 30 kg/m2 and 

lean subjects (Lean) had a BMI < 25 kg/m2. All trials were conducted in the morning 

after an overnight fast that included caffeine (> 12 hr) and after subjects had refrained 

from both strenuous activity and alcohol consumption for a minimum of 24 hr.  Ethnicity 

was tightly matched between the groups because previous research from our laboratory 

reported it to be a contributing factor to attenuated cerebral vasodilatory capacity (95). 

All trials were conducted in a temperature-controlled laboratory (~24°C and 40% relative 

humidity). 

 

Instrumentation and Measurements. All data was collected in the supine position. Each 

subject was instrumented with an electrocardiogram (HP Patient Monitor, Agilent, Santa 

Clara, CA) interfaced with a cardiotachometer (CWE, Ardmore, PA) to measure heart 

rate (HR) and cardiac rhythms. Mean arterial pressure (MAP) was continuously recorded 
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and monitored from a finger using the Penaz method (CNAP, Monitor 500, Austria). 

Velocity of blood in the middle cerebral artery (CBFV) was continuously measured using 

transcranial Doppler ultrasonography (TCD). The middle cerebral artery (MCA) was 

imaged through a 2-MHz Doppler probe (Multi-flow, DWL Elektronische Systeme, 

Singen, Germany) adjusted over the temporal window of the right MCA until an optimal 

signal was identified. The probe was then fixed securely in place using a head strap to 

prevent movement of the Doppler probe during the rebreathing protocol. An index of 

cerebral vascular conductance (CVCI) was calculated as the ratio of CBFV to MAP. End-

tidal carbon dioxide concentration (PETCO2) was continuously measured through a 

mouthpiece using a capnograph (VitalCap Capnograph Monitor, Oridion, Needham, 

MA). 

 

Experimental Protocol. Following instrumentation subjects rested in the supine position 

for a minimum of 20 min. Then, subjects were fitted with a nose clip and allowed to 

breathe room air via a mouthpiece attached to a 3-way valve, one end of which was 

connected to a 5-liter bag and the other end was exposed to room air. Subjects breathed 

room air for a 6-min baseline period while CBFV, MAP, HR, and PETCO2 were 

continuously collected. Then, subjects were instructed to perform a deep inspiration upon 

which the valve was switched so the expired air entered the 5-liter bag. After that point, 

subjects only had access to the expired air in the 5-liter bag for breathing. After 

approximately 3 min, the valve was switched to room air for a recovery period. During 

the rebreathing protocol arterial oxygen saturation was continuously monitored by pulse 
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oximetry (Covidien, Atlanta, GA) and was held constant (between 97 and 98%) by 

bleeding a small amount of oxygen into the rebreathing bag (37). 

 

Data Analysis MAP, HR, CBFV, and PETCO2 were collected at 125 Hz via a data-

acquisition system (Biopac System, Santa Barbara, CA) and then stored on a computer 

for subsequent analyses. Average values for CBFV, MAP, and PETCO2 were determined 

over the last 1-minute of baseline and then for every breath during rebreathing. The 

percent change in CVCI from baseline was determined, and the absolute change in 

PETCO2 over the entire rebreathing protocol was assessed. MAP was averaged over the 

first three respiratory cycles of the rebreathing protocol and then again during the last 

three respiratory cycles. The difference between them represents the magnitude of change 

in MAP. The relationship between cerebral blood flow and PETCO2 is sigmoidal, so a 

four-parameter logistic regression was employed for nonlinear curve fitting (36, 37, 95, 

111). Using the equation outlined below, this type of analysis allowed for the assessment 

of some parameters. 

 

Where a is the range of change in CVCI, b represents the overall sigmoidal property of 

the curve, x0 is the level of PETCO2 where CVMR is maximal, and y0 represents the 

maximum value of CVCI achieved during hypercapnia (Figure 2.1A). Maximal cerebral 

vasomotor reactivity (CVMRmax), which was obtained at 𝑥 = 𝑥0, was calculated from the 

first-order derivative of the logistic function outlined below. 
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To allow for the comparison of results from a previous study (70), the range in change in 

CVCI over a 10 mmHg in PETCO2 was also analyzed.  

 

Statistical Analysis. Statistical analyses were performed using a statistical software 

package (SigmaPlot 12.5; Systat Software, Inc., San Jose, CA). Subject characteristics, 

baseline hemodynamic data, all parameters from the nonlinear regression, and estimates 

of CVMRmax were compared using Student’s two-tailed unpaired t-tests. Chi-square test 

was used for differences in sex and ethnicity between the two groups. All significance 

was set at P < 0.05 and data are presented as means ± SD. 
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Results 

Subject characteristics and hemodynamic values during the baseline period. Weight, 

BMI, and triglycerides (TRG) were higher and plasma high-density lipoprotein (HDL) 

was lower in Obese (Table 2.1). During baseline, there were no differences between 

groups for MAP, CBFV, or PETCO2 (Table 2.2; P > 0.05 for all comparisons). However, 

HR was higher, and CVCI was lower in Obese at baseline (P < 0.05).  

 

Cerebrovascular responses during hypercapnia. Figure 2.1B demonstrates the 

relationship between PETCO2 and % CVCI from a representative subject from each 

group. Table 2.3 shows the cerebrovascular responses to the rebreathing protocol.  

Maximum conductance achieved during the hypercapnic stimulus, as a percent of 

baseline, was attenuated in Obese relative to Lean (Lean: 176 ± 19 % vs. Obese: 158 ± 17 

%; P < 0.01). The model parameters derived from nonlinear regression showed that a was 

reduced in Obese (Figure 2.2A. Lean: 74 ± 22 % vs. Obese: 51 ± 15 %; P < 0.01) as was 

y0 (Figure 2.2B. Lean: 174 ± 23 % vs. Obese: 155 ± 17 %; P < 0.05). However, there 

were no differences in x0, b or CVMRmax between groups. The magnitude of hypercapnia 

(Δ PETCO2) induced by the rebreathing protocol was also not different (Lean: 15 ± 2 

mmHg vs. Obese 14 ± 3 mmHg; P = 0.13). For all subjects combined, the correlation of 

coefficient (r2) for nonlinear regression was 0.93, and there was no difference in r2 

between groups (Lean: 0.95 vs. Obese: 0.91; P = 0.12).  
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Cerebrovascular response to ∆ PETCO2 of only 10 mmHg. There was also no difference 

in the increase in % CVCI between groups in response to a change of only 10 mmHg of 

PETCO2 (Figure 2.3. Lean: 157 ± 16 % vs. Obese: 150 ± 20 %; P = 0.33). 
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Discussion 

The primary finding is that cerebral vasodilatory capacity in response to 

rebreathing-induced hypercapnia is attenuated in obese individuals compared with their 

lean counterparts. Given that excessive body weight is associated with cerebral diseases 

including stroke, dementia, and Alzheimer disease (60, 68, 177, 186), the reduced 

cerebral vasodilatory capacity in obese individuals may suggest a possible underlying 

mechanism for the higher prevalence of cerebral vascular disease in this population. 

In the cerebral vasculature, carbon dioxide plays an important regulatory role to 

meet an adequate nutrient and oxygen demand and to remove metabolic waste products 

to and from brain tissue (113, 174). Accordingly, the brain’s ability to regulate its 

perfusion in response to changes in PaCO2 is an indicator of overall cerebrovascular 

health (113, 174). For example, patients with hypertension, carotid artery disease, and/or 

Alzheimer disease have impaired cerebral vascular response to changes in CO2 (36, 174, 

188), and individuals with a compromised cerebrovascular response are more at risk for 

an ischemic event (113). The demonstration of a reduced cerebral vasodilatory capacity 

in the current study suggests an impairment in obese individuals to supply sufficient 

nutrients and oxygen to brain tissue and to adequately remove metabolic waste products 

(125, 127), and could potentially pre-dispose them to their increased risk of 

cardiovascular and cerebral vascular disease (68). 

In the current study, we demonstrated a reduction in response to a hypercapnic 

stimulus in both ranges of change in CVCI (a) along with maximal CVCI (y0) in obese 

relative to lean individuals. It is important to note, however, that we did not see the same 
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response with CBFV (Figure 2.2). This is due to a greater pressor response to 

hypercapnia in obese individuals. In this regard, we observed that the magnitude of 

increase in MAP during hypercapnia was significantly greater in Obese (Table 2.3). This 

suggests that the plateau phase observed in % CVCI after 50 mmHg of PETCO2 in Obese 

(Figure 2.1B) is mainly due to the greater elevation in MAP. This suggests that Obese 

individuals are experiencing greater SNA in response to hypercapnia compared to Lean. 

Narkiewicz et al. (154) reported that central chemoreflex sensitivity in response to 

hypercapnia is increased in obesity. This greater SNA and its associated vasoconstrictive 

response could potentially be blunting the vasodilatory response in Obese (37).   

Lower plasma HDL and higher plasma TRG (Table 2.1), both known CVD risk 

factors, were observed in Obese compared with Lean. Previous studies have shown that 

excessive adipose tissue causes dyslipidemia, increased inflammation, and oxidative 

stress, thereby contributing to endothelial dysfunction in obese individuals (215). This is 

further supported by studies demonstrating that weight loss reduces these risk factors 

(114, 170, 171, 202) and improves endothelial function in obese individuals (166, 218). 

Future research is needed to determine the role of obesity-related metabolic disturbances 

in reduced cerebral vasodilatory capacity in obese individuals. 

At baseline, HR was higher in Obese but still well within the normal range (P = 

0.03). There is a positive relationship between HR and BMI, such that individuals with 

high BMI tend to have elevated resting HR (54). At baseline, there was also a decrease in 

CVCI in Obese (P = 0.03). However, all data were normalized to baseline thereby 

eliminating any effect this may have had on our results. 
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Harrell et al. (70) previously reported that obese adults with metabolic syndrome 

have preserved hypercapnia-induced cerebral vasodilation compared with healthy lean 

subjects, which conflicts with the findings of this study. However, the magnitude of 

hypercapnia in Harrell’s study was lower than in this study (Δ 10 mmHg vs. Δ 15 

mmHg).  In the current study, % CVCI increased during hypercapnia in a similar fashion 

in both groups from 40 to 50 mmHg of PETCO2. However, further elevation in % CVCI 

was restricted only in the Obese during the last 4-5 mmHg increase in PETCO2 (Figure 

2.1B). In contrast, Lean showed a relatively linear relationship between PETCO2 and % 

CVCI over the entire range. Also, similar to Harrell’s study, the cerebrovascular response 

induced by a 10 mmHg increase in PETCO2 in the present study showed no difference 

between groups (Figure 2.3). This suggests that the magnitude of hypercapnia achieved in 

Harrell’s study was not enough to observe attenuated cerebrovascular responses.  

 

Limitations: CBFV reflects CBF only if the MCA diameter is constant. Previous studies 

(18, 92, 185) demonstrated that the diameter of the MCA does not change significantly 

during moderate changes in arterial blood pressure and PETCO2 in plasma (within the 

range in the current study), thus changes in CBFV reflect changes in CBF and can be 

used as an index of cerebral perfusion. 

Previous studies that adopted a four-parameter logistic regression for the analysis 

of the CBF response to changing PaCO2 included both hyperventilation-induced 

hypocapnic and rebreathing-induced hypercapnic periods (36, 37). However, the current 

study included only rebreathing-induced hypercapnia because recent research (19) 
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reported that hyperventilation-induced hypocapnia attenuates the cerebral vasodilatory 

responses rebreathing-induced hypercapnia. To assess cerebral vasodilatory response 

without confounding factors caused by a preceding hypocapnic stage, hypocapnia-

induced cerebral vasoconstriction was not assessed in the current investigation.  

 

Conclusions: Obese individuals had an attenuated cerebral vasodilatory response to 

hypercapnia when compared with lean individuals even though they were young and 

otherwise healthy (19-32 yrs). Given that reduced cerebral blood flow interferes with 

adequate nutrient and oxygen supply as well as removal of metabolic byproducts from 

brain tissue, this finding may provide insight into the greater risk of CV and cerebral 

vascular disease that accompany obesity. Augmented SNA during hypercapnia and 

increased oxidative stress in obese individuals may be contributing factors for this 

blunted vasodilatory response.  
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Tables and Figures 

Table 2.1. Subject characteristics 

 

Lean 

(n=15) 

Obese 

(n=15) 
P-value 

Age (yrs) 24 ± 3 24 ± 5 0.59 

Sex (m/f) 8/7 7/8 1.00 

Height (cm) 172 ± 1 166 ± 1 0.14 

Weight (kg) 65 ± 10 105 ± 22 < 0.001 

BMI (kg/m2) 22 ± 2 38 ± 9 < 0.001 

Glucose (mg/dL) 87 ± 5 89 ± 6 0.28 

TC (mg/dL) 159 ± 32 164 ± 33 0.67 

TRG (mg/dL) 81 ± 32 120 ± 48 < 0.05 

LDL (mg/dL) 88 ± 26 105 ± 27 0.11 

HDL (mg/dL) 59 ± 10 38 ± 20 < 0.01 
 

BMI, body mass index. TC, Total cholesterol. TRG, 

Triglycerides. LDL, Low-density lipoprotein. HDL, High-

density lipoprotein. Values are means ± SD. 
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Table 2.2. Hemodynamic values during baseline 

  Lean Obese P-value 

HR (beats × min-1) 62 ± 4 67 ± 6 0.03 

MAP (mmHg) 96 ± 11 97 ± 7 0.50 

CBFV (cm × sec-1) 73 ± 13 63 ± 15 0.08 

CVCI (cm × sec-1 × mmHg-1) 0.8 ± 0.2 0.6 ± 0.2 0.03 

PETCO2 (mmHg) 41 ± 3 39 ± 5 0.25 

 

HR, heart rate. MAP, mean arterial pressure. CBFV, velocity of 

blood in the middle cerebral artery. CVCI, index of cerebral vascular 

conductance. PETCO2, partial pressure of end-tidal carbon dioxide. 

Values are means ± SD. 
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Table 2.3. Cerebrovascular and blood pressure response to hypercapnia and parameters 

from logistic model 

 

Lean 

(n=15) 

Obese 

(n=15) 
P-value 

Hypercapnia 
   

 Maximum flow (CBFV, % of baseline) 192 ± 20 183 ± 18 0.20 

 Maximum conductance (CVCI, % of baseline) 176 ± 19 158 ± 17 < 0.01 

 Δ PETCO2 (mmHg) 14 ± 3 15 ± 2 0.18 

 Δ MAP (mmHg) 8 ± 4 14 ± 5 < 0.01 

Parameters from Logistic Model 
   

 

Flow 

a (%) 90 ± 24 76 ± 19 0.10 

 b 0.48 ± 0.2 0.51 ± 0.2 0.70 

 x0 (mmHg) 47 ± 3 46 ± 4 0.54 

 y0 (%) 192 ± 27 179 ± 20 0.15 

 

Conductance 

a (%) 74 ± 22 51 ± 15 < 0.01 

 b 0.50 ± 0.27 0.67 ± 0.23 0.09 

 x0 (mmHg) 46 ± 4 45 ± 4 0.61 

 y0 (%) 174 ± 23 155 ± 17 0.01 

Estimates of Cerebral Vasomotor Reactivity 
   

 Maximal CVMR - CBFV, %/mmHg 10 ± 4 9.6 ± 3 0.72 

 Maximal CVMR - CVCI %/mmHg 8.6 ± 4 7.8 ± 2 0.52 
 

Maximum flow/conductance, maximum flow/conductance that subjects achieved during 

hypercapnia (i.e., not taken from the logistic model). Δ PETCO2, the total range of 

PETCO2 that was obtained during rebreathing protocol. Δ MAP, the change of MAP that 

was obtained during rebreathing protocol. a, the range of change in percentage of CBFV 

or CVCI. b, a constant that determines the overall sigmoidal property of the curve. x0, the 

level of PETCO2 where cerebral vasomotor reactivity for CBFV or CVCI is maximal. y0, 

the maximum value of CBFV and CVCI during hypercapnic rebreathing protocol. Values 

are means ± SD. 
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Figure 2.1. Schematic representation of the four-parameter logistic regression and a representative subject from each group 

 

The four parameters obtained from the nonlinear regression of the sigmoidal response of cerebral vascular conductance index (CVCI) to 

increasing PaCO2 are displayed in panel A. a represents the range of change in % CVCI, b represents the overall sigmoidal property of the 

curve, x0 is the level of PETCO2 where CVMR is maximal, and y0 represents the maximum increase in % CVCI during hypercapnia. 

Panel B demonstrates a representative % CVCI response to the rebreathing protocol in both a lean (open circle) and an obese (closed 

circle) subject. The magnitude of increase in % CVCI was blunted in the obese relative to the lean subject. 
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Figure 2.2. Cerebral vasodilatory response to hypercapnia 

 

Group differences in a and y0 are shown in 2A and 2B. Obese had a blunted vasodilatory response to hypercapnia when % 

CVCI was calculated but this effect was not seen with just % CBFV. Data are presented as mean ± SD. 
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Figure 2.3. Cerebrovascular vasodilatory response to an increase in 10 mmHg of PETCO2  

 

% CVCI response to an increase in PETCO2 of 10 mmHg is shown. No significant differences in 

vasodilatory response between groups was observed. Data are presented as means ± SD. 
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Chapter VI:  Study #3 

Tempol Augments the Blunted Cutaneous Microvascular Thermal Reactivity in 

Healthy Young African Americans 

 

Abstract 

African Americans (AA) have a greater prevalence for cardiovascular and 

metabolic diseases including hypertension, stroke, peripheral artery disease, and type 2 

diabetes mellitus relative to other populations including Caucasian Americans (CA). In 

this study, we hypothesized that cutaneous hyperemic response to local heating is 

reduced in young AA when compared with their CA counterparts. We further 

hypothesized that tempol (a superoxide dismutase mimetic) would improve the blunted 

cutaneous vasodilatory response to local heating in AA. Microdialysis fibers were 

randomly assigned to receive 1) lactated Ringer’s solution (Control), 2) 10 mM ascorbic 

acid, or 3) 10 μM 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (Tempol) at a rate of 

2.0 μl/min. Cutaneous vascular conductance (CVC) was calculated as red blood cell flux 

divided by mean arterial pressure. All CVC data were presented as a percentage of 

maximal CVC (%CVCmax) that was determined by maximal cutaneous vasodilation 

induced by 44 °C heating plus sodium nitroprusside administration. Twenty-four (12 AA, 

12 CA) young (23 ± 4 yrs) and healthy (body mass index (24.3 ± 2.8 kg/m2) subjects 

participated in the study. At Control site, there were no differences between groups for 

baseline %CVCmax during resting without heat (CA: 11 ± 7 % vs. AA: 8 ± 5 %; P = 

0.561). During 33 °C, there were also no differences in %CVCmax between groups (CA: 

20 ± 12 % vs. AA: 12 ± 6 %; P = 0.107); however, %CVCmax at 39 °C was lower in AA 
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when compared with CA (CA: 65 ± 20 % vs. AA: 47 ± 15 %; P < 0.001). At ascorbic 

acid site, there were no differences between groups for both baseline %CVCmax during 

resting without heat (CA: 13 ± 12 % vs. AA: 10 ± 6 %; P = 0.549) and %CVCmax 

during 33 °C (CA: 27 ± 14 % vs. AA: 19 ± 10 %; P = 0.120); however, %CVCmax at 39 

°C was attenuated in AA relative to CA (CA: 73 ± 14 % vs. AA: 49 ± 17 %; P < 0.001). 

At tempol site, there were no differences between groups for all phases including baseline 

CVC during resting without heat (CA: 9 ± 5 % vs. AA: 8 ± 3 %; P = 0.791), %CVCmax 

during 33 °C (CA: 20 ± 13 % vs. AA: 17 ± 10 %; P = 0.550), and %CVCmax at 39 °C 

(CA: 64 ± 16 % vs. AA: 63 ± 27 %; P = 0.948). These data suggest that: 1) cutaneous 

vasodilation in response to local heating is blunted in AA relative to CA. 2) elevated O2
- 

generation attenuates cutaneous vasodilation in AA when heat is directly applied to the 

skin.  

  



 50 

Introduction 

African Americans (AA) are at higher risk for cardiovascular and metabolic 

diseases including hypertension, stroke, peripheral artery disease, and type 2 diabetes 

mellitus when compared with Caucasian Americans (CA) (175). The mechanisms 

underlying this increased incidence are multifactorial; however, impaired endothelial 

function is a critical contributing factor (159).  

Endothelial function is commonly reduced in AA relative to CA, as determined in 

response to postischemic hyperemia (140, 159) and arterial infusion of endothelium-

dependent vasodilator such as acetylcholine (ACh), methacholine, or bradykinin (176). 

Oxidative stress is a crucial contributor for this vascular dysfunction in AA. Superoxide 

(O2
-) production in single human umbilical vein endothelial cell (HUVEC) in response to 

endothelial nitric oxide synthase (eNOS) agonist, calcium ionophore, is higher in AA 

when compared with CA, such that nitric oxide (NO) production is blunted in AA (106). 

Furthermore, nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase), a 

major source of O2
- production, is upregulated in endothelial cells in AA (106). Racial 

differences in O2
- and NO generation from the endothelium in response to eNOS 

activation are abolished following treatment of the cells with apocynin, a specific 

NADPH oxidase inhibitor, suggesting that NADPH oxidase contributes to elevated O2
- 

generation along with reduced biologically available NO in the endothelium of AA (136).  

The microcirculation is recognized as a surrogate bed for the assessment of 

mechanisms underlying systemic vascular disease based on the fact that endothelial 

dysfunction occurs simultaneously in multiple vascular beds (3, 89). In line with that, 
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cutaneous microcirculation has been investigated due to its easy accessibility as well as 

its high vasodilatory reserve. Patients with chronic kidney disease (48), disease type 2 

diabetes mellitus (190), hypercholesterolemia (86), and individuals with healthy ageing 

(145) show impaired cutaneous microcirculatory function in response to local heating 

stimulus. To our knowledge, the racial difference in cutaneous microcirculatory function 

in response to local heating remains unknown.  

Thus, we hypothesized that cutaneous hyperemic response to local heating is 

reduced in young AA when compared with their CA counterparts. We further 

hypothesized that tempol (a superoxide dismutase mimetic) would increase cutaneous 

vasodilatory response in AA, implicating that the blunted cutaneous vasodilation occurs 

mainly due to elevated O2
- production during local heating in this population. 
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Materials and Methods 

Ethical Approval. All procedures were approved by the Institutional Review Board at the 

University of Texas at Austin. Participants were given a verbal and written description of 

all procedures, purpose, and risks involved in the study prior to participation.  

 

Subjects. Twenty-four (12 AA, 12 CA) young (23 ± 4 yrs) and healthy (body mass index: 

24.3 ± 2.8 kg/m2) subjects participated in the study (Table 3.1). Participants reported their 

parents’ race and were only accepted into the study if both parents were AA or CA, 

respectively. All participants were non-smokers with no history of cardiovascular, 

cerebral vascular, neurological, metabolic, or cognitive diseases. They were not taking 

any medications, except for oral contraceptives. All female participants were studied 

during menstruation (early follicular phase) in order to minimize the effects of sex 

hormones (20, 33). All trials were conducted in the morning following an overnight fast 

(at least 12 hr). Participants refrained from strenuous exercise and caffeinated or 

alcoholic beverages for at least 24 hr prior to participation. All trials were carried out in a 

temperature-controlled laboratory (~24 °C and 40 % relative humidity).  

 

Instrumentation. Throughout the experiment, participants sat in a semirecumbent position 

and were instrumented with three microdialysis fibers (CMA 31 Linear Microdialysis 

Probe, 55 KDalton cut-off membrane; CMA Microdialysis AB, Holliston, MA) in the 

skin on the ventral side of the left forearm. A 25-gauge needle was inserted into the 

dermal layer of the skin using aseptic techniques. Each site was placed at least 4 cm apart 
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with entry and exit points on each site ~2.5 cm apart. The microdialysis fibers were 

threaded via the lumen of the needle, which was followed by withdrawal of the needle 

from the skin. Fibers then were taped in place to secure its position and perfused with 

lactated Ringer’s solution at a rate of 2.0 μl/min via a perfusion pump (11 PLUS; Harvard 

Apparatus, Holliston, MA) until the beginning of drug infusions (see below). Cutaneous 

red blood cell (RBC) flux, an index of skin blood flow (SkBF), was measured over each 

microdialysis fiber site using a laser-Doppler flowmetry probe (VP7 A/T with 

moorVMS-LDF2; Moor Instruments, Wilmington, DE). Each laser-Doppler probe was 

housed in the center of a local heating element (PeriFlux System 5000; Perimed, 

Sweden).  

 

Experimental protocol. After placement of the microdialysis fibers, SkBF was monitored 

to ensure that the insertion trauma had dissipated (~60-90 min). Microdialysis fibers were 

randomly assigned to receive 1) Ringer’s solution (Control), 2) 10 mM ascorbic acid 

(Mylan Institutional, Rockford, IL), or 3) 10 μM 4-hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (Tempol; Sigma-Aldrich, St. Louis, MO) at a rate of 2.0 

μl/min. Drug concentrations for ascorbic acid and tempol were chosen as the minimum 

dose required for maximal responses based on previous studies (56). The local heaters 

were elevated at a rate of 0.1 °C·s-1 up to 33 °C, and SkBF was recorded for 45 min. 

After 45 min the temperature of the local heaters was increased to 39 °C at a rate of 0.1 

°C·s-1. SkBF was recorded until a stable plateau was reached (~30-40 min). Temperature 

was then elevated to 44 °C at a rate of 0.1 °C·s-1 with an administration of 28 mM sodium 
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nitroprosside (SNP; Sigma-Aldrich, St. Louis, MO) to induce site-specific maximal 

cutaneous vasodilation. 

 

Measurement. Arterial blood pressure was obtained on the right arm by auscultation of 

the brachial artery via electrosphygmomanometry (Tango; SunTech, Raleigh, NC). Mean 

arterial blood pressure (MAP) was calculated as one-third pulse pressure plus diastolic 

blood pressure. RBC flux data were continuously collected at 125 Hz via a data-

acquisition system (Biopac System Inc., Santa Barbara, CA). Cutaneous vascular 

conductance (CVC) was calculated as RBC flux divided by MAP. All CVC data were 

presented as a percentage of the maximal CVC (%CVCmax) achieved during 44 °C 

heating plus SNP infusion. Data from the final min of each respective condition (i.e., 

trauma resolution, 33 °C with drug infusions, 39 °C plateau, and 44 °C with SNP 

infusion) were averaged and analyzed. Heart rate (HR) and cardiac rhythms were 

continuously monitored and recorded from an electrocardiogram on a patient monitor 

(GE DASH 4000; General Healthcare). 

 

Statistical analysis. All data were analyzed using a statistical software package 

(SigmaPlot 12.5; Systat Software, Inc., San Jose, CA). A two-way repeated measures 

ANOVA was conducted with factors of local heating phases (no heat, 33 °C, and 39 °C) 

and groups (AA and CA), followed by a Tukey’s post hoc procedure for further analyses 

when a significant interaction was identified. Chi-square test was used for difference in 

sex ratio between the two groups. Student’s two-tailed unpaired t-test was used to 
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compare the difference in subject characteristics, baseline hemodynamics, and resting 

skin temperature between groups. Significance was set at P < 0.05 and all data are 

presented as means ± SD.  

  



 56 

Results 

Subject characteristics and baseline hemodynamic values are presented in Table 

3.1. Age, sex ratio, height, weight, BMI, fasting plasma glucose, total cholesterol (TC), 

triglycerides (TRG), and low-density/high-density lipoprotein (LDL/HDL) was similar 

between groups (P > 0.05 for all comparisons). Likewise, systolic blood pressure (SBP), 

diastolic blood pressure (DBP), MAP, and HR were similar at the end of the trauma 

resolution period (P > 0.05 for all comparisons). 

 

During the baseline period prior to local heating, there was no difference in skin 

temperature between groups (Figure 3.1D; CA: 28.5 ± 1.3 °C vs. AA: 28.8 ± 1.5 °C; P = 

0.637). 

 

Control site. There were no differences between groups for baseline %CVCmax during 

resting without heat (Figure 3.1A. CA: 11 ± 7 % vs. AA: 8 ± 5 %; P = 0.561). During 33 

°C, there were still no differences in %CVCmax between groups (Figure 3.1A. CA: 20 ± 

12 % vs. AA: 12 ± 6 %; P = 0.107). When the local heater was elevated to 33 °C, there 

was an increased %CVCmax in CA group from its baseline (Figure 3.1A. Baseline: 11 ± 

7 % vs. 33 °C: 20 ± 12 %; P = 0.036); however, no change in %CVCmax in AA was 

observed (Figure 3.1A. Baseline: 8 ± 5 % vs. 33 °C: 12 ± 6 %; P = 0.484). %CVCmax at 

39 °C was lower in AA when compared with CA (Figure 3.1A. CA: 65 ± 20 % vs. AA: 

47 ± 15 %; P < 0.001). There was an interaction between groups and temperature (P = 
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0.016). There were significant main effects of race and temperature (P = 0.019 and P < 

0.001, respectively). 

 

Ascorbic acid site. There were no differences between groups for both baseline 

%CVCmax during resting without heat (Figure 3.1B. CA: 13 ± 12 % vs. AA: 10 ± 6 %; P 

= 0.549) and %CVCmax during 33 °C (Figure 3.1B. CA: 27 ± 14 % vs. AA: 19 ± 10 %; 

P = 0.120). When the local heater was elevated to 33 °C, there was increased %CVCmax 

in both CA and AA from its baseline (Figure 3.1B. CA: from 13 ± 12 % to 27 ± 14 % vs. 

AA: from 10 ± 6 % to 19 ± 10 %; P < 0.001 and P < 0.025, respectively). %CVCmax at 

39 °C was attenuated in AA relative to CA (Figure 3.1B. CA: 73 ± 14 % vs. AA: 49 ± 17 

%; P < 0.001). There was an interaction between groups and temperature (P < 0.001). 

There were significant main effects of race and temperature (P = 0.012 and P < 0.001, 

respectively). 

 

Tempol site. There were no differences between groups for all phases including baseline 

%CVCmax during resting without heat (Figure 3.1C. CA: 9 ± 5 % vs. AA: 8 ± 3 %; P = 

0.791), %CVCmax during 33 °C (Figure 3.1C. CA: 20 ± 13 % vs. AA: 17 ± 10 %; P = 

0.550), and %CVCmax at 39 °C (Figure 3.1C. CA: 64 ± 16 % vs. AA: 63 ± 27 %; P = 

0.948). There was no interaction between groups and temperature (P = 0.911). There was 

a significant main effect of temperature (P < 0.001). A main effect of race was not 

observed (P = 0.657). 
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%CVCmax at 33 °C across all sites. There was a trend towards a difference in 

%CVCmax between CA and AA at Control and ascorbic acid sites at 33 °C; however, it 

did not reach significance (Figure 3.2. CA: 20 ± 12 % vs. AA: 12 ± 6 % at Control site, 

CA: 27 ± 14 % vs. AA: 19 ± 9 % at ascorbic acid site; P = 0.080 for both sites). There 

was no difference between groups at tempol site (Figure 3.2. CA: 20 ± 13 % vs. AA: 17 ± 

10 %; P = 0.424). There was no interaction between groups and drugs (P = 0.740). There 

was a significant main effect of race (P = 0.015). No main effect of drug was observed (P 

= 0.151). 

 

%CVCmax at 39 °C across all sites. %CVCmax at 39 °C was blunted in AA relative to 

CA at Control and ascorbic acid sites (Figure 3.3. CA: 65 ± 20 % vs. AA: 47 ± 15 % at 

Control site, CA: 73 ± 14 % vs. AA: 49 ± 17 % at ascorbic acid site; P = 0.019 and P = 

0.003, respectively); however, this discrepancy was removed at tempol site (Figure 3.3. 

CA: 64 ± 16 % vs. AA: 63 ± 27 %; P = 0.959). This abolishment was mainly due to an 

elevated %CVCmax at tempol site when compared with that at Control site in AA 

(Figure 3.3. from 47 ± 15 % at Control to 63 ± 27 % at tempol site; P = 0.049). There 

was an interaction between groups and drugs (P = 0.047). There was a significant main 

effect of race (P = 0.012). A main effect of drug was not observed (P = 0.285). 
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Discussion 

Our main findings of the current study were that 1) cutaneous vasodilation in 

response to local heating is blunted in AA relative to CA. 2) tempol improves cutaneous 

vasodilatory response in AA, such that group discrepancy is abolished with the tempol 

treatment. These results indicate that elevated O2
- generation attenuates cutaneous 

vasodilation in AA when heat is directly applied to the skin.  

Vascular impairments are commonly found in healthy AA. Forearm vasodilation 

in response to post-ischemia (159), arterial infusion of ACh (100), and mental stress (27) 

are reduced in AA when compared with CA counterparts. Given that impaired 

endothelium-dependent vasodilation leads to atherosclerotic process and consequent 

future development of CVD (29, 169), these prior findings may explain as to why AA are 

at higher risks for hypertension, stroke, and heart failure relative to non-AA populations 

(69, 112, 183). Racial differences in physiological function are well studied; however, the 

underlying mechanisms contributing to vascular dysfunction in AA have not been fully 

elucidated. 

Karla and colleagues suggested that elevated inflammatory activation is 

associated with a decrease in endothelium-mediated small vessel’s reactivity in subjects 

of African descent (107). Increased baseline interleukin- 6 (IL-6) and tumor necrosis 

factor-α (TNF-α), inflammatory markers, indicate elevated oxidative stress at the 

systemic level, which may attenuate endothelium-mediated vasodilation by inhibiting NO 

production from its precursor, L-arginine. Furthermore, Kalinowski et al. provided 

evidence that increased O2
- production in HUVEC and its interaction with NO, resulting 



 60 

in greater of ONOO-, attenuate NO bioavailability and may explain endothelial 

dysfunction in AA (106). They also showed that NADHP oxidase in endothelial cells, a 

major source of O2
- generation, is upregulated in AA relative to CA. 

In the present investigation, ascorbic acid and tempol were chosen as a global 

antioxidant agent and an O2
- scavenger, respectively. Contrary to our hypothesis, ascorbic 

acid did not show any improvement in cutaneous thermal hyperemia to local heating in 

AA. The reasons for this remain unclear. It is possible that ascorbic acid was not able to 

effectively quench reactive oxygen species (ROS) including O2
- generation, such that a 

higher dose of ascorbic acid might have been needed to exert its positive effects on AA. 

A previous study reported that concentrations of ascorbic acid higher than 10 mM did not 

further change the cutaneous vasodilatory response to local heating in hypertensive 

patients and elderly people (84, 87). However, a higher concentration of ascorbic acid 

was also used in patients with chronic kidney disease (48), which suggests that different 

doses of ascorbic acid may be needed depending on the subject population studied.  

On the other hand, tempol effectively augmented cutaneous vasodilatory response 

to local heating in AA as hypothesized. The primary role of tempol is to scavenge O2
-, 

and thus is used to identify mechanisms underlying impaired microvascular function in 

patients with chronic kidney disease (49) or smokers (56). O2
- directly reacts with NO, 

resulting in production of ONOO-. ONOO- inhibits tetrahydrobiopterin (BH4), a NOS 

cofactor, and uncouples eNOS, leading to a decrease in NO bioavailability (81, 119). In 

this regard, tempol increases NO bioavailability by removing O2
-, contributing to 

improved cutaneous vasodilatory capacity (49, 56). Importantly, tempol is also able to 
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metabolize ONOO-, hydrogen peroxide (H2O2), and hydroxyl radical (OH) (179). Thus, 

it is not conclusive that O2
- is the only contributor that limits cutaneous vasodilatory 

function in AA because other ROS (i.e., H2O2, ONOO-, OH) might have been involved 

in the blunted microvascular function. Nevertheless, it is plausible that greater production 

of O2
- plays a critical role in attenuating cutaneous vasodilatory function in AA, based on 

previous evidence (106) showing higher O2
- generation in response to eNOS activation 

by calcium ionophore as well as elevated NADPH oxidase expression in endothelial cells 

of AA when compared with CA. In the present study, CA did not show any improvement 

in cutaneous vasodilation by tempol treatment. The reasons for this can be multifactorial; 

however, it can be speculated that young and healthy CA individuals have low oxidative 

stress, such that antioxidant effects of tempol are minimal. 

Upon the initiation of local heating, skin blood flow increases rapidly, which is 

predominantly mediated by the axon-reflex mechanism independent of eNOS activity 

(144). This reflex response plays an important role in protecting the skin tissue from the 

heat applied (145). In the current study, we did not observe any differences in both initial 

rise (%CVCmax) and time to peak response (min) between groups across all drug sites 

(data not shown).  Thus, these data indicate that axon-mediated cutaneous vasodilation is 

comparable between CA and AA. 

Studies that assessed cutaneous microcirculatory function in various high-risk 

populations including individuals with hypercholesterolemia (86), type 2 diabetes 

mellitus (190), chronic kidney disease (48), smokers (56), or healthy aging (145) have 

previously adapted 32-33 °C as a baseline phase and 42 °C as a submaximal stimulus. In 



 62 

the present investigation, 33 and 39 °C of local heater were used for low and high 

magnitude of heating stimuli, respectively. 33 °C was used as a stimulus because resting 

skin temperature for all subjects was 28.7 ± 1.4 °C (no group difference, Figure 3.1D), 

which was increased to 31.9 ± 0.2 °C (no group difference, data not shown) when local 

heater was set to 33 °C. This is approximately a 3 °C increase in skin temperature, 

contributing to cutaneous hyperemic response. There was an increase in %CVCmax from 

resting to 33 °C in CA at Control (Figure 3.1A); however, no increase in %CVCmax was 

observed in AA. This may indicate that cutaneous hyperemic reactivity to low heat 

stimulus (i.e., 33 °C) is lower in AA relative to CA even though no significant difference 

in %CVCmax at 33 °C was detected at Control site between two groups (P = 0.107). 

When local heater was set to 39 °C, cutaneous vasodilatory response was blunted in AA, 

implicating that cutaneous microcirculatory function is reduced in response to relatively 

higher local heating (i.e., 39 °C) in this population.  

 

Limitations. We did not measure NO contribution via a NOS inhibition such as NG-nitro-

L-arginine methyl ester (L-NAME). Thus, it is not conclusive regarding whether the 

improvement in cutaneous vasodilation by tempol treatment in AA was due to an 

increase in NO bioavailability because other mechanisms are also involved in cutaneous 

hyperemic response to local heating including endothelial-derived hyperpolarizing factors 

(EDHFs)-mediated activation of KCa channels (21). Regardless, it is likely that NO was 

increased by tempol administration in AA because NO contributes to cutaneous 

vasodilation by ~80 % when local temperature is raised at a rate of 0.1 °C/s up to 39 °C 
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(35), which is an identical protocol of the current study. However, studies are needed to 

further investigate the underlying mechanisms as to how cutaneous microvascular 

function in AA is changed by tempol or other agents. 

Tempol has a vasodilatory property that reduces MAP in rats via an activation of 

ATP-sensitive K+ (KATP) channels (34). It is possible that there is a difference in KATP 

channel distribution/sensitivity in cutaneous microcirculation between CA and AA, such 

that tempol exerts its vasodilatory effects depending on those factors.  

 

Perspectives. The cutaneous microcirculation is a surrogate vascular bed for the systemic 

vasculature based on the fact that impairments occur simultaneously in multiple vascular 

beds. The current study identified blunted cutaneous microvascular function in AA, 

which is consistent with previous data showing impaired macrocirculatory function that 

was assessed in femoral and brachial arteries in this population. Furthermore, this 

impaired cutaneous microvascular function in AA was restored by tempol administration, 

implicating that increased superoxide generation limits cutaneous vasodilatory response. 

Based on our findings, future clinical/mechanistic investigations may focus on 

superoxide or NADPH oxidase as a target molecule or enzyme in an effort to reduce 

race-related discrepancy in CVD mortality. 
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Tables and Figures 

Table 3.1. Subject characteristics and resting hemodynamic values 

 

 

 

 

Caucasian 

American 

(n=12) 

African 

American 

(n=12) 

P-value 

Age (yrs) 24 ± 4 22 ± 4 0.39 

Sex (m/f) 6/6 6/6 1.00 

Height (cm) 175 ± 11 169 ± 10 0.13 

Weight (kg) 73 ± 11 72 ± 11 0.82 

BMI (kg/m2) 23.6 ± 3 25.0 ± 2 0.24 

Hemodynamics 

 

 
SBP (mmHg) 111± 14 116 ± 15 0.36 

 DBP (mmHg) 67 ± 6 73 ± 12 0.15 

 MAP (mmHg) 82 ± 8 87 ± 11 0.18 

 HR (beats/min) 64 ± 9 65 ± 8 0.77 

Blood Profiles 

 
Glucose (mg/dL) 86 ± 9 82 ± 7 0.22 

 
TC (mg/dL) 164 ± 34 152 ± 24 0.33 

 
TRG (mg/dL) 95 ± 55 87 ± 36 0.71 

 
LDL (mg/dL) 86 ± 33 80 ± 18 0.63 

 
HDL (mg/dL) 59 ± 20 55 ± 16 0.57 

 

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, 

mean arterial pressure; HR, heart rate; BMI, body mass index; TC, 

Total cholesterol; TRG, Triglycerides; LDL, Low-density 

lipoprotein; HDL, High-density lipoprotein. Values are means ± SD. 
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Figure 3.1. Cutaneous hyperemic response to local heating 

 

Changes in %CVCmax depending on different local temperatures across all drug sites are 

presented. Open circle and closed circle represent CA and AA, respectively. No heat 

phase indicates last min of trauma resolution period. AA showed blunted %CVCmax at 

Control and ascorbic acid site relative to CA; however this discrepancy was abolished at 

tempol site. 1D shows skin temperature values during the last min of trauma resolution 

period (No heat phase). Data are presented as mean ± SD. 
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Figure 3.2. %CVCmax at 33 °C across all drug sites 

 

Black bar and gray bar represent AA and CA, respectively. At 33 °C, no group 

differences were observed across all drug sites; however, there was a trend towards a 

lower %CVCmax in AA. Data are presented as mean ± SD. 
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Figure 3.3. %CVCmax at 39 °C across all drug sites. 

 

At 39 °C, %CVCmax values were lower in AA at Control and ascorbic acid sites; but this 

difference was removed with tempol administration. There was an increase in %CVCmax 

from Control to tempol site in AA. Data are presented as mean ± SD. #P < 0.05 

compared to %CVCmax at Control site. 
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Chapter VII:  Review of the Literature 

Endothelial Vascular Functions and the Roles of Nitric Oxide  

The endothelium is a single-cell layer forming the internal surface of blood 

vessels. In the vasculature, endothelial cells play a critical role in regulating vascular tone 

and structure. A healthy endothelium has multiple important roles in the cardiovascular 

system including anti-inflammatory, antithrombotic, antihypertrophic properties as well 

as endothelium-dependent vasodilation (128) (EDD). Endothelial function is assessed 

primarily by EDD, based on the assumption that EDD also reflects other properties of the 

endothelium. In line with this, impaired EDD is associated with the development of 

cardiovascular and metabolic disorders such as hypercholesterolemia, hypertension, and 

diabetes, leading to atherosclerosis (121). 

NO is a major mediator of EDD. Also, NO has multiple important properties that 

regulate inflammatory and thrombotic processes via a reduction in leukocyte adhesion as 

well as upregulation of prothrombotic proteins such as plasminogen activator inhibitor-1 

(128). Inflammation is closely associated with an atherosclerotic process. It has been 

proposed that initiation, progression, and an advanced state of atherosclerosis is caused 

by systemic or local inflammation (129). Numerous studies support the fact that NO has 

important roles in the inflammation process and atherosclerosis. In mice, inhibition of 

endothelial NO production after removal of endothelial NO synthase (eNOS) induces the 

development of atherosclerotic lesion formation in the aorta (118). Leukocyte adhesion 

and infiltration, the initial steps in atherosclerosis, are caused by an inhibition of 

endothelium-derived NO production, resulting in an elevation in the endothelial 
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adhesiveness for monocytes (41). This endothelial adhesiveness is restored by dietary L-

arginine, which is the substrate of NO biosynthesis (209). C-reactive protein (CRP), a 

systemic marker of low grade inflammation, is also associated with endothelial NO 

production, such that an increase in CRP reduces NO production as well as eNOS 

expression, contributing to endothelial dysfunction (52). Along with an anti-

inflammatory property, NO also has antithrombotic effects. Endothelium-derived NO 

attenuates platelet activation, adhesion, and aggregation. A previous study showed that 

plasminogen activator inhibitor-1, a prothrombotic protein, is attenuated by endothelium-

derived NO (17). 

As mentioned, endothelial function is assessed by endothelium-dependent 

vasodilation. There are several techniques to assess endothelium-mediated vasodilation 

including acetylcholine (Ach)-induced dilation and a flow-mediated dilation technique 

(FMD). FMD was introduced by Celermajer in 1992 (30) and importantly, it has been 

used extensively in research settings due to its noninvasiveness. Following the release of 

temporary limb ischemia, reactive hyperemia causes an increase in shear stress over the 

surface of the endothelium, leading to eNOS activation. Previous studies showed that 

radial, brachial, femoral FMD are attenuated by an inhibition of NO synthase in humans, 

suggesting that shear stress-induced endothelial vasodilation is dependent on NO 

production (45, 99, 115). In fact, cardiovascular risk factors such as 

hypercholesterolemia, hypertension, diabetes, and smoking, are associated with impaired 

FMD (29). Trinity et al. introduced a passive limb movement (PLM) technique as a new 

approach to assessing the vascular function and NO bioavailability (208). They 
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demonstrated that intra-arterial infusion of NG-monomethyl L-arginine (L-NMMA, a NO 

synthase inhibitor) blunts 80% of movement-induced hyperemia and vasodilation. Also, 

vasodilation following passive limb movement is reduced in patients with spinal cord 

injury, heart transplantation, and elderly individuals (75, 211).  

 

Reactive Oxygen Species in Endothelial Vascular Function 

Reactive oxygen species (ROS) are oxygen-derived molecules that contain 

oxygen radicals including superoxide (O2
-
), hydroxyl (OH), peroxyl (RO2), and 

alkoxyl (RO). These ROS convert nonradical molecules into either a reduced form 

and/or other radical molecules such as ozone (O3), hypochlorous acid (HOCl), and 

hydrogen peroxide (H2O2). In general, superoxide rapidly changes its form into hydrogen 

peroxide at low pH or by superoxide dismutase. Accumulated superoxide production and 

its direct interaction with NO yields oxidant peroxynitrite (ONOO-), the peroxidase-

catalyzed formation of hypochlorous acid from hydrogen peroxide. ROS destroys or 

alters the function of the target molecule such as proteins, lipids, carbohydrates, and 

nucleic acids. It has been determined that ROS play a critical role not only in the process 

of killing pathogens but also in cellular and tissue damage (13). Excessive ROS 

formation causes an imbalance between the systemic manifestation of ROS and 

antioxidant defense system, resulting in increased oxidative stress (13). In this regard, 

accumulating evidence suggests that elevated oxidative stress is closely associated with 

the progression of atherosclerosis (11). 
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In the vascular system, nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase and xanthine oxidase are two major sources of superoxide (187). A ROS-

dependent increase in blood pressure is an important function of NADPH oxidase in the 

vasculature. Previous studies determined that NADPH oxidase expression is upregulated 

upon increased angiotensin II (ANG II) stimulation (124, 217). ANG II exerts its 

vasoconstrictive effects through the actions of the ANG II receptor type 1 (AT1R), which 

activates NADPH oxidase to produce hydrogen peroxide, peroxynitrite, and superoxide. 

The vasoconstrictive response to ANG II is mainly due to elevated ROS formation 

especially hydrogen peroxide (31, 207) and peroxynitrite through the binding between 

ANG II and NADPH/xanthine oxidases (156, 207). In mice, previous studies observed a 

decrease in basal blood pressure and blood pressure response to ANG II in NADPH 

oxidase deficient mice (58, 138). In the vasculature, NADPH oxidase-derived ROS are 

involved in nitric oxide inactivation (64, 123, 164), endothelial cell proliferation and 

migration (2), growth and cell division (97), extracellular matrix regulation (213) and 

other pathways (26, 146, 168). 

Importantly, studies suggested that elevated vascular production of ROS plays a 

crucial role in endothelial dysfunction by attenuating NO bioavailability (24, 120). 

Excessive ROS production causes oxidative degradation of the crucial eNOS cofactor 

BH4. This is followed by uncoupling of eNOS and increased superoxide during this 

eNOS uncoupling process, eventually leading to a reduction in NO production. Also, 

increased ROS inhibits dimethylarginine dimethylaminohydrolase (DDHA), such that the 

reduction in DDHA promotes the competitive endogenous NO-synthase inhibitor 
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asymmetric dimethylarginine (ADMA), resulting in reduced eNOS activity (121). In this 

regard, an increase in NADPH oxidase-derived ROS has been implicated in vascular 

diseases including hypertension (151, 161, 172), aortic media hypertrophy (108, 130, 

201), atherosclerosis (8, 32, 63, 73), and vascular diabetic complications (214).  

 

Potential Mechanisms of Endothelial Dysfunction in African Americans 

AA commonly have endothelial dysfunction, which is at least partially related to 

reduced NO bioavailability and/or vascular responsiveness to NO (106, 140, 159). 

ADMA is an endogenous inhibitor of NOS, which is believed as one of the leading 

causes of impairment of the NOS pathway. It is well documented that increased ADMA 

levels in plasma are associated with many cardiovascular risk factors (1, 16, 134, 147, 

199, 203). Furthermore, it has been determined that accumulated ADMA causes impaired 

EDD (16, 51, 134, 200). In line with this, young male AA have attenuated endothelial 

function with increased level of ADMA when compared with CA males, such that there 

was an independent inverse correlation between ADMA and FMD in those subjects 

(140). This evidence suggests that increased ADMA levels in blacks may be a contributor 

for impaired endothelial dysfunction.  

Given that vitamin D is synthesized in the skin through ultraviolet (UV) B light 

exposure, individuals with dark skin need stronger UV exposure to produce optimal 

vitamin D concentration than individuals with light skin do because of high melanin 

levels in dark skin, which play a role in exogenous sunscreens that reduce vitamin D 

production in the skin. Previous investigations determined that individuals with dark skin 
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can produce high vitamin D levels given sufficient UV exposure but, under normal 

conditions at most latitudes in North America, even young and healthy AA both in men 

and women do not achieve optimal plasma vitamin D concentrations at any time of year 

(71, 72). In addition to skin pigmentation, it has been determined that vitamin D-related 

genes (e.g., vitamin D binding protein gene) is associated with plasma vitamin D levels, 

which are lower in AA, thus leading to vitamin D deficiency (50). Furthermore, daily 

intake of vitamin D is significantly lower in AA when compared with intakes by CA, 

contributing to lower plasma vitamin D status (150).  It is well documented that vitamin 

D deficiency causes an increase in CVD and type 2 diabetes from animal studies and 

observational investigations in humans. A previous observational study with meta-

analysis identified that high levels of vitamin D in plasma have positive effects on 

cardiometabolic health. They demonstrated that sufficient levels of vitamin D reduces 

cardiometabolic disorders such as CVD, type 2 diabetes, and the metabolic syndrome by 

43% when compared with the low vitamin D levels (158). This observational finding is 

supported by laboratory-based research. It has been suggested that vitamin D deficiency 

results in blunted NO bioavailability through up-regulation of ROS (98) by down-

regulating pro-inflammatory cytokines and up-regulating anti-inflammatory cytokines 

(71). In this regard, a recent human study observed an association between low 

concentrations of vitamin D and elevated ROS with endothelial dysfunction (98).  

Notably, previous studies determined that AA, when compared with CA, have 

reduced NO production due to elevated levels of O2
-. In young AA, elevated levels of O2

- 

react with NO leading to the production of peroxynitrite and a concomitant decrease in 
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NO bioavailability (106). Furthermore, NO production in AA is completely restored by a 

NADPH oxidase inhibitor (136), suggesting that these elevated levels of O2
- in AA were 

due to increased NADPH oxidase activity, a major source of O2
- production. 

 

Potential Mechanisms of Endothelial Dysfunction in Obese Individuals 

It has been well documented that obesity is associated with the development of 

atherosclerosis and an increased prevalence of atherosclerotic diseases (93, 103). 

Increases in total body fat and abdominal fat have been suggested as important 

contributors to elevated oxidative stress and vascular dysfunction. Body mass index, total 

body fat, and waist circumference are positively correlated with impaired endothelial 

function due to increased oxidative stress (187). Previous studies reported that excessive 

adipose tissue causes dyslipidemia, elevated blood pressure, increased inflammation, and 

oxidative stress, contributing to endothelial dysfunction in obese individuals via 

metabolic disturbances (215). In line with this, weight loss reduces serum lipids, oxidized 

LDL, C-reactive protein, and blood pressure (114, 170, 171, 202), thus enhancing 

endothelial function in obese individuals (166, 218).  

ROS production in adipose tissues occurs in response to insulin (116, 117, 132) 

but has also can occur spontaneously (57), which is more obvious in an obese animal. 

NOX4 and NOX2, two isoform prototypes of NADPH oxidase, have been observed in 

adipose tissues (57, 139), and both mRNAs are upregulated in obese rats (57). In 

adipocytes, NADPH oxidase-dependent ROS in response to insulin induces mobilization 

of a glucose transporter (GLUT) to the surface of adipocytes, leading to glucose uptake 
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(135). However, prolonged exposure to ROS in adipocytes attenuates GLUT expression 

and interferes with glucose uptake (178) via a reduction in adiponectin and upregulation 

of protein tyrosine phosphatase, which is also observed prominently in obese individuals 

(57, 219). NADPH-dependent ROS in adipocytes have an anti-hyperglycemic effect via 

cell differentiation and increased insulin sensitivity; however, excessive ROS generation 

interferes with the cellular signaling mechanism in response to insulin stimulation and 

contributes to the development of obesity (13).  

Recent evidence reported that young obese/overweight individuals have 

upregulated NADPH oxidase relative to normal weight individuals, suggesting that 

inflammation, insulin resistance, and plasma triglycerides (TRG) are the intermediary 

mechanisms for elevated NADPH oxidase in this population (187, 215). Interestingly, 

Silver et al. demonstrated that xanthine oxidase, another major enzyme that produces 

superoxide and hydrogen peroxide, is not related to body fat levels (187). They 

concluded that vascular endothelial NADPH oxidase expression, but not xanthine 

oxidase, is upregulated in obese/overweight children, suggesting that NADPH oxidase is 

a major contributing factor to elevated oxidative stress. Furthermore, decreases in 

obesity-related oxidative markers including CRP, oxidized low-density lipoprotein 

(oxLDL), TRG, and malondiadehyde (MDA) have been associated with endothelial 

function, suggesting that a reduction in adipose tissue improves endothelial function via 

attenuation of oxidative stress (110, 166, 220). 

 

Effects of Flavanol Consumption  
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Chocolate is believed to contribute to obesity, elevated blood pressure, and 

diabetes, such that many physicians tend to warn people about the potential health risks 

of consuming a substantial amount of chocolate or chocolate-based foods. However, data 

from recent investigations suggest that the ingestion of cocoa has positive effects on 

aging, blood pressure regulation, and atherosclerosis. The first clue of a positive effect 

from cocoa consumption was observed in Kuna Indians, who lived in islands of Panama. 

Hollenberg et al. found that Kuna Indians tend to have lower blood pressure values, and 

no age-dependent decrease in kidney function. Importantly, they also found that the 

Kunas consume large amounts of cocoa (80). Another research team reported that 

mortality resulting from cardiovascular events is substantially lower compared with other 

Pan-American people (12). This lower CVD mortality in a native population was lost 

after migration to urban Panama City, implicating that cocoa consumption exerts its 

effects as a cardio-protective role (80).  

In a prospective study with a 16-year follow-up, flavonoid-rich foods were 

associated with a reduced risk of death from coronary heart disease (143). Furthermore, 

the study showed an independent inverse association between chocolate intake and CVD 

mortality. The Dutch Zutphen study also provided evidence that cocoa intake is 

negatively correlated with blood pressure and CVD and all-cause mortality (23).  

The mechanisms underlying the benefits identified in these various studies on the 

cardiovascular system remain unclear; however, it has been suggested that positive 

effects are exerted through the modulation of CVD risk factors, such as by improving 
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endothelial function, inhibiting low-density lipoprotein oxidation, or by mitigating 

oxidative stress as an antioxidant (152). 

A flavonoid is a large subgroup of the heterogeneous group of polyphenols and 

plants secondary metabolites. Important flavonoid subfamilies include flavanols, 

flavonols, flavones, isoflavones, and flavanone, which are classified by the chemical 

residues attached to the common flavonoid chemical structure. Among those subgroups, 

flavanols, defined by the presence of a hydroxyl group at position 3 of ring C, have 

received attention because they are highly abundant in certain fruits and vegetables (i.e., 

beans, grapes, cocoa, apples) and importantly, data from epidemiological studies have 

indicated an independent inverse relationship between the consumption of flavanol-rich 

foods and CAD mortality (7). In a cross-sectional analysis, cocoa intake, a well-known 

source for flavanols, was associated with a reduction of cardiovascular and all-cause 

mortality (23). Data from metanalyses regarding the effects of chocolate or cocoa have 

determined that flavanol consumption reduces both diastolic and systolic blood pressure 

(173, 205), leading to a decrease in cardiovascular risk factors, which may explain an 

inverse correlation between flavanol intake and the development of CVD. A potential 

explanation is that sufficient amount of flavanol intake would increase NO bioavailability 

produced from endothelial cells and improve smooth muscle relaxation, resulting in a 

reduction in blood pressure (173, 205). These findings are supported by laboratory-based 

studies demonstrating an improvement in vascular endothelial function following both 

acute and long-term flavanol supplementation interventions (59, 133). Furthermore, these 

improvements are augmented in populations with underlying vascular endothelial 
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dysfunction relative to healthy controls (78). The underlying mechanism by which 

flavanol molecules improve NO bioavailability has not yet been fully elucidated; 

however, the proposed mechanisms of flavanol-mediated improvement in vascular 

endothelial function include: increased eNOS expression/activity, inhibition of arginase, 

and a reduction in NADPH oxidase activity/production (59, 79, 133, 180, 182).  

The first speculation is the role of flavanols in stabilizing and upregulating 

functional eNOS expression in endothelial cells, resulting in an increase in NO 

production. eNOS expression in human coronary artery endothelial cells (HCAECs) is 

increased with epicatechin treatment, which is a one type of flavanol monomer (167). 

The author proposed that upregulated receptors on the endothelial cell surface with 

epicatechin treatment could be a primary mediator in its cardio-protective properties. The 

eNOS underwent protein carbonylation upon exposure to oxidative stress, leading to 

protein degradation. In this regard, it has been reported that flavanol has a protective 

effect on eNOS. Steffen et al. showed evidence that the breakdown of the eNOS caused 

by exposure to oxLDL was reversed by a pretreatment with epicatechin (193, 196).   

Another proposed pathway for the vascular benefits from flavanol consumption is 

via inhibition of NADPH oxidase, thereby resulting in a reduction in superoxide 

production. EDD in aortas of rats was improved when cells were cultured with 

epicatechin-containing red wine via elevated NO production along with a reduction in 

superoxide generation (14). Steffen et al. identified that epicatechin is associated with 

increased NO production in human umbilical vein endothelial cells (HUVEC’s). He 

demonstrated that endothelial cells methylate chemical structures of epicatechin into O-
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methylated metabolites, which is a potent NAHPH oxidase inhibitor. This antioxidant 

effect of methylated epicatechin led to an increase in the NO bioavailability along with a 

decrease in peroxynitrite production in endothelial cells (195). Furthermore, positive 

effects of flavanol on NO bioavailability were lost with inhibition of the catechol-O-

methyl-transferase (COMT), the enzyme for the O-methylation process of epicatechin, 

suggesting an effective antioxidant property of flavanol (194).  

Lastly, it has been proposed that flavanol consumption attenuates arginase 

expression in endothelial cells. Schnorr et al. identified that reduced arginase II mRNA 

expression in HUVEC’s was decreased after the incubation with flavanols (182). This 

reduction was observed in 2 hr, and the magnitude of decrease became greater in 24 hr in 

a dose-dependent manner. They also demonstrated that arginase II expression was 

decreased in renal cells after 28 days of high flavanol diet in rats and 24 hr after the 

flavanol cocoa drink consumption in human erythrocytes. Arginase converts L-arginine 

into L-ornithine, such that NO production is decreased with upregulated arginase 

expression via NOS pathway. The author speculated that flavanol consumption would 

result in an increase in NO production and the concomitant improvement in NO 

bioavailability by increasing the L-arginine availability.  

It is believed that the underlying mechanism for the improvement in NO 

production or bioavailability differs between acute and long-term consumption of 

flavanols. Previous studies demonstrated that long-term flavanol supplementation 

increases basal NO production, which showed a greater increase following an acute 

consumption of flavanols (9, 53, 76). The vascular benefits of long-term intake of 
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flavanols are thought to be associated with enzymatic adaptation, such that chronic 

exposure to flavanols causes an increase in eNOS and COMT expression/activity along 

with a decrease in arginase expression (77). This is supported by the fact that basal NO 

production and endothelium-dependent vasodilation are improved by long-term 

consumption of flavanols. On the other hand, acute flavanol consumption involves a 

reduction in oxidative stress via inhibition of NADPH oxidase or directly scavenging 

superoxide (180, 195).  

 

Macro-/Microvascular Circulation: Cerebral and Cutaneous Vasculature  

Cerebral blood flow is regulated by some factors including changes in CO2 

tension, endothelial signals, blood pressure, and cardiac output. Importantly, carbon 

dioxide tension is a primary modulator of cerebral vascular tone and thus cerebral 

perfusion with hypercapnia and hypocapnia eliciting increases and decreases in cerebral 

blood flow respectively (222). The sensitivity of this response is assessed in clinical and 

research settings as an index of cerebral vascular function and thus, cerebral vascular 

health, as it is required to ensure a sufficient nutrient and oxygen supply, and to remove 

metabolic wastes from the brain tissue (113). A reduction in cerebral vascular 

vasodilatory capacity to the carbon dioxide tension is diminished in various clinical 

conditions (36, 74, 104) and is a predictor of, as well as a contributor to, stroke (67). 

Recent evidence implicates an attenuated cerebral vascular vasodilatory response in a 

variety of other conditions including cognitive dysfunction, dementia, and Alzheimer’s 

disease (10, 188). NO synthase inhibition reduces basal cerebral blood flow (102) as well 
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as the CBF response to hypercapnia (181). Furthermore, the effect of NOS inhibition is 

positively correlated with the degree of hypercapnia (22), suggesting a critical role for 

NO on CBF regulation. Further implicating a role of NO in cerebral vascular sensitivity 

to CO2 tension are findings in primates (206) and humans (223) with elevated cerebral 

vascular risk indicating that a blunted response to hypercapnia is improved following 

infusion of L-arginine, a precursor for NO synthesis. Lavi et al. demonstrated that 

patients with an impaired peripheral endothelial function have reduced CO2-dependent 

changes in CBF, and this impairment was abolished following exogenous NO 

administration (127). Thus, impairments in endothelial function and/or decreased cerebral 

vascular sensitivity to changes in CO2 tension could negatively impact cerebral 

vasodilator capacity.  

The cutaneous circulation is recognized as a surrogate vascular bed for the 

assessment of mechanisms underlying systemic vascular disease (42, 83). This is 

particularly important, as microvascular dysfunction is a precursor to macrovascular 

dysfunction and leads to a variety of diseases, including hypertension, atherosclerosis, 

and insulin resistance (101). Impairments in microvascular function occur in early 

adulthood, often by the second generation of life, prior to overt signs of disease. 

Furthermore, impaired cutaneous microvascular function mirrors impaired responses in 

other vascular beds (43, 85). Mechanisms of impaired NO bioavailability have been 

assessed in various at-risk and diseased populations including, healthy aging, 

hypertension, postural tachycardia syndrome, hypercholesteremia, and chronic kidney 

disease (47, 82, 88, 191, 198). Furthermore, these findings have implicated some factors, 
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including elevated ROS, which contributes to NOS uncoupling and thus reduced NO 

bioavailability and subsequent endothelial dysfunction (48, 82, 88, 191). 
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Chapter VIII:  General Discussion 

The series of studies in this dissertation explored cerebral and peripheral 

microvascular function in individuals with elevated CVD risk. We assessed cerebral 

vascular conductance using TCD during rebreathing-induced hypercapnia to evaluate 

cerebral vascular function in AA and obese individuals. These populations are at high 

prevalence of cerebral diseases including stroke, Alzheimer’s disease, and cognitive 

dysfunction (44, 60, 68, 175, 177). Cerebrovascular function, as determined by CVC 

reactivity to hypo-/hypercapnia, is reduced in patients with type 2 diabetes mellitus (104), 

hypertension (127), and carotid artery disease (174). Furthermore, such reduced function 

is believed to be a predictor as well as a contributor to stroke (67, 155). The elevation in 

CBF in response to hypercapnia takes place through modulation of the cerebral 

microvasculature; therefore, this technique has been used as a useful tool to represent 

cerebral vascular health (125, 126, 174). Adequate blood flow is needed to meet oxygen 

and nutrient demand and remove metabolic waste from the cerebral vasculature (5, 113, 

174). Impaired CBF regulation leads to metabolic disturbance (5), potentially resulting in 

brain tissue damage. In this regard, decreased cerebral vasodilatory capacity of AA 

(previously published study(95)) and obese individuals (study #2 in the current 

dissertation) may explain why they are at higher risk for cerebral diseases.  

We assessed acute effects of flavanol consumption in AA (study #1). Flavanols 

exert favorable effects on endothelium-dependent vasodilation in peripheral circulation in 

high-risk populations including patients with hypertension or chronic kidney disease, and 

in smokers who have reduced vascular function (62, 78, 157). Furthermore, flavanols 
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show positive long-term effects on systolic/diastolic blood pressure, LDL cholesterol, 

inflammation, and glucose tolerance (61, 149, 163, 204). The mechanisms underlying 

those positive effects of the flavanol differ in supplementing periods. The acute effects of 

flavanol consumption on vascular function are involved in reducing oxidative stress 

(180); on the other hand, stabilizing or upregulating essential enzymes for endothelium-

dependent smooth muscle relaxation (e.g., eNOS) is associated with long-term effects 

(79, 182). In study #2, we observed the improvement in cerebral vasodilatory function in 

AA; however, hemodynamic changes such as resting systolic/diastolic blood pressure and 

HR were not found following flavanol consumption. Endothelial function is associated 

with cerebral vascular function, as determined by CBF sensitivity in response to changes 

in PaCO2 (127). Individuals with an impaired endothelial function have decreased CBF 

reactivity, implicating that endothelium-dependent NO generation is associated with an 

increase in CBF during hypercapnia (127). 

Increased oxidative stress blunts NO production from the endothelium via 

inhibition of eNOS or a direct reaction with NO, resulting in producing peroxynitrite 

(106, 136). This increased production of peroxynitrite also uncouples eNOS and other 

essential cofactors such as BH4, contributing to further decrease in NO generation (106). 

In this regard, AA have increased oxidative stress relative to CA (106). It is not 

conclusive that elevated oxidative stress decreases cerebral vasodilatory capacity in AA 

because we did not directly measure oxidative stress variables to show the causal 

relationship. Regardless, it is speculated that impaired cerebral vascular function in AA is 

induced by increased oxidative stress (i.e., increased superoxide generation) because 
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previous in vitro studies showed that NO production is blunted mainly due to increased 

superoxide production as well as elevated peroxynitrite molecules from the endothelium 

in response to eNOS activation, which were observed in AA (106, 136).  

Flavanols improve NO bioavailability as an antioxidant, contributing to an 

increase in endothelium-dependent vasodilation (62, 78, 157). They inhibit NADPH 

oxidase, a major site for superoxide in endothelial cells, thus superoxide generation is 

attenuated, accordingly (180). This antioxidant effect of flavanols is believed to of 

occurred in the current study based on the fact that NADPH oxidase is upregulated in 

AA, which is normalized by apocynin, a specific inhibitor of NADPH oxidase (136). We 

did not find any changes in cerebral vasodilatory function in CA. The reasons that CA did 

not show any changes could be multifactorial; however, it is speculated that CA have 

relatively low oxidative stress level, such that antioxidant effects of the flavanol are 

minimal.  

Even though we did not elucidate mechanisms underlying impaired cerebral 

vascular function and positive effects of flavanols on CBF regulation in AA, the series of 

these studies provide important clinical implications regarding future development of 

cerebral diseases and its possible treatment in this population. Future studies may 

determine whether decreased cerebral vascular function in AA is restored by an inhibition 

of NADPH oxidase or superoxide by pharmacological approach/long-term 

supplementation of clinically applicable substances (e.g., flavanol-rich foods). Also, 

studies are needed to elucidate as to what factor mainly contributes to increased NADPH 

oxidase or superoxide in AA through a generic approach. 



 86 

Study #3 investigated the cutaneous microcirculatory function in AA. We found 

that cutaneous vasodilation in response to local heating is reduced in AA when compared 

with CA. Microcirculation is representative of the systemic vasculature, such that 

vascular impairments occur simultaneously in both macro-/microcirculation in the 

vascular system (3, 89). In this regard, cutaneous microcirculatory function has been 

extensively explored by many research groups in order to identify mechanisms 

underlying impaired systemic vascular function that occurs in diseased populations (49, 

83, 84, 189). Reduced cutaneous thermal reactivity in AA in study #3 represents impaired 

endothelium-dependent vasodilation, which has been consistently found in previous 

studies (105, 137, 159). Furthermore, we determined that this impaired cutaneous 

vasodilation is mainly due to elevated superoxide generation. Kalinowski et al. showed 

that AA have reduced NO production due to elevated superoxide generation by eNOS 

activation using a single endothelial cell in vitro (106). Study #3 is the first in vivo study 

showing a potential contributor to impaired endothelial function in AA.  

Due to the invasive aspect of systemic infusion of pharmacological agents, we 

alternatively chose to assess the cutaneous vasculature in study #3 using a minimally 

invasive technique, an intradermal microdialysis. This may implicate why AA have 

higher incidence of endothelial dysfunction and the consequent development of CVD 

than other ethnicities; however, advanced techniques are needed to confirm this 

hypothesis in the future. 
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