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Abstract 

 

 

Background: Non-Hispanic Black (NHB) adults exhibit a higher prevalence of cardiovascular 

disease (CVD) compared to Non-Hispanic White (NHW) adults. Vascular oxidative stress may be 

one contributing factor to these racial disparities. Peripheral blood mononuclear cells (PBMCs) 

are primary contributors to systemic oxidative stress with documented racial differences in PBMC-

derived reactive oxygen species (ROS) production. However, it is unclear whether the racial 

differences in PBMC-derived ROS are associated with alterations in mitochondrial function. 

Therefore, the purpose of this study was to investigate potential racial differences in protein 

expression for mitochondrial complexes, antioxidant defenses, superoxide-generating NADPH 

oxidase subunits, and cellular respiration in PBMCs isolated from NHB and NHW adults. 

Methods: PBMCs were isolated as an ancillary subproject for the “Neighborhood Disadvantage, 

Sleep, and Vascular Health: Racial Disparities in Cardiometabolic Health and Blood Pressure” 

Study (NCT04576338) from healthy, young participants (17 NHB & 24 NHW). PBMCs were 

cultured 14-18 hrs prior to cell respiration and protein harvest. A Clark Electrode measured rate of 

basal, leak, maximal, and non-mitochondrial respiration. Formulas were also used to determine 

coupling efficiency, adenosine triphosphate (ATP) demand, spare respiratory capacity, and OCR 

metabolic potential. Western blotting was used to measure antioxidant modulators of oxidative 

stress (superoxide dismutase [SOD] isoforms 1 & 2; acetylated SOD2 [AcSOD2], inactivate form; 

NAD-dependent deacetylase Sirtuin-3 [SIRT3]), superoxide-generating enzyme NADPH oxidase 

subunits (p47phox and gp91phox), and mitochondrial complexes I – V. Non-adjusted differences 

between groups were analyzed with a student’s t-test or Man-Whitney U test, if they showed non-

normal distributions. Results: There were no racial differences in the modulators of oxidative 

stress or superoxide-generating NADPH oxidase subunits. PBMCs isolated from NHBs adults 
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exhibited a significantly higher expression for Complex I (p=0.014). There were no sex differences 

in NADPH oxidase subunits or mitochondrial complexes. However, PBMCs isolated from females 

exhibited a greater expression for the antioxidant enzyme SIRT3 (p=0.038). PBMCs isolated from 

NHBs adults exhibited a significantly lower rates for basal respiration, leak respiration, and non-

mitochondrial respiration (p=0.017, p=0.009, p=0.014 respectively). Finally, there were no sex 

differences in cell respiration. Conclusion: While speculative, the lower respiration rates (basal, 

leak, and non-mitochondrial derived) and higher protein expression for Complex I in PBMCs 

isolated from NHB adults may contribute to elevated ROS production. While no racial differences 

were found in the redox regulating proteins, additional information are needed on SOD activity, 

NADPH oxidase activity, mitochondrial damage, and changes in metabolic phenotype in activated 

PBMCs. 
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Chapter 1: Introduction 

 

Within the United States, cardiovascular disease (CVD) is the leading cause of death, with 

a marked racial disparity in prevalence, morbidity, and mortality.1,2 Non-Hispanic Black (NHB) 

adults are the most at-risk population with a higher prevalence for CVD risk factors (e.g., 

hypertension [HTN], obesity, diabetes) compared to Non-Hispanic White (NHW) adults or any 

other racial/ethnic group.1,3,4 The vast majority of research in CVD and racial disparities, including 

the majority of studies highlighted below, involves the comparison of NHB and NHW adults. 

Additionally, clinical data and cellular experiments have repeatedly shown NHB adults to exhibit 

higher systemic inflammation, an impaired vasodilatory response, heightened oxidative stress, and 

endothelial dysfunction that may contribute to the higher prevalence in CVD conditions compared 

to NHW adults.5–13 Vascular dysfunction, an antecedent to CVD progression, includes endothelial 

dysfunction which is characterized by a reduction in nitric oxide (NO)-dependent dilation.5,14–16  

Reactive oxygen species (ROS) are one way in which NO bioavailability and production 

can be hindered. The interaction of a superoxide (O2
-) radical with NO generates peroxynitrite 

(ONOO-) that further inhibits NO production and further generates ROS.17,18 ROS are highly 

reactive, oxygen bearing molecules (e.g., O2
-; hydrogen peroxide H2O2; hydroxyl radicals OH•) 

that inflict oxidative damage to DNA, proteins, and fatty acids which ultimately harm cell function 

and viability.19,20 The imbalance between the antioxidant defenses and ROS production within an 

organism leads to oxidative stress, that is associated with inflammation, hypertension, and 

CVDs.19,21  

There are various endogenous sources of ROS production which includes peroxisomes, 

lipoxygenases, cytochrome P450, xanthine oxidase, nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, and the mitochondria.19,20,22,23 The main endogenous sources for ROS 
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production, known to impact NO bioavailability and initiate the process of vascular dysfunction 

are 1) NADPH oxidase 2) mitochondrial respiration, and 3) xanthine oxidase. NADPH oxidase is 

a multi-subunit cytosolic enzyme, known for generating ROS in response to growth factors, 

cytokines, or calcium signaling.20,22 NADPH oxidase enzymes are expressed in many cell types 

including immune cells (monocytes, T cells, macrophages), endothelial cells (ECs), and vascular 

smooth muscle cells. The mitochondria are also implicated as another major generator of ROS 

production during oxidative phosphorylation. The sites on the electron transport chain (ETC) 

recognized for the premature leakage of electrons are Complex I (NADH Dehydrogenase) and 

Complex III (ubiquinone-cytochrome c reductase) for reducing oxygen (O2) into O2
-.23–28 

However, there are also other sites within the mitochondria recognized as producers of O2
- and 

H2O2 that include 2-oxoglutarate dehydrogenase, pyruvate dehydrogenase, Succinate 

dehydrogenase (Complex II), and glycerol 3-phosphate dehydrogenase.29 

There are various enzymatic (e.g., SOD, catalase, glutathione peroxidases, and NADH 

peroxidase), and non-enzymatic (e.g., glutathione, vitamin C, vitamin E) antioxidant defense 

systems within cells that aid in combating excess ROS production.19,30 The following section will 

detail the role of superoxide dismutase (SOD) in modulating mitochondrial-derived ROS. SODs 

are a group of enzymes that scavenge ROS by catalyzing the conversion O2
- into O2 and H2O2.

31,32
 

In eukaryotes, there are three isoforms of this antioxidant enzyme: 1) SOD1 located throughout 

the cytoplasm, nucleus, and lumen between the outer and inner membranes of the mitochondria, 

2) SOD2 located within mitochondrial matrix, and 3) SOD3 located extracellularly. 32–34 Sirtuin-3 

(SIRT3) is a mitochondrial deacetylase that plays a central role in the antioxidant defense system 

as a SOD2 activator.32–36 Mitochondrial dysfunction has gained attention as major contributor to 

the pathogenesis of various CVDs and is characterized by the dysregulation of mitochondrial-
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derived ROS as a result of an increase in oxidant production, a decrease in antioxidant defenses, 

or both.37,38  

As primary contributors to systemic ROS, research is now focusing on further 

understanding the role of peripheral blood mononuclear cells (PBMCs) in vascular dysfunction, 

as they are in constant communication with the endothelium.21 PBMCs are identified as blood cells 

with a round nucleus (e.g., lymphocytes, monocytes, or dendrite cells) that provide selective 

responses to immune systems in order to fight infections and adapt to future intrusions.39–41 Most 

PBMCs are in a naïve or resting state without effector functions due to the absence of an ongoing 

response.40 Upon stimulation, activated PBMCs can produce inflammatory cytokines (e.g., 

Interleukin-6 or Tumor Necrosis Factor-α), upregulate activation markers, and initiate 

inflammatory pathways that can promote vascular dysfunction and CVD progression.21,42 Mice 

infused with angiotensin II (Ang II), a potent vasoconstrictor that causes HTN, showed a 

significant increase in their macrophage population compared to the sham-infused mice. 

Furthermore, the depletion of monocytes in a subset of mice that were then infused with Ang II 

has been shown to significantly reduce systemic O2
- levels, ONOO- formation, attenuate vascular 

dysfunction, and lower Ang II-induced increases in blood pressure compared to control mice.21 

One mediator to the PBMC-derived contribution to systemic ROS is NADPH oxidase 

subunit gp91phox.21 PBMCs express the NOX2 isoform of NADPH oxidase that is characterized 

by gp91phox spanning across the cell membrane and generating large quantities of O2
- that is  

released extracellularly to augment systemic ROS.22 PBMCs isolated from NHB males has shown 

a higher protein expression of NADPH oxidase subunits (gp91phox and p47phox) and greater 

intracellular O2
- production compared to PBMCs isolated from NHW males.43 Presumably the 
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greater ROS production in the PBMCs isolated from NHB adults could contribute to the racial 

differences in systemic oxidative stress. 

Mitochondrial-derived ROS in PBMCs isolated from individuals with moderate to severe 

congestive heart failure (CHF) demonstrated the key role oxidative stress plays in the 

pathophysiology of CVDs. Specifically, PBMCs isolated from patients with CHF exhibited a 

marked reduction in mitochondrial transmembrane potential, an increase in intracellular ROS 

formation, impaired mitochondrial respiratory capacity, and reduced SOD activity when compared 

to PBMCs isolated from patients with mild CHF or a control group. 44–46 Also decreased 

mitochondrial respiration in PBMCs isolated from patients with early-stage CHF was inversely 

related to circulating inflammatory cytokines (e.g., C-reactive protein, Interluekin-6, Tumor 

Necrosis-α) when compared to PBMCs isolated from a control group.47 With oxidative stress, the 

mitochondria also become a target for ROS and can result in oxidative damage to the ETC 

complexes. 48,49 These oxidative reactions not only serve to further amplify mitochondrial-derived 

ROS during respiration but can also result in the nitration of tyrosine residues on SOD2 and 

potentially inhibiting its enzymatic activity50. 

With mitochondrial dysfunction, a decrease in the antioxidant defense mechanisms is 

observed. Genetically modified mouse models demonstrated the role mitochondrial SOD2 plays 

in vascular biology. Specifically, SOD2 silencing in apolipoprotein-deficient mice resulted in 

endothelial dysfunction in carotid arteries.34 Furthermore, even a heterozygous mouse for SOD2 

(SOD2+/-) exhibited mitochondrial dysfunction, diminished SOD2 activity, higher susceptibility to 

oxidative stress, and myocardial ischemia.51–53 SIRT3 knockout mouse models also demonstrated 

an increase in SOD2 acetylation, elevated mitochondrial-derived O2
- levels, and diminished 

endothelial derived NO production promoting the pathogenesis of HTN.36 In static conditions, 
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human umbilical vein ECs (HUVECs) isolated from NHB individuals has been shown to have 

significantly higher protein expression for NADPH oxidase subunits (p47phox and gp91phox), 

lower protein expression for SOD2, lower SOD1 activity, and total SOD activity compared to 

HUVECs isolated from NHW individuals.8,54 

Lymphocytes and monocytes are key players in the progression of atherosclerosis by 

modulating the inflammatory and immune response.55 Lymphocytes (e.g., helper T cells, B cells, 

and natural-killer cells) are essential mediators of immune cell homeostasis but can also contribute 

to systemic inflammation.40,41 Whereas, macrophages and monocytes with a proinflammatory 

profile are essential for driving both inflammatory and oxidative signaling pathways involved in 

vascular dysfunction.21 At the site of inflammation, monocytes transmigrate from the blood, 

initiate adhesion to the endothelium, differentiate into macrophages, and initiate the formation of 

an atherosclerotic plaque.56  

Mitochondrial dysfunction in PBMCs is suggested to play a key role in endothelial 

dysfunction, atherosclerosis, HTN, and CVD; yet the specific mechanism(s) are still unclear. 

Whether superoxide generating NADPH oxidase expression is elevated or antioxidant 

defenses/activator (SOD1, SOD2, SIRT3) expression is diminished in PBMCs isolated from NHB 

adults is unknown. Also, alterations in mitochondrial function (cell respiration and ETC 

complexes) could be one mechanism contributing to the elevations in oxidative stress observed in 

PBMCs isolated from NHB adults. Limited work has been performed to investigate this area. 

Therefore, it is imperative for research to continue exploring the role of the mitochondria as a 

potential player in the racial differences in vascular function and the pathophysiology of CVDs. 

The aims of the proposed study are:  
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 Aim 1: To investigate possible racial differences in the protein expression of enzymes 

regulating ROS production and ETC complexes in PBMCs. We hypothesize that PBMCs isolated 

from NHB individuals would have a lower expression in antioxidant modulators of oxidative stress 

(e.g., SOD1, SOD2, SIRT3), higher expression in acetylated SOD2 (AcSOD2), higher expression 

in superoxide-generating NADPH Oxidase subunits (e.g., gp91phox, p47phox), and/or higher 

expression of mitochondrial ETC complexes that promote vascular dysfunction.  

 Aim 2: To examine possible racial differences in PBMC respiration. We hypothesize that 

PBMC isolated from NHB individuals would have lower cell respiration that would promote 

mitochondrial and vascular dysfunction. 

 Aim 3: To explore potential sex differences in regulators of ROS production and 

respiration in PBMCs; given the National Institutes of Health (NIH) stance on incorporating sex 

as a biological variable that should be factored into basic and biomedical research. Human studies 

on mitochondrial biology demonstrated a lack in consistent sex differences for ETC complexes 

protein expression in PBMCs and skeletal muscle, greater antioxidant capacity in PBMCs isolated 

from females, and comparable maximal respiration rates between sexes.57–60 With this in mind, we 

hypothesize that PBMCs isolated from females would either have a greater protein expression in 

antioxidant modulators of oxidative stress or lower expression in superoxide-generating NADPH 

oxidase subunits, with no differences in mitochondrial complex expression. We also hypothesize 

that there would be no sex differences in cell respiration.  
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Chapter 2: Literature Review 

 

2.1 Cardiovascular Disease (CVD) 

2.1.1 Overview of CVD  

Cardiovascular disease (CVD) has and continues to be the leading cause of death in the 

United States, with mortality slightly higher than 870,000 from CVD alone.2,3,61 The CVD- related 

mortality and morbidity also takes an economic toll on the healthcare system, with the 2016-2017 

Medical Expenditure Panel Survey declaring over $363.4 billion spent annually in direct and 

indirect health care costs (e.g., physician visits, hospital services, medications, procedures), as well 

as $147.4 billion lost in future productivity due to time spent away from the workforce.2 According 

to data from the 2015 to 2018 National Health and Nutrition Examination Survey (NHANES), the 

prevalence of CVD among US adults was 49.2% affecting 126.9 million US adults in 2018.2 By 

2035, the US population is projected to have over 130 million adults with some form of CVD, in 

addition to a total of $1.1 trillion in direct and indirect costs.4  

CVD is an umbrella term that incorporates various heart conditions (e.g., arrythmias, heart 

valve problems), heart diseases (e.g., coronary artery disease, peripheral artery disease, high blood 

pressure), and stroke. If left untreated, these diseases/conditions could result in heart failure, heart 

attack, or even death. When breaking down the percentage of deaths attributed to CVD in the US, 

the leading cause is coronary heart disease (42.1%), followed by stroke (17.0%), high blood 

pressure (11.0%), heart failure (9.6%), diseases of arteries (2.9%), and other CVD causes (17.4%).2 

The American Heart Association (AHA) emphasizes “Life’s Simple 7” as the risk factors known 

to increase the risk of CVD progression, which includes core health behaviors (e.g., physical 

activity, diet, smoking status) and health factors (cholesterol, body weight, blood glucose, and 

blood pressure).2 It is important to point out that there are also social/environmental risk factors 
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(e.g., family income, education level, race/ethnicity, single-living status) related to cardiovascular 

(CV) health outcomes.2,62–66 Moreover, it is imperative to understand the progression of CVD at 

the molecular level, develop pharmacological and non-pharmacological interventions, and focus 

on assisting at-risk populations to prevent, or at least, manage the symptoms; with the ultimate 

goal of reducing the health and economic burdens within the United States, as well as globally.  

2.1.2 CVD Progression and Risk Factors 

CVD develops as a result of low-grade inflammation, vascular dysfunction, and 

atherosclerosis that allows for plaque development and potential ischemic complications.67 

Atherosclerosis is the buildup of plaque within the artery walls that leads to the 

hardening/narrowing of the blood vessel and reduction in blood flow that ultimately limits the O2 

and nutrients supplied to the affected organs and tissues throughout the body. Plaque buildup is 

initiated by the adhesion of blood leukocytes to an activated endothelium which stimulates the 

migration of leukocytes in between the endothelium and vascular smooth muscle cells (VSMCs) 

where monocytes mature into macrophages.68 Once matured, these macrophages can take up 

cholesterol and other lipids forming foam cells that reduce vascular elasticity and flexibility.  

As previously described, risk factors that contribute to the development of atherosclerosis 

and increase risk of CVD include health behaviors (e.g., smoking, sedentary lifestyle, poor diet) 

and health factors (e.g., obesity, hypertension, diabetes mellitus, high cholesterol, and genetic 

predispositions).2,66 Interestingly, prevalence of these risk factors is not uniform between sexes 

and racial/ethnic groups. Within the United States, Non-Hispanic Black (NHB) adults have the 

highest prevalence for high blood pressure (Males 58.3%, Females 57.6%) compared to Non-

Hispanic White (NHW; Males 51.0%, Females 40.5%), Non-Hispanic Asian (NHA; Males 51.0%, 

Females 42.1%), and Hispanic adults (Males 50.6%, Females 40.8%). Another risk factor in which 
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NHB adults have a higher prevalence is obesity (Males 38.2%, Females 55.2%) compared to 

Hispanic (Males 44.0%, Females 46.2%), NHW (Males 40.7%, Females 38.7%), and NHA adults 

(Males 13.5%, Females 15.9%). As for the prevalence for Type 2 Diabetes, Hispanic adults have 

the highest prevalence (Males 15.1%, Females 14.1%), followed by NHB (Males 14.7%, Females 

13.4%), NHA (Males 12.8%, Females 9.9%), and NHW adults (Males 9.4% vs. Females 7.3%).2  

These racial disparities across risk factors also contribute to the differences in prevalence, 

morbidity, and mortality rates for CVD.1,2 Within the US, the most at-risk population for CVD 

prevalence is NHB adults (Males 60.1% vs. Females 58.8%) compared to NHW (Males 53.6% vs. 

Females 42.1%), Hispanic (Males 52.3% vs. Females 42.7%), and NHA  adults (Males 52.0% vs. 

Females 42.5%).2 

 Hypertension (HTN) is defined as high blood pressure and considered a major risk factor 

for CVD. In 2017, the American College of Cardiology and AHA redefined the blood pressure 

(BP) guidelines for HTN, with the ultimate goal of providing earlier treatment and management 

opportunities for patients.3 The 2017 guidelines lowered the BP threshold for HTN categorization 

from ≥ 140/90 mmHg to ≥ 130/80 mmHg, which raised the percentage of individuals categorized 

for HTN from 30.7% to 45.7% respectively. Not only do NHB individuals have a higher 

prevalence for HTN but are also more likely to develop HTN earlier in life, exhibit an expedited 

progression of the disease, and develop more CV risk factors (e.g., diabetes, obesity) compared to 

NHW individuals.14,69  

2.1.3 Vascular Dysfunction  

The endothelium is a monolayer of endothelial cells (ECs) that lines the interior surface of 

blood vessels and plays a critical role in vascular homeostasis by sensing and integrating 

hemodynamic and hormonal stimuli to generate various messenger molecules that influence the 
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physiology of the surrounding tissues.16,70 In healthy endothelium, ECs have vasomotor control 

within conduit and resistance vessels by balancing the release of vasodilator and vasoconstrictor 

substances.11,14,71,72 Throughout most of the vasculature the endothelium’s most potent vasodilator 

is nitric oxide (NO), the production of which is catalyzed by the enzyme, endothelial NO synthase 

(eNOS) from L-arginine.5,73 NO is a powerful antithrombotic, anti-atherogenic, and anti-

inflammatory agent that plays a role in platelet aggregation, adhesion of leukocytes to ECs, 

VSMCs proliferation, and alterations in lipoprotein metabolism to sustain the blood vessel’s 

elasticity and flexibility.16,70  

Vascular dysfunction is a key factor in the initiation and progression of atherosclerosis, 

HTN, and CVD development.14–16 Vascular dysfunction is characterized by the stiffening of large 

arteries and endothelial dysfunction that results in a reduction in NO-dependent dilation, increased 

expression of proinflammatory adhesion molecules, and the dysfunction of messenger 

molecules.5,15,16,74 The deficiency in NO can occur at multiple levels: 1) absence of ECs or high 

EC apoptosis due to a toxic stimuli (e.g., reactive oxygen species, proinflammatory cytokines), 2) 

alterations in eNOS activity (e.g., posttranslational modifications), 3) a decrease in substrate (L-

arginine) or eNOS cofactor (e.g., tetrahydrobiopterin [BH4]) availability, 4) inhibition of NO 

production (e.g., endothelin-1, ET-1), or 5) interception of NO generation by reactive oxygen 

species (ROS).6,16,75  

2.2 Reactive Oxygen Species (ROS) 

2.2.1 Overview of ROS and Molecular Targets 

ROS was originally coined to explain a class of endogenous, highly reactive, oxygen-

bearing molecules, also known as free radicals, that were implicated in oxidative damage inflicted 

on DNA, proteins, fatty acids, and other cellular components.19,20 There are various types of ROS 
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which include superoxide (O2
-), hydrogen peroxide (H2O2), hydroxyl (OH•) radicals, peroxyl 

(RO2•), and alkoxyl (RO•).19,22 The reactivity of ROS molecules determines its selectivity in 

choosing biological targets. There are specific ROS molecules (e.g., H2O2 or O2
-) that are very 

selective with its molecular targets.19,20 Whereas other ROS molecules (e.g., OH•) that are not 

selective, have an extremely short lifetime, and a broad range of nonspecific targets.19 Oxidative 

stress is an excess in ROS as a result of an imbalance in ROS production and antioxidant 

abundance/activity that is associated with inflammation, aging, HTN, CVD, and 

neurodegenerative diseases.19,21  

As previously discussed, ROS is one way in which NO bioavailability and production can 

be hindered. Excess O2
- rapidly interacts with NO to produce peroxynitrite (ONOO-), another 

highly reactive oxidant, that can induce cell cytotoxicity, apoptosis, and increase the generation of 

ROS (e.g., O2
- and H2O2).

17,18,76 ONOO- also diminishes NO production by 1) releasing zinc from 

the zinc-thiolate cluster of eNOS and 2) oxidizing the BH4 cofactor, both result in eNOS 

uncoupling and increase O2
- production, ultimately causing endothelial dysfunction.77–79 Vascular 

dysfunction and NO bioavailability is depicted in Figure 1. This highly reactive oxidant can also 

disrupt mitochondrial function by inhibiting the electron transport chain (ETC) complexes and 

inhibiting the antioxidant defenses (e.g., superoxide dismutase 2, or SOD 2), which further fuels 

the formation of mitochondrial-derived ROS.76 

ROS can also react with different biomolecules that lead to molecular damage.20  Molecular 

targets of ROS include proteins via protein oxidation, where following the attack, conformational 

changes can occur that lead to alterations in protein structure and/or protein activity.19 For 

example, ROS can oxidize cysteine residues, which are important targets in molecular pathways, 

and ultimately alter protein phosphorylation capacity.19 A second molecular target for ROS is 
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nuclear and mitochondrial DNA (mtDNA) via single- and double-strand breaks, abasic sites, and 

base damages.19,80,81 Finally, a third molecular target for ROS are lipids whereby free radicals (e.g., 

OH•) react with fatty acids to generate lipid carbon radicals that trap O2 and form lipid peroxyl 

radicals. This lipid peroxyl radical formation alters the fatty acyl chains from cis to a trans 

configuration, reduces membrane fluidity, and produces secondary cytotoxic products involved in 

cell apoptosis and atherosclerosis.19 

 

Figure 1. Vascular Dysfunction and NO Bioavailability 

ROS is one way in which NO bioavailability and production can be hindered. O2
- immediately 

react with NO to form ONOO-, a highly reactive oxidant that further inhibits NO production and 

activates cell signaling cascades that further increase the formation of ROS production.  

2.2.2 Sources of ROS   

Briefly, there are exogenous sources of ROS production that arise from environmental 

sources (e.g., ultraviolet light, ionizing radiation, or pollutants), environmental agents (e.g., 

carcinogens), and chemotherapeutic cancer drugs.19 Yet the following section will discuss the 

various endogenous sources of ROS production and detail the role of two main sources 

contributing to ROS production, oxidative stress, and vascular dysfunction. 
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There are different endogenous sources of ROS production as a by-product which includes 

peroxisomes, lipoxygenases, and cytochrome P450.19,22 Peroxisomes are cytoplasmic organelles 

that catalyze the breakdown of long fatty acid chains via beta-oxidation and generates H2O2. 

lipoxygenases are enzymes that catalyze the peroxidation of arachidonic acid to generate 

prostaglandins or thromboxane, along with ROS production.82 Finally, Cytochrome P450 are 

enzymes whose function is to oxidize steroids, fatty acids, and xenobiotics, generating ROS 

through the course of their reaction cycles.83  

One cytosolic enzyme system known for generating ROS in mammalian cells is 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, also known as a superoxide-

generating system.20 NADPH oxidase is a multi-subunit enzyme with seven isoforms in this 

transmembrane family, whose function is to generate ROS in a regulated manner in response to 

growth factors, cytokines, or calcium signaling.19,20,22 NADPH oxidase is known as a primary 

source of ROS production in the CV system and is expressed in many cell types including immune 

cells (e.g., monocytes, T cells, macrophages), ECs, and VSMCs.21,84 Figure 2 depicts the subunits 

of  NADPH Oxidase, which consists of a catalytic membranous subunit (gp91phox), along with 

various regulatory subunits that are either found in the cytosol (e.g., p47phox, p67phox, and 

p40phox) or membrane bound (p22phox).20 NADPH oxidase forms a stabilizing complex with 

subunits gp91phox and p22phox that remains inactive until the cell is exposed to microorganisms, 

inflammatory mediators, or specific agonists (e.g., angiotensin II, Ang II) that initiate the 

translocation and assembly of the cytosolic subunits to create an active enzyme.20 This multi-

subunit assembly allows the cytosolic domain to transfer an electron from NADPH to the FAD 

cofactor, then transfer to the heme group, and finally donate the electron to O2 to generate O2
- on 

the extracellular side.19,22 It is important to note that the NADPH oxidase isoform plays an 
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important role in its contribution to systemic oxidative stress. For example, ECs predominantly 

express the NOX4 isoform that has the gp91phox subunit located on the intracellular organelles 

instead of the cell membrane, thereby limiting ECs capacity to produce and release O2
- 

extracellularly. However, peripheral blood mononuclear cells (PBMCs) express the NOX2 

isoform with a gp91phox that spans across the cell membrane, has the capacity to generate large 

quantities of O2
- to release extracellularly, and increase systemic oxidative stress.22 

The mitochondria are also implicated as another major generator of ROS during oxidative 

phosphorylation. Figure 3 depicts the sites on the electron transport chain (ETC) recognized for 

the premature leakage of electrons, Complex I (NADH Dehydrogenase) and Complex III 

(ubiquinone-cytochrome c reductase) for reducing O2 into O2
-.23–28 However, there are also other 

sites within the mitochondria recognized as producers of O2
- and H2O2 that include 2-oxoglutarate 

dehydrogenase, pyruvate dehydrogenase, Succinate dehydrogenase (Complex II), and glycerol 3-

phosphate dehydrogenase.29 In vitro studies on isolated mitochondria have shown these ETC 

complexes convert up to 5% of O2 molecules into O2
-.33 Furthermore, experiments on isolated 

mitochondria from the gastrocnemius and soleus muscle in mice demonstrated that Complex I-

derived ROS was exclusively released into the mitochondrial matrix, whereas Complex III-derived 

ROS was released into the mitochondrial matrix and intermembrane space.19,27,31 The O2
- 

generated from Complex III can transverse into the cytosol via voltage-dependent anion channels, 

however most of this O2
- is immediately converted into H2O2 via the cytosolic SOD1 enzyme.31,85 
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Figure 2. NADPH Oxidase and ROS Production 

NADPH oxidase is one cytosolic enzyme known for generating ROS. This multi-subunit contains 

a  catalytic membranous subunit (gp91phox) and requires various regulatory subunits found in the 

cytosol (p47phox, gp91phox, and p40phox) or membrane bound (p22phox). When a cell is 

exposed to inflammatory mediators or agonists, it initiates the assembly of the cytosolic subunits 

to create an active enzyme. In PBMCs, the catalytic gp91phox subunit spans the cell membrane 

and has the capacity to generate large quantities of O2
- extracellularly. However, regulatory 

subunits (p47phox and p67phox) are also involved in NADPH oxidase activity and ROS 

formation.  

(p22, p22phox. p47, p47phox. p67, p67phox. O2, oxygen. O2
-, superoxide) 
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Figure 3. Mitochondria and ROS Production 

The mitochondria are another major generator of ROS during oxidative phosphorylation. Complex 

I and Complex III are the two main sites recognized for the premature leakage of electrons and 

reducing O2 into O2
-
. Complex I-derived ROS is exclusively released into the mitochondrial 

matrix, while Complex III-derived ROS can be released into the mitochondrial matrix or the 

intermembrane space.  

(O2, oxygen. O2
-, superoxide) 

2.2.3 ROS Scavengers and Antioxidants    

There are various enzymatic (e.g., SOD, catalase, glutathione peroxidases, and NADH 

peroxidase), and non-enzymatic (e.g., glutathione, vitamin C, vitamin E) antioxidant defense 

systems within cells that aid in combating excess ROS production.19,30 However, the following 

section will focus on two antioxidant defenses that play a role in modulating mitochondrial-derived 

ROS. 

SODs are a group of enzymes that scavenge ROS by catalyzing the conversion of O2
- into 

O2 and H2O2 to minimize the imbalance of oxidative stress.31,32
 In eukaryotes, there are three 

isoforms of this antioxidant enzyme: 1) CuZn-SOD (SOD1) located throughout the cytoplasm, 
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nucleus, and intermembrane space of the mitochondria, 2) MnSOD (SOD2) located within 

mitochondrial matrix, and 3) CuZn-SOD (SOD3) located extracellularly.32–34 Genetically 

modified mouse models demonstrated the role of mitochondrial SOD2 in vascular biology, 

specifically in relation to CVD, with SOD2 silencing resulting in apolipoprotein-deficient mice 

exhibiting endothelial dysfunction in carotid arteries.34 Even a heterozygous mouse for SOD2 

(SOD+/-) exhibited mitochondrial dysfunction, diminished SOD2 activity, greater susceptibility to 

oxidative stress, and myocardial ischemia.51–53 Furthermore, SOD2 knockout rodents 

demonstrated vascular remodeling, arterial stiffening, and heightened O2
- levels, which are all 

characteristics of endothelial and vascular dysfunction.86 

Sirtuin-3 (SIRT3) is a mitochondrial deacetylase that plays a central role in the antioxidant 

defense system by regulating SOD2 activity.35 Acetylation is a major post-translational 

modification that inhibits SOD2 (AcSOD2) activity and as a result increases circulating ROS 

levels.87 Antioxidant enzymes and defenses within cells are depicted in Figure 4. SIRT3 functions 

to deacetylate lysine (i.e., K) residues K68 and K122 to activate SOD2 and scavenge cellular 

ROS.35,36 SIRT3 is NAD+-dependent and acts as a metabolic sensor to regulate mitochondrial 

function to match nutrient supplies.88 SIRT3 knockout-mouse models exhibit an increase in SOD2 

acetylation, elevated mitochondrial-derived O2
-, and diminished endothelial NO, all of which 

contribute to the pathogenesis of HTN.36 Moreover, reduced SIRT3 activity can be caused by Ang 

II (potent vasoconstrictor) and inflammation.89 In older populations, SIRT3 protein expression 

declines with aging, in parallel with increased incidence of HTN.90,91 In summary, SIRT3 protein 

expression promotes vascular inflammation, endothelial dysfunction, vascular hypertrophy, and 

end-organ damage.92 
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Figure 4. Antioxidant Enzymes and Defenses 

SODs are a group of enzymes localized to specific compartment to combat ROS production. SOD2 

can be inactivated with the addition of an acetyl group (AcSOD2) which reduces the enzyme’s 

scavenging activity. SIRT3 is a mitochondrial deacetylase and an important regulator of SOD2 

activity by removing the acetylation on SOD2 and allowing SOD2 to continue converting O2
- into 

H2O2.  

(O2, oxygen. O2
-, superoxide. Ac, acetyl group) 

 

2.3 Mitochondria  

 

2.3.1 Overview of the Mitochondria 

The modern eukaryotic cell is thought to have originated as a result of the engulfment of 

an α-proteobacteria that evolved into the mitochondria known today.93,94 The most striking 

evidence for this association between the mitochondria and α-proteobacteria is the similarities in 

the respiratory chain complexes, the double membrane characteristics, and adenosine triphosphate 

(ATP) production.93,94 With the evolution of the mitochondria, most of the genetic material from 

the progenitor was lost or transferred to the nuclear genome.94,95 The human mitochondria have a 

circular genome of ~16 kilobases that only code for 13 mitochondrial proteins known as the core 

constituents for the hydrophobic subunits in the respiratory chain complexes I-IV or of the ATP 

synthase which are imbedded on the inner mitochondrial membrane.93,94 The rest of the 
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mitochondrial proteins are encoded by nuclear genes, synthesized in the cytoplasm by ribosomes, 

and then imported into the mitochondria.96 

The mitochondria are cytoplasmic membrane bound organelles found across various cells 

(e.g., ECs, VSMCs, PBMCs) and are predominantly known for their role in ATP production via 

oxidative phosphorylation.28,94,97 The mitochondria also function in the: 1) generation and removal 

of ROS, 2) cell apoptosis pathways, 3) calcium regulation within the cytoplasm and mitochondrial 

matrix, 4) immune function, 5) cell growth, 6) stem cell function, and 7) synthesis and catabolism 

of metabolites that are then transported to the appropriate locations within the cell. 97,98 The 

mitochondria are comprised of an inner and outer mitochondrial membrane to create two aqueous 

regions known as the intermembrane space and the matrix.28 The outer membrane is porous and 

as a result allows ions and small uncharged molecules to cross freely via voltage dependent anion 

channels; while larger molecules (e.g., proteins) require translocases for their relocation.94,99 The 

inner membrane on the other hand, has a very controlled diffusion barrier to all ions and molecules 

that require membrane transport proteins selective to the individual molecule or ion. This allows 

for the electrochemical membrane potential to build up across the inner mitochondrial membrane, 

where oxidative phosphorylation takes place.99 

2.3.2 Mitochondrial Complexes and Their Role 

The mitochondria house important enzymatic systems to finalize the oxidation of sugars, 

fats, and proteins with the ultimate goal of producing usable energy as ATP.100 Each substrate is 

essentially broken down into acetyl-CoA and transferred to the mitochondrial matrix to enter the 

Krebs cycle, which is a series of seven enzymatic steps that pass electrons to cofactors 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2).
28 The 

electrons removed from NADH and FADH2 in the electron transport chain power the pumping of 



 31 

protons from the matrix into the intermembrane space that allows for a membrane potential 

difference to power the synthesis of ATP during the final step of oxidative phosphorylation.  

The ETC is a series of multi-subunit complexes within the inner mitochondrial membrane. 

Complex I is the largest of the ETC complexes with a total of 45 subunits and a mass of 1 MDa. 

This Complex is an L-shaped enzyme with a hydrophobic domain within the inner mitochondrial 

membrane and a hydrophilic arm protruding into the mitochondrial matrix that contains an NADH 

binding site.28 NADH is oxidized at Complex I, this results in two electrons donated to Complex 

I and allows for the translocation of four protons from the matrix into the intermembrane space. 

Succinate dehydrogenase (Complex II), involved in the catalyzation of FAD to FADH2 in the 

Krebs cycle, has a mass of 123 kDa and contains an FAD in the enzyme to assist with the donation 

of electrons to coenzyme Q.28,101 Complex II is also the only complex among complexes I - IV that 

does not pump protons from the mitochondrial matrix. Coenzyme Q can be reduced by Complex 

I or II and freely diffuse through the inner mitochondrial membrane to reduce to Complex III. As 

the smallest of the ETC complexes, with a mass of 13kDa, Complex III obtains two electrons from 

the oxidation of coenzyme Q and translocates two protons from the mitochondrial matrix.102 The 

electrons transferred across the ETC aid in the conversion of O2 to water (H2O) at cytochrome c 

oxidase (Complex IV). Four molecules of Complex IV must have an electron bound at its active 

site in order to catalyze two H2O molecules from O2.
28 Simultaneously, Complex IV translocates 

four protons from the mitochondrial matrix into the intermembrane space.103 ATP synthase 

(Complex V) contains two domains (F0 and F1) for the enzyme to mimic a rotary motor that is 

necessary to accomplish the final step of oxidative phosphorylation, the phosphorylation of 

adenosine diphosphate (ADP).28,99,104 The protons deposited into the intermembrane space by the 

ETC complexes move down their electrochemical gradient at Complex V via the F0 domain which 
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contains a transmembrane proton channel. This initiates the rotor turn in the head of the F1 domain 

in Complex V, which allows the F1 domain to pass the three binding sites for ADP and phosphate 

and induces the confirmational change to produce three ATP molecules for every turn of the 

rotor.28 The formation of ATP during oxidative phosphorylation is depicted in Figure 5.  

 

Figure 5. Formation of ATP During Oxidative Phosphorylation 

The mitochondria are predominantly known for their role in ATP production during oxidative 

phosphorylation. Electrons from cofactors (NADH and FADH2) are accepted at Complex I and II 

and continue to be passed down to Complexes III and IV, all while pumping protons from the 

matrix into the intermembrane space. This creates the electrochemical gradient needed for the 

generation of ATP at Complex IV (ATP Synthase). Oxygen is the final electron acceptor and 

becomes water at Complex IV.  

(NADH, nicotinamide adenine dinucleotide. FADH2, flavin adenine dinucleotide. H+, proton. e-, 

electron. H2O, Water. O2, oxygen. ADP, adenosine diphosphate. ATP, adenosine triphosphate) 
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2.3.3 Intact Cell Respiration Measures 

 The mitochondrial proton circuit is essential for its physiological functions and consists of 

Complexes I, III, and IV to pump protons across the mitochondrial inner membrane.98 

Mitochondrial dysfunction can be assessed in isolated mitochondria, in intact cells, or in vivo with 

various methods in place to measure mitochondrial function.98 One advantage to using intact cells 

for quantifying mitochondrial function and cellular bioenergetics is the removal of artefacts 

associated with mitochondrial isolation that could offer greater physiological relevance. However, 

this model also lacks the in vivo context, and the outcomes of the experiments are influenced by 

the experimenter’s decision on substrates, serum, pH, and oxygen concentrations used.98 

Measurement of oxygen utilization in intact cells can offer a bioenergetic analysis of the proton 

circuit similar to that in isolated mitochondria. 98,105–107  

The Clark-type oxygen electrode and chamber is one of the most cited methods for 

measuring respiration in intact cells.108 For intact cells, several measures of intracellular 

mitochondrial function can be derived by the sequential injection of mitochondrial inhibitors.98,109–

111 This report includes the rate of basal respiration, leak respiration, maximal respiration, and non-

mitochondrial respiration. Basal respiration is the absence of mitochondrial inhibitors and 

represents the net sum of all the processes within the cell capable of consuming oxygen (e.g., 

mitochondrial and non-mitochondrial).98,110,111 The assumption being that basal respiration 

represents the demand on the proton motive force to produce ATP or move ions across the inner 

membrane.111 Leak respiration is determined with the addition of oligomycin, an inhibitor of 

Complex V, which inhibits the proton flux through this enzyme and the remaining respiration rate 

depicts the proton leak in to the mitochondrial matrix.98,110,111 An increase in proton leak could 

result from alterations in mitochondrial morphology (e.g., damage to the inner mitochondrial 
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membrane and/or ETC complexes); also oxidative stress has been shown to increase proton leak 

110–112. In isolated rat brain mitochondria, sequential peroxynitrite stimulation decreased the 

mitochondrial membrane potential and stimulated state 4 respiration, suggesting an increase in the 

proton leak. 113 110,111Maximal respiration in cells is estimated with the addition of FCCP (carbonyl 

cyanide p-trifluoromethoxyphenylhydrazone), a mitochondrial uncoupler, that collapses the inner 

membrane gradient and is no longer controlled by the proton gradient which increases oxygen 

consumption due to the inner membrane being permeable to protons.110,111,114,115 Lastly, non-

mitochondrial respiration is measured with the addition of rotenone, Complex I inhibitor, and 

antimycin, Complex III inhibitor, to abolish all mitochondrial-associated respiration. Non-

mitochondrial respiration determines the attribution of non-mitochondrial O2-consuming 

processes (e.g., cyclo-oxygenases, lipoxygenases, NADPH oxidases, endoplasmic reticulum, 

xanthine oxidase), which are typically associated with inflammation, and serve as a negative 

indicator of bioenergetic health.98,110,111,114,115 The activity of NADPH oxidase also contributes to 

cellular oxygen uptake, and is specifically important within PBMCs (e.g., macrophages) in which 

NADPH oxidase activity may dominate O2 uptake.98 Non-mitochondrial respiration has been 

shown to increases in the presence of stressors (e.g., ROS).110,111,116 

The use of specific formulas allows for additional measurements on ATP demand, coupling 

efficiency, spare respiratory capacity, and oxygen consumption rate (OCR) metabolic potential. 

ATP demand is an estimate of the rate of oxygen required for ATP synthesis and is calculated by 

subtracting the rate in oxygen consumption with the inhibitor oligomycin from basal 

respiration.98,109 A decrease in ATP demand would indicate a lack in substrate availability or severe 

damage to oxidative phosphorylation that can impede flow of electrons and result in lower 

respiration rates.110. Coupling efficiency is the fraction of basal respiration used for ATP demand; 
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with high coupling efficiency representing a cell attaining high ATP production with relatively 

low energy consumption.98 Spare respiratory capacity is the differences between basal and 

maximal respiration and represents the cell’s ability to respond to increases in ATP demand, with 

low spare respiratory capacity indicating mitochondrial dysfunction. 98,110,115,117,118 It has been 

shown that spare respiratory capacity is depleted in conditions of severe stress, specifically under 

conditions of  oxidative stress.116,119–124 

2.4 Peripheral blood mononuclear cells (PBMCs) 

2.4.1 Overview of PBMCs  

In addition to delivering oxygen throughout the body, blood ensures is a vehicle for 

circulating immune cells that ward off potential infections. Blood is composed of erythrocytes 

(transports oxygen/carbon dioxide), granulocytes (involved in immune response), plasma 

(contains proteins, sugars, and lipid particles), platelets (assists in blood clotting), and PBMCs 

(major cells in the human body immunity) that are in constant communication with ECs.39–41 

PBMCs are identified as any blood cell with a round nucleus (e.g., lymphocytes, monocytes, or 

dendritic cells) that provide a selective response to immune systems in order to fight infections 

and adapt to future intrusions.39–41 The percentage breakdown of PBMCs vary across individuals 

but typically include 70-90% lymphocytes, 10-20% monocytes, and 1-2% dendritic cells.40 The 

two types of white blood cells found within PBMCs are 1) monocytes, a type of leukocyte that 

develops into a macrophage when it leaves the blood and transmigrates into blood vessels, and 2) 

lymphocytes that includes helper T cells, B cells, and natural-killer (NK) cells.40,41 Within 

lymphocytes, the percentage breakdown range is at 70-85% T cells, 5-10% B cells, and 5-20% NK 

cells.40  
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In the absence of an ongoing immune response, most PBMCs are in a naïve or resting state 

without effector functions. For example, naïve B cells lack antigens bound to their surface-

anchored antigen receptor and naive T cells express low levels of their cognate antigen/activation 

markers due to its lack of encountering a foreign antigen (e.g., CD25, CD44, CD69).40 When B 

cells are activated, this initiates the differentiation into highly specific antibody producing plasma 

cells.40,41 When T cells are activated, this initiates a differentiation program for the development 

of effector functions and the opportunity to further differentiate into memory T cells to secrete a 

faster/stronger immune response at future antigen encounters.40,41  

While T cells are critical players in immune cell homeostasis and host defense, they also 

contribute to immune and inflammatory diseases.42 Monocytes and macrophages have also been 

important immune cells involved in inflammatory pathways in CVD.56 Upon stimulation, 

monocytes exhibit a pro-atherogenic profile that alters their potential for migration and adhesion 

to the endothelium and facilitates their maturation into macrophages.125 Macrophages with an 

inflammatory profile continue producing higher levels of inflammatory mediators/cytokines (e.g., 

e.g., interleukin-6 [IL-6]; tumor necrosis factor-α [TNF-α]) and play a critical role in the 

development of atherosclerotic plaque.56,126  

2.4.2 Source of Oxidative Stress within PBMCs 

Research is focusing on further understanding the role of PBMCs in vascular dysfunction, 

as they are in constant communication with ECs and are primary contributors to systemic ROS.21 

Macrophages and monocytes with a proinflammatory profile are essential for driving both 

inflammatory and oxidative signaling pathways involved in vascular dysfunction.21 Mice infused 

with Ang II, a potent vasoconstrictor that causes HTN, showed a significant increase in their 

macrophage population compared to the sham-infused mice. Furthermore, the depletion of 
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monocytes in a subset of mice that were then infused with Ang II has been shown to significantly 

reduce systemic O2
- levels, ONOO- formation, attenuate vascular dysfunction, and lower Ang II-

induced increases in blood pressure compared to control mice.21 Along with a decrease in ROS 

production in the monocyte depleted mice, there was also decrease in the protein expression of the 

superoxide-generating enzyme NADPH oxidase subunit, gp91phox.21 PBMC-derived ROS not 

only increase ROS production and the secretion of proinflammatory cytokines, but further increase 

systemic oxidative stress that compromise mitochondrial respiration and impair immune cell 

function.55,127–131   

The implications of mitochondrial function and mitochondrial-derived ROS in circulating 

PBMCs have been researched in patients with CVD. Mitochondrial-derived ROS in PBMCs 

isolated from patients with moderate to severe congestive heart failure (CHF) have demonstrated 

the key role oxidative stress plays in the pathophysiology of CVDs.  Specifically, PBMCs isolated 

from patients with CHF exhibited a marked reduction in mitochondrial transmembrane potential, 

an increase in intracellular ROS formation, impaired mitochondrial respiratory capacity, reduced 

SOD activity, and structural derangements (reduction in mitochondrial area with intact cristae) 

when compared to PBMCs isolated from patients with mild CHF or a control group. 44–46 With 

oxidative stress, the mitochondria also become a target of ROS and can result in oxidative damage 

to the respiratory complexes.48,49 These oxidative reactions not only serve to further amplify 

mitochondrial-derived ROS during respiration but can also result in the nitration of tyrosine 

residues on SOD2 and potentially inhibit its enzymatic activity50. 

Furthermore, PBMCs isolated from patients with early-stage CHF have been shown to 

exhibit decreased mitochondrial oxygen consumption at Complex I and II compared to PBMCs 

isolated from a control group.47  These impairments in the respiratory chain complexes were 
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inversely related to inflammatory cytokine (e.g., IL-6, TNF-α) and acute phase protein (e.g., C-

reactive protein [CRP]) levels.47 Reduced mitochondrial transmembrane potential has also been 

exhibited in PBMCs (e.g., leukocytes, monocytes, lymphocytes) isolated from CHF patients and 

was associated with increased ROS formation and inflammation.46 However, reduced polarity may 

not be a major indicator of mitochondrial health as mononuclear cells isolated from type 2 diabetics 

have exhibited hyperpolarization of the mitochondrial membrane, reduced mitochondrial mass, 

and greater ROS production compared to mononuclear cells isolated from a control group. 132–134 

Interestingly, disease severity seems to play a role, as PBMCs isolated from patients with moderate 

to severe CHF also exhibited a reduction in mitochondrial respiration that is associated with higher 

mitochondrial-derived ROS production when compared to PBMCs isolated from patients with 

mild CHF.45  

2.4.3 Mitochondrial Dysfunction and its Role in Vascular Dysfunction 

 Mitochondrial density is considerably lower in vascular tissue when compared to skeletal 

muscle, liver, or heart.135,136 In skeletal muscle and cardiomyocytes, where cells rely heavily on 

oxidative phosphorylation, mitochondrial density accounts for 15% and 35% of the cell 

volume.137,138 On the other hand, ECs rely heavily on anaerobic glycolysis to meet energy demands 

and only have a mitochondrial density that accounts for 2-5% of the cell volume.139,140 Evidence 

suggests that the mitochondria in vascular tissue play a more critical role in maintaining cellular 

and tissue homeostasis by regulating calcium homeostasis, apoptosis, as well as responding to 

immune and inflammatory pathways.37,97  

The bioenergetic profiles in PBMCs (monocytes and leukocytes) have been 

characterized.141 For monocytes isolated from eight healthy donors, this percentage breakdown in 

oxygen consumption was 17% non-mitochondrial respiration, 39% spare respiratory capacity, 9% 
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leak respiration, and 35% is ATP demand. For lymphocytes isolated from eight healthy donors, 

the percentage breakdown in oxygen consumption was 19% non-mitochondrial respiration, 34% 

spare respiratory capacity, 15% leak respiration, and 32% is ATP demand.141 141141It appears that 

activated lymphocytes will switch their metabolic phenotype to increase both their glycolytic 

function and mitochondrial oxygen consumption.142 Quiescent T cells show a primary reliance on 

oxidative phosphorylation to meet their metabolic needs, yet when these T cells are activated, they 

undergo a metabolic shift from oxidative phosphorylation to glycolysis.143–145 This metabolic 

switch is also seen in activated monocyte-macrophage cells as they shift from oxidative 

phosphorylation to glycolysis by inhibiting oxidative phosphorylation and in doing so, increases 

ROS production.146,147 

The dysregulation in mitochondrial-derived ROS leads to oxidative stress, as a result of an 

increase in oxidant production, a decrease in antioxidant defenses, or both that leads to 

mitochondrial dysfunction.37,38 If left unregulated, the oxidative stress within a cell causes mtDNA 

damage that will ultimately compromise mitochondrial function.19 For example, H2O2-induced 

DNA damage was more extensive in mtDNA than in nuclear DNA in fibroblasts, and resulted in 

mitochondrial dysfunction which persisted even with protracted treatment.81 81Oxidative mtDNA 

damage has been linked to aging, CVD, and neuronal degeneration.81  

 Mitochondria are essential for maintaining cell viability and survival, and therefore 

changes in biogenesis, morphology, and function are all factors that may contribute to 

mitochondrial dysfunction and the development of CVDs. 112 Mitochondrial dysfunction is 

hypothesized to contribute to endothelial dysfunction, atherosclerosis, HTN, and increased risk of 

CVD.31,148–154 As previously stated, there is a racial disparity in the prevalence, morbidity, and 

mortality for CVD; with NHB individuals considered an at-risk population compared to NHW 
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individuals.1–4 Cellular experiments provide further insight to potential pathways and avenues that 

can contribute to these racial differences in CVD progression.  

2.5 Racial differences in Vascular Health 

Social determinants of health (SDoH) encompass the economic, social, environmental, and 

psychosocial factors that influence the progression of CVD risk factors.155 SDoH bring attention 

to the social position of vulnerable/disadvantaged groups, chronic exposure to stress, impact of 

health factors, and the disparities observed in CVD outcomes.156 In the United States, an 

individual’s lived experience includes race/ethnicity, discrimination, economic stability, housing 

stability, neighborhood violence, food security, sleep quality, education access, healthcare access, 

and community relationships.155,157  

Neighborhood socioeconomic environment is calculated with data on housing, income, 

education level, and occupation information, with a lower social economic status (SES) associated 

with increased incidence of coronary heart disease and heart failure.158,159 Individuals with a lower 

SES category also have greater exposure to compounding health behaviors (e.g., smoking, alcohol 

consumption, physical inactivity, and diet) and less access to medical support, all of which increase 

their risk of CVD.163,164 SES is one prominent variable that partially explains the racial disparities 

for CVD risk factors (e.g., HTN, diabetes, obesity), with a disproportionate percentage of  NHB 

individuals in the lower SES category compared to NHW indviduals.160–162 Furthermore, there is 

a growing interest in targeting translational and basic research to unveil mechanisms by which 

SDoH influence the biological pathways.  

NHB Americans are an at-risk population, this is largely attributed to the early onset of 

diminished endothelial function (e.g., heightened oxidative stress, inflammatory markers) and the 

elevated CVD risk factors with the African American/Black race. 8,165 NHB Americans not only 
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exhibit a higher prevalence for HTN and CVD, but a higher prevalence for endothelial dysfunction, 

elevated levels of oxidative stress, and greater systemic low-grade inflammation (e.g., IL-6, CRP) 

compared to NHW individuals in epidemiological and clinical studies. 6,8–10,69,166 Even among 

those with normotensive (NT) blood pressure, NHB individuals have greater vasoconstrictor 

responses with sympathetic stimulation, an impaired vasodilation responses, and a smaller lumen 

to media ratio compared to NHW individuals.166 Across NT and HTN patients, NHB individuals 

also exhibit a four- to eight- fold higher concentration for plasma ET-1 levels, potent 

vasoconstrictor and inhibitor of NO production, compared to NHW individuals.167,168 These racial 

differences can even be observed during submaximal testing, with NHB individuals expressing a 

higher oxidative stress response compared to NHW individuals.165 Along with an increase in 

oxidative stress, higher levels of circulating inflammatory cytokines (e.g., IL-6, TNF), and acute 

phase proteins (e.g., CRP) found in NHB individuals compared to NHW individuals contributes 

to the decrease in eNOS expression, NO bioavailability, and endothelial dysfunction.8 

Prehypertensive BP values have been shown to significantly correlate with higher levels of 

circulating inflammatory biomarkers (TNF-α; IL-6, CRP) that aid in creating a proinflammatory 

environment which contributes to endothelial damage and dysfunction.6,11,169 These racial 

differences may contribute impairment to both endothelium – independent and – dependent (e.g., 

decreased NO bioavailability and production) responses. 

In basal conditions, human umbilical vein ECs (HUVECs) isolated from NHB adults have 

been shown to have significantly lower NO bioavailability accompanied by an increase in ROS 

production (O2
- and ONOO-), higher production of O2

- from NADPH oxidase-stimulation, and 

higher protein expression in NADPH oxidase subunits (p67phox, p47phox, p22phox) compared 

to HUVECs isolated from NHW individuals. 12 HUVECs isolated from NHB individuals have 
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been shown to exhibit lower SOD1 activity and total SOD activity, higher protein expression for 

NADPH oxidase subunits (p47phox, gp91phox, and p22phox), and higher levels of circulating 

proinflammatory cytokines (e.g., IL-6) compared to HUVECs isolated from NHW individuals, all 

contributing to a heightened oxidative stress. 8,165 

To date, only one study, to our knowledge, has delved into PBMCs as a potential player in 

the racial differences in systemic oxidative stress and its potential contribution to the disparities in 

CVD prevalence.43 PBMCs isolated from healthy NHB men exhibited a greater protein expression 

for NADPH oxidase subunits (p47phox and gp91phox) and elevated intracellular O2
- production 

compared to PBMCs isolated from healthy NHW men that could contribute to the increased 

systemic oxidative stress seen in this at-risk population. Limited work has been performed to 

investigate the source(s) and mechanism(s) contributing the racial differences in oxidative stress 

in PBMCs. At present there is no data looking at the mitochondria as a contributor in the potential 

racial differences in PBMCs. Given the role of mitochondria as a source of oxidative, it is 

important to further explore the role of the mitochondria (ETC complexes, antioxidant defense 

enzymes, and mitochondrial respiration) as a potential player in the racial differences observed in 

vascular function and the pathophysiology of CVDs.  
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Chapter 3: Methods 

3.1  Participant Recruitment  

 Peripheral blood mononuclear cells (PBMCs) were isolated as an ancillary subproject from 

forty-one participants in the "Neighborhood Disadvantage, Sleep, and Vascular Health" (NDSVH) 

Study (NCT04576338). Research participants in the NDSVH study were recruited from an NIH 

National Heart, Lung, and Blood Institute (NHLBI) grant (Dr. Thomas Fuller-Rowell; 

R15HL140504) which consisted of NHB and NHW college students at Auburn University who 

were, by design, healthy, young adults free from known cardiometabolic diseases (e.g., medicated 

hypertension, diabetes, poorly controlled hyperlipidemia) or malignancies. Additional exclusion 

criteria for participants included: 1) reports of sleep disorders, 2) sleep disorder screening measures 

above threshold values at screening visit, 3) serious or medical conditions that could interfere with 

sleep or precluded wearing an actigraph. Participants in the NDSVH study were involved in an 

experimental laboratory visit that included peripheral vascular testing, a blood draw, participation 

in eight-days of sleep actigraphy (Phillips Actiwatch Spectrum PLUS)  and a sleep diary 

assessment, concurrent physical activity actigraphy (Actigraph GT3X-BT), and ambulatory blood 

pressure monitoring (Suntech Oscar2 with SphymoCor technology). For additional detail on data 

collection procedures see NCT04576338.  Prior to any research activities, participants provided 

written informed consent. Participants were compensated $110 following the study completion.  

All study procedures complied with ethical guidelines for human subject’s research and received 

approval from an institutional review board (Protocol AU IRB #20-262 MR 2008).  

3.2  PBMCs Isolations 

 Whole blood was obtained by standard venipuncture using six 10 mL BD K2EDTA 

vacutainers (VWR Cat No. BD-366643; Avantor, Radnor PA). Briefly, Human PBMCs were 
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separated by density-gradient centrifugation using lymphocyte separation media-1077 (LSM; Cat. 

No. C-44010; PromoCell; Heidelberg, Germany). EDTA anti-coagulated blood was diluted 1:1 of 

Dulbecco’s Phosphate-Buffered Saline without calcium and magnesium (DPBS; Cat. No. 21-031-

CM; Corning, Corning, New York) treated with 1% penicillin-streptomycin, then ~30ml of the 

DPBS-diluted blood was carefully layered on top of 12mL LSM and centrifuged at 650 g for 30 

mins at 10°C with the slowest acceleration and deacceleration settings. The PBMCs layer was 

carefully transferred into 25mL DBPS and centrifuged at 150 g for 10 mins at 10°C. PBMCs were 

then washed twice by discarding the supernatant, resuspending the pellet in 1mL DPBS, and an 

additional 13mL before centrifuging again. After the second wash, the pellet was resuspended in 

2ml DPBS to determine cell count and viability using the Cell Countess II Automated Cell Counter 

(Thermo Fisher; Waltham, MA). Trypan blue (ca No. T10282; Thermo Fisher) was used for viable 

and non-viable cell identification. Cell viability was calculated using viable cell count/total cell 

count. PBMCs underwent one final centrifuge at 150 g for 5 mins at 10°C, 1mL of the supernatant 

was then discarded, and PBMCs were resuspended in 1mL of freezing media (90% Fetal Bovine 

Serum + 10% DMSO) to be stored in the Mr. Frosty Freezing Container (Thermo Fisher; Waltham, 

MA) at -80°C for 24 hours before the vial was transferred into the liquid nitrogen dewar until ready 

for experimental measures.  

3.3 PBMCs Experimental Preparation 

 PBMCs were removed from the liquid nitrogen dewar, placed in a 37°C water bath for two 

minutes, and mixed with 1 ml of ThermaPEAKTM X-VIVOTM-15 Media (Cat. No. BEBP04-744Q; 

Lonza, Morriston, NJ) in a sterile cell hood. The PBMCs suspension was then transferred into a 

50 ml Falcon tube and an additional 10 ml of media was slowly added. PBMCs were centrifuged 

at 400 g for 15 minutes at 24°C, supernatant was aspirated, and PBMC pellet was resuspended 
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with 10 ml media before being centrifuged a second time. After the supernatant was aspirated a 

second time, PBMCs were resuspended in 12 ml media and placed overnight in the 37°C humidity-

controlled incubator with 5% CO2 for ~14-18 hours. The cap of the tube was loosened in order to 

allow for gas exchange and the tube was placed at an angle of ~5° above horizontal.  

 After the overnight incubation, PBMCs were centrifuged at 400 g for 15 minutes at 24°C, 

the supernatant was aspirated, and the PBMC pellet was resuspended in 800 µl of media. To 

determine cell density, the cell media suspension was diluted 1:6 of Trypan blue and the Cell 

Countess II Automated Cell Counter was used. Of the resuspended PBMCs, 400 µl was aliquoted 

for cell respiration readings and the remaining 400 µl for harvesting protein which are described 

below.  

3.4 Cell Respiration 

 For cell respiration readings an oximeter chamber (Oxytherm, Hanstech) was used. 

Chambers were first equilibrated with 300 µl of TheraPEAKTM X-VIVOTM-15 Media. Then 400 

µl of PBMC suspension was added into the chamber for three-minutes of basal respiration. Basal 

respiration was immediately followed by the addition of 1µM Oligomycin, an ATP synthase 

inhibitor, for three-minutes to determine leak respiration. Following leak respiration, 1 µM FCCP, 

a mitochondrial uncoupler, was added for five-minutes to determine maximal respiration. Finally, 

0.5µM Rotenone, a Complex I inhibitor, and 0.5µM Antimycin, a Complex III inhibitor, were 

subsequently added, with respiration recorded for another five to ten-minutes. With each 

pharmaceutical agent added to the chamber, respiration readings were recorded until a steady state 

was reached, usually between three to five minutes. Basal and maximal respiration rates were 

normalized to viable cell density. Below are the formulas used for additional measurements in 
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ATP demand, coupling efficiency, spare respiratory capacity, and oxygen consumption rate (OCR) 

metabolic potential. 

Basal Respiration = Basal Respiration (nmol O2/mL/min)  

Viable Cell Density (1 x 106 cells) 

Maximal Respiration = Maximal Respiration (nmol O2/mL/min) 

Viable Cell Density (1 x 106 cells) 

Coupling Efficiency =     ATP Demand (nmol O2/mL/min/1 x 106 cells) 

Basal Respiration (nmol O2/mL/min/1 x 106 cells) 

Leak Respiration = Respiration with Oligomycin (nmol O2/mL/min) 

Viable Cell Density (1 x 106 cells) 

Non-Mitochondrial Respiration = Non-mitochondrial respiration (nmol O2/mL/min) 

                Viable Cell Density (1 x 106 cells) 

ATP Demand = Basal Respiration – Leak Respiration 

Spare Respiratory Capacity = Maximal Respiration – Basal Respiration 

OCR Metabolic Potential = [Maximal Respiration x100] 

Basal Respiration 

3.5 PBMCs Protein Isolation 

The remaining 400 µl PBMC suspension was centrifuged at 15,000 g for 7 mins at 4°C. 

The pelleted PBMCs were washed three times with 400 µl of ice-cold PBS and resuspended in 

400 µl PBS before being centrifuged a second time. The pelleted cells were then washed three 

times with 400 µl PBS and went through a liquid homogenization with an ice-cold RIPA (Cat. No. 

89901;Thermo Fisher) lysis buffer containing a protease and phosphatase inhibitor cocktail (Cat. 

No. 78446; Thermo Fisher). These samples were placed on ice and on a shaker for 30 minutes 

before they were centrifuged. Supernatant was immediately stored at -80°C for protein analysis. 
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3.6 Western Blotting 

Protein concentrations of cell lysates were determined using the Pierce BCA (bicinchoninic 

acid)  protein assay kit (Cat. No. 23227; Thermo Fisher). Samples containing 10µg of protein were 

mixed with NuPage LDS Sample Buffer 4X (Cat. No. NP0008; Thermo Fisher) and NuPage 

Sample Reducing Agent 10X (Cat. No. NP0009; Thermo Fisher). Denaturing of samples was 

accomplished by heating at 70°C for 10 minutes.  

Tris-glycine SDS-PAGE was utilized to separate proteins using 15% TGX gels (Cat. No. 

5678084; BioRad, Hercules, CA). All samples were run in duplicate gels, with the ladder 

containing both a pre-stained Novex Sharp (Cat No. LC5800; Life Technologies, Rockville, MD) 

and horseradish peroxidase (HRP)-linked ladder MagicMark XP (Cat No. LC5602; Life 

Technologies) for molecular weight visualization.  

Proteins were then transferred to polyvinylidene fluoride (PVDF) membranes using a wet 

transfer process, blocked with 5% non-fat dry milk (NFDM) for 1 hour at room temperature, and 

incubated overnight with the primary antibodies of interest on a shaker with gentle agitation at 4-

8°C. Primary antibodies used were: rabbit monoclonal anti-p47phox (47 kDa; Cat. No. 4301S, 

Cell signaling technology, Beverly, MA), mouse monoclonal anti-α-Tubulin (52 kDa; Cat. No. 

3873S, Cell signaling technology), mouse monoclonal anti-SOD1 (18 kDa; Cat No 4266S, Cell 

signaling technology), mouse monoclonal anti-gp91-phox (60 kDa; Cat. No. sc-130543, Santa cruz 

biotechnology, Dallas, TX), rabbit polyclonal anti-SOD2 (26 kDa; Cat. No. GTX116093, 

GeneTex, Irvine, CA), rabbit monoclonal anti-SIRT3 (43 kDa; Cat. No. ab217319, Abcam 

Cambridge, United Kingdom), mouse polyclonal Total OXPHOS WB Antibody Cocktail 

(complex I, 18 kDa; complex II, 30 kDa; complex III, 48 kDa; complex IV, 40 kDa; complex V, 

55 kDa; Cat. No. ab110413, Abcam), and rabbit monoclonal anti-SOD2/MnSOD (Acetyl K68; 24 
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kDa; Cat. No. ab137037, Abcam). All antibodies were prepared in a 1:1000 dilution in 5% Bovine 

Serum Albumin (BSA; VWR Cat No. 97061-420; Avantor, Radnor PA).  

After an overnight incubation, membranes were washed with Tris-Buffered Saline with 

Tween (TBST) and incubated with the appropriate secondary antibody, Anti-mouse (Cat. No. 

7076S, Cell signaling technology) or Anti-rabbit (Cat. No. 7074P2, Cell signaling technology), at 

a 1:1000 dilution in 5% BSA and conjugated with horseradish peroxidase (HRP). Proteins were 

visualized by chemiluminescent detection using an HRP illumination substrate Luminata Forte 

(Cat. No. WBLUF0100; EMD Millipore, Billerica, MA). The UVP ChemiDoc-it2 imaging system 

was used to image each PVDF membrane and the Vision Woks software was used to quantify 

protein expression levels by band densitometry analyses. The densities of the selected protein 

bands were normalized to the internal control protein, α-Tubulin. 

3.7 Statistical Analyses 

All study variables were checked for normality using the Kolmogorov-Smirnov test and 

descriptive statistics were also performed. Non-adjusted differences between groups were 

analyzed with the student’s t-test (for normally distributed data) or the Mann-Whitney U test (non-

parametric test for non-normally distributed data). All tests were performed using two-tailed tests, 

and a significance level of p ≤ 0.05 was adopted throughout. All analyses were performed using 

SPSS version 26.0 (SPSS Inc., Chicago, IL). Tables with participant characteristics were reported 

as mean and standard deviation, while figures were reported as mean, standard deviation, and 

plotted as individual data points.  
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Chapter 4: Results 

4.1 Demographic Characteristics  

 A total of forty-one participants completed the blood draws for PBMC isolations. 

Participant characteristics (age, height, weight, resting blood pressure, glucose levels, 

triglycerides, and total cholesterol) can be found in Table 1. Participant characteristics were 

separated by race (Table 2),  and no racial differences were found for risk factors of CVD (e.g., 

blood pressure, glucose). When participant characteristics were separated by sex (Table 3), females 

had significantly lower body mass (p=0.02) and glucose levels (p=0.05) than their male 

counterparts. 

4.2 Protein Expression of Antioxidant Modulators of Oxidative Stress  

 No racial differences were found for protein expression levels of the antioxidant 

modulators of oxidative stress, which included SOD1 (Fig. 6A, p=0.280), SOD2 (Fig. 6B, 

p=0.817), AcSOD2 (Fig. 6C, p=0.237), and SIRT3 (Fig. 6D, p=0.237).  

When comparing sex differences for protein expression of oxidative stress modulators, 

PBMCs isolated from females exhibited a greater expression of SIRT3 compared to PBMCs 

isolated from males (Fig. 7D, p=0.038). However, no sex differences were found in the expression 

of SOD1 (Fig. 7A, p=0.138), SOD2 (Fig. 7B, p=0.142), and AcSOD2 (Fig. 7C, p=0.187). 

4.3 Protein Expression of Superoxide-Generating NADPH Oxidase Subunits 

No racial differences were found in protein expression levels of the NADPH Oxidase 

subunits gp91phox (Fig. 8A, p=0.862) or p47phox (Fig. 8B, p=0.908). 
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Also, no sex differences were found in protein expression levels of the NADPH Oxidase 

subunits gp91phox (Fig. 9A, p=0.245) or p47phox (Fig. 9B, p=0.111). 

4.4 Protein Expression of Mitochondrial ETC Complexes  

When comparing racial differences for protein expression levels of the mitochondrial 

complexes, PBMCs isolated from NHB individuals exhibited a significantly greater expression for 

Complex I compared to PBMCs isolated from NHW individuals (Fig. 10A, p=0.014). Also, 

PBMCs isolated from NHB individuals tended to have a lower expression for Complex V 

compared to PBMCs isolated from NHW individuals, however, it was not significant (Fig. 10E, 

p=0.064). There were no racial differences in the expression of Complex II (Fig. 10B, p=0.471), 

Complex III (Fig. 10C, p=0.489), or Complex IV (Fig. 10D, p=0.198).   

Moreover, no sex differences were found for protein expression levels of the mitochondrial 

complexes; Complex I (Fig. 11A, p=0.808), Complex II (Fig. 11B, p=0.187), Complex III (Fig. 

11C, p=0.716), Complex IV (Fig. 11D, p=0.435), or Complex V (Fig. 11E, p=0.435). 

4.5 PBMC Respiration  

When comparing racial differences in cellular respiration, PBMCs isolated from NHB 

individuals exhibited lower levels of basal respiration, maximal respiration, leak respiration and 

non-mitochondrial respiration compared to PBMCs isolated from NHW individuals (Fig. 12A 

p=0.017; Fig. 12B, p=0.057; Fig. 12D, p=0.009; Fig. 12E, p=0.014 respectively). Also, PBMCs 

isolated from NHB individuals tended towards higher levels of OCR Metabolic Potential 

compared to PBMCs isolated from NHW individuals, nevertheless, it was not significant (Fig. 

12H, p=0.068). Finally, no racial differences were found in Coupling Efficiency (Fig. 12C, 

p=0.129), Spare Respiratory Capacity (Fig. 12G, p=0.436) or ATP Demand (Fig. 12F, p=0.256). 
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Furthermore, no sex differences in cellular respiration were found for Basal Respiration 

(Fig. 8a, p=0.989), Maximal Respiration (Fig. 13B, p=0.882), Coupling Efficiency (Fig. 13C, 

p=0.173), Leak Respiration (Fig. 13D, p=0.616), Non-Mitochondrial Respiration (Fig. 13E, 

p=0.597), ATP demand (Fig. 13F, p=0.364), Spare Respiratory Capacity (Fig. 13G, p=0.579), or 

OCR Metabolic Potential (Fig. 13H, p=0.680). 
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Figure 6. Protein Expression of Antioxidant Modulators of Oxidative Stress in PBMCs 

isolated from NHW and NHB Individuals. 

No racial differences in A) SOD1, B) SOD2, C) AcSOD2, or D) SIRT3 protein expression in 

PBMCs. Densitometric quantifications were normalized to housekeeping protein (α-Tubulin). 

Data are represented as mean ± SD from one independent experiment (N = 24 – 26 PBMC protein 

samples) that were run in duplicate gels.  
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Figure 7. Protein Expression of Antioxidant Modulators of Oxidative Stress in PBMCs 

isolated from Males and Females. 

PBMCs isolated from females exhibited a higher expression in D) SIRT3 compared to PBMCs 

isolated from males. No sex differences were found for A) SOD1, B) SOD2, or C) AcSOD2 protein 

expression in PBMCs. Densitometric quantifications were normalized to housekeeping protein (α-

Tubulin). Data are represented as mean ± SD from one independent experiment (N = 24-26 PBMC 

protein samples) that were run in duplicate gels.  

* Significantly higher (p < 0.014) compared to PBMCs isolated from males. 
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Figure 8. Protein Expression of Superoxide-generating NADPH Oxidase Subunits in 

PBMCs isolated from NHW and NHB Individuals. 

No racial differences for A) gp91phox or B) p47phox protein expression in PBMCs. Densitometric 

quantifications were normalized to housekeeping protein (α-Tubulin). Data are represented as 

mean ± SD from one independent experiment (N = 24 PBMC protein samples) that were run in 

duplicate gels. 
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Figure 9. Protein Expression of Superoxide-generating NADPH Oxidase Subunits in 

PBMCs isolated from Males and Females. 

No sex differences were found for A) gp91phox or B) p47phox protein expression in PBMCs. 

Densitometric quantifications were normalized to housekeeping protein (α-Tubulin). Data are 

represented as mean ± SD from one independent experiment (N = 24 PBMC protein samples) that 

were run in duplicate gels. 
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Figure 10. Protein Expression of Mitochondrial Complexes in PBMCs isolated from NHW 

and NHB Individuals. 

PBMCs isolated from NHB individuals demonstrated a higher expression of A) Complex I 

compared to PBMCs isolated from NHW individuals. No racial differences were exhibited for B) 

Complex II, C) Complex III, D) Complex IV, or E) Complex V protein expression in PBMCs. 

Densitometric quantifications were normalized to housekeeping protein (α-Tubulin). Data are 

represented as mean ± SD from one independent experiment (N = 26 PBMC protein samples) that 

were run in duplicate gels.  

* Significantly higher (p= 0.014) compared to PBMCs isolated from NHW individuals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 61 

 

 



 62 

 
Figure 11. Protein Expression of Mitochondrial Complexes in PBMCs isolated from Males 

and Females. 

No sex differences were found for A) Complex I, B) Complex II, C) Complex III, D) Complex IV, 

or E) Complex V protein expression in PBMCs. Densitometric quantifications were normalized to 

housekeeping protein (α-Tubulin). Data are represented as mean ± SD from one independent 

experiment (N = 26 PBMC protein samples) that were run in duplicate gels. 
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Figure 12. Respiration measures in PBMCs isolated from NHW and NHB Individuals. 

PBMCs isolated from NHB individuals demonstrated a significantly lower A) Basal Respiration, 

D) Leak Respiration, and E) Non-Mitochondrial Respiration compared to PBMCs isolated NHW 

individuals. No racial differences in B) Maximal Respiration, C) Coupling Efficiency, F) ATP 

Demand, G) Spare Respiratory Capacity, and H) OCR Metabolic Potential in PBMCs. Respiration 

measures were normalized to viable cells. Data are represented as mean ± SD from one 

independent experiment (N = 39 PBMC samples).  

* Significantly lower (p < 0.05) compared to PBMCs isolated from NHW individuals.  
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Figure 13. Respiration measures in PBMCs isolated from Males and Females. 

No sex differences were found for A) Basal Respiration, B) Maximal Respiration, C) Coupling 

Efficiency, D) Leak Respiration, E) Non-Mitochondrial Respiration, F) ATP Demand, G) Spare 

Respiratory Capacity, or H) OCR Metabolic Potential. Respiration measures were normalized to 

viable cells. Data are represented as mean ± SD from one independent experiment (N = 39 PBMC 

samples).  
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Chapter 5: Discussion 

 

The main findings of this study are the following: 1) There were no racial differences in 

the antioxidant modulators of oxidative stress or superoxide-generating NADPH oxidase subunits, 

2) PBMCs isolated from NHB individuals exhibited a significantly higher expression of Complex 

I and 3) PBCMs isolated from NHB individuals had lower respiration (basal, leak, and non-

mitochondrial) rates compared to PBMCs isolated from NHW individuals. These results did not 

support our hypothesis of a lower expression of the antioxidant modulators of oxidative stress or 

a higher expression of superoxide-generating NADPH oxidase subunits in PBMCs isolated from 

NHB individuals. However, our findings do not preclude mitochondrial function from being a 

potential contributor to the racial differences observed in systemic oxidative stress, as we did not 

measure mitochondrial-derived ROS production, mitochondrial damage, or mitochondrial 

polarity. 

Immune cells have gained attention for their role in CVD, specifically as primary 

contributors to systemic oxidative stress.21 One mediator to the PBMC-derived contribution to 

systemic ROS is NADPH oxidase. In response to norepinephrine (NE) treatment, PBMCs isolated 

from healthy young men exhibit an increase in monocyte adhesion to ECs, intracellular O2
- 

production, and NADPH oxidase subunit (gp91phox, p22phox, p67phox) gene expression in a 

time-dependent manner.170 This increase in O2
- production was mediated by α-adrenergic receptors 

and was attenuated with NADPH oxidase inhibitors. Along with NE, increases in NADPH oxidase 

activation are also mediated by Ang II and ET-1.84,171 In NT and HTN NHB Individual, circulating 

NE and ET-1 levels are higher than NHW individuals.167,168,170 In addition, the racial differences 

in PBMC-derived O2
- levels, differences in NADPH oxidase subunits (gp91phox and p47phox) 

can potentially upregulate NADPH oxidase activity and contribute to the systemic oxidative 
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stress.43 Therefore, we hypothesized racial differences in the protein expression of this superoxide-

generating enzyme; however, our results failed to support this hypothesis (Fig.8A and 8B). While 

no racial differences were found in the protein expression of NADPH oxidase subunits, our 

experiments lacked a measure of NADPH oxidase activity. Thus, measuring NADPH oxidase 

activity could have provided further insight by measuring activity as opposed to protein 

expression. For example, if we were to find that PBMCs from NHB adults exhibited greater 

NADPH oxidase activity these findings would align with the previous studies looking at the 

NADPH oxidase pathway and PBMC-derived superoxide production.43 It is important to also point 

out this enzyme remains inactive within a cell until it is exposed to microorganisms, inflammatory 

mediators, or specific agonists that initiate the translocation and assembly of the cytosolic subunits 

to create an active enzyme.20 For example, we may have uncovered a potential racial difference if 

we activated our PBMC samples in vitro (e.g., LPS). Our participant cohort consisted of young 

healthy college age adults that did not exhibit any racial differences in the risk factors of CVD 

(Table 2; e.g., BP, lipids, or glucose levels) and that may have important implications in our 

findings. It is possible that the PBMCs isolated from our participants were largely in a naïve state, 

without an agonist or inflammatory mediator to activate NADPH oxidase and alter protein 

expression. If our cohort did exhibit racial disparities in CVD risk factors, as seen in many studies, 

or if we had exposed our cohort to an acute challenge (e.g., a high fat meal or second-hand smoke) 

then we may have uncovered potential disparities at the PBMC level. 1,3,4,172,173  

Another avenue in which oxidative stress can rein its deleterious effects in PBMCs and on 

vascular function is to inhibit the antioxidant enzyme protein expression or activity. PBMCs 

isolated from older patients (55-80 years) with metabolic syndrome (MetS) and without MetS, 

found patients with MetS to exhibit lower SOD activity in the plasma and a higher expression of 
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circulating leukocytes, neutrophils, lymphocytes, and monocytes.174 Further, HUVECs isolated 

from NHB individuals have also shown lower SOD1 activity and total SOD activity that 

contributes to the heightened oxidative stress compared to HUVECs isolated from NHW 

individuals.8,165 SIRT3 is an important regulator SOD2 function/activity, and the depletion of 

SIRT3 in mice resulted in hyperacetylation of SOD2 (AcSOD2), increased infiltration of T cells 

and macrophages, increased vascular permeability, and vascular inflammation.92 Diminished 

SIRT3 expression and hyperacetylation of SOD2 was found in arterioles isolated from patients 

with essential HTN compared to arterioles isolated from NT subjects. SIRT3 expression can be 

hindered by activation of the renin-angiotensin aldosterone system, high AngII exposure, and 

inflammation. 89,175 However, we found no racial differences in SIRT3 (Fig. 6D) or AcSOD2 (Fig. 

6C) protein expression in PBMCs isolated from young adults. There were also no apparent racial 

differences in SOD 1 (Fig. 6A) or SOD2 (Fig. 6B) protein expression. AngII-induced HT is 

associated with the S-glutathionylation of SIRT3 which inhibits its deacetylation activity, 

increases acetylation of SOD2, and reduces SOD2 activity.32–36 While no racial differences were 

found on total protein expression for SIRT3, further research on S-glutathionylation of SIRT3 and 

SOD activity could provide further insight on the SOD pathway and potential racial differences in 

combatting oxidative stress. 176 

 The mitochondria are also implicated as another major generator of ROS, mainly as a result 

of the premature leakage of electrons at Complex I and III.23–28 To recap, Complex I-derived ROS 

is exclusively released into the mitochondria, while Complex III-derived ROS is also released into 

the intermembrane space and transverses into the cytosol via voltage-dependent anion 

channels.19,27,31,85 With oxidative stress, the mitochondria also become a target for ROS which can 

result in oxidative damage to the ETC complexes. 48,49 In the present study, we found PBMCs 
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isolated from NHB individuals to exhibit a greater protein expression for Complex I compared to 

PBMCs isolated from NHW individuals (Fig. 10A). The higher expression of Complex I in 

PBMCs isolated from NHB individuals could increase the proton flux across the inner membrane 

and/or increase ROS production within the mitochondrial matrix. This in turn could influence 

SOD2 activity, initiate oxidative damage to the ETC complexes, respiration rates, and result in 

mitochondrial dysfunction. However, our experiments lacked markers of mitochondrial damage 

(e.g., 4HNE, Oxyblot) and O2
- production to clarify the physiological significance of increased 

Complex I that we uncovered in PBMCs from young NHB adults and dampens our ability to 

delineate potential racial differences in the isolated PBMCs. Nonetheless, our concurrent findings 

of both increased Complex I expression and reduced cellular respiration in PBMCs from young 

NHB adults suggests that the increased Complex I expression did not contribute to augmented 

cellular respiration, and if anything may have been a compensatory response177 

 Oxidative stress can also play an important role in derangements of mitochondrial function 

with decreased mitochondrial respiration, transmembrane potential, and overproduction of ROS 

in PBMCs isolated form patients with early-stage CHF.44–46 Leak respiration represents the proton 

leak across the mitochondrial inner membrane98,110,111 The lower leak respiration (Fig. 12D) in 

PBMCs isolated from NHB individuals could complement the higher Complex I protein 

expression, in which O2
- produced is being retained in the mitochondrial matrix and potentially 

contributing to the racial differences in basal respiration (Fig. 12A) as well. The addition of the 

pharmacological agents to derive non-mitochondrial respiration abolishes all mitochondrial-

associated respiration, to determine non-mitochondrial O2-consuming processes (e.g., cyclo-

oxygenases, lipoxygenases, NADPH oxidases, endoplasmic reticulum, xanthine oxidase). 

Importantly, greater non-mitochondrial O2-consumption is usually associated with inflammation 
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and is a negative indicator of bioenergetic health.98,110,111,114,115. PBMCs isolated from NHB 

individuals exhibited a lower non-mitochondrial respiration rate, which could represent a lower 

activity of non-mitochondrial O2-consuming enzymes (e.g., NADPH oxidase).  

As part of our sub-study on potential sex differences, there were no sex differences in the 

expression of NADPH oxidase subunits, mitochondrial complexes, or PBMC respiration. 

However, PBMCs isolated from females exhibited a greater expression of the mitochondrial 

deacetylase (SIRT3) compared to PBMCs isolated from males. PBMCs isolated from females 

exhibited greater SIRT3 (Fig. 7D) protein expression with no sex differences in the cascading 

protein expression of antioxidants AcSOD2 (Fig 7C), SOD2 (Fig. 7B), or SOD1 (Fig. 7A). 

Premenopausal women are somewhat protected against the development of CVDs compared to 

men, with CVDs presenting 10 years later in women compared to men.176 It is of interest to 

examine S-glutathionylation of SIRT3 and SOD activity between sexes, in PBMCs isolated from 

premenopausal women and its role in CVD protection.  

There are limitations to the current study. While PBMCs have been a widely used model 

for assessing immune regulation, our in vitro experiments lacked any perturbations that would 

activate the PBMCs. Moreover, our in vitro experiments lacked the environmental stimuli that 

could be presented in an in vivo condition and can play a role in how these immune cells respond 

to different stimuli.40 Factors that can influence PBMCs reactivity include nutritional status, 

hormone levels, and inflammation. 40 It is still not known how PBMCs respond to physiological 

stimuli (e.g., stressful situations, acute sickness, food consumption) that may be present during 

blood draws and can further contribute to inter-experimental variations.40 As stated earlier in the 

discussion, our participant population for PBMC isolations were from young healthy college-aged 

students and this could have masked potential racial differences in the community, this includes 
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facing wealth inequities and social disparities which are also known players in CV health. 63–66 By 

expanding the sample population to middle-aged and older adults, we would have likely unveiled 

racial disparities in BP and CVD risk factors missing in our cohort of young college students and 

provide further insight on the role of racial disparities in mitochondrial function in PBMCs. Also, 

within PBMCs subsets, differences in the protein expression of ETC complexes may impact the 

regulation and function of mitochondrial metabolism. For example, monocytes exhibit a greater 

expression of Complex IV (subunit I) compared to lymphocytes.177 This further supports the need 

to further isolate PBMCs into subsets (e.g., lymphocytes only, monocytes only) to determine 

potential racial differences in these ETC complex expression and cell respiration. 40PBMCs 

primarily rely on oxidative phosphorylation to meet their metabolic needs in their inactive state 

but appear to shift their metabolic phenotype towards glycolysis when activated by inhibiting 

oxidative phosphorylation.142–147 These metabolic shifts in PBMCs could further aggravate 

mitochondrial function and increase mitochondrial-derived ROS. Future research should 

determine if activated PBMCs’ and their metabolic phenotype contribute to racial differences in 

oxidative stress. Another important note for respiration readings in intact cells is that rates can be 

standardized to cell number or protein concentration, instead of mitochondrial concentrations for 

isolated mitochondria.98 As a result, potential changes in mitochondrial density within intact cells 

could profoundly affect cellular respiration. We acknowledge the drawbacks to this model; hence 

our results should be interpreted with caution.  

In conclusion, mitochondrial function in PBMCs could be a potential contributor to higher 

systemic oxidative stress in NHB individuals. While no racial differences were found in the redox 

regulating proteins, we propose other aspects of PBMC-derived ROS such as antioxidant activity 
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(e.g., SOD1, total SOD), stimulated NADPH oxidase and O2
- production, or changes in metabolic 

phenotype in activated PBMCs as targets for future research. 
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