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Cardiovascular diseases (CVD) are the leading cause of death for men and women 

in the USA, and growing evidence has led to an increase in concern about the detrimental 

effect of airborne particulate matter (PM) on health and its relation to the development of 

CVD. Indeed, epidemiological studies have shown that there is a well-established 

association between PM and increased atherosclerosis morbidity and mortality. However, 

how PM induces atherosclerosis remains to be elucidated. PM is a heterogeneous mixture 

of incomplete combustion of organic matter and fossil fuels, which is made up of metals, 

aldehydes, polycyclic aromatic hydrocarbons (PAHs) including benzo-a-pyrene (BP), and 

a variety of quinones. BP is produced during incomplete combustion of organic matter 

such as coal, oil, garbage or other organic substances. BP-1,6-quinone (BP-1,6-Q) is 

derived from BP and is one of the important constituents of PM. It is generated through 

atmospheric transformations of BP by UV light or by the oxidation of BP via CYP450 

enzymes within the cells. While endothelium has been suggested to be one of the well-

known targets by air pollutants, the action of BP-1,6-Q in endothelial cells remains to be 

examined. We hypothesized that BP-1,6-Q could promote atherosclerosis through 

endothelial cell injury. The goal of this research project is to elucidate the effects and the 

underlying mechanism of BP-1,6-Q on endothelial injury using human EA.hy926 

endothelial cells as a model system. The specific objectives of this study were; (1) to 

examine redox activity of BP-1,6-Q and the underlying molecular mechanisms involved, 



(2) to elucidate the role of cellular glutathione (GSH) in BP-1,6-Q- mediated cytotoxicity 

and cellular macromolecule damages, (3) to study the role of Phase II enzyme NADPH-

quinone oxidoreductase-1 (NQO1) in BP-1,6-Q-mediated cytotoxicity and ROS 

production in human EA.hy926 endothelial cells.  

We first examined whether BP-1,6-Q at non-toxic concentrations (0.01-1 µM) 

could produce ROS in EA.hy926 endothelial cells as ROS is a key mediator of signaling 

pathways causing oxidative stress in the development of atherosclerosis. Using lucigenin- 

and luminol-derived chemiluminescence and 2
’
7

’
-Dichlorofluorescein diacetate (DCF-

DA) flow cytometry assays, we have shown that BP-1,6-Q stimulated the production of 

reactive oxygen species (ROS) in a concentration-dependent manner. Furthermore, BP-

1,6-Q-induced ROS was inhibited by rotenone (Rot) and antimycin A (AA), denoting the 

involvement of mitochondrial electron transport chain (METC) in redox cycling of BP-

derived quinones in ROS overproduction. We have further demonstrated that BP-1,6-Q 

triggered endothelial-monocyte interaction and stimulated expression of vascular 

adhesion molecule-1 (VCAM-1). These results suggest that ROS production may 

partially mediate the inflammatory effect of BP-1,6-Q on endothelial inflammation.  

To further determine the mechanisms by which BP-1,6-Q produces ROS, we have 

determined the involvement of Phase II enzyme NQO1 in redox cycling of BP-1,6-Q. We 

have observed that inhibition of NQO1 showed a decrease in generation of BP-1,6-Q-

mediated ROS, and augmentation of NQO1 resulted in a significant increase in BP-1,6-

Q-induced ROS. Thus, our results reported for the first time that NQO1 plays a vital role 

in catalyzing redox activation of BP-1,6-Q to generate ROS in endothelial cells.  



In contrast, at higher concentrations (20-60 µM) BP-1,6-Q causes a significant 

decrease in cell viability and an increase in the necrotic type of cell death as measured by 

lactate dehydrogenase assay (LDH) and flow cytometric assays. We have also 

demonstrated that BP-1,6-Q imparts its toxicity by depleting cellular glutathione (GSH) 

and NQO1 resulting in cellular macromolecular damage in a concentration-dependent 

manner. Augmentation of cellular GSH and NQO1 showed significant protection against 

BP-1,6-Q-induced cell death. These results indicate that GSH and NQO1 might be first in 

the line of defense against BP-1,6-Q induced cytotoxicity. Interesting, our results further 

showed that NQO1-mediated ROS production by BP-1,6-Q is not associated with BP-

1,6-Q induced cell injury suggesting that BP-1,6-Q can be toxic to endothelial cells by 

itself without any biotransformation to toxic metabolites.  

Taken together, this thesis study conducted using human EA.hy926 endothelial 

cells as a model system expanded our understanding of the possible involvement of 

mitochondria and cellular GSH and NQO1 in BP-1,6-Q mediated cytotoxicity as well its 

ROS production. These studies will contribute to our ability to assess the cardiovascular 

risk of human exposure to air pollutant to BP-1,6-Q. 
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CHAPTER I 

 

INTRODUCTION 

 

 

Cardiovascular Disease (CVD) and Reactive Oxygen Species (ROS) 

Cardiovascular disease (CVD) is one of the leading causes of death in the United 

States. In 2015, 31% of all global deaths were cardiovascular. This total was about 17.7 

million people, with 7.4 million dying of coronary artery disease and 6.7 million dying of 

stroke [1]. Cardiovascular diseases are a group of disorders related to the heart and blood 

vessels. Cardiovascular disease takes on many forms, such as peripheral artery disease, 

heart failure, congenital heart disease and coronary artery disease. 

Atherosclerosis is a most common type of coronary heart disease which causes 

the formation of plaques in arteries. The plaques are composed of cholesterol, fatty 

substances, cell waste products, and fibrin which cause arterial walls to thicken, reducing 

the blood flow and oxygen to cells [2]. The thickening of arteries due to plaque 

eventually causes heart attack, stroke, and even death. Some of the risk factors associated 

with the progression of atherosclerosis include smoking, high cholesterol, diabetes and 

air pollution, which is a newly discovered risk factor [3]. Endothelial cell injury initiates 

atherosclerosis by causing oxidation of low-density lipoprotein (ox-LDL) in the vascular 

arterial wall. OX-LDL induced expression of chemotactic and inflammatory markers. 

Ox-LDL promotes differentiation of monocytes into macrophage which engulfs ox-LDL 

and forms foam cells. Necrosis of foam cells results in atherosclerotic plaques.  
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While the pathology of atherosclerosis is complex, growing evidence supports the 

involvement of reactive oxygen species (ROS) in CVD development [4]. ROS are 

chemically unstable molecules containing oxygen. ROS with unpaired electrons like, 

superoxide (O2
.-
), and hydroxyl peroxide (OH

.-
) are known as free radicals. ROS such as 

hydrogen peroxide (H2O2) are not free radicals but have oxidizing properties which can 

cause oxidative stress in the cells. In a healthy cell, there is a balance between the 

generation of ROS and detoxification of ROS by phase II antioxidant enzymes. When 

there is an imbalance between the production of ROS and phase II detoxification 

enzymes, cell experiences oxidative stress. Main types of ROS involved in oxidative 

stress are H2O2, O2
.-
, and OH

.- 
(Fig. 1.1). Different types of risk factors for CVD 

mentioned above can cause excessive generation of ROS in the cardiac cells. The ROS 

such as H2O2 and O2
.-
 is produced in the endothelium during cellular metabolism by 

various enzymes such as NADPH oxidase, xanthine oxidase, uncoupled endothelial nitric 

oxide synthase, and mitochondrial respiratory chain complexes [5]. Mitochondrial 

electron transport chain is one of the main producers of ROS in a mammalian cell system. 

Among five mitochondrial complexes, complex I and III have been reported to be the 

major site for ROS production. Electron leakage from the electron transport chain at 

complex I and III causes partial reduction of O2 to form O2
.-
 radical. When a cell 

undergoes oxidative stress, an increase in generation of mitochondrial ROS has been 

observed. In CVDs, excessive production of ROS is associated with inflammation and 

arterial wall remodeling. Repeated endothelial cell injury may cause overproduction of 

ROS and adhesion of blood monocytes to the site of injury. Adhesion of monocytes 
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further causes an increase in expression of other vascular inflammatory markers like 

vascular adhesion molecule 1 (VCAM-1), intracellular adhesion molecules (ICAM-1) 

and P-selectin. Inflammation is the primary mediator of different atherosclerotic stages 

[6, 7]. A large number of research studies have demonstrated the crucial role of these 

adhesion molecules in the pathogenesis of atherosclerosis and plaque formation. Increase 

in expression of inflammatory and adhesion marker has been noted in the human 

atherosclerotic plaques. Measurement of adhesion markers in plasma has been proposed 

to be a promising risk prediction factor in the healthy human population [8].  

Air Particulate Matter (PM) and Cardiovascular Disease (CVD) 

Air pollution, an upcoming global issue; is made of gaseous pollutants which 

include NO2, SO2, CO, O3, carbonyl compounds, organic solvents and particulate matter. 

Particulate matter is a solid and liquid particle of different sizes that float in the air as a 

result of incomplete combustion of organic matter. These tiny particles are made of acids 

like nitrates and sulfates, organic chemicals, and dust. Particulate matter is characterized 

by an aerodynamic equivalent diameter (AED) of the particles. The particles with similar 

AED will have same settling velocity. Traditionally particulate matter is divided by their 

AED and where they deposit in the human respiratory tract. Particles 50 μm in diameter 

usually settle out of the air. Particles larger than ten μm in size have short suspension 

half-life and are filtered by nose and throat. Particles smaller than ten μm (PM2.5-10) can 

easily pass nose and throat entering the body [9]. The United States environmental 

protection agency (EPA) has defined this particle as ultrafine (0.1 μm), fine (0.1-2.5 μm) 

and coarse (2.5 μm-10 μm). PM2.5 is classified as a high-risk particulate matter because 
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particles of that size can bury deep into the lungs and eventually makes its way into the 

bloodstream which can cause chronic health issues such as asthma, lung diseases, 

atherosclerosis, myocardial infarction, stroke, arrhythmia and heart failure. 

Unfortunately, air particulate matter is ubiquitous and ultimately very difficult to avoid 

with increasing industrial development and urbanization [10].  

Quite a few epidemiological studies have emerged in past 20 years showing the 

relationship between air pollution and cardiovascular diseases [11-17]. These studies 

indicate that PM2.5 is more prone to the development of heart disease compared to PM10.  

A Multi-Ethnic Study of Atherosclerosis (MESA) looks accurately at that range of 

particulate matter and how it affects the right ventricle of the heart, leading to 

atherosclerosis [18]. The results indicated that there was a definite correlation between 

increasing right ventricle mass and exposure to the higher amount of PM2.5. However, 

these changes were most evident in pre-susceptible populations such as those who are 

current and former smokers, and those who had emphysema. A short-term exposure study 

conducted by Pope et al. examined the effect of an increase in PM and its impact on 

CVD. Their results showed that short-term exposure to 10 μg/m
3 

PM2.5 for 24 hours could 

predispose people to CVD risk by 0.4-1.0% [19]. Exposure to PM2.5 causes recruitment of 

monocytes into atherosclerotic plaques causing lipid pools in a coronary artery, aortic 

lesions, polymorphonuclear leukocytes, and plaque cell turnover in rabbits [20, 21]. 

Another study conducted on mice demonstrated reduced cardiac function and ischemic 

injury which is consistent in showing the correlation between PM and vascular diseases 

[22]. A clinical trial was conducted by Kunzli et al. to study the relationship between 
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long-term exposure to PM2.5 and atherosclerosis. The results of the study found that an 

increase in exposure to PM2.5 causes an increase in thickness of carotid intima-media 

[23]. Nine healthy traffic workers exposed to traffic-related PM demonstrated detrimental 

effects of PM2.5 at an alarming rate. The study revealed that there was a significant 

increase in vagal activity with a change in heart rate variability, an increase in the ectopic 

beat, an increase in inflammation and coagulation markers  [24]. A 12-yearlong study in 

the USA conducted by Powell et al. showed a significant increase in emergency 

hospitalization for CVD on exposure to PM2.5 [25]. A large number of studies have 

shown a strong correlation between exposure to PM2.5 and progression of CVD. Albeit, 

the mechanism associated with the development of CVD and exposure to PM2.5 is not 

fully understood. As mentioned before, PM is made of a large number of components, 

however, which specific components plays a major role in the development of CVD is 

not yet identified. 

PM and Polycyclic Aromatic Hydrocarbon (PAH) 

Polycyclic aromatic hydrocarbons (PAHs) are released into the ambient air by 

incomplete combustion of organic matter. Their occurrence in the environment has 

increased substantially in past centuries due to rapid industrialization and global 

development. PAHs is one of the key components of PM2.5 [26, 27]. PAHs, are groups of 

compounds that have well-studied carcinogenic and mutagenic properties. PAH are 

released into the environment from natural as well as anthropogenic sources. Natural 

sources such as meadow fires and volcanic eruptions are very marginal contributors to 

the environmental pollution. Anthropogenic sources such as industrial exhaust from coal, 
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aluminum and coal tar industries, vehicular exhaust, and tobacco smoke are the major 

contributors to PM pollution. Ninety percent emission of PAH compounds in the air is 

accounted to be from anthropogenic sources. Over 100 different PAH compounds have 

been identified in PM, and few major compounds are Anthracene, Phenanthrene, and 

Benzo-a-pyrene (BP) [28, 29].  PAH compounds are lipophilic and therefore can 

efficiently bind to cellular lipid bilayer in the blood.  

Benzo-a-pyrene (BP) and Atherosclerosis 

Of different types of PAH compounds present in PM pollution, BP is one of the 

major components. Quite a few studies have established an association between exposure 

to BP and development of CVD. A study by Dan Meng et al. investigated the effects of 

BP on vascular smooth muscle cells. Their results showed that BP promoted the invasion 

and migration of VSMCs by transcriptionally activating matrix metalloproteinases 

(MMPs) which causes cytotoxicity and apoptosis at higher concentrations (>2 m) [30]. 

ApoE 
(-/-)

 mice were used to study the role of the CYP1A1 enzyme in BP-induced 

atherosclerosis. ApoE 
(-/-)

 mice, also known as apolipoprotein E-deficient mice, are often 

used in studies related to atherosclerosis as they can quickly and spontaneously develop 

atherosclerotic lesions while consuming a healthy diet. ApoE
(-/-)

 mice were fed an 

atherogenic diet with BP to induce toxicity, which they found was equivalent to BP 

toxicity via inhalation [31]. Results from the study exhibited that the mice treated with an 

atherogenic diet and BP had more significant atherosclerotic lesions to their aortas versus 

the wild-type mice. The atherogenic diet and BP treatment were shown to induce ROS 

levels, expression of inflammatory markers, plasma levels of cholesterol and TNF levels 
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in mice [31]. Burstyn et al. conducted a similar epidemiological study. Results from their 

study demonstrated a firm association between BP and the development of ischemic 

cardiac disease [32]. Another study by Huang and associates showed a cardiotoxic effect 

of BP on zebrafish embryos [33]. As mentioned above, strong data support an association 

between exposures to BP and development of the vascular disorder. BP is known to 

induce multiple organ toxicities but how it induces atherosclerosis is not yet completely 

understood. 

Toxicokinetics of BP 

Most of the PAH compounds after entering the body undergoes two-step 

metabolic detoxification process. During phase I detoxification, a polar group is attached 

to the compound which makes it more susceptible to phase II reactions which ultimately 

helps to excrete out the toxic metabolite. However, during this detoxification process, 

there is the formation of few reactive intermediates that are more toxic than the original 

parent compound [34]. In phase I detoxification three main pathways can cause activation 

of PAH compounds: (1) formation of dyhydrodiol epoxide and epoxide hydrolase by 

cytochrome (CYP) 450 enzymes. (2) Formation of radical cation during metabolic 

oxidation process by CYP450 peroxidase ,and (3) formation of quinones via peroxidation 

of catechol by dihydrol dehydrogenase [34, 35]. The epoxide pathway leads to the 

formation of DNA adducts. DNA adducts are often involved in the early stages of 

carcinogenesis [36]. The radical cations generate unstable DNA adducts which can be 

removed via depurination resulting in apurinic sites. Most of PAH compounds like BP 

produces a large number of metabolites during phase I activation. CYP1A1 and CYP1B1 
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are activated by aryl hydrocarbon receptor (AhR) in the body on exposure to PAH 

compound. In its inactive state AhR is present in the cytoplasm with other proteins such 

as heat shock protein 90 (Hsp90), P23 and AhR interacting protein.  After forming a 

complex with PAH, the Hsp90 protein is released from the complex, and the AhR-PAH 

complex is translocated into the nucleus. In the nucleus, AhR-PAH complex binds DNA 

through xenobiotic response elements (XRE) and upregulates expression of CYP1A1 and 

CYP1B1 [35]. 

The most toxic type of PAHs is BP because of its highly genotoxic property. 

During Phase-I metabolism of BP, oxidation reactions catalyzed by CYP 450 enzymes, 

1A1, 1A2, 1B1 and 3A4 produces highly toxic metabolite  BP-7,8diol-9,10-epoxide 

(BPDE)  and two not so very toxic carcinogen 7,8-oxide-BP and 7,8-dihydrodiol BP. 

Among different metabolites of BP, BPDE is well studied because of its known 

carcinogenic properties. BPDE forms covalent bonds with nucleophilic sites in DNA and 

protein. DNA adducts induce mutations causing cancer and are, therefore, a recognized 

biomarker for cancer diagnosis.  Another metabolic pathway leads to the formation of 

BP-1,6, 3,6 and 6,12-quinones (BP-1,6-Q, BP-3,6-Q, and BP-6,12-Q) [37]. The 

photolysis of BP in aqueous solution gives BP-1,6, 3,6 and 6,12-quinones. BP-quinones 

(BP-Q) are also produced on exposure to UV light; BP reacts with oxygen to form an 

intermediate product of endoperoxides and an end product of BP-Q [38, 39]. A 

potentiation in toxicity of BP is observed in the presence of light. A study by Yan et al. 

showed that BP is highly phototoxic in Salmonella Typhimurium bacterium strain TA102 

[40]. Among the different metabolites of BP, BPDE is the most researched because of its 
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carcinogenic property. However, very limited information is available on BP-Qs and their 

underlying mechanism of toxicity. 

Review of BP-Q 

BP-Qs are important BP metabolites that have been understudied for their 

biologic effects. Very few research studies have been conducted to study the toxicity of 

BP-Qs in endothelial cells. In 1995 BP-Qs toxicity was characterized in bone marrow 

stromal cells by Zhu et al. Bone marrow stromal cells were incubated with varying 

concentrations of BP-1,6-Q, BP-3,6-Q and BP-6,12-Q (0-25 μM) for 24h and cell 

viability was measured using crystal violet staining. Furthermore, BP-1,6-Q depleted 

cellular ATP levels in stromal cells signifying the damage to mitochondria. Among 

different quinone metabolites of BP, BP-1,6-Q is reported to be the most toxic [41]. 

Another study conducted by Lesko showed that BP-1,6-Q at low concentration are 

cytotoxic in Chinese hamster cells. They hypothesized that BP-1,6-Q cytotoxicity is 

attributed to BP-1,6-Q redox cycling to BP-1,6-semiquinone and BP-1,6-hydroquinone 

which leads to the formation of ROS. In addition to being cytotoxic, BP-1,6-Q causes 

strand scissions when incubated with T7 DNA [42]. Another study by Chesis et al. 

investigated mutagenicity of 4 quinone compounds; menadione, BP-3,6-Q, 9,10-

phenanthrenequinone, and danthron. They found that 2 electron reductions of the 

quinones by NADPH-quinone oxidoreductase (NQO1) were not mutagenic. However, 1 

electron reduction catalyzed by CYP 450 reductase was mutagenic. Their results also 

suggest that generation of free radical by redox cycling of quinones could be the main 

contributor to the mutagenicity [43]. Furthermore, cytotoxicity of BP-3,6-Q and 



10 
 

menadione was examined in human fibroblast, and rat hepatocyte cells by Morrison et al. 

BP-3,6-Q caused depletion in cellular glutathione (GSH) content in hepatocytes and 

DNA strand damage only in fibroblasts. Unlike BP-3,6-Q menadione caused DNA strand 

damage and GSH depletion in both fibroblasts and hepatocytes [44]. Such studies display 

the complexity of metabolic pathways involved in detoxification and activation of 

quinones in different cell types. With few studies showing BP-Qs toxicity in different cell 

types, the effect of BP-Qs on endothelial cells remains unknown. Regarding the ROS 

production by BP-Qs, our preliminary studies indicated that BP-1,6-Q is the most potent  

BP-Qs causing the maximum amount of ROS. Therefore BP-1,6-Q was chosen for this 

study.  

BP-1,6-Q is released into PM by incomplete combustion of organic matter and is 

also metabolized from BP in vivo. Samples collected from the trafficked roadside has 

reported levels of BP-1,6-Q to be 0.88 mg Kg
-1

 [46, 47]. The PM levels of BP-1,6-Q in 

the California state of USA has been reported to be 1747±1638 pg/m
3
 [48]. The levels of 

BP-1,6-Q was reported to be as high as at 334 Pg m
3
 in February 1997 in Munich-

Grosshaderm [49]. BP-1,6-Q is highly lipophilic and can, therefore, enter the cell 

membrane easily and accumulate in tissues. Kim et al. conducted a study to evaluate the 

effect of BP and BP-Q in the blood of rats treated with BP. Their results showed a 

significant increase in blood serum MDA levels (16.98+/-3.29 nmol/ml serum) 12h post-

exposure to BP, and these levels stay elevated up to 98h (13.80+/- 1.65 nmol/ml serum). 

Formation of BP-1,6-Q and BP-3,6-Q was observed in blood serum 3h post-BP treatment 

and reached a peak at 24h (7.23+/-1.02 pmol/ml serum) and 12h (9.20+/-0.98 pmol/ml 
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serum) respectively [50]. A study by Thirman and colleagues found that animals with an 

induced CYPIA1 enzyme in aortas can metabolize the BP in cigarette smoke to BP-1,6-

Q, BP-3,6-Q, and BP-6,12-Q and may initiate endothelial cell injury leading to the 

accelerated onset of atherosclerosis [51]. 

Very limited information is available on how BP-1,6-Q is metabolized in human 

endothelial cells EA.hy926 and how does it affect cellular phase-II antioxidants levels. 

While a couple of articles have found BP-1,6-Q in PM, very limited information is 

available on how BP-Q causes toxicity in EA.hy926 endothelial cells. BP-1,6-Q is a 

newly identified PM toxicant, and its effect on human vascular health is unknown. 

Oxidative stress contributes to the development of atherosclerosis via many 

interdependent mechanisms. When existent oxidative stress-stimulates endothelial 

dysfunction causing an array of inflammatory events such as monocyte adhesion, lipid 

oxidation and formation of plaques. Various in vivo and in vitro studies have confirmed 

the association between oxidative stress and atherosclerosis [4, 52-54]. Oxidative stress 

in the cells occurs as a result of depleted antioxidant capacity. The two main phase II 

antioxidants extensively studied to measure oxidative stress in the cells are GSH and 

NQO1.  

GSH and GSH-Related Phase II Enzymes in Atherosclerosis 

The cardiovascular antioxidants system is made of various enzymatic and non-

enzymatic components that function to reduce oxidative stress in the cardiac cells. Key 

vascular antioxidants are glutathione (GSH), superoxide dismutase (SOD), NADPH 

quinone oxidoreductase (NQO1), catalase, and glutathione peroxidase (GPx) [55]. All 
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these antioxidants play an important role in detoxification of hydrogen peroxide (H2O2) 

and superoxide (O2
.-
). Other smaller antioxidant vitamins like β-carotene, α-tocopherol, 

and ascorbate also play an important role in ROS detoxification [56]. Three main 

detoxification system associated are the paroxanoses and two GSH dependent 

detoxification enzymes, glutathione-s-transferase (GST) and glutathione peroxidase 

(GPX) [57, 58]. A large number of research studies have suggested that the pathogenesis 

of atherosclerosis is mainly associated with oxidant injury and a steady increase in levels 

of lipid hydroperoxides. The paroxanoses detoxifies lipid hydroperoxides by cleaving 

oxidized fatty acids from the serum phospholipids. Whereas, GST and GPX help in 

detoxification by catalyzing the reduction reaction of free oxidized fatty acids.  

GSH is the largest cellular reservoir capable of catalyzing the reduction reaction 

and thereby detoxifying the xenobiotics. GSH is an aminothiol, the most abundant 

antioxidant in the blood [59]. Taking into account the detoxification properties of 

antioxidants, it can be assumed that phase II antioxidants could play an important role in 

preventing the oxidation of LDL. GSH, in particular, has multiple metabolizing, 

detoxifying, and health maintaining properties. The free GSH reserves in cells are found 

to be in millimolar concentration, and depletion in cellular GSH causes oxidative stress in 

the cell [60]. Several research studies examined the level of serum glutathione levels in 

patients with vascular disease. A study performed in Hisayama, Japan measured the 

levels of GSH in people over the age of 40 with varying cardiovascular diseases, 

including cerebral infarction, subarachnoid hemorrhage, cerebral hemorrhage, and 

myocardial infarction [61]. The ultimate finding of this study showed decreased levels of 
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blood GSH in patients with CVD compared to those without CVDs. As the amount of 

total GSH levels decreases, the risk of developing CVD increases. While the study is 

more focused on CVDs like cerebral infraction that could lead to stroke, it correlates with 

the previously mentioned study that GSH because of its antioxidative characteristic could 

provide cytoprotection against oxidative stress. Such properties may help to protect cells 

against damage due to oxidized LDL, much like the previous report had mentioned. From 

the outcomes of the Hisayama study, researchers suggest that oral administration of GSH 

could be an effective treatment for CVD prevention [61]. A double-blind clinical study 

by Arosio et al. investigated the effect of GSH administration in patients with the 

peripheral arterial vascular disease. The patients treated with GSH infusion showed a 

significant improvement in walking a long distance and an increase in micro and 

macrocirculatory blood flow. Researchers also, suggested that administration of GSH 

increase vasodilation by helping in reduction of H2O2, which is a vasoconstrictor [62]. 

Lapenna et al. conducted another study on GSH mediated antioxidant defense in 

surgically removed atherosclerotic plaques from the human carotid artery. Results from 

their study showed a weak GSH-mediated antioxidant defense in atherosclerotic lesions, 

advocating the importance of antioxidant imbalance in the development of atherosclerosis 

[63]. A research study by Kinscherf et al. found that ox-LDL and vascular diseases are 

associated with low thiol serum levels [64]. In accordance to that, a study by Franceschini 

et al. found that on the administration of N-acetylcysteine, a source of GSH synthesis 

there was a significant increase in serum high-density lipoprotein (HDL) levels [65]. In 

line with same observations research study by Veto et al. and Koramaz et al. found that 
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N-acetylcysteine has cardioprotective properties when given to patients during bypass 

surgery [66, 67]. A similar study surveyed 90 patients with CVD and other chronic 

diseases newly admitted to hospitals to test the levels of GSH in their blood. These 90 

subjects were compared against healthy subjects. Researchers found that atherosclerotic 

changes did not cause lower levels of GSH in the 90 newly admitted patients. In fact, 

GSH had little to no change between healthy and hospitalized subjects. Surprisingly an 

increase in the level of cysteine in the blood of patients with CVD and atherosclerotic 

lesions was observed. The increase of lesions could be explained to be formed from the 

generation of free radical species during redox recycling which modifies LDL [68]. 

Cigarette smoking is a well-studied risk factor for atherosclerosis. Smokers have very 

low serum GSH levels and after discontinuation of smoking an increase in GSH levels 

were noted [69, 70]. Collectively, these data suggest that GSH levels might be one of the 

important contributors to the development of atherosclerosis in smokers. The research 

studies conducted in the past proposed that oxidant injury as one of the main cause for 

initiation of atherosclerosis and GSH plays an important role in delaying the development 

of this cardiovascular disease. However, the role of GSH in environmental pollutant BP-

1,6-Q-induced toxicity to endothelial cells remains unknown.  

NQO1 and Atherosclerosis 

Another critical phase II antioxidant for healthy cardiovascular health is NQO1. 

NQO1 is a FAD-dependent flavoprotein that conducts two-electron reduction reactions 

for quinone, quinone imines, and azo dyes. NQO1 catalyzes the reduction of quinone 

compounds to readily excretable hydroquinone intermediates via hydride donor NADPH 
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or NADH [71, 72]. NQO1dependent two-electron reduction reaction inhibits the redox 

cycling of quinone compounds to toxic semiquinone and thereby hampers generation of 

excessive ROS. Kelch-like ECH associated protein transcriptionally regulates NQO1 

(Keap1)/ Nuclear factor-erythroid 2-related factor (Nrf2)/ antioxidant response element 

(ARE) pathway. This pathway is responsible for activating about more than 100 

cytoprotective genes essential for the mammalian system to fight against oxidative stress. 

The NQO1 expression is regulated by ARE located in the enhancer region of NQO1 

gene. Nrf2 is a transcription factor that forms a heterodimer with MAF protein and ARE 

and thereby mediates NQO1 gene expression in response to oxidative stress. In a healthy 

cell, the protein Keap 1 binds to Nrf2 and promotes ubiquitination and proteasomal 

degradation of the transcription factor. The NQO1 inducer reacts with sulfhydryl group 

and modifies cysteine residues of Keap 1 and thereby losses ability to degrade Nrf2. 

Therefore, Nrf2 is available for translocation to the nucleus where it binds to ARE and 

stimulates the expression of NQO1 [73-75]. The role of NQO1 in quinone detoxification 

was studied by Helmut Sies and colleagues [76, 77]. Incubation of liver tissue, 

homogenate from mice with 2-methyl-1,4-naphthoquinone in the presence of NADPH 

showed an increase in chemiluminescence signal. An increase in chemiluminescence 

signal suggests the production of O2
.-
 by redox cycling of 2-methyl-1,4-naphthoquinone. 

On incubation of liver homogenates with Butylated hydroxyanisole (BHA) an NQO1 

inducer, they found a significant increase in NQO1 levels compared to control and a 

decrease in chemiluminescence signal. On inhibiting NQO1 with dicumarol, they saw a 

substantial increase in chemiluminescence suggesting a cytoprotective role of NQO1. 
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NQO1 catalyzes the two-electron reduction of 2-methyl-1,4-naphthoquinone and hence 

inhibits the 1 electron redox cycling of the quinone. In addition to quinone reduction, 

NQO1 also detoxifies O2
.- 

but less adeptly compared to superoxide dismutase (SOD) [78]. 

NQO1 levels are higher in cardiovascular tissues compared to SOD [79]. Therefore, 

NQO1 is an important phase II antioxidant enzymes in maintaining healthy 

cardiovascular health. However, there is limited information available on the role of 

NQO1 in BP-1,6-Q induced cardiovascular diseases by causing endothelial cell injury.  

Lipid and Protein Damage in Atherosclerosis 

A large number of in vitro and in vivo studies provide evidence for protein and 

lipid damage in vascular diseases like atherosclerosis. Excessive cholesterol deposits in 

the artery characterize atherosclerosis. In this inflammatory disorder, oxidative stress to 

the arterial cells can cause oxidation of cellular components such as lipids and proteins. 

Lipids are most susceptible to oxidation because of their molecular structure which forms 

double bonds with carbon atoms [80]. The two most widely studied lipid peroxidation 

biomarkers are isoprostanes (IsoPs) and malondialdehyde (MDA). IsoPs is a byproduct of 

arachidonic, eicosapentaenoic and docosahexaenoic acid peroxidation. Arachidonic 

eicosapentaenoic and docosahexaenoic acid are a type of polyunsaturated fatty acid 

present in phospholipid bilayer of the cell membrane [81]. When the cell undergoes 

oxidative stress, phospholipases releases IsoPs from the cell membrane into the blood, 

urine, and tissues [82, 83]. Elevated levels of IsoPs have been reported in plasma and 

urine of patients with ischemic heart diseases and human atherosclerotic plaques [84, 85]. 

Another lipid peroxidation biomarker, MDA is released by peroxidation of 
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polyunsaturated fatty acid. MDA can react with cellular proteins and is capable of 

causing atherosclerotic damage independently. MDA reacts with lysine residues forming 

lysine-lysine crosslinks. Lysine-lysine cross-links hamper the interaction between ox-

LDL and macrophages and thereby plays an important role in the progression of 

atherosclerosis [86]. The most widely accepted method to quantify levels of MDA in 

plasma is by using a colorimetric assay, thiobarbituric acid reactive substances (TBARS). 

Elevated levels of TBARS have been recorded in many types of inflammatory disorders. 

A high level of TBARS has been reported in plasma of smokers compared to a non-

smoker. Serum MDA levels were measured in 634 patients with a history of coronary 

heart diseases. Results from this study advocated that TBARS levels can be predictive of 

potential cardiovascular events [87]. Additionally, Salonen et al. reported that elevated 

TBARS level could predict the progression of atherosclerotic plaques in carotid artery 

over the period of three years [88]. A cross-sectional study conducted by Schisterman et 

al. on a random sample collected from men and women in Buffalo, NY found a strong 

association between elevated levels of TBARS and an increase in development of CVD 

[89].  

In addition to lipid damage, oxidative stress in the cell also causes irreversible 

modification of vital cellular proteins leading to various pathological conditions of the 

cardiovascular system. Two major biomarkers for protein damage in vascular diseases are 

advanced oxidation protein products (AOPP) and protein carbonyl content [90]. The 

molecular composition of AOPP is unknown and hence considered to be one of the 

general biomarkers of oxidative stress [91]. AOPP’s group of proteins mainly includes 
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di-tyrosine, pentosidine and carbonyl containing protein products [91, 92]. Another 

mechanism of protein damage in cells is carbonylation of proteins. Carbonylation of 

proteins is usually caused by direct oxidation of lysine, arginine, proline and threonine 

amino acid residues with ROS in cell and non-oxidative reaction with carbonyl-

containing oxidized lipid [93]. Another pathway causing carbonylation of proteins is α-

amidation and oxidation of glutamine side chains [94, 95]. A research study conducted by 

Bogan and colleagues found that increase in protein biomarkers, AOPP and protein 

carbonyl levels in patients with abdominal aortic aneurysms, aortoiliac occlusive disorder 

and chronic kidney diseases related to atherosclerosis [96]. A study by Fu et al. compared 

the amount of protein oxidation products from normal intima and plaque samples from 

the carotid artery to the products from radiolytically generated hydroxyl radical on bovine 

serum albumin in vitro. The results of the study suggest that hydroxyl radical damages 

plaques and high levels of tyrosine in plaques suggest the involvement of protein damage 

in plaques and the progression of atherosclerosis [97]. A similar study by Liu et al. 

demonstrated a causal association between an increase in AOPPs and progression of 

atherosclerosis in rabbits [98].  

Increased protein and lipid damage has been reported in atherosclerotic lesions, 

but the involvement of environmental pollutant BP-1,6-Q and the mechanism through 

which it contributed towards the development of atherosclerosis is unknown.  

As mentioned before, CVD is the leading cause of death in growing human 

population. Among other known risk factors for CVDs, newly discovered risk factor PM 

is concerning because large numbers of epidemiological studies have shown an increase 
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in CVDs on exposure to PM2.5. PM2.5 is composed of several chemical components, and 

one of the commonly found components of PM is BP-Qs. However, there is limited 

information on the impact of BP-Qs in endothelial cells and the underlying mechanism 

through which it can impart its toxicity causing atherosclerosis. In our preliminary 

studies, we screened BP-1,6-Q, BP-3,6-Q, and BP-6,12-Q and found that BP-1,6-Q is the 

most toxic BP metabolite, causing enormous generation of ROS. Hence BP-1,6-Q was 

chosen for this particular study. A large number of studies have shown the importance of 

phase II antioxidants GSH and NQO1 in CVDs, the, however, the effect of GSH and 

NQO1 on BP-1,6-Q-mediated endothelial cell injury is unknown. With the very limited 

information available on how BP-1,6-Q causes toxicity, we hypothesized that BP-1,6-Q 

could promote atherosclerosis through endothelial cell injury. The specific objectives of 

this study are; (1) to study the production of reactive oxygen species by BP-1,6-Q and its 

effects on the endothelial dysfunction: Involvement of the mitochondria, (2) to 

investigate the protective role of glutathione in environmental pollutant BP-1,6-Q-

induced toxicity to endothelial cells and (3) to examine the role of NADPH-quinone 

oxidoreductase-1 (NQO1) in BP-1,6-Q-mediated cytoprotection and ROS production in 

human EA.hy926 endothelial cells. Using human EA.hy926 endothelial cells as a model 

system, we examined the involvement of mitochondria and cellular GSH and NQO1 in 

BP-1,6-Q mediated cytotoxicity as well its ROS production. These studies will contribute 

to our ability to assess the cardiovascular risk of human exposure to air pollutant to BP-

1,6-Q.



20 
 

References 

 

 

1. Organization, W.H. Cardiovascular diseases. 2017; Available from: 

http://www.who.int/mediacentre/factsheets/fs317/en/. 

2. Association, A.H. Atherosclerosis. 2017; Available from: 

http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Ath

erosclerosis_UCM_305564_Article.jsp#.Wg3KrdKnHcs. 

3. Brook, R.D., et al., Particulate matter air pollution and cardiovascular disease: 

An update to the scientific statement from the American Heart Association. 

Circulation, 2010. 121(21): p. 2331-78. 

4. Kattoor, A.J., et al., Oxidative Stress in Atherosclerosis. Curr Atheroscler Rep, 

2017. 19(11): p. 42. 

5. Goncharov, N.V., et al., Reactive oxygen species in pathogenesis of 

atherosclerosis. Curr Pharm Des, 2015. 21(9): p. 1134-46. 

6. Peluso, I., et al., Oxidative stress in atherosclerosis development: the central role 

of LDL and oxidative burst. Endocr Metab Immune Disord Drug Targets, 2012. 

12(4): p. 351-60. 

7. Zhang, D.X. and D.D. Gutterman, Mitochondrial reactive oxygen species-

mediated signaling in endothelial cells. Am J Physiol Heart Circ Physiol, 2007. 

292(5): p. H2023-31. 

8. Mulvihill, N.T., et al., Prediction of cardiovascular risk using soluble cell 

adhesion molecules. Eur Heart J, 2002. 23(20): p. 1569-74. 

9. Anderson, J.O., J.G. Thundiyil, and A. Stolbach, Clearing the air: a review of the 

effects of particulate matter air pollution on human health. J Med Toxicol, 2012. 

8(2): p. 166-75. 

10. Russell, B.T., D. Wang, and C.S. McMahan, Spatially Modeling the Effects of 

Meteorological Drivers of PM2.5 in the Eastern United States via a Local Linear 

Penalized Quantile Regression Estimator. Environmetrics, 2017. 28(5). 

11. Burnett, R.T., et al., Effects of particulate and gaseous air pollution on 

cardiorespiratory hospitalizations. Arch Environ Health, 1999. 54(2): p. 130-9. 

12. Le Tertre, A., et al., Short-term effects of particulate air pollution on 

cardiovascular diseases in eight European cities. J Epidemiol Community Health, 

2002. 56(10): p. 773-9. 

13. Maheswaran, R., et al., Outdoor air pollution and stroke in Sheffield, United 

Kingdom: a small-area level geographical study. Stroke, 2005. 36(2): p. 239-43. 

14. Wellenius, G.A., J. Schwartz, and M.A. Mittleman, Air pollution and hospital 

admissions for ischemic and hemorrhagic stroke among medicare beneficiaries. 

Stroke, 2005. 36(12): p. 2549-53.

http://www.who.int/mediacentre/factsheets/fs317/en/
http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Atherosclerosis_UCM_305564_Article.jsp#.Wg3KrdKnHcs
http://www.heart.org/HEARTORG/Conditions/Cholesterol/AboutCholesterol/Atherosclerosis_UCM_305564_Article.jsp#.Wg3KrdKnHcs


21 
 

15. Zanobetti, A. and J. Schwartz, The effect of particulate air pollution on 

emergency admissions for myocardial infarction: a multicity case-crossover 

analysis. Environ Health Perspect, 2005. 113(8): p. 978-82. 

16. von Klot, S., et al., Ambient air pollution is associated with increased risk of 

hospital cardiac readmissions of myocardial infarction survivors in five European 

cities. Circulation, 2005. 112(20): p. 3073-9. 

17. Ballester, F., et al., Air pollution and cardiovascular admissions association in 

Spain: results within the EMECAS project. J Epidemiol Community Health, 2006. 

60(4): p. 328-36. 

18. Kaufman, J.D., et al., Advances in Understanding Air Pollution and 

Cardiovascular Diseases: The Multi-Ethnic Study of Atherosclerosis and Air 

Pollution (MESA Air). Global heart, 2016. 11(3): p. 343-352. 

19. Pope, C.A., 3rd and D.W. Dockery, Health effects of fine particulate air 

pollution: lines that connect. J Air Waste Manag Assoc, 2006. 56(6): p. 709-42. 

20. Suwa, T., et al., Particulate air pollution induces progression of atherosclerosis. J 

Am Coll Cardiol, 2002. 39(6): p. 935-42. 

21. Yatera, K., et al., Particulate matter air pollution exposure promotes recruitment 

of monocytes into atherosclerotic plaques. Am J Physiol Heart Circ Physiol, 

2008. 294(2): p. H944-53. 

22. Tankersley, C.G., et al., Exposure to inhaled particulate matter impairs cardiac 

function in senescent mice. Am J Physiol Regul Integr Comp Physiol, 2008. 

295(1): p. R252-63. 

23. Kunzli, N., et al., Ambient air pollution and atherosclerosis in Los Angeles. 

Environ Health Perspect, 2005. 113(2): p. 201-6. 

24. Riediker, M., et al., Particulate matter exposure in cars is associated with 

cardiovascular effects in healthy young men. Am J Respir Crit Care Med, 2004. 

169(8): p. 934-40. 

25. Powell, H., et al., Ambient Coarse Particulate Matter and Hospital Admissions in 

the Medicare Cohort Air Pollution Study, 1999-2010. Environ Health Perspect, 

2015. 123(11): p. 1152-8. 

26. Peters, K.O., et al., Predictors of polycyclic aromatic hydrocarbon exposure and 

internal dose in inner city Baltimore children. J Expo Sci Environ Epidemiol, 

2017. 27(3): p. 290-298. 

27. Xia, T., et al., Quinones and aromatic chemical compounds in particulate matter 

induce mitochondrial dysfunction: implications for ultrafine particle toxicity. 

Environ Health Perspect, 2004. 112(14): p. 1347-58. 

28. Schauer, C., R. Niessner, and U. Pöschl, Polycyclic Aromatic Hydrocarbons in 

Urban Air Particulate Matter:  Decadal and Seasonal Trends, Chemical 

Degradation, and Sampling Artifacts. Environmental Science & Technology, 

2003. 37(13): p. 2861-2868. 

29. María del Rosario Sienra, M., Oxygenated polycyclic aromatic hydrocarbons in 

urban air particulate matter. Atmospheric Environment, 2006. 40(13): p. 2374-

2384. 



22 
 

30. Meng, D., et al., Benzo[a]pyrene induces expression of matrix metalloproteinases 

and cell migration and invasion of vascular smooth muscle cells. Toxicol Lett, 

2009. 184(1): p. 44-9. 

31. Uno, S., et al., Protective role of cytochrome P450 1A1 (CYP1A1) against 

benzo[a]pyrene-induced toxicity in mouse aorta. Toxicology, 2014. 316: p. 34-42. 

32. Burstyn, I., et al., Polycyclic aromatic hydrocarbons and fatal ischemic heart 

disease. Epidemiology, 2005. 16(6): p. 744-50. 

33. Huang, L., et al., Benzo[a]pyrene exposure influences the cardiac development 

and the expression of cardiovascular relative genes in zebrafish (Danio rerio) 

embryos. Chemosphere, 2012. 87(4): p. 369-75. 

34. Guengerich, F.P., Cytochrome p450 and chemical toxicology. Chem Res Toxicol, 

2008. 21(1): p. 70-83. 

35. Shimada, T., Xenobiotic-metabolizing enzymes involved in activation and 

detoxification of carcinogenic polycyclic aromatic hydrocarbons. Drug Metab 

Pharmacokinet, 2006. 21(4): p. 257-76. 

36. Henkler, F., K. Stolpmann, and A. Luch, Exposure to polycyclic aromatic 

hydrocarbons: bulky DNA adducts and cellular responses. EXS, 2012. 101: p. 

107-31. 

37. Fu, P.P., et al., Phototoxicity and environmental transformation of polycyclic 

aromatic hydrocarbons (PAHs)-light-induced reactive oxygen species, lipid 

peroxidation, and DNA damage. J Environ Sci Health C Environ Carcinog 

Ecotoxicol Rev, 2012. 30(1): p. 1-41. 

38. Yu, H., Environmental carcinogenic polycyclic aromatic hydrocarbons: 

photochemistry and phototoxicity. J Environ Sci Health C Environ Carcinog 

Ecotoxicol Rev, 2002. 20(2): p. 149-83. 

39. Schmidt, R., et al., Wavelength-dependent and dual photochemistry of the 

endoperoxides of anthracene and 9,10-dimethylanthracene. The Journal of 

Physical Chemistry, 1984. 88(5): p. 956-958. 

40. Yan, J., et al., Photomutagenicity of 16 polycyclic aromatic hydrocarbons from 

the US EPA priority pollutant list. Mutat Res, 2004. 557(1): p. 99-108. 

41. Zhu, H., Y. Li, and M.A. Trush, Characterization of benzo[a]pyrene quinone-

induced toxicity to primary cultured bone marrow stromal cells from DBA/2 

mice: potential role of mitochondrial dysfunction. Toxicol Appl Pharmacol, 1995. 

130(1): p. 108-20. 

42. Lesko, S.A. and R.J. Lorentzen, Benzo[a]pyrene dione-benzo[a]pyrene diol 

oxidation-reduction couples; involvement in DNA damage, cellular toxicity, and 

carcinogenesis. J Toxicol Environ Health, 1985. 16(5): p. 679-91. 

43. Chesis, P.L., et al., Mutagenicity of quinones: pathways of metabolic activation 

and detoxification. Proc Natl Acad Sci U S A, 1984. 81(6): p. 1696-700. 

44. Morrison, H., et al., Induction of cell damage by menadione and benzo(a)pyrene-

3,6-quinone in cultures of adult rat hepatocytes and human fibroblasts. Toxicol 

Lett, 1985. 28(1): p. 37-47. 



23 
 

45. Burchiel, S.W., et al., Activation of dioxin response element (DRE)-associated 

genes by benzo(a)pyrene 3,6-quinone and benzo(a)pyrene 1,6-quinone in MCF-

10A human mammary epithelial cells. Toxicol Appl Pharmacol, 2007. 221(2): p. 

203-14. 

46. Cho, A.K., et al., Determination of Four Quinones in Diesel Exhaust Particles, 

SRM 1649a, and Atmospheric PM2.5 Special Issue of Aerosol Science and 

Technology on Findings from the Fine Particulate Matter Supersites Program. 

Aerosol Science and Technology, 2004. 38(sup1): p. 68-81. 

47. Delgado-Saborit, J.M., et al., Analysis of atmospheric concentrations of quinones 

and polycyclic aromatic hydrocarbons in vapour and particulate phases. 

Atmospheric Environment, 2013. 77(Supplement C): p. 974-982. 

48. Eiguren-Fernandez, A., et al., Atmospheric Distribution of Gas- and Particle-

Phase Quinones in Southern California. Aerosol Science and Technology, 2008. 

42(10): p. 854-861. 

49. Koeber, R., J.M. Bayona, and R. Niessner, Determination of Benzo[a]pyrene 

Diones in Air Particulate Matter with Liquid Chromatography Mass 

Spectrometry. Environmental Science & Technology, 1999. 33(10): p. 1552-1558. 

50. Kim, H.S., S.J. Kwack, and B.M. Lee, Lipid peroxidation, antioxidant enzymes, 

and benzo[a]pyrene-quinones in the blood of rats treated with benzo[a]pyrene. 

Chem Biol Interact, 2000. 127(2): p. 139-50. 

51. Thirman, M.J., et al., Induction of cytochrome CYPIA1 and formation of toxic 

metabolites of benzo[a]pyrene by rat aorta: a possible role in atherogenesis. Proc 

Natl Acad Sci U S A, 1994. 91(12): p. 5397-401. 

52. Abu-Saleh, N., M. Aviram, and T. Hayek, Aqueous or lipid components of 

atherosclerotic lesion increase macrophage oxidation and lipid accumulation. 

Life Sci, 2016. 154: p. 1-14. 

53. Korytowski, W., et al., Impairment of Macrophage Cholesterol Efflux by 

Cholesterol Hydroperoxide Trafficking: Implications for Atherogenesis Under 

Oxidative Stress. Arterioscler Thromb Vasc Biol, 2015. 35(10): p. 2104-13. 

54. Cannizzo, B., et al., Tempol attenuates atherosclerosis associated with metabolic 

syndrome via decreased vascular inflammation and NADPH-2 oxidase 

expression. Free Radic Res, 2014. 48(5): p. 526-33. 

55. Stocker, R. and J.F. Keaney, Jr., Role of oxidative modifications in 

atherosclerosis. Physiol Rev, 2004. 84(4): p. 1381-478. 

56. Leopold, J.A., Antioxidants and coronary artery disease: from pathophysiology to 

preventive therapy. Coron Artery Dis, 2015. 26(2): p. 176-83. 

57. Aviram, M., Macrophage foam cell formation during early atherogenesis is 

determined by the balance between pro-oxidants and anti-oxidants in arterial 

cells and blood lipoproteins. Antioxid Redox Signal, 1999. 1(4): p. 585-94. 

58. Aviram, M. and B. Fuhrman, LDL oxidation by arterial wall macrophages 

depends on the oxidative status in the lipoprotein and in the cells: role of 

prooxidants vs. antioxidants. Mol Cell Biochem, 1998. 188(1-2): p. 149-59. 



24 
 

59. Forman, H.J., H. Zhang, and A. Rinna, Glutathione: Overview of its protective 

roles, measurement, and biosynthesis. Molecular aspects of medicine, 2009. 30(1-

2): p. 1-12. 

60. Holtzman, J.L., The Role of Glutathione Pathways in the Prevention of 

Atherosclerosis, in Atherosclerosis and Oxidant Stress: A New Perspective, J.L. 

Holtzman, Editor 2008, Springer US: Boston, MA. p. 211-239. 

61. Shimizu, H., et al., Relationship between plasma glutathione levels and 

cardiovascular disease in a defined population: the Hisayama study. Stroke, 

2004. 35(9): p. 2072-7. 

62. Arosio, E., et al., Effect of glutathione infusion on leg arterial circulation, 

cutaneous microcirculation, and pain-free walking distance in patients with 

peripheral obstructive arterial disease: a randomized, double-blind, placebo-

controlled trial. Mayo Clin Proc, 2002. 77(8): p. 754-9. 

63. Lapenna, D., et al., Glutathione-Related Antioxidant Defenses in Human 

Atherosclerotic Plaques. Circulation, 1998. 97(19): p. 1930-1934. 

64. Kinscherf, R., et al., Cholesterol levels linked to abnormal plasma thiol 

concentrations and thiol/disulfide redox status in hyperlipidemic subjects. Free 

Radic Biol Med, 2003. 35(10): p. 1286-92. 

65. Franceschini, G., et al., Dose-related increase of HDL-cholesterol levels after N-

acetylcysteine in man. Pharmacol Res, 1993. 28(3): p. 213-8. 

66. Vento, A.E., et al., N‐Acetylcysteine as an additive to crystalloid cardioplegia 

increased oxidative stress capacity in CABG patients. Scandinavian 

Cardiovascular Journal, 2003. 37(6): p. 349-355. 

67. Koramaz, I., et al., Cardioprotective effect of cold-blood cardioplegia enriched 

with N-acetylcysteine during coronary artery bypass grafting. Ann Thorac Surg, 

2006. 81(2): p. 613-8. 

68. Mills, B.J., et al., Blood glutathione and cysteine changes in cardiovascular 

disease. J Lab Clin Med, 2000. 135(5): p. 396-401. 

69. Sela, S., et al., The involvement of peripheral polymorphonuclear leukocytes in 

the oxidative stress and inflammation among cigarette smokers. The Israel 

Medical Association journal : IMAJ, 2002. 4(11): p. 1015-1019. 

70. Lane, J.D., et al., Quitting smoking raises whole blood glutathione. Physiol 

Behav, 1996. 60(5): p. 1379-81. 

71. Faig, M., et al., Structures of recombinant human and mouse NAD(P)H:quinone 

oxidoreductases: species comparison and structural changes with substrate 

binding and release. Proc Natl Acad Sci U S A, 2000. 97(7): p. 3177-82. 

72. Bianchet, M.A., M. Faig, and L.M. Amzel, Structure and mechanism of 

NAD[P]H:quinone acceptor oxidoreductases (NQO). Methods Enzymol, 2004. 

382: p. 144-74. 

73. Dinkova-Kostova, A.T., et al., Direct evidence that sulfhydryl groups of Keap1 

are the sensors regulating induction of phase 2 enzymes that protect against 

carcinogens and oxidants. Proc Natl Acad Sci U S A, 2002. 99(18): p. 11908-13. 



25 
 

74. Holtzclaw, W.D., A.T. Dinkova-Kostova, and P. Talalay, Protection against 

electrophile and oxidative stress by induction of phase 2 genes: the quest for the 

elusive sensor that responds to inducers. Adv Enzyme Regul, 2004. 44: p. 335-

67. 

75. Itoh, K., et al., Keap1 regulates both cytoplasmic-nuclear shuttling and 

degradation of Nrf2 in response to electrophiles. Genes Cells, 2003. 8(4): p. 379-

91. 

76. Wefers, H., et al., Protection against reactive oxygen species by NAD(P)H: 

quinone reductase induced by the dietary antioxidant butylated hydroxyanisole 

(BHA). Decreased hepatic low-level chemiluminescence during quinone redox 

cycling. FEBS Lett, 1984. 169(1): p. 63-6. 

77. Prochaska, H.J., P. Talalay, and H. Sies, Direct protective effect of 

NAD(P)H:quinone reductase against menadione-induced chemiluminescence of 

postmitochondrial fractions of mouse liver. J Biol Chem, 1987. 262(5): p. 1931-4. 

78. Siegel, D., et al., NAD(P)H:quinone oxidoreductase 1: role as a superoxide 

scavenger. Mol Pharmacol, 2004. 65(5): p. 1238-47. 

79. Zhu, H., et al., The highly expressed and inducible endogenous 

NAD(P)H:quinone oxidoreductase 1 in cardiovascular cells acts as a potential 

superoxide scavenger. Cardiovasc Toxicol, 2007. 7(3): p. 202-11. 

80. Porter, N.A., S.E. Caldwell, and K.A. Mills, Mechanisms of free radical oxidation 

of unsaturated lipids. Lipids, 1995. 30(4): p. 277-290. 

81. Morrow, J.D., et al., A series of prostaglandin F2-like compounds are produced in 

vivo in humans by a non-cyclooxygenase, free radical-catalyzed mechanism. 

Proceedings of the National Academy of Sciences of the United States of 

America, 1990. 87(23): p. 9383-9387. 

82. Griffiths, H.R., et al., Biomarkers. Molecular Aspects of Medicine, 2002. 23(1-3): 

p. 101-208. 

83. Wu, T., et al., Stability of measurements of biomarkers of oxidative stress in blood 

over 36 hours. Cancer Epidemiology Biomarkers and Prevention, 2004. 13(8): p. 

1399-1402. 

84. Morrow, J.D., Quantification of isoprostanes as indices of oxidant stress and the 

risk of atherosclerosis in humans. Arteriosclerosis, Thrombosis, and Vascular 

Biology, 2005. 25(2): p. 279-286. 

85. Gniwotta, C., et al., Prostaglandin F2-like compounds, F2-isoprostanes, are 

present in increased amounts in human atherosclerotic lesions. Arteriosclerosis, 

Thrombosis, and Vascular Biology, 1997. 17(11): p. 3236-3241. 

86. Uchida, K., Role of reactive aldehyde in cardiovascular diseases. Free Radical 

Biology and Medicine, 2000. 28(12): p. 1685-1696. 

87. Walter, M.F., et al., Serum levels of thiobarbituric acid reactive substances 

predict cardiovascular events in patients with stable coronary artery disease: A 

longitudinal analysis of the PREVENT study. Journal of the American College of 

Cardiology, 2004. 44(10): p. 1996-2002. 



26 
 

88. Salonen, J.T., et al., Lipoprotein oxidation and progression of carotid 

atherosclerosis. Circulation, 1997. 95(4): p. 840-845. 

89. Schisterman, E.F., et al., TBARS and cardiovascular disease in a population-

based sample. European Journal of Cardiovascular Prevention & Rehabilitation, 

2001. 8(4): p. 219-225. 

90. Selmeci, L., Advanced oxidation protein products (AOPP): Novel uremic toxins, 

or components of the non-enzymatic antioxidant system of the plasma proteome? 

Free Radical Research, 2011. 45(10): p. 1115-1123. 

91. Capeillère-Blandin, C., et al., Biochemical and spectrophotometric significance of 

advanced oxidized protein products. Biochimica et Biophysica Acta - Molecular 

Basis of Disease, 2004. 1689(2): p. 91-102. 

92. Colombo, G., et al., Plasma protein-bound di-tyrosines as biomarkers of oxidative 

stress in end stage renal disease patients on maintenance haemodialysis. BBA 

Clinical, 2017. 7: p. 55-63. 

93. Monnier, V.M., et al., Transition Metals and Other Forms of Oxidative Protein 

Damage in Renal Disease, in Studies on Renal Disorders, T. Miyata, K.-U. 

Eckardt, and M. Nangaku, Editors. 2011, Humana Press: Totowa, NJ. p. 25-50. 

94. Galli, F., Protein damage and inflammation in uraemia and dialysis patients. 

Nephrology Dialysis Transplantation, 2007. 22(SUPPL.5): p. v20-v36. 

95. Stadtman, E.R. and R.L. Levine, Free radical-mediated oxidation of free amino 

acids and amino acid residues in proteins. Amino Acids, 2003. 25(3-4): p. 207-

218. 

96. Gryszczynska, B., et al., Advanced Oxidation Protein Products and Carbonylated 

Proteins as Biomarkers of Oxidative Stress in Selected Atherosclerosis-Mediated 

Diseases. Biomed Res Int, 2017. 2017: p. 4975264. 

97. Fu, S., et al., Evidence for roles of radicals in protein oxidation in advanced 

human atherosclerotic plaque. Biochem J, 1998. 333 ( Pt 3): p. 519-25. 

98. Liu, S.X., et al., Advanced Oxidation Protein Products Accelerate Atherosclerosis 

Through Promoting Oxidative Stress and Inflammation. Arteriosclerosis, 

Thrombosis, and Vascular Biology, 2006. 26(5): p. 1156-1162.



27 
 

CHAPTER II 

 

PRODUCTION OF REACTIVE OXYGEN SPECIES BY BP-1,6-Q AND ITS 

EFFECTS ON THE ENDOTHELIAL DYSFUNCTION: INVOLVEMENT OF 

THE MITOCHONDRIA 

 

This chapter is co-authored by Halley Shah, Rojin Chitrakar, Humaira Bibi, Hong 

Zhu, Robert Li and Zhenquan Jia 

 

 

Abstract 

Strong epidemiological evidence supports the association between increased 

environmental air particulate matter (PM) pollution and risk of developing cardiovascular 

diseases (CVDs), however, the mechanism remains unclear. As an environmental air 

pollutant and Benzo-a-pyrene (BP) metabolite, BP-1,6-is (BP-1,6-Q) is found in 

particulate phase of air pollution. This study was undertaken to examine the redox 

activity of BP-1,6-Q and mechanisms associated with it using EA.hy926, endothelial 

cells. Incubation of EA.hy926 cells with BP-1,6-Q at 0.01-1 µM resulted in a significant 

stimulation of H2O2 and O2
-.
 production in a concentration-dependent manner as 

determined by luminol and lucigenin-derived chemiluminescence (CL) and 2
’
7

’
-

Dichlorofluorescein diacetate (DCF-DA) flow cytometry assays. In isolated 

mitochondria, BP-1,6-Q also stimulated the production of reactive oxygen species (ROS) 

at submicromolar concentration implying the role of mitochondria in redox cycling of 

BP-1,6-Q in EA.hy926 endothelial cells. Furthermore, BP-1,6-Q-induced ROS was 
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inhibited by Rotenone (Rot) and Antimycin A (AA), denoting the involvement of 

mitochondrial electron transport chain (METC) in redox cycling of BP-derived quinones 

in ROS overproduction. To further study the role of mitochondria in BP-1,6-Q-induced 

ROS, we developed a mitochondria deficient cell line. Interestingly, BP-1,6-Q-mediated 

ROS production was enhanced in METC deficient cells and intact cells when METC was 

inhibited. These results indicated that overproduction of ROS by BP-1,6-Q is not only 

produced from mitochondria but can also be from the cell outside of mitochondria 

(extramitochondrial). The effect of BP-1,6-Q-mediated ROS production on cellular 

adhesion molecules and inflammatory markers was further examined. It was found that 

BP-1,6-Q triggered endothelial-monocyte interaction and stimulated expression of 

Vascular adhesion molecule-1 (VCAM-1). These results suggest that the inflammatory 

effect of BP-1,6-Q on endothelial inflammation may be partially mediated by ROS 

generation and it subsequently stimulates chemokines and adhesion molecules. In 

conclusion, these results demonstrate that BP-1,6-Q can undergo redox cycling within 

both mitochondria and outside of mitochondria to generate an enormous amount of ROS 

resulting in stimulation of adhesion of monocytes to endothelial cells, a key event in the 

pathogenesis of atherosclerosis.
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Introduction 

Air pollution has emerged as a growing global issue. Over the last few years, 

escalating epidemiological evidence has led to an increase in concern about the 

detrimental effect of particulate matter (PM) pollution on human health. Of all the air 

pollutants, PM 2.5 micrometers in diameter or smaller (≤PM2.5)  possess higher risk 

towards the development of various cardiovascular diseases (CVDs), the leading cause of 

death for men and women in the United States [1, 2]. These particles have been 

extensively studied in the past few years because of the obtainable measurement and their 

ability to spread evenly over the large area. Short-term exposure to PM2.5 particles 

ranging from few hours to a few days can increase the risk of CVD events like 

myocardial infarction, strokes and heart failure. This risk accounts for about 1% CVD 

related mortalities per 10 µg/m
3 

of PM2.5 and 4.2% increase in thickness of carotid intima-

media [3, 4]. PM is described as a heterogeneous mixture of very small solid and liquid 

particles suspended in air composed of compounds from incomplete combustion of 

organic matter and fossil fuels [5]. Often, these PMs contain metals, aldehydes, 

polycyclic aromatic hydrocarbons (PAHs), and a variety of quinones. PAHs, in 

particular, are one of the major constituents of PM. More than 100 different PAH 

compounds have currently been identified in PM. Benzo-a-pyrene (BP) is a five-ring 

PAH and is a well-recognized environmental pollutant [6]. Exposure to BP is associated 

with a variety of toxicities such as teratogenicity, immunotoxicity, hematotoxicity and 

cardiovascular damage [7-10]. A couple of research studies confirmed that the exposure 
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to BP results in hypertension, cardiac hypertrophy, and vasodilation both in vitro and in 

vivo [11, 12].  

Although due to its non-volatile property, BP in the environment is most 

commonly found in the particulate form. In vivo, BP oxidizes to BP-7,8 diol by CYP450 

enzyme and epoxide. The BP-7,8 diol is further metabolized to a widely studied 

carcinogen BP-7,8 diol-9,10-epoxide (BPDE). Among all BP metabolites, BPDE is the 

most toxic and carcinogenic; it imparts its toxicity by binding to DNA forming BP-N2-

DG adducts (Fig. 2.1). Along with BPDE, BP is also metabolized to 3 different BP-

quinones (BP-Q); BP-1,6, 3,6 and 6,12-Q by CYP450 and NADPH oxidase (Fig. 2.1) 

[13]. Unfortunately, the biological mechanisms of CVD associated with many other 

components of PM, especially BP-derived quinones, remain unclear. In the environment, 

BP-Q can also be produced via UV light and are therefore found in large quantities in PM 

[14-16]. BP-Q were also released into the atmosphere by natural sources such as volcanic 

eruption and forest fires but large amounts are released via anthropogenic sources such as 

vehicle exhaust and burning of coal [17]. The level of environmental quinones found in 

PM in Southern California has been recorded at 1747±1638pg/m
3 

[18]. Levels of BP-Q 

were documented to be 10 ng/g of total particulate matter between 1988 and 1989 in 

Santiago, Chile [19]. After exposure to PM, BP-1,6-Q, BP-3,6-Q, and BP-6,12-Q are 

found in high levels throughout the body especially in blood, lungs, and heart [20, 21]. 

Therefore, BP-derived quinones represent the significant amount of total BP metabolites 

[20]. 
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Over the last few years, growing evidence supports an increase in concern about 

the detrimental effect of PM on health and its relation to the development of CVD. 

Indeed, epidemiological studies have shown that there is a well-established association 

between PM and increased atherosclerosis morbidity and mortality. CVDs are the leading 

cause of death for men and women in the USA. Among all different kinds of CVD, 

atherosclerosis accounts for 3/4
th

 of total deaths caused by CVD. Atherosclerosis is an 

inflammatory cardiac disorder of an arterial wall, initiated by endothelial cell dysfunction 

and excessive generation of reactive oxygen species (ROS). Growing evidence supports 

the role of overproduction of ROS in CVD development [22]. Research studies 

demonstrate that the main source of ROS in the development of atherosclerosis is 

macrophages, smooth muscles cells and an injury to endothelial cells [23]. As mentioned 

above, BP-1,6-Q is derived from BP and is one of the main constituents of PM. It is 

generated through atmospheric transformations of BP by UV light or by the oxidation of 

BP via CYP450 enzymes within the cells. While endothelium is suggested to be one of 

the well-known targets by air pollutants, there is limited information on the mode of 

action of BP-1,6-Q in endothelial cells. In this study EA.hy926, endothelial cells were 

used to examine redox activity of BP-1,6-Q and the underlying molecular mechanisms 

involved. 
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Materials and Methods 

Chemicals 

BP-1,6-Q was obtained from Toronto Research Chemicals Inc. (Ontario, Canada). 

Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS), and penicillin-

streptomycin (pen-strep) were from Gibco-Invitrogen (Carlsbad, CA). Calcein-AM and 

SYBR® green master mix were from Life Technologies (Grand Island, NY). 

Oligonucleotide primers were from Eurofins (Huntsville, AL). 2
’
7

’
-Dichlorofluorescein 

diacetate (DCF-DA) dye was from Sigma-Aldrich. MitoSOX red, Mitotracker redand 

Hoechst stain were purchased from Thermo-Fisher Scientific. All other general chemicals 

were from Sigma-Aldrich (St. Louis, MO) 

Cell culture and treatment 

EA.hy926 endothelial cells were grown in DMEM supplemented with 10% FBS 

and 1% penicillin-streptomycin in cell culture treated flasks at 37°C with 5% CO2 in a 

humidified incubator. The culture media were replaced every 2-3 days and cells were 

passaged at about 90% confluence. For BP-1,6-Q treatment, cells were grown in cell 

culture treated petri-dishes under the same conditions.  

ROS detection assays 

A. Chemiluminescence assay 

Generation of hydrogen peroxide (H2O2) and superoxide (O2
.-
) was measured 

using the highly sensitive luminol or lucigenin-dependent chemiluminescence (CL) 

technique. EA.hy926 cells were harvested and suspended in air saturated complete 

phosphate buffered saline (cPBS) solution containing 0.5 mM MgCl2, 0.7 mM CaCl2, 
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and 0.1% glucose. Microcentrifuge tubes (1.5 mL) for each sample were added with 

10 µM luminol and 10 µM horseradish peroxidase (HRP) for measuring H2O2 and 

lucigenin (10 μM) was added for O2
.-
 measurement. Next BP-1,6-Q was added and 

lastly, aliquots of 5×10
6
 cells re-suspended in 1 mL cPBS at 37

o
C were added. The 

reaction components were kept separate prior to mixing and pipetting into the 96 well 

plate to prevent an early reaction. The above-mentioned protocol was followed to 

detect luminol-derived CL for mitochondrial inhibitors of complex I and III. In 

microcentrifuge tubes, 10 µM Rotenone (Rot) or 10 µM Antimycin A (AA) was 

added with 10 µM luminol and HRP, followed by BP-1,6-Q treatment and lastly 

aliquots of 5×10
6
 cells re-suspended in 1 mL cPBS at 37

o
C were added. H2O2 in 

physically isolated mitochondria was measured using luminol/HRP dependent CL. 

Centrifuge tubes (1.5 mL) were set for each sample. Each tube has 10 µM luminol, 10 

µM HRP for measuring hydrogen peroxide, and 10 µM succinate as a substrate for 

mitochondria. BP-1,6-Q was added next and lastly, 50 μg/mL of mitochondria re-

suspended in 1 mL mitochondria isolation buffer (250 mM sucrose, 10 mM Hepes, 1 

mM EGTA and 0.5% bovine serum albumin, pH 7.4) at 37
o
C were added. All the 

reaction components in the tubes were kept separate and were rapidly mixed and 

pipetted into a 96 well plate. The previously mentioned protocol was followed to 

detect the luminol-derived CL for mitochondrial inhibitors of complex I and III in 

isolated mitochondria. In microcentrifuge tubes 10 µM Rotenone (Rot) or 10 µM 

Antimycin A (AA) was added with 10 µM luminol, 10 µM HRP and 10 µM 
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succinate, followed by BP-1,6-Q treatment and lastly, 50 μg/mL of mitochondria re-

suspended in 1 mL mitochondria isolation buffer was added. 

The luminescence intensity of luminol/lucigenin amplified by ROS was measured 

in Bio-Tek microplate reader for 30 min at 24-second intervals. Integrated CL of the 

various BP-1,6-Q treatments was expressed as fold-change compared to an untreated 

control. 

B. DCF-DA fluorescence 

Oxidative stress was determined using 2
’
7

’
-Dichlorofluorescein diacetate (DCF-

DA) dye. EA.hy926 cells suspended in Hank’s balanced salt solution (HBSS) were 

incubated with 1 µM of DCF-DA dye for 60 min. After incubation, the dye solution is 

discarded and cells were washed twice with HBSS. DCF-DA labeled cells were 

treated with different concentrations of BP-1,6-Q for 1 h. Cells were washed with 

HBSS two additional times and re-suspended in 1 mL of phosphate buffer saline 

(PBS) to measure ROS at excitation/emission of 495/529 nm using flow cytometry.  

C. Mito-SOX red 

Mitochondrial oxidative stress was determined using Mito-SOX red dye. 

EA.hy926 cells suspended in HBSS were incubated with 5 µM of MitoSOX red dye 

for 30 min followed by treatment with different concentrations of BP-1,6-Q for an 

hour. Cells were washed with HBSS twice and were suspended in 1 mL of PBS to 

measure real-time generation of superoxide molecule at excitation/emission of 

510/580 nm using flow cytometry.   
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Mitochondrial extract preparation 

EA.hy926 cells were grown to confluence, followed by BP-1,6-Q exposure for 24 

h. The cells were harvested through trypsinization, and the pellet was re-suspended in 

sucrose Buffer (0.25 M sucrose, 10 mM Hepes, 1 mM EDTA) at pH 7.4 with 0.1% BSA. 

The cell solution was homogenized using a Dounce homogenizer, followed by 

centrifugation at 201.24 g for 10 min. The supernatant, containing the mitochondrial 

fraction, was collected in a fresh microcentrifuge tube and was centrifuged again at 

9279.4 g for 10 min. The mitochondrial pellet was re-suspended in sucrose buffer without 

BSA and was sonicated three times for 15 seconds with 15-second intervals between each 

sonication. Finally, total protein concentration was measured for the mitochondrial lysate. 

MTT assay 

EA.hy926 cells were grown to about 80% confluence in a 96-well tissue culture 

plate. Cells were incubated with different concentrations of BP-1,6-Q for 24 h. After 

incubation of cells, the media were replaced with 0.5% FBS supplemented DMEM 

containing 0.2 mg/mL MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 

bromide) reagent and the cells were further incubated for 2 h. A mixture of dimethyl 

sulfoxide, isopropanol, and deionized water (1:4:5) was added and cells were incubated at 

room temperature for 20 min. Finally, the amount of dissolved formazan was quantified 

by measuring absorbance at 570 nm using the Bio-Tek microplate reader to determine 

cell viability. 
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Cell viability using Annexin V and PI stain 

Apoptosis/necrosis was detected with Invitrogen dead cell apoptosis kit following 

the manufacturer protocol. EA.hy926 cells were grown to confluence and treated with 

varying concentrations of BP-1,6-Q for 24 h. The cells were harvested by trypsinization 

and were washed once with PBS. The cells were stained with Annexin V-FITC and 

propidium iodide (PI) in 1X binding buffer and fluorescence was analyzed by excitation 

at 488 nm and emission at 530 nm in a GuavaCyte flow cytometer.  

Generation of mitochondrial deficient EA.hy926 cell line 

EA.hy926 cells were cultured in DMEM media supplemented with 5% FBS, 1 

mmol/L pyruvate, 50 mg/L uridine, and 100 μg/L ethidium bromide (EB) for 2-3 weeks 

before used for experiments. EB at 0.1-2 μg/mL prevents only mitochondrial DNA 

replication but nuclear DNA replication is not hampered. The protocol was adapted from 

Hashiguchi et al. [24]. 

Staining with Mitotracker red dye 

EA.hy926 cells made deficient in mitochondria and healthy cells were grown on 

coverslips in DMEM media. Cells were stained with 500 nM of Mitotracker redfor 30 

min. After incubation with mitotracker red, cells were washed twice with phosphate PBS 

followed by incubation with fixative, 4% paraformaldehyde for 15 min on a shaker. The 

fixative was removed and cells were washed twice with PBS followed by staining with 1 

mg/mL Hoechst stain for 15 min. Hoechst stain was removed and cells were washed with 

PBS. Cells were mounted inverted on a slide using the mounting medium. Stained cells 
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were observed under Keyence microscope for change in mitochondria in mitochondrial 

deficient cells compared to healthy cells. 

Adhesion assay 

EA.hy926 cells were grown to confluence, followed by BP-1,6-Q treatment for 6 

h. The cells were washed with serum-free media and calcein-labeled monocytes were 

added to the cells. Following an hour of incubation, the cells were washed gently with 

PBS to remove any unbound monocytes. Finally, the fluorescence intensity was 

measured using the Bio-Tek microplate reader at excitation and emission wavelengths of 

496 nm and 520 nm respectively to determine total bound monocytes as compared to the 

control.  

Quantitative polymerase chain reaction (qRT-PCR) 

EA.hy926 cells were grown to confluence and exposed to BP-1,6-Q for 3 h. Total 

RNA from the cells was extracted using the Trizol Reagent. The purity and quantity of 

the isolated RNA were determined using the Nanodrop spectrophotometer. The isolated 

RNA was then reverse transcribed to cDNA. One µL of the amplified cDNA was added 

to the SYBR® Green real-time PCR master mix along with specific primer sets. The 

specific primers for GAPDH and VCAM are as follow: forward 5'- 

CGACCACTTTGTCAAGCTCA-3'; reverse 5'-AGGGGTCTACATGGCAACTG-3' and 

forward 5’-TACTCCCGTCATTGAGGATATTGG-3’;  reverse 5’-

CTCCTTCACACACATAGACTCC-3’ respectively. The reaction cycles were performed 

in the Applied Biosystems thermal cycler. A total of 40 cycles was performed for each 

run as follows: 95ºC for 15 seconds, 61ºC for 30 seconds, and 72ºC for 30 seconds. 
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Expression of the housekeeping gene, GAPDH, was used to normalize the expression of 

other target genes. Quantification of gene expression was determined using the 

comparative threshold cycle CT method and expressed as fold-change compared to the 

untreated control.  

Statistical analysis 

All data were subjected to analysis of variance (ANOVA) using GraphPad Prism 

software (La Jolla, CA). All data are expressed as mean ± SEM from at least three 

different experiments. Significant treatment differences were subjected to Tukey's 

multiple comparison tests. A value of P < 0.05 was considered significantly different. 

Results 

Stimulation of cellular ROS production by different PAH-quinones 

Numerous studies exhibited ROS as a key mediator of signaling pathways causing 

oxidative stress in the development of atherosclerosis. Lucigenin and luminol-derived CL 

is a widely used technique to specifically detect real-time intracellular O2
-.
 and H2O2 

production, respectively [25, 26]. This assay was therefore used to examine whether 

PAH-derived quinones could produce ROS in EA.hy926 endothelial cells. The EA.hy926 

endothelial cell line is widely used to study angiogenesis and other endothelial cells 

related dysfunction because it exhibits most of the properties of primary endothelial cells. 

Six PAH quinones: 1,4 Anthraquinone (1,4-AN-Q), 1,4 Naphthoquinone (1,4-NP-Q), 1,4 

Benzoquinone (1,4-BZ-Q), BP-1,6-Q, BP-3,6-Q, and BP-6,12-Q were investigated for 

their effects on cellular ROS production in EA.hy926 endothelial cells because of their 

ubiquitous presence in PM. As shown in Fig. 2.2 A, luminol-derived CL was stimulated, 
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in presence of 1 µM PAH quinones in EA.hy926 cells. CL results indicate that addition 

of 1 μM BP-1,6-Q resulted in an over 12-fold increase in the luminol-derived CL, 

suggesting that BP-1,6-Q stimulates cellular H2O2 production compared to other PAH 

quinones. It is important to note that among BP-derived quinones, exposure to BP-1,6-Q 

at 1 µM concentration resulted in a 14 fold increase in cellular H2O2 and over 2.7 fold 

increase in cellular O2
.- 

production (Fig. 2.2 B and C). Unless otherwise stated, BP-1,6-Q 

was used for all the other experiment.  

Effect of BP-1,6-Q on cell viability 

We further investigated the effect of BP-1,6-Q on endothelial cell viability. 

EA.hy926 cells were treated with 0, 0.1, 0.3 and 1 μM of BP-1,6-Q for 24 h and cell 

viability was measured using MTT assay. As shown in Fig. 2.3 A, there is no significant 

cell death in treated cells compared to control. Cell viability was further measured by 

Annexin V-FITC/PI flow cytometric analysis. After treatment as above, EA.hy926 

endothelial cells were stained with Annexin V-FITC and PI. In cells undergoing 

apoptosis, externally located phosphatidylserine (PS) translocate from the inner side of 

the plasma membrane to the surface. Annexin V has a high affinity for PS and can bind to 

it. In order to tag necrotic cells, propidium iodide (PI) dye was used. PI enters the nucleus 

of the cells undergoing necrosis via broken cell membrane and binds to DNA. Fig. 2.3 B 

represents the total percentage of viable cells. As shown in Fig. 2.3 C, the lower left 

quadrant represents viable cells, the lower right quadrant represents apoptotic cells, while 

the upper left and upper right quadrant represents necrotic cells. BP-1,6-Q did not affect 

cell viability compared to control. 
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Concentration-dependent stimulation of cellular ROS production by BP-1,6-Q in 

EA.hy926 cells 

Highly sensitive CL assay was used to measure real-time generation of ROS by 

different concentrations of BP-1,6-Q in endothelial cells. Integrated CL is displaying the 

total amounts of H2O2 and O2
.-
 formed over a period of 30 min in EA.hy926 cells on 

being exposed to BP-1,6-Q. As mentioned above, luminol and lucigenin derived CL 

assay measures generation of H2O2 and O
.-

2 respectively. CL results indicate a 

concentration-dependent production of H2O2 (Fig. 2.4 A-B) and O
.-

2 (Fig. 2.4 C-D) by 

BP-1,6-Q. BP-1,6-Q at a concentration as low as 0.01 μM has a 2 fold increase in 

production of H2O2  (Fig. 2.4 A) and at a concentration 0.03 μM has a 1.9 fold increase in 

generation of O2
.-
 (Fig. 2.4 C). To further verify the generation of BP-1,6-Q-induced 

ROS, DCF-DA flow cytometric assay was used. The cells were incubated with 1 μM of 

DCF-DA dye for 60 min followed by the treatment with different concentrations of BP-

1,6-Q for an hour. ROS in the cells causes oxidation of DCF-DA to a highly fluorescent 

compound, 2’7’dichlorofluorescein diacetate (DCF). There is a significant increase in 

levels of ROS in cells treated with 0.03 μM of BP-1,6-Q which supports our 

luminometric data (Fig. 2.5 A-B).  

The role of mitochondria in BP-1,6-Q induced production of ROS 

Mitochondria are responsible for the generation of a substantial amount of ROS 

by electron leakage from the oxidative phosphorylation pathway. Complex I and III are 

the major site for superoxide production in mitochondria [27]. There are many studies 

showing that excessive mitochondrial ROS plays an important role in the oxidation of 
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low-density lipoprotein causing endothelial cell dysfunction and progression of 

atherosclerosis in mice and human models [28]. To study the role of mitochondria in 

redox cycling of BP-1,6-Q and generation of ROS, we further measured the production of 

ROS from mitochondria isolated from EA.hy926 cells. For this assay 50 μg/mL of 

mitochondria were treated with 0, 0,1, 0.3 and 1 μM of BP-1,6-Q in presence of 

mitochondrial substrate succinate. Integrated CL is an indicator of the total amounts of 

H2O2 formed over a period of 30 min in the mitochondria isolated from EA.hy926 cells 

exposed to BP-1,6-Q. As shown in Fig. 2.6, incubation of mitochondria with BP-1,6-Q at 

1 μM causes a significant increase in the production of mitochondrial H2O2 as compared 

to control.  

Mitochondrial O2
.-
 from intact cells was further measured using flow cytometric 

analysis. MitoSOX red dye can infuse the live cells, which is then oxidized by O2
.-
 and 

emits red fluorescence. This assay has been widely used to specifically detect 

mitochondrial O2
.-
 in live cells [29]. EA.hy926 cells were incubated with 5 μM of 

MitoSOX red dye for 30 min followed by treatment with different concentrations of BP-

1,6-Q. As shown in Fig. 2.7, incubation of cells with BP-1,6-Q (0.03, 0.1, 0.3, 1 and 1 

μM) resulted in a significant increase of MitoSOX fluorescence in a concentration-

dependent manner, indicating the production of O2
.-
 in the mitochondria. 

As mentioned before, complex I and III are the major sites for ROS production in 

mitochondria. In order to confirm the role of mitochondria in the generation of ROS, 

mitochondria isolated from EA.hy926 cells were co-treated with 1 μM of BP-1,6-Q and 

mitochondria inhibitors for complex I Rot and complex III AA. As displayed in Fig. 2.8 
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A-B, mitochondria co-treated with BP-1,6-Q and mitochondrial inhibitors (rot and AA) 

had significantly low production of ROS compared to mitochondria treated with only BP-

1,6-Q.  

To determine whether complex I and III catalyzes the redox cycling of BP-1,6-Q, 

intact EA.hy926 cells were used. Surprisingly, CL results showed that cells co-treated 

with 0.3 μM BP-1,6-Q and 10 μM Rot produce a higher amount of hydrogen peroxide as 

compared to cells only treated with a 0.3 μM concentration of BP-1,6-Q (Fig. 2.9 A). 

However, no increase in generation of H2O2 was observed in cells co-treated with a 1 μM 

BP-1,6-Q and 10 μM Rot as compare to cells only treated with 1 μM BP-1,6-Q (Fig. 2.9 

A).   

In contrast, luminol-derived CL with BP-1,6-Q both at 0.3 and 1 μM was 

significantly increased by the complex III inhibitor AA as compared to cells only treated 

with BP-1,6-Q alone (Fig. 2.9 B). This result advocates that there is a significant increase 

in generation of BP-1,6-Q-induced H2O2 when complex III is inhibited by AA. This result 

was not consistent with the luminol-derived CL results from isolated mitochondria (Fig. 

2.8). This disparity in the result is likely caused by an imbalance between cellular defense 

and an increased production of extracellular (extramitochondrial) ROS when 

mitochondrial respiratory chain complexes I and III are disrupted.  

To confirm the role of mitochondria in BP-1,6-Q induced-ROS and the presence 

of extramitochondrial sources of ROS in endothelial cells, we established a mitochondria 

deficient EA.hy926 cell line. EB is known to selectively inhibit mitochondria DNA 

synthesis at concentrations ranging from 0.1-2 μg/mL, but these concentration do not 
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affect the nuclear DNA replication in cells [30, 31]. To check the loss of mitochondria, 

cells were stained with Mitotracker red, which specifically stains mitochondria and 

Hoechst stain that stains nucleus (Fig. 2.10). Fig. 2.10 A displays the healthy cells stained 

with Mitotracker redand Hoechst stain. Fig. 2.10 B depicts mitochondria deficient cells 

stained with Mitotracker red and Hoechst stain. Results clearly showed a decrease in total 

mitochondria in mitochondrial deficient cells compared to healthy endothelial cells. Once 

the loss of mitochondria was confirmed, healthy EA.hy926 cells (0.5×10
6
) and 

mitochondrial deficient EA.hy926 cells (0.5×10
6
) were treated with or without 1 μM BP-

1,6-Q and luminol-derived CL were measured for 30 min (Fig. 2.10 C). As shown in Fig. 

2.10 C treatments with EB did not affect the basal intracellular ROS levels as measured 

by luminol-derived CL. However, BP-1,6-Q at 1 μM produced more ROS in 

mitochondria deficient cells compared to healthy cells suggesting the increase in 

production of ROS outside of mitochondria in mitochondrial respiration-deficient cells.  

BP-1,6-Q induced monocyte binding to endothelial cells and expression of adhesion 

molecule  

Binding of monocytes to the damaged endothelial cells is an important step in the 

pathology of atherosclerosis, we determined if redox cycling of BP-1,6-Q has a 

regulatory effect on adhesion of monocytes to endothelial cells. Exposure of endothelial 

cells to 1 μM concentrations of BP-1,6-Q for 6 h significantly increased the adhesion of 

monocytes to endothelial cells (Fig. 2.11 A). An increase in expression of vascular 

molecules can cause firm attachment of monocyte to endothelial cells. We used qRT-

PCR to examine the expression of this vascular adhesion molecules following BP-1,6-Q 
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treatment. Endothelial cells were treated with a single concentration of 1 μM BP-1,6-Q 

for 3 h and mRNA levels of VCAM were measured. We found that expression level of 

VCAM was increased by almost by eight folds in treated cells compared to control (Fig. 

2.11 B).  

Discussion 

CVDs are the primary cause of death in the United States. Coronary heart diseases 

account for nearly 75% of the total deaths caused by vascular diseases [32, 33]. Strong 

epidemiological evidence supports the link between increased environmental air PM 

pollution and risk of developing CVD. However, the specific chemicals within PM that 

contribute to the development of CVDs are yet to be investigated. BP-derived quinones 

especially BP-1,6-Q have been demonstrated to be one of the major constituents of PM. 

Overproduction of ROS has been extensively reported in the development of 

atherosclerosis. This study examines the role of ROS caused by BP-1,6-Q and its 

contribution to cell viability and endothelial dysfunction. Using EA.hy926 cells, a human 

endothelial cell line, our study for the very first time demonstrates the enormous 

formation of O
.-

2 and H2O2 from BP-1,6-Q at concentrations as low as 0.03 and 0.01 µM 

respectively. The present study further demonstrated the involvement of METC in redox 

cycling of BP-1,6-Q-interceded ROS production using the isolated mitochondria and 

intact cells.  

Early atherosclerotic events are characterized by damage to the endothelium, 

causing a loss of its function by an increase in permeability, inflammation, and 

expression of adhesion molecules [34]. The excessive production of ROS has been found 
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to induce endothelial cell dysfunction, an initial step in atherosclerosis [23]. ROS are 

chemically reactive oxygen species generated from molecular oxygen. Examples of ROS 

include O2
.-
, H2O2, hydroxyl radical (HO

.
) and peroxides. ROS at a moderate 

concentration in the body plays an important role in cell signaling, regulation of vascular 

tone, cell growth, proliferation, inflammatory and apoptosis responses [35]. In contrast to 

these normal regulatory processes under physiological conditions, excessive production 

of ROS, which cannot be battled by antioxidant defense mechanism, can lead to oxidative 

stress [35, 36]. Indeed the CVD risk factors such as smoking, hypertension, 

hypercholesterolemia, and diabetes mellitus have been associated with oxidative stress by 

excessive ROS production [22, 37]. Lucigenin and luminol-derived CL are highly 

sensitive assays used to detect the overproduction of cellular ROS. As such, lucigenin-

derived CL specifically detects O2
-.
 production whereas luminol-derived CL in the 

presence of HRP detects the production of H2O2 [38-41]. Using this assay, the results of 

this study clearly demonstrated that BP-1,6-Q at submicromolar concentrations as low as 

0.03 and 0.01 µM significantly stimulate the production of both O2
-.
 and H2O2 

respectively (Figs. 2.2-2.5). 

It is important to investigate how BP-1,6-Q produces an enormous amount of 

ROS. Mitochondria are responsible for the generation of a substantial amount of ROS by 

electron leakage from the oxidative phosphorylation pathway. Complex I and III are the 

major sites for superoxide production in mitochondria. Mitochondrial reactive oxygen 

species (MtROS) are generated as a by-product of mitochondria electron transport chain 

(METC) through oxidative phosphorylation. Mitochondrial electron transport chain is 
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made of five multimeric complexes. Electron leakage from mitochondrial complexes III 

and I lead to the formation of superoxide via partial reduction of oxygen. To evaluate the 

role of mitochondria in arbitrating the redox cycling of BP-1,6-Q in EA.hy926 

endothelial cells, mitochondria were isolated from the cells. The stimulation of ROS 

production by BP-1,6-Q in succinate-supported mitochondria (Fig. 2.6) suggest that 

mitochondria isolated from endothelial cells are capable of the redox cycling BP-1,6-Q. 

MitoSOX Red flow cytometric method for detection of mitochondrial ROS in the intact 

cells demonstrated the production of O2
.- 

by BP-1,6-Q (Fig. 2.7).  

To further investigate the role of METC in interceding the redox cycling of BP-

1,6-Q in EA.hy926 endothelial cells, both the complex I inhibitor Rot and the complex III 

inhibitor AA was used in the presence or absence of BP-1,6-Q followed by detection of 

ROS generation. Mammalian complex I is made of 40 subunits in which seven subunits 

perform the function of transporting electrons from NADH to ubiquinone. Rot 

specifically inhibits NADH dehydrogenase by shutting off the supply of electrons to 

coenzyme Q10 [42]. AA binds to Qi site of cytochrome C reductase in mitochondrial 

complex III, inhibiting the oxidation of ubiquinone and thereby blocking the transfer of 

electrons between cytochrome b and c [43]. The stimulation of BP-1,6-Q-induced ROS 

production was decreased by Rot and AA (Fig. 2.8) proposing that complex I and III 

could possibly be the major site for BP-1,6-Q redox cycling in endothelial cells. 

However, the incomplete inhibition by Rot or AA specifies the involvement of other 

complexes within the METC contributing towards redox cycling of BP-1,6-Q.  
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Surprisingly, in contrast to the isolated mitochondria, BP-1,6-Q-mediated ROS 

production was enhanced in cells deficient in METC (Fig. 2.10). This result is further 

confirmed by the results from intact cells which showed that the stimulation of ROS 

production by BP-1,6-Q at 0.3 and 1 μM was increased by both complexes I and III 

inhibitors respectively. These results demonstrated that ROS production by BP-1,6-Q is 

not only generated from mitochondria but can also be generated extramitochondrial. 

Previous studies showed that ROS can be produced endogenously or exogenously. 

Endogenous sources of ROS include; mitochondria, peroxisomes, lipoxygenases, 

NADPH oxidase, xanthine oxidase and cytochrome p450 and exogenous sources of ROS 

are ultraviolet light, ionizing radiation, inflammatory cytokines and environmental toxins. 

Of many different mechanisms of ROS production, NADPH oxidase, Xanthine oxidase, 

and mitochondria are the main sources [44]. Firstly, NADPH oxidase is well-known to be 

an important source of membrane-bound ROS in vascular cells. NADPH oxidase is a 

membrane-bound enzyme complex that transfers an electron from NADPH to molecular 

oxygen and produces O2
.-
 extracellularly. In addition to NADPH oxidase, another type of 

cytosolic ROS is xanthine oxidase (XO). XO is found in plasma and endothelial cells 

however it is not found in vascular smooth muscles cells [45]. In hypercholesterolemic 

rabbits, XO increased the production of O2
.-
 in endothelial  cells contributing significantly 

to the development of atherosclerosis [46]. XO stimulated the production of O2
.-
 is 

catalyzed by xanthine and hypoxanthine to uric acid [47]. Thus, examination of NADPH 

oxidase and xanthine oxidase activity might help fully understand the extracellular 

production of ROS by BP-1,6-Q. 
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It is not clear why BP-1,6-Q-mediated ROS production was enhanced in both 

METC deficient and intact cells in presence of Rot and AA. One possible explanation is 

that dysfunction of mitochondria might directly cause a decrease in antioxidant 

detoxifying capacity. Over-generation of MtROS has been implicated in animal and 

human model leading to CVD [48]. To combat the detrimental effect of overproduction 

of ROS, mammalian cells have evolved an efficient intracellular antioxidant detoxifying 

system to minimize oxidative damage by ROS. Some of the major detoxifying 

antioxidants are GSH and GSH related enzymes such as GSH-transferase (GST), GPX 

and GR [49-51]. Former studies reported a change in levels of GSH and change in 

activity of other phase-II detoxification enzymes in cardiovascular diseases [52]. In 

another clinical study regarding sepsis-induced multiple organs failures showed 

mitochondrial dysfunction by demonstrating a decrease in ATP concentration in skeletal 

muscle and a significant decrease in cellular GSH levels [53]. An in vitro study 

conducted by Bolanos et al. demonstrated loss of mitochondrial function measured by 

depletion in ATP formation and depletion of cellular GSH activity in cultured neuronal 

cells on nitric oxide exposure [54]. A similar in vitro study conducted using murine 

macrophage cell line showed that chronic exposure of nitric oxide inhibits METC 

complex I with depletion in intracellular GSH content [55]. Therefore, it is necessary to 

conduct experimental studies to examine whether the causation of BP-1,6-Q-mediated 

ROS production is due to decrease in the detoxifying ability of the antioxidative system 

in METC deficient cells or intact cells when METC is inhibited.  
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Overproduction of ROS has been implicated in the development of 

atherosclerosis. ROS is known to cause an increase in oxidation of low-density 

lipoprotein l and dysfunction of endothelial cells, promoting atherosclerosis [28]. Indeed, 

growing evidence supports the role of overproduction of ROS in the pathogenesis of 

atherosclerosis especially vascular endothelial cell dysfunction [56]. Overproduction of 

ROS has been suggested to cause endothelial inflammation and dysfunction causing the 

subsequent development of atherosclerotic plaques resulting in various pathological and 

cardiac events [57, 58]. A large number of studies indicated that atherosclerosis is 

initiated by activation of endothelial cells inducing inflammation, increased permeability, 

vascular lesion, and thrombosis. The interaction of damaged endothelium with blood 

monocytes is a trademark of early atherosclerosis development and has been heavily 

studies in animal models largely [59]. On inflammatory stimuli, cellular adhesion 

molecules are recruited on the vascular endothelium and on circulating leukocytes. 

Atherosclerosis is an inflammatory cardiac disorder of an arterial wall initiated by 

endothelial cell dysfunction. Recent studies demonstrated that endothelium dysfunction, 

usually caused by an increase in vascular inflammation, plays an important role in 

initiation and progression of atherosclerosis [43]. 

Adhesion is a multistep process, which starts with tethering and rolling of blood 

leukocytes along the endothelial cell surface mediated by chemokines and intercellular 

adhesion molecules. Chemokines are vital for the activation of integrins on the cell 

surface of leukocytes to govern the migration of integrins from endothelial to 

subendothelial space. Upon endothelial cell activation, inactive integrins present on 
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leukocytes undergo a conformational change causing increased adhesion to their ligands. 

Once strongly attached, leukocytes migrate and spread over the endothelium. The 

adhesion of these arrested activated leukocytes to the endothelium is mediated by 

intercellular adhesion molecule (ICAM1) and vascular adhesion molecule (VCAM1) 

helping leukocytes migrate from endothelial to subendothelial space [60]. In this study, 

BP-1,6-Q-induced ROS overproduction triggered endothelial-monocyte interaction and 

stimulated expression of VCAM-1. VCAM-1 is a key vascular adhesion molecule in the 

regulation of endothelial-monocyte interaction and recruits monocytes to endothelial 

cells. These results suggest that the inflammatory effect of BP-1,6-Q on endothelial 

inflammation is partially mediated by ROS generation and subsequently stimulates 

expression of chemokines and adhesion molecules. 

In summary, this study demonstrates that BP-1,6-Q at noncytotoxic 

submicromolar concentrations can undergo redox cycling in an isolated mitochondria and 

intact cells resulting in the production of O2
-.
 and H2O2. Both complexes I and III within 

mitochondria and extracellular mitochondria are the site for the overproduction of ROS 

by BP-1,6-Q. Furthermore, BP-1,6-Q also triggered endothelial-monocyte interaction and 

increased expression of VCAM-1. These results suggest that the inflammatory effect of 

BP-1,6-Q on endothelial inflammation may be partially arbitrated by ROS generation and 

it consequently stimulates chemokines and adhesion molecules (Fig. 2.12). These studies 

will contribute to our ability to assess the cardiovascular risk of human exposure to air 

pollutant to BP-1,6-Q and ROS targets of endothelial cells may prove to be an effective 

therapeutic for risk reduction and disease intervention. 
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CHAPTER III 

 

THE PROTECTIVE ROLE OF GLUTATHIONE IN ENVIRONMENTAL 

POLLUTANT BP-1,6-Q-INDUCED TOXICITY TO ENDOTHELIAL CELLS 

 

This chapter is co-authored by Halley Shah, Ho Young Lee, Ada Martinez, 

Ashkon Koucheki, Hong Zhu, Robert Li and Zhenquan Jia 

 

 

Abstract 

The adverse effect of air particulate matter on human health is concerning. 

Epidemiological studies have exhibited a strong correlation between exposure to 

particulate matter 2.5-micrometer in diameter (PM2.5) and deaths due to vascular diseases 

such as atherosclerosis. BP-1,6-quinone (BP-1,6-Q), a metabolite of Benzo-a-pyrene 

(BP), is one of the components of PM2.5. This study aims to examine BP-1,6-Q-induced 

toxicity and to further determine the role of glutathione (GSH) in human EA.hy926 

endothelial cells exposed to BP-1,6-Q. Incubation of EA.hy926 endothelial cells with BP-

1,6-Q (40-60 μM) caused a significant increase in dose-dependent cytotoxicity as 

measured by LDH release assay and both apoptotic and necrotic cell deaths as measured 

by flow cytometric analysis. Incubation of EA.hy926 endothelial cells with BP-1,6-Q 

also caused a significant decrease in cellular GSH levels. To study the contribution of 

GSH in protecting endothelial cells against BP-1,6-Q-mediated toxicity, cellular 

glutathione levels were depleted by exposing EA.hy926 cells to the chemical inhibitor of 

GSH, buthionine sulfoximine (BSO). Depletion of cellular GSH  by BSO potentiated BP-
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1,6-Q-induced toxicity significantly suggesting a critical involvement of GSH in BP-1,6-

Q induced cellular toxicity. To confirm the cytoprotective role of GSH, cellular GSH 

levels were up-regulated using 2-cyano-3,12-dioxooleana-1,9-died-28-imidazolide 

(CDDO-Im). GSH-induction by CDDO-Im significantly protects cells against BP-1,6-Q 

induced protein and lipid damage as measured by protein carbonyl (PC) assay and 

thiobarbituric acid reactive substances (TBARS) assay respectively. However, the co-

treatment of cells with CDDO-Im and BSO reversed the cytoprotective effect of CDDO-

Im on BP-1,6-Q-mediated lipid peroxidation and protein oxidation. Taken together, this 

study demonstrates that GSH plays an important role in protecting EA.hy926 human 

endothelial cells against BP-1,6-Q cytotoxicity.  

Introduction 

Vascular diseases are one of the main causes of death in the United States of 

America (USA). About 610,000 men and women die of heart disease every year in 

America alone. This means that every 1 in 4 deaths is due to some kind of CVDs. With 

growing evidence for an increase in CVDs, the medical costs for CVD treatments are 

expected to rise over other chronic diseases like Alzheimer’s and diabetes. Stroke and 

heart attacks are reported to be one of the most expensive medical services provided in 

the USA. According to American heart association, CVDs cost $555 billion in healthcare 

to the nation in 2017 and it is predicted that the cost will escalate to about $1.1 trillion by 

2035 [1]. Of all the different types of cardiovascular diseases, coronary heart disease is 

the most common one, causing approximately 370,000 deaths per year. The coronary 

heart disorders are caused by the building of plaques in arteries known as atherosclerosis. 
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The narrowing of the arterial lumen by the plaque causes a restriction in blood flow 

which subsequently causes stroke, heart attack, and aneurysm [2, 3]. Endothelium of an 

artery is in direct contact with blood flow and is a major regulator of vascular 

homeostasis. Imbalance in vascular homeostasis is characterized by inflammation, 

increased permeability, vascular injury, and plaque formation [4, 5].  

Major risk factors associated with the development of cardiovascular disease 

include hypertension, obesity, hyperlipidemia, smoking, and ambient air pollution [3, 6-

8]. Current epidemiological studies advocate that an exposure to ambient air pollution 

especially to particulate matter less than 2.5 micrometers in size (PM2.5) may possibly 

contribute significantly to the development of atherosclerosis [9, 10]. PM is a 

combination of microscopic solids and liquid particles suspended in air containing 

numerous chemicals, organic matter, and allergens [11]. Previous research articles have 

demonstrated the pro-atherogenic effect of PM2.5 in different animal models [12, 13]. 

Exposure to PM2.5 increases generation of reactive oxygen species (ROS) in humans and 

mice [14-16], which is associated with endothelial dysfunction and oxidation of low-

density lipoproteins (LDL), an initial step in atherogenesis. Benzo[a]pyrene (BP) and its 

metabolites are one of the most abundant and toxic components found the PM2.5. BP is an 

aromatic hydrocarbon formed during incomplete combustion of organic matter, such as 

fossil fuel. BP is released into the air by various natural and anthropogenic sources [17]. 

However, the majority of BP in PM is contributed by human activities such as motor 

exhaust, burning of wood, coal production, paper industry, and incomplete combustion of 

any organic matter [18]. A minute amount of BP is released into the air by natural 
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sources such as forest fires and volcanic eruptions. BP being lipophilic in nature binds 

strongly to PM and degrades very slowly over time. The massive amount of BP is found 

in PM and cigarette smoke. A study by Howard et al. found a very strong correlation 

between cigarette smoking and progression of atherosclerosis. In this cohort study, they 

evaluated 10914 participants from atherosclerotic risk communities (ARIC) from 1987-

1989. To evaluate the progression of atherosclerosis, they measured the intimal thickness 

of the carotid artery for three consecutive years. Results showed 50% increase in 

progression of atherosclerosis in active smokers and 25% increase in past smokers 

compared to non-smokers [19]. Chronic exposure to BP can initiate atherosclerotic events 

in arteries specifically by vascular smooth muscle cells proliferation (VSMC). In vivo 

study on rats showed that an exposure to BP causes aortic lesions, endothelial cell 

activation and increased VSMC mass [20]. Changes in VSMC during the 

biotransformation of BP play an important role in the development of atherogenesis. A 

chronic BP exposure study conducted by Danielle et al. in ApoE
-/-

 mice illustrated the 

role of BP in the progression of atherosclerosis. Their results demonstrated that mice 

exposed to 5 mg/kg/BW of BP once a week for 12-14 weeks showed larger lipid prone 

plaques, higher levels of T-lymphocytes, and macrophages compared to untreated control 

animals [21]. Another interesting study on pigeons found an association between the 

exposure to BP and an increase in development of atherosclerotic plaques in older female 

pigeons. These results propose a potential higher risk of atherosclerosis in 

postmenopausal women on exposure to BP [22]. 
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The precise pathway of BP-induced toxicity still remains indistinct, however, 

studies showed that the metabolic activation of BP plays a crucial role in mediating BP 

toxicity [23, 24]. BP undergoes metabolic activation to form intermediate reactive 

carcinogen BP-7,8-diol-9,10 epoxide (BPDE) via CYP450 and epoxide hydrolase [25, 

26]. BPDE is the most toxic metabolite and it imparts toxicity by forming DNA adducts. 

While the formation of BPDE is a major pathway, other BP-induced metabolites such as 

BP-derived quinones are also formed by CYP450 enzymes (CYP1A and 1B), radical 

cation by various peroxidases and UV radiation [26]. One such toxic metabolite of BP is 

BP-1,6-quinone (BP-1,6-Q). While the toxicity of BP is studied extensively, not very 

much is known about the role of BP-1,6-Q in progression and pathogenesis of 

atherosclerosis. Although endothelium is proposed as one of the main targets by air 

pollution and glutathione (GSH) is an important antioxidant in maintaining healthy 

endothelial cell by regulating oxidative damage, the action of BP-1,6-Q in endothelial 

cells is not yet investigated. This study was initiated to elucidate the role of GSH in BP-

1,6-Q mediated cytotoxicity in human EA.hy96 endothelial cells.  

Materials and Methods 

Chemicals 

Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin/streptomycin, fetal 

bovine serum (FBS), and trypsin were purchased from Gibco, Invitrogen (Carlsbad, CA). 

GSH, oxidized glutathione (GSSG), yeast-derived glutathione reductase (GR),1-chloro-

2,4-dinitrobenzene (CDNB), o-pathalaldehyde (OPT), Nicotinamide adenine dinucleotide 

phosphate (NADPH), Nicotinamide adenine dinucleotide (NADH), and bovine serum 
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albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). 2-cyano-3,12-

dioxooleana-1,9-died-28-imidazolide (CDDO-Im) and BP-1,6-Q was purchased from 

Toronto Research Chemicals Inc. (Ontario, Canada). Tissue culture flasks and 24/48 well 

tissue culture plates were purchased from Corning (Corning, NY).  

Tissue culture 

EA.hy926 cells were purchased from ATCC. Tissue culture flasks were kept at 

37
º
C in a humidified atmosphere with 5% CO2. Cells were fed with DMEM media 

enhanced with 10% fetal bovine serum (FBS) and 100 U/mL of penicillin and 

streptomycin every other day in 75 cm
2
 tissue culture flask. Cells were subcultured until 

they reached 75-80% confluence. For BP-1,6-Q treatment cells were grown in 55 cm
2
 

tissue culture dish or 24 well tissue culture plate under the same conditions with Hank’s 

buffer saline solution (HBSS).  

Preparation of EA.hy926 cell lysate  

After experimental treatments, cells were collected using trypsin by centrifuging 

at 201.24 g at 4
º
C for 10 min. Cell pellets were re-suspended in ice-cold 50 mM 

KH2PO4/K2HPO4 buffer containing 2 mM EDTA at PH 7.4. The cell suspension was 

sonicated, and cell lysate was obtained by centrifuging at 15682 g at 4
º
C for 10 min. The 

supernatant was collected from centrifuged tubes and protein concentration was measured 

using Bio-Rad protein assay kit based on the Bradford method using BSA as standard. 

The supernatant was then used for measurement of GSH.  
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Assay for total cellular glutathione (GSH) 

Total cellular GSH content was measured using an OPT based fluorometric 

method specific for determination of GSH at pH 8.0. The cell extract was incubated with 

metaphosphoric acid (HPO3) and 0.1 M of sodium phosphate buffer containing 5 mM 

EDTA at pH 8.0 at 4
º
C for 5 min. The samples were then centrifuged at 15682 g for 5 

min. The resulting supernatant was incubated with 0.1 mL of OPT solution and 0.1 M 

sodium phosphate buffer containing 5 mM EDTA for 15min at room temperature in dark. 

Fluorescence intensity was then measured at excitation 350 nm and emission 420 nm. 

Cellular GSH content was calculated using GSH standard curve and expressed as 

nanomoles of GSH per milligram of sample protein. 

Cellular cytotoxicity  

Cellular cytotoxicity was measured using lactate dehydrogenase (LDH) assay. 

LDH is an intracellular enzyme which leaks out of the cell upon damage to the plasma 

membrane and is widely used to determine cellular cytotoxicity. EA.hy926 cells were 

plated into 24 well plates with 80% confluence. For dose-dependent response cells were 

treated with varying concentration of BP-1,6-Q (0, 1, 10, 40, 50 and 60 μM) in HBSS for 

24 h. Media was collected for LDH measurement. For time-dependent (0, 1, 3, 6, 24, and 

48 h) release of LDH, cells were treated with 40 μM BP1,6-Q in HBSS at a stated time 

point. The supernatant was collected for LDH measurement after every time point 

treatment. The collected media was centrifuged for 5 min at 13,000 g at 4
0
C. The 

supernatant was collected in a new microfuge tube and was used for measuring LDH in a 

spectrophotometer at 320 nm. In an assay cuvette 450 μL of phosphate buffer saline, 30 
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μL of sample supernatant, 60 μL of 0.8 mg/mL pyruvate and lastly 60 μL of 3 mg/mL of 

NADH were added to initiate the reaction. The LDH activity was expressed as nanomoles 

of NADH consumed per min per milliliter of culture medium.  

Flow cytometry assay 

Apoptosis and necrosis were measured using Annexin V-FITC and PI stain. The 

protocol was adapted from Rieger et al. [27]. Briefly, EA.hy926 cells were treated with 

different concentration of BP-1,6-Q for 24 h. Cells were trypsinized and stained with 

Annexin V-FITC and propidium iodide (PI). Apoptotic/ necrotic cell death was 

determined at excitation 480 nm and emission 530 nm using GuavaCyte flow cytometer.  

Assay for thiobarbituric acid reactive substances (TBARS) 

Lipid hydroperoxide in EA.hy926 cells was detected using thiobarbituric acid 

reactive substances (TBARS) assay. In this assay malondialdehyde (MDA) reacts with 

thiobarbituric acid (TBA) to form a color adduct measurable by spectrofluorometric 

analysis. EA.hy926 cells were treated with 0, 10, 25, and 50 μM concentration of BP-1,6-

Q for 24 h in HBSS. The whole cell homogenate was used for TBARS assay. Cell 

homogenate was prepared using the protocol mentioned above for cell lysate preparation. 

In the assay cuvette, 50 μL cell extract, 50 μL 8.1% SDS, 375 μL 20% acetic acid, 375 

μL 0.8% TBA and 150 μL deionized water were added. All tubes were then incubated at 

95
º
C for 60 min. The reaction was stopped by cooling procedure using tap water. After 

samples were cooled, the upper organic supernatant was taken for photometric evaluation 

at 532 nm using a spectrophotometer. Results were expressed in micromolar of MDA per 
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milligram of protein content in each sample. Protein levels were measured using BSA as 

standard. 

Preparation of TBARS standard 

The 10 mM stock standard was prepared by diluting 164 μL of 1,1,3,3-

tetramethoxypropane (TMOP) in 100 mL of ethanol. Working standard was prepared by 

dissolving 10 μL of stock into 4990 μL of distill water. MDA standard curve was 

established by marking microcentrifuge tubes B and S1, S2, S3, S4, and S5. To these 

tubes 25, 50, 100, 150 and 200 μL of working standard was added and volume was made 

up to 200 μL with distilled water. To all the samples 50 μL 8.1% SDS, 375 μL 20% 

acetic acid, 375 μL 0.8% TBA and 150 μL deionized water were added. All tubes were 

then incubated at 95
º
C for 60 min and cooled with tap water. The content of the cuvette 

was removed and measured at 532 nm.  

Protein carbonyl (PC) assay  

The protein oxidation caused by BP-1,6-Q was measured using protein carbonyl 

(PC) assay. In this assay, 2,4 dinitrophenylhydrazine (DNPH) reacts with cellular protein 

carbonyl forming a Schiff's base, hydrazone which is detected spectrophotometrically. 

EA.hy926 cells were treated with 0, 10, 25 and 50 μM concentration of BP-1,6-Q for 24 

h. Cell lysate for PC assay was prepared as mentioned above. From each treatment, 200 

μL of cell lysate was transferred to two 1.5 mL microcentrifuge tubes, one the tube was 

labeled sample (S) and other control (C). To the tubes labeled sample, 800 μL of DNPH 

was added and 800 μL of 2.5 M HCl was added to the control tube. Both the tubes were 

incubated at room temperature for 60 min in the dark. Each tube was vortexed every 15 
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min during the incubation time. Next 1 mL, of 20% trichloroacetic acid (TCA) was added 

to each tube followed by 5 min of incubation on ice. Tubes were further centrifuged at 

9279.4 g for 10 min at 4
º
C. Supernatants were discarded and the cell pellet was re-

suspended in 1 mL 10% TCA. Samples were incubated on ice for 5 min and centrifuged 

at 9279.4 g for 10 min at 4
º
C. The supernatant was discarded and the pellet was washed 

with ethanol and centrifuged at 9279.4 g for 10 min at 4
º
C. This step was repeated twice 

and after the last wash supernatant was discarded and the pellet was re-suspended into 

500 μL of 6 M guanidine hydrochloride. Tubes were centrifuged at 9279.4 g for 10 min 

at 4
º
C. To the 96 well plates, 220 µL of supernatant was transferred from the sample and 

control tubes. Absorbance was measured at 370 nm using plate reader. Average 

absorbance of each sample and control was calculated. Average absorbance of controls 

was subtracted from the average absorbance of samples. The concentration of carbonyl 

content was calculated as nmol/mL and is expressed in results as percent control carbonyl 

levels. 

Real-time PCR analysis 

GSH is synthesized from its amino acids by two ATP-dependent enzymes Υ-

glutamyl cysteine ligase (GCL) and GSH synthase. GCL is a rate-limiting enzyme in the 

overall pathway and is composed of catalytic (GCLC) and modulatory (GCLM) subunits. 

GCLC retains all the catalytic activity and GCLM improves efficiency. To study the 

effect of CDDO-Im on cellular levels of mRNA for GSH, EA.hy926 cells were incubated 

with 100 nM of CDDO-Im for 24 h. Total RNA from EA.hy926 cells were isolated using 

trizol reagent. 1µg of RNA from each sample was reversed transcribed to cDNA. The 
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primer used for quantitative real-time PCR were GCLC forward, 5’-

GGCGATGAGGTGGAATAC3’; reverse 5’AAAGGGTAGGATGGTTTGG-3’ and 

GAPDH, forward, 5’ACAGTCAGCCGCATCTTC-3’; reverse, 5’-

GCCCAATACGACCAAATCC-3’. The mean qualities of GCLC were normalized using 

housekeeping gene GAPDH.  

Statistical analysis 

All data were subjected to analysis of variance (ANOVA) using GraphPad Prism 

software (La Jolla, CA). All data expressed as mean ±SEM from at least three different 

experiments. Significant treatment differences were subjected to Tukey’s multiple 

comparison tests. A P value of <0.05 was considered significant. 

Results 

BP-1,6-Q induced toxicity in EA.hy926, endothelial cells 

The cellular toxicity of different concentrations of BP-1,6-Q was monitored by 

lactate dehydrogenase (LDH) release assay. EA.hy926 cells were treated with 0, 1, 10, 

40, 50 and 60 µM of BP-1,6-Q for 24 h to obtain a dose-dependent response. Fig. 3.1 A 

demonstrates the relationship between different BP-1,6-Q concentration and total LDH 

released. As displayed in Fig. 3.1 A, cells treated with 40, 50 and 60 µM of BP-1,6-Q 

showed a significant increase in the release of LDH. Fig. 3.1 B demonstrates time-

dependent LDH release in endothelial cells treated with 40 µM BP-1,6-Q. As shown in 

Fig. 3.1 B, maximum LDH was released at 24 and 48h time points. 
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BP-1,6-Q induces apoptosis and necrosis in EA.hy926 cells 

In order to study the type of cell death induced by BP-1,6-Q, cells treated with 

different concentrations (0-50 μM) of BP-1,6-Q were examined using flow cytometric 

analysis by Annexin V-FITC and propidium iodide (PI) staining. Annexin V-FITC stains 

externally translocated phosphatidylserine in apoptotic cells and PI stains necrotic cells 

by entering the cells and binding to its DNA. As shown in Panel C of 3.2, the cell in the 

lower left quadrant represents viable cells. The lower right quadrant represents a 

population of cells undergoing apoptosis. The upper right and left quadrant show the 

necrotic cell population. As displayed in Fig. 3.2 A, treatments of BP-1,6-Q at 10, 20, 40 

and 50 µM illustrated a significant increase in cells stained with PI, indicating a large 

number of cells underwent necrosis in a dose-dependent manner. Panel B of Fig. 3.2 

shows a number of cells stained with Annexin-V, marking the total number of apoptotic 

cells. Therefore, significant numbers of cells underwent apoptosis by BP-1,6-Q at 10, 20 

and 40 µM concentrations.  

BP-1,6-Q damages cellular macromolecules: lipids and protein 

To further study the cellular damage caused by BP-1,6-Q, the lipid and protein 

damage was examined in EA.hy926 cells exposed to BP-1,6-Q at 10, 25 and 50 µM for 

24 h. In Fig. 3.3, panel A shows a dose-dependent increase in the amount of 

thiobarbituric acid, a marker for lipid peroxidation. Fig. 3.3 B illustrates a dose-

dependent increase in protein carbonyl levels, a marker for protein damage caused by BP-

1,6-Q in endothelial cells. These results indicate that the protein carbonyl and TBARS 
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levels were significantly elevated when EA.hy926 endothelial cells were treated with BP-

1,6-Q at a concentration as low as 10 µM.  

BP-1,6-Q causes depletion of cellular GSH 

GSH is an important cellular antioxidant for ROS detoxification. A change in 

cellular GSH levels depicts an imbalance in cellular homeostasis which might be due to 

oxidative stress. Therefore it is important to examine the effect of BP-1,6-Q on cellular 

GSH levels. EA.hy926 cells were treated with BP-1,6-Q at 10, 25 and 50 µM for 24 h. As 

shown in Fig. 3.4 A, cells incubated with BP-1,6-Q resulted in a significant decrease in 

cellular GSH content in a concentration-dependent manner as compared to untreated 

cells.  

Effect of buthionine sulfoximine (BSO) on cellular GSH and its effect on BP-1,6-Q-

induced cytotoxicity in EA.hy926 cells 

To determine if BP-1,6-Q-induced toxicity depends on cellular GSH, EA.hy926 

cells were pre-treated with GSH inhibitor, buthionine sulfoximine (BSO), followed by 

BP-1,6-Q treatment. BSO specifically inhibits gamma-glutamylcysteine synthase 

(gamma-CS) and thereby lowers cellular glutathione content. The cytotoxic effect of 

different concentrations of BSO on EA.hy926 cells was first investigated using LDH 

assay. Cells were treated with BSO at 25 µM and 50 µM for 24 h and cell viability was 

measured using LDH release assay. As shown in Fig. 3.5 A, BSO at above-mentioned 

concentrations was not toxic to endothelial cells. The functionality of BSO was studied 

by analyzing the total cellular GSH inhibited. Endothelial cells were treated with or 

without BSO at 25 and 50 µM for 24 h and cellular GSH was then measured using O-
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pathaldialdehyde (OPT) fluorescence method. As shown in Fig. 3.5 B, incubation of cells 

with BSO for 24 h caused a significant depletion in cellular GSH content as compared to 

untreated control cells. Hence, for all the experiments 25 µM of BSO concentration was 

used. To further study the role of GSH depletion on BP-1,6-Q-induced cytotoxicity, 

EA.hy926 endothelial cells were co-treated with or without 25 μM of BSO for 24 h, 

followed by treatments with various concentrations of BP-1,6-Q for another 24 h. 

Cellular viability was measured using LDH release assay. As shown in Fig. 3.5 C, BSO 

pretreatment resulted in a significant potentiation of cytotoxicity induced by BP-1,6-Q 

when compared to cells without BSO treatment.  

Up-regulation of GSH by synthetic triterpenoid CDDO-Im protects against BP-1,6-

Q-mediated-cytotoxicity, lipid peroxidation, and protein oxidation 

The role of GSH in BP-1,6-Q-mediated cytotoxicity on endothelial cells was 

examined via upregulation of GSH using synthetic triterpenoid 1-[2-cyano-3,12-

dioxooleana-1,9(11)-dien-28-oy]imidazoleis (CDDO-Im). For up-regulation of cellular 

GSH, EA.hy926 cells were treated with 25, 100 and 400 nM of CDDO-Im for 24 h. As 

displayed in Fig. 3.6 A there was a dose-dependent increase in cellular GSH levels. 

CDDO-Im treatment at 100 nM had approximately 3 fold elevation of the mRNA levels 

for GCLC, the rate-limiting enzyme for GSH synthesis (Fig. 3.6 B). As shown in Fig. 3.7, 

pretreatment of CDDO-Im resulted in a significant decrease in BP-1,6-Q-induce LDH 

release in a concentration-dependent manner, indicating that induction of cellular GSH by 

CDDO-Im protects endothelial cells against BP-1,6 toxicity. To further investigate the 

cytoprotective role of  GSH on BP-1,6-Q-mediated-lipid peroxidation and protein 
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oxidation, EA.hy926 cells were pre-treated with or without 100 nM CDDO-Im for 24 h 

followed by exposure to BP-1,6-Q (40 µM) for 24 h. Fig. 3.8 A depicts the amount of 

TBARS released by endothelial cells exposed to BP-1,6-Q. The endothelial cells pre-

treated with CDDO-Im showed a significant protection against lipid peroxidation 

compared to cells untreated with CDDO-Im. Panel B of Fig. 3.8 shows protein carbonyl 

(PC) levels in endothelial treated with BP-1,6-Q. EA.hy926 cells pre-treated with CDDO-

Im demonstrated significantly lower protein damage compared to cells only treated with 

BP-1,6-Q. These results indicate that induction of GSH by CDDO-Im provided 

protection against BP-1,6-Q-mediated protein and lipid damage. 

Role of GSH in CDDO-Im-mediated cytoprotection  

To further examine the cytoprotective role of GSH against BP-1,6-Q-interceded-

cytotoxicity, EA.hy926 cells were pre-treated with 100 nM of CDDO-Im in presence or 

absence of 25 μM of BSO followed by exposure to BP-1,6-Q at 40 or 60 μM for 24 h. 

The concentrations of BP-1,6-Q (40 μM and 60 μM) was chosen based on the LDH 

release assay as shown in Fig. 3.1 A. As shown in Fig. 3.9 A, incubations of cells with 

BP-1,6-Q at 60 µM caused about 400% increase in LDH release compared to control. In 

addition, endothelial cells treated with 40 µM BP-1,6-Q showed about 200% increase in 

LDH release compared to untreated cells. Pretreatment of EA.hy926 cells with CDDO-

Im showed dramatic protection against BP-1,6-Q-induced LDH release. However, no 

protective effect of CDDO-Im was observed in cells treated with 60 μM concentration of 

BP-1,6-Q in the presence of BSO (Fig. 3.9). Incubation of cells with BSO alone did not 
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cause any LDH release (Fig. 3.5 A). These results illustrated the important role of GSH in 

protecting endothelial cells against BP-1,6-Q induced cytotoxicity.  

Discussion 

Atherosclerosis is a major cause of morbidity and mortality in the Western world. 

Currently, cardiovascular disease causes more deaths/year than any type of cancer, 

making it a leading cause of the death among humans. Several studies demonstrated 

oxidative injury and overproduction of ROS are important contributors to the 

development of atherosclerosis [28-31]. Oxidative stress is crucial in the pathogenesis of 

atherosclerosis since, in comparison to other organs in the body such as liver and lung, 

the heart is relatively deprived of ROS detoxifying antioxidants. Glutathione is one of the 

most abundant intracellular thiol compounds and plays a critical role in ROS and other 

free radical detoxification. Many research articles confirmed the role of glutathione in 

maintaining healthy vascular health. An animal study by Rosenblatt and colleagues used 

ApoE
-/-

 mice to understand the function of reduced GSH in the development of 

atherosclerotic lesions. Their results showed that macrophages enriched with GSH had 

low oxidative stress and a reduced capacity to oxidize LDL, demonstrating an important 

role of GSH in development of atherosclerosis [32]. A clinical study conducted on human 

patients  found a significant depletion of GR and GPX in the atherosclerotic plaques 

suggesting the importance of GSH in maintaining healthy vascular endothelium [33]. 

Another clinical study found that glutathione levels in plasma provide a reliable index for 

vascular oxidative stress during and after cardiac reperfusion [28-31]. These results 

demonstrated depletion glutathione levels as a risk factor for the progression of CVDs. In 
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a case-control study conducted by Morrison et al., total serum glutathione levels from 81 

adolescent male progeny of a parent with premature chronic vascular diseases and 78 

control male offspring of parents without known heart diseases were investigated [34]. 

Their results demonstrated that offspring of parents with cardiac diseases had lower GSH 

serum content compared to control offspring. These results demonstrate that serum 

glutathione levels in a young person can help predict parental coronary heart disease [34].  

In this research study, we showed that BP-1,6-Q, a BP derived metabolite mainly 

found in PM and cigarette smoke decreased cellular GSH levels in a dose-dependent 

manner. Furthermore, depletion of intracellular GSH potentiated BP-1,6-Q-mediated 

cytotoxicity and amplification of GSH ameliorated BP-1,6-Q-induced toxicity in 

EA.hy926 endothelial cells. These results suggest that GSH might be the first in a line of 

cellular defense targeted by BP-1,6-Q to promote its toxicity. Our results further found 

that BP-1,6-Q is cytotoxic at 40, 50 and 60 μM as shown by the increase in LDH release 

in the culture media. LDH is a cytoplasmic enzyme released into extracellular space 

when the plasma membrane is disrupted. Since the intact plasma membrane is 

impermeable to LDH, LDH release indicates the existence of a necrotic mode of cell 

death.  There are two major types of cell death; apoptosis and necrosis. Apoptosis is a 

programmed cell death which occurs in healthy cells during development and is a 

homeostatic mechanism to keep cell growth in check. Necrotic cells are characterized by 

swelling, membrane damage and leaking of cytoplasmic contents into the surrounding 

tissue. Using flow cytometry assay with Annexin V FITC and PI staining, exposure to 

BP-1,6-Q at the 10, 20, 40 and 50 μM concentrations further stimulated both apoptotic 
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and necrotic cell death in endothelial cells (Fig. 3.2). The result of the necrosis from 

flow cytometry assay is consistent with our LDH data (Fig. 3.1). In this study, the 

decrease of the cellular GSH by BP-1,6-Q is also remarkably associated with oxidative 

damage to lipids and proteins in the cells. The lipid bilayer has polyunsaturated fatty 

acids (PUFA) located on cell membrane which makes it susceptible to damage by ROS. 

PUFAs are oxidized by free radical such as H2O2, HO
.
 and, O2 creating lipid-free radical 

(L
.
) by pulling out hydrogen atom from the fatty acid side chain. Lipid-free radical is 

highly unstable and rapidly reacts with available molecular oxygen, generating lipid 

peroxyl radical (LOO
.
). Lipid peroxyl radical undergoes redox cycling by extracting 

hydrogen atoms from the double bonds generating a large number of peroxidation 

products. There are two major peroxidation products that contribute significantly to the 

development of atherosclerosis; (i) lipid hydroperoxides and (ii) reactive lipid aldehydes. 

Lipid hydroperoxides are formed as a result of damage to endothelial cell lipid bilayer by 

1e
-
 oxidation by tyrosyl radical and nitrogen dioxide radicals [35]. Previous research 

studies showed a significant increase in oxidized lipids in human atherosclerotic lesions 

[36-39]. Galvind et al. reported an elevation in peroxide levels in chloroform extract 

prepared from human atherosclerotic arteries, compared to healthy arteries. This supports 

an active role played by lipid peroxidation in the pathogenesis of atherosclerosis [37]. An 

epidemiological study on 100 individuals with the vascular disease, showed a significant 

increase in lipid peroxides levels in their blood serum. Patients with peripheral heart 

disease and ischemic heart disease have serum lipid peroxides levels to be 4.37 μM, 

which is significantly higher than lipid peroxide levels in control individuals (3.65 μM) 
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[40]. Many documented studies have shown that BP induces lipid peroxidation in 

different cell types both in vivo and in vitro [41-44]. MDA is a widely used marker for 

detecting oxidative degradation of lipids. Hence, our data is in accordance with the 

above-mentioned reports suggesting that BP metabolite, BP-1,6-Q is a potent 

cardiovascular toxicant. Significant increase in MDA levels in EA.hy926 endothelial 

cells on BP-1,6-Q treatment (Fig. 3.3 A) suggest that BP-1,6-Q very likely contributes to 

the development of human atherosclerotic plaques  

Previous studies justified the role of GSH in the modulation of lipid peroxidation 

[45, 46]. In addition to hydrogen peroxide, GSH detoxifies lipid hydroperoxides (LOOH) 

to corresponding alcohol (LOH) molecule making it more water soluble. GSH donates a 

proton to the oxidized fatty acids of lipid membrane and protects the lipid bilayer from 

lipid peroxidation. In addition to its direct effect, GSH detoxifies toxicants via GSH-

related enzymes such as GSH reductase (GR), GSH peroxidases (GPX) and GSH 

sulfotransferase (GST) to detoxify hydrogen peroxides and lipid peroxides protecting 

cells against oxidative damage (Fig 3.10). For example, to prevent the detrimental effect 

of ROS, GSH in presence of GSH peroxidase detoxifies H2O2 to water. In this 

detoxification process, GSH is oxidized to GSSG and is reduced back to GSH in NADPH 

dependent reaction. In addition to its central role in GPX and GR activities, GSH is also 

involved in many other antioxidant pathways such as maintenance of protein sulfhydryl 

group and detoxification of toxicants via glutathione-s-transferase (GST); making it an 

important co-factor for cellular antioxidant defense. GSH is a major detoxifying agent 

within cells and firmly maintains the redox status. The exhaustion of the cellular GSH by 
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BP-1,6-Q (Fig. 3.4) will impair the cellular defenses and predispose cells to oxidative 

modification of cellular lipids (Fig. 3.3 A) leading to the loss of normal cellular function 

[47, 48]. 

In accordance with lipid peroxidation, our results also showed that the depletion 

of GSH by BP-1,6-Q is associated with protein damage as confirmed by an increase in 

protein carbonyl content, a biomarker of protein damage measured using a PC assay. This 

assay uses the reaction between 2,4-dinitrophenylhydrazine (DNPH) and protein 

carbonyls to measure the product hydrazone using a spectrophotometer. There is also a 

substantial data supporting protein damage in human peripheral heart disease [39, 49]. 

Protein damage in atherosclerotic plaques occurs from electrophilic reactions, auto-

oxidation of sugars and bi-products of lipid peroxidation like malondialdehyde (MDA) 

which can form protein cross-linkage [50]. These products may cause disintegration of 

the polypeptide chain, cross-linking of proteins and oxidation of amino acids by 

increasing susceptibility to proteolysis. Cysteine and methionine amino acids are more 

prone to oxidation in atherosclerotic plaques. Oxidation of amino acids causes a change 

in conformation of proteins, protein degradation, and protein unfolding. Higher 

concentration of several amino acid oxidation products such as dopa, o-tyrosine, m-

tyrosine, hydroxyleucine, and hydroxyvaline is reported in the carotid intima and human 

plaque samples suggesting a role of protein oxidation in development of advanced 

plaques [49]. Previous studies showed that redox cycling of free radicals and secondary 

product of lipid peroxidation accounts for transformation in the side chain of several 

amino acids into carbonyls [39]. Given the background, our results for PC assay are in 



 

75 
 

accordance with TBARS. An increase in carbonyl content was observed in EA.hy926 

endothelial cells treated with varying concentration of BP-1,6-Q (Fig. 3.3 B).  

Our study is the first to provide any evidence that BP-1,6-Q exhausted 

intracellular GSH in a dose-dependent manner in endothelial cells indicating that GSH 

might be the first line of cellular defense for BP-1,6-Q toxicity. To study the involvement 

of GSH down-regulation by BP-1,6-Q in EA.hy926 endothelial cells, BSO a chemical 

inhibitor of GSH synthesis was utilized. Our results demonstrate that BSO significantly 

inhibits cellular GSH synthesis without affecting cell viability in EA.hy926 cells. Cells 

pre-treated with BSO for 24 h followed by BP-1,6-Q exposure at different concentration 

showed a significant potentiation of cell death by an increase in LDH release (Fig. 3.5). 

These results signify that GSH is an important antioxidant in BP-1,6-Q detoxification in 

endothelial cells. To understand the cytoprotective role of GSH, EA.hy926 cells were 

pre-treated with CDDO-Im to stimulate cellular GSH levels. EA.hy926 cells were pre-

treated with or without CDDO-Im for 24 h followed by BP-1,6-Q treatment at various 

concentration. Results demonstrated that cells co-treated with BP-1,6-Q and CDDO-Im 

displayed significantly less LDH release compared to cells with BP-1,6-Q alone (Fig. 

3.7). Pre-treatment of cells with CDDO-Im for 24 h displayed a significant protection 

against oxidative damage to cellular proteins and lipids (Fig. 3.8 A-B). Hence, these 

results indicate that elevation of glutathione levels would provide protection to 

endothelial cells against BP-1,6-Q-mediated toxicity.  

 Multiple studies have been conducted to examine the correlation between serum 

GSH levels and atherosclerosis. Blech et al. reported increased levels of erythrocyte thiol 
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levels in response to initial oxidant injury in patients with vascular diseases [51]. 

Similarly, Nuttall et al. reported a decrease in GSH levels and increase in lipid 

hydroperoxide with age [52]. Furthermore, Cals and colleagues reported that healthy 

young individuals had matching levels of GSH and lipid hydroperoxides in their serum 

compared to decrepit elderly individuals who have low levels of GSH and high level of 

lipid hydroperoxide [53]. Morrison and co-workers reported low levels of serum GSH in 

kids suffering from the vascular disease compared to healthy kids [34]. A similar 

association was reported by Ashfaq et al., they noted that plaque formation in arteries is 

associated with lower GSH levels [54]. Another in vivo study conducted by Callegari et 

al. reported a rapid increase in atherosclerotic lesion formation in ApoE
-/-

 and GCLM
-/-

 

mice compared to control ApoE
-/-

 mice [55]. Hence, in accordance with the above-

mentioned reports, a direct involvement of GSH in CDDO-Im mediated endothelial cell 

protection against BP-1,6-Q-induced toxicity has been observed from this study. The 

vital role of GSH in vascular protection is supported by results from this study, showing 

that the cells co-treated with BSO reversed CDDO-Im mediated protection against BP-

1,6-Q-induced toxicity (Fig. 3.9). Thus, our results indicate that an increase in cellular 

GSH is a primary underlying mechanism protecting against BP-1,6-Q-propagated 

toxicity.  

It is important to note that BP-1,6-Q like BP is a highly lipophilic compound with 

high melting and boiling point. The serum level of PAH compounds in children in 

Omrrojam, Saudi Arabia is reported up to as high as 258 ng/mL [58]. The BP plasma 

levels were evaluated in 56 children in Lucknow, India from September 2005 to August 
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2006 was found to be 1.4 ppb [59]. The average ambient concentration of BP-1,6-Q in 

particulate and gas phases at a trafficked site in Birmingham, Alabama was reported to be 

90 pgm
-3

 [60]. In an animal study, serum levels of BP-1, 6-quinone was found to be 

9.20±0.98 nM after 12h BP treatment in laboratory rats [61]. Interestingly, unmetabolized 

BP can be detected at 48.56±4.62 nM followed by BP treatment for 6 h [61]. This study 

used a higher concentration of BP-1,6-Q in comparison to the concentration found in 

serum after BP treatment. However, being relatively small in size and highly lipophilic, 

BP-1,6-Q can easily cross the capillary wall of the blood vessel to accumulate in tissues 

at higher concentrations. For example, BP can bioaccumulate into the terrestrial and 

aquatic food chain [56] and the bioconcentration factor (BCF) of BP in fish and 

crustaceans has been reported in the range of 10-10,000. The BCF factor for BP in 

Mosquito, Daphnia pulex, and snail after 3-day exposure is reported to be 11,536. 

134,248 and 82,231 respectively [57]. The BCF factor is defined as the concentration of a 

chemical in an aquatic organism that exceeds the concentration of a chemical in water 

and has been widely used to evaluate the ratio of the concentration of a chemical in 

tissues of an aquatic organism to the chemical concentration in the environment. 

Therefore, it is likely that BP can selectively accumulate in vascular compartment and in 

fat and adipose tissues at high levels. Thus, the finding of this study is still important 

because our results demonstrate the possible target of endothelial cells death by BP-1,6-

Q. Future studies are required to investigate the distribution of BP-1,6-Q in in various 

organs like heart, aorta, liver, intestine, brain, kidney and lung after different routes of 

exposures in animals. 
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In Summary, this study demonstrates that BP-1,6-Q induces necrotic cell death at 

concentrations corresponded with cellular macromolecule damages to lipids and protein. 

We demonstrated that BP-1, 6-Q depletes intracellular GSH in a dose-dependent manner 

and augmentation of cellular GSH levels provides marked protection against BP-1,6-Q-

induced endothelial cell death. These results suggest that GSH might be the first line of 

cellular defense against BP-1, 6-Q toxicity (Fig.3.10). These new findings would 

contribute to better understand the action of BP-1, 6-Q and may help to develop novel 

therapies to protect against environmental quinone-induced atherogenesis.  
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Abstract 

Numerous studies conducted in the past have reported deaths in human population 

due to cardiovascular diseases (CVD) on exposure to air particulate matter (PM). BP-1,6- 

(BP-1,6-Q) is one of the major components of PM. However, the mechanism(s) by which 

it can exert its toxicity in endothelial cells leading to atherosclerosis is not yet completely 

understood. NAD(P)H: quinone oxidoreductase (NQO1) is expressed highly in 

myocardium and vasculature tissues of the heart and plays a vital role in maintaining 

vascular homeostasis. The primary objective of this study is to investigate the role of 

NADPH-quinone oxidoreductase (NQO1) in BP-1,6-Q-mediated cytotoxicity and ROS 

production in human  EA.hy926 endothelial cells. Results from our study showed that 

BP-1,6-Q depletes cellular NQO1 levels in a dose-dependent manner in endothelial cells. 

The decrease in cellular NQO1 levels causes potentiation in BP-1,6-Q-mediated toxicity 

in EA.hy926 endothelial cells. The chemical enhancement of NQO1 in endothelial cells 
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using 1-(2-cyano-3,12-dioxooleana-1,9-dien-28-oly)imidazole (CDDO-Im) showed 

cytoprotection against BP-1,6-Q-induced cellular toxicity, lipid and protein damage 

suggesting an essential role of NQO1 in cytoprotection against BP-1,6-Q toxicity. Using 

various biochemical assays, results from this study further demonstrated that NQO1 plays 

a crucial role by directly catalyzing the redox activation of BP-1,6-Q to form ROS. For 

the very first time, we proposed the BP-1,6-Q-mediated ROS production pathways: 

NQO1 causes 2 electron reduction of BP-1,6-Q to BP-1,6-hydroquinone which is further 

metabolized to semiquinone resulting in redox cycling for ROS formation. However, in 

our studies, BP-1,6-Q-mediated ROS overproduction was not found to be associated with 

cell damage suggesting that an increase in generation of ROS  by BP-1,6-Q is not an 

underlying pathway by which this toxicant causes endothelial cell toxicity. Instead, 

results from chemiluminescence assay suggest that a moderate increase in generation of 

ROS by BP-1,6-Q  in EA.hy926 cells is activating cell proliferation proposing that 

overproduciton of ROS might be the cytoprotective pathway by which cells are trying to 

survive against BP-1,6-Q mediated toxicity. Further investigation is required to study the 

mechanism by which BP-1,6-Q causes cell death, protein and lipid damage in EA.hy926 

endothelial cells. This study will help to elucidate underlying BP-1,6-Q mediated toxicity 

and its role in the development of atherosclerosis. 
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Introduction 

 Vascular diseases are the principal cause of death for the people of most ethnic 

groups in the United States of America (USA) [1] Among many risk factors associated 

with the development of cardiovascular disease (CVD), American Heart Association 

mentioned particulate matter (PM) pollution as a new significant risk factor and 

contributor to heart disease in 2004 and 2010 [2, 3]. Over the last decade with an increase 

in industrial development, there is an exponential increase in PM pollution. There is 

sufficient evidence demonstrating the strong association between PM pollution and 

CVDs. However, the underlying mechanism of action is not yet completely understood. 

PM pollution is a mixture of small microscopic particles composed of the heterogeneous 

chemical mixture. One of the major components of PM is a well-studied PAH compound 

Benzo-a-pyrene (BP). BP is studied extensively because of its carcinogenic and 

mutagenic properties. BP is metabolized in the body by CYP450 enzymes to its 

intermediate metabolite BPDE, and other critical BP-quinone (BP-Q) compounds 

including BP-1,6-quinone (BP-1,6-Q), BP-3,6-quinone (BP-3,6-Q) and BP-6,12-quinone 

(BP-6,12-Q) [4]. Many research studies have provided a shred of evidence for BP-Q, 

especially BP-1,6-Q in PM2.5 [5-9]. Our preliminary studies reported that BP-1,6-Q is 

the most potent quinone among BP-Q metabolites, causing maximum generation of ROS 

in a human endothelial cell line. It remains unclear how BP-1,6-Q causes overproduction 

of ROS and whether BP-1,6-Q-mediated ROS  is associated with its toxicity in 

endothelial cells causing atherosclerosis.  
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 NAD(P)H: quinone oxidoreductase (NQO1) is a flavoprotein, and this enzyme 

can maintain vascular homeostasis by directly scavenging superoxide radical in NADPH 

dependent manner. NQO1 is expressed highly in myocardium and vasculature tissues of 

the heart [10]. In recent years, awareness about protective effects of NQO1 has risen the 

possibility of using NQO1 as a possible therapy to slow down the lipoprotein oxidation 

and prevent atherosclerosis.  

 A study conducted on 834 type 2 diabetic patients showed that patients with 

NQO1*2 polymorphism had a higher occurrence of plaques in carotid artery [11]. In 

another study, patients with NQO1*2 showed higher rates of inflammation after bypass 

surgery compared to patients without the polymorphism [12].  Gene polymorphism 

studies suggest an essential role of NQO1 in maintaining healthy cardiovascular health. A 

study conducted by Chen and Lee et al. found that overexpression of NQO1 in cultured 

endothelial cells and vascular smooth muscles cells protects from oxidative damage and 

inflammation [13, 14]. Another study by Kim et al. reported that induction of NQO1 

prevented arterial restenosis [15]. Similarly, Martin and co-workers studied the 

cardioprotective role of NQO1 in coronary heart disease. The results from their study 

showed that patients with coronary heart diseases had lower levels of NQO1 [16].  These 

in vivo and in vitro results suggest that NQO1 plays a vital role in maintaining and 

protecting vascular health.  

 Several studies have suggested that NQO1 can catalyze 2 electron reduction 

reaction of quinone compounds to hydroquinone hampering the formation of toxic 

semiquinone radical [17-19] . Semiquinones are potent generators of superoxide radical 
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(O2
.-
) [20] . O2

.-
 undergoes rapid oxidation and reduction reaction causing generation of 

H2O2 which further forms hydroxyl radical (OH
.
) by Fenton type reactions [21, 22] . The 

formation of hydroquinone from quinone by NQO1 is water soluble and therefore readily 

excretable. However, when NQO1 catalyzes 2 electron reduction of quinone compounds, 

it may convert quinone compounds into a very toxic intermediate metabolite causing cell 

death and multiple organ failure [23-25]. For example, 2 electron reduction of menadione 

forms stable nontoxic hydroquinone [26]. However, further studies by Nutter et al. 

confirmed that reduction reaction of menadione by NQO1 generated a large number of 

free radicals and caused DNA toxicity. Furthermore, they reported that dicumarol, an 

NQO1 inhibitor can cease the generation of ROS and attenuate DNA damage in cells 

treated with Menadione [23]. Hence, the action of NQO1 may vary widely between 

different cell types and tissues and the role of NQO1 in BP-1,6-Q-induced toxicity on 

endothelial cells needs more investigation. This study was initiated to examine the role of 

NQO1 in BP-1,6-Q mediated toxicity in EA.hy926 endothelial cells. We further 

discussed the role of NQO1 in BP-1,6-Q- mediated ROS production both in EA.hy926 

endothelial cells and in a cell-free system. 

Materials and Methods 

Chemicals and materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), Penicillin/streptomycin, fetal 

bovine serum (FBS) and trypsin were purchased from Gibco-Invitrogen (Carlsbad, CA). 

CDDO-Im (2-cyano-3,12-dixoo-leana-1,9-dien-28-imidazolide) and BP-1,6-Q was 

purchased from Toronto Research Chemicals Inc. (Toronto, Canada). 3-(4,5-
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dimethythiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT), Nicotinamide adenine 

dinucleotide phosphate (NADPH), Nicotinamide adenine dinucleotide (NADH), bovine 

serum albumin (BSA)3-[4,5-dimethylyhiazol-2yl]-2,5-diphenyltetrazolium bromide 

(MTT) and all other general chemicals were from Sigma Chemicals (St. Louis, MO). The 

SYBR® green master mix was from life technologies (Grand Island, NY). 

Oligonucleotide primers were purchased from Eurofins (Huntsville, AL).  

Cell culture and treatment 

EA.hy926 cells were purchased from ATCC. Endothelial cells were cultured in 

DMEM media completed with 10% FBS and 1% Penicillin-Streptomycin in cell culture 

treated flasks at 37°C with 5% CO2 in a humidified incubator. The cells were fed every 

other day and were sub-cultured at 80-90% confluence. For experiments, cells were 

grown on 55 cm
2
 cell culture treated petri dish or well tissue culture plates with Hank’s 

buffer saline solution (HBSS) at 37°C with 5% CO2 in a humidified incubator.  

Preparation of cell lysate for NQO1 assay 

Cells were harvested using trypsin and the cell pellet was collected by 

centrifuging cells at 201.24 g for 7 min. The cell pellet was washed with PBS once and 

re-suspended in cold tissue buffer. The cell suspension was sonicated for 15 seconds 

three times with 5-second resting intervals. After sonication, the cell lysate was 

centrifuged at 15682 g at 4
0
C for 10 min. The supernatant was collected and used to 

measure NQO1 activity and protein concentration. Protein concentration in cell lysate 

was measured using Bio-Rad protein assay kit utilizing bovine serum albumin (BSA) as a 

standard.   
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Measurement of NQO1 activity 

NQO1 is a quinone reductase involved in detoxification of quinone by forming 

hydroquinone by 2 electron reduction reaction. It protects against the one-electron 

reduction of quinone to semiquinone. Cells were incubated with different concentrations 

of BP-1,6-Q for 24 h in HBSS. After the treatment, cells were harvested using trypsin and 

cell lysate was prepared using the method described above. The reaction mixture was 

made of 50 mM Tris-HCl, PH 7.5, 0.08% Triton X, 0.25 mM NADPH and 80 µM of 2,6-

dichloroindophenol (DCPIP) in presence or absence of 20 µM of dicumarol. To an assay 

cuvette, 0.695 ml of the reaction mixture was added and the reaction was started by 

adding 2 μL of cell lysate. The enzyme activity was measured by determining the 

continuous reduction of DCPIP at 600 nm, 25
0
C for 3 mins in a spectrophotometer. The 

NQO1 activity was calculated using extinction coefficient of 21.0 mM
-1

 cm
-1

 and 

expressed nmol of DCPIP reduced per min per mg of cellular protein.  

MTT assay 

EA.hy926 cells were grown up to 85% confluence in 96 well tissue culture plates. 

Cells were treated with varying concentrations of BP-1,6-Q for 24 h in HBSS. After 

incubation, cells were incubated with DMEM cell culture media with 0.5% FBS 

containing 0.2 mg/mL MTT reagent for 2h. Post incubation cells were washed with PBS 

and dimethyl sulfoxide (DMSO) was added to dissolve formazan crystals. The final 

amount of dissolved formazan was quantified to measure cell viability using Bio-Tek 

microplate reader at 570 nm absorbance. 
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Lactate dehydrogenase assay (LDH) 

EA.hy926 endothelial cells were grown up to 80% confluence in 24-well cell 

culture plates. Cells were treated with different concentrations of BP-1,6-Q for 24 h in 

HBSS. After treatment, the media was collected in microcentrifuge tubes and centrifuged 

at 13,000 g for 10 mins to remove any cell debris. The supernatant was collected into new 

microcentrifuge tubes and was used for LDH measurement. In an assay cuvette 430 μL of 

PBS, 50 μL of sample supernatant, 60 μL of 0.8 mg/mL pyruvate and lastly 60 μL of 3 

mg/mL NADH was added. Total LDH released was determined by measuring absorbance 

at 320 nm. 

Assay for thiobarbituric acid reactive substance (TBARS) 

EA.hy926 endothelial cells were grown up to 80% confluence in 55 cm
2
 Petri 

dishes. Cells were pre-treated with or without 100 nM CDDO-Im in presence or absence 

of 40 μM dicumarol for 24 h in DMEM supplemented with 10% FBS, followed by BP-

1,6-Q (25 μM) exposure for an additional 24 h in HBSS. Post-exposure, cells were 

collected using trypsin and cell lysate was made per cell lysate protocol described above, 

except the whole cell lysate was used. To measure lipid peroxidation, in the 

microcentrifuge tubes, 50 μL of cell lysate, 50 μL 8.1% SDS, 375 μL 20% acetic acid, 

375 μL 0.8% thiobarbituric acid (TBA) and 150 μL deionized water were added. All 

tubes were then incubated at 95
0
C for 60 min. The reaction was stopped by placing tubes 

under cold water. After samples were cooled, the upper organic supernatant was taken for 

photometric evaluation in an assay cuvette at 532 nm using a spectrophotometer. 

Malondialdehyde (MDA) standard curve was created using MDA, using the same method 
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as mentioned before. Results were expressed in micromolar of MDA per milligram of 

protein content in each sample. Protein levels were measured using BSA as standard. 

Protein carbonyl (PC) assay  

Protein carbonyl assay was performed to measure protein damage in cells. The 

EA.hy926 endothelial cells were grown up to 80% confluence in 55 cm
2
 Petri dishes. 

Cells were pre-treated with or without 100 nM CDDO-Im in presence or absence of 40 

μM dicumarol for 24 h in DMEM media supplemented with 10% FBS followed by BP-

1,6-Q (25 μM) exposure for another 24 h in HBSS. Protein carbonyl assay was measured 

as described before. Briefly, cell lysate was prepared as mentioned above. 200 μL of cell 

lysate from each treatment was pipetted into two microcentrifuge tubes labeled control 

and sample. To the control tubes, 800 μL of 2.5 M HCl was added and 800 μL of 2,4-

dinitrophenylhydrazine (DNPH) was added to samples. Sample and control tubes were 

incubated in the dark for 60 min with vortexing intervals at every 15 min. Next, 1 mL of 

20% trichloroacetic acid (TCA) was added to all the tubes (Sample and control) followed 

by a 5 min incubation on ice. Tubes were centrifuged at 9279.4 g for 10 min at 4
0
C. The 

supernatant was decanted and 1 mL of 10 % TCA was added to all the tubes (sample and 

control), followed by incubation on ice for 5min and centrifugation at 9279.4 g for 10 

min at 4
0
C. The supernatant was disposed of and protein pellet was washed with ethanol 

twice. Lastly, the pellet was re-suspended in 6 M guanidine hydrochloride. The 

supernatant was transferred to an opaque black 96 well plate and absorbance was 

measured using Bio Tek plate reader at 370 nm. The calculations to determine carbonyl 

content in samples was performed similarly as mentioned before in chapter III. 
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Measurement of hydrogen peroxide (H2O2) 

 H2O2 was measured using luminol-derived chemiluminescence (CL) assay as 

mentioned before. Briefly, EA.hy926 cells were grown at 80% confluence and cells were 

pre-treated with or without CDDO-Im for 24 h. Cells were harvested and suspended in 

complete PBS (cPBS). The following was added to microcentrifuge tubes for each 

sample 10 µM luminol, 10 µM horseradish peroxidase, 25 μM BP-1,6-Q and lastly of 

5×10
6
 cells re-suspended in 1 mL cPBS and maintained at 37

o
C. All the components for 

reaction were kept separate before mixing and pipetting in white opaque 96 well plates. 

Luminol-derived CL was measured for 30 min.  

Oxygen consumption  

The rate of oxygen consumption was measured polarographically with a Clark-

type O2 electrode at 37
o
C in 1 mL PBS. For measuring O2 consumption in a cell-free 

system 1 μg/mL of NQO1 and 1 mM NADPH were added to air saturated PBS in oxygen 

consumption chamber. Oxygen consumption was measured for 5 min followed by an 

addition of different concentrations of BP-1,6-Q for 5 min. In order to measure the 

reduction in oxygen consumption in presence of dicumarol, firstly 1 μg/mL of NQO1 and 

1 mM NADPH were added to air saturated PBS in oxygen consumption chamber. 

Oxygen consumption was measured for 5 min followed by addition of 6 μM of BP-1,6-Q 

for 5 min. Lastly, 5 mM of dicumarol was added to oxygen consumption chamber and 

oxygen consumption was measured for another 10 mins.  
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Quantitative Real-time PCR 

To study the effects of CDDO-Im on induction of NQO1 gene levels, EA.hy926 

endothelial cells were incubated 100 nM of CDDO-Im for 24 h. Post incubation RNA 

was isolated from the cells using trizol reagent. 1 µg of RNA was utilized to reverse 

transcribed to cDNA. cDNA was amplified using SYBR® green master mix and custom 

primers for NQO1 gene and housekeeping gene GAPDH. The primers used for 

quantitative real-time PCR were GAPDH, forward:5’ACAGTCAGCCGCATCTTC-3’; 

reverse: 5’-GCCCAATACGACCAAATCC-3’ and NQO1, forward: 5’-

TTACTATGGGATGGGGTCCA-3’  and reverse 5’-TCTCCCATTTTTCAGGCAAC-3’. 

The reaction cycles were performed in Applied Biosystems thermal cycler. A total of 40 

cycles were run at following settings; 95
0
C for 15 sec, 61

0
C for 30 sec and 72

0
C for 30 

sec. Expression of target gene NQO1 was normalized using GAPDH. Gene expression 

was quantified using comparative threshold cycle CT method and is expressed as fold 

change compared to control.  

Statistical analysis  

All data were subjected to analysis of variance (ANOVA) using GraphPad Prism 

software (La Jolla, CA). All data expressed as mean ±SEM from at least three different 

experiments. Significant treatment differences were subjected to Tukey’s multiple 

comparison tests. A P value of <0.05 was considered significant. 
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Results 

Cell viability measured using MTT assay on exposure to BP-1,6-Q in EA.hy926 cells 

MTT assay was performed to confirm BP-1,6-Q-mediated cell death. EA.hy926 

cells were treated with 0, 1, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 μM concentrations of 

BP-1,6-Q for 24 h. As shown in Fig. 4.1 EA.hy926 cells treated with 25, 30, 35, 40, 45 

and 50 μM showed an increase in cell death in a dose-dependent manner. However, 

interestingly there was a significant increase in cell viability at lower concentration (1, 5 

and 10 µM) compared to control.  

Depletion of intracellular NAD(P)H: quinone oxidoreductase 1 (NQO1) by BP-1,6-Q 

NQO1 is an important phase II antioxidant enzyme that performs 2-electron 

reduction of quinones, quinone-imines to hydroquinone by utilizing NAD(P)H as an 

electron donor [23]. The catalytic cycle of NQO1 functions in 2 steps; (1) NADPH is 

reduced to NADP
+ 

by transferring hydride from NAD(P)H to FAD (2) hydride is 

transferred from FAD co-factor to the quinone [27]. The 2e
-
 reduction reaction helps in 

reducing the detrimental effect of quinones by curtailing the chances of a generation of 

ROS produced by redox cycling. A change in NQO1 levels is associated with decrease or 

increase in cellular oxidative stress [28]. To investigate the effect of BP-1,6-Q on NQO1 

activity in EA.hy926 endothelial cells, cells were treated with 10, 25 and 50 μM 

concentration of BP-1,6-Q for 24 h in HBSS. As shown in Fig. 4.2 EA.hy926 cells 

demonstrated a significant dose-dependent decrease in NQO1 activity at 10, 25 and 50 

μM BP-1,6-Q exposure. 
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Inhibition of NQO1 by dicumarol increases BP-1,6-Q cytotoxicity  

To determine if BP-1,6-Q-induced toxicity is dependent on cellular NQO1 levels, 

EA.hy926 cells were pre-treated with dicumarol followed by BP-1,6-Q treatment. 

Dicumarol is a strong competitive inhibitor of NQO1. It competes to bind with NAD(P)H 

and hampers the transfer of an electron to FAD [29, 30]. Cytotoxic effect of different 

concentrations of dicumarol was measured using MTT and LDH assay. As shown in Fig. 

4.3 A-B EA.hy926 cells were treated with 20 and 40 μM concentration of dicumarol for 

24 h in DMEM media supplemented with 10% FBS. Dicumarol is not toxic to endothelial 

cells at the aforementioned concentrations. The functionality of dicumarol was 

determined by analyzing the total NQO1 activity inhibited. As shown in Fig. 4.3 C 

EA.hy926 cells were treated with 20 and 40 μM concentration of dicumarol for 24 h and 

total NQO1 activity was measured. Dicumarol at 40 μM concentration inhibits about 20% 

of total NQO1. Hence, otherwise stated for all other experiments 40 μM concentration of 

dicumarol was used. To further study the role of NQO1 in BP-1,6-Q induced toxicity 

EA.hy926 were pre-treated with or without 40 μM dicumarol for 24 h, followed by BP-

1,6-Q treatment at stated concentrations (Fig 4.3 D). Fig. 4.3 D shows that inhibition of 

NQO1 by dicumarol increases BP-1,6-Q-induced cytotoxicity significantly at 25 and 50 

μM revealing the role of NQO1 in cellular protection against BP-1,6-Q.    

Induction of cellular NQO1 by synthetic triterpenoid CDDO-Im  

To further study the role of NQO1 in BP-1,6-Q-induced endothelial cell toxicity; 

CDDO-Im, a synthetic triterpenoid was used to upregulate cellular NQO1 levels. To first 

check the functionality of CDDO-Im, endothelial cells were treated with 25, 100 and 400 
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nM of CDDO-Im for 24 h. As demonstrated in Fig. 4.4 A a dose-dependent increase in 

cellular NQO1 activity was observed. As shown in Fig. 4.4 B, CDDO-Im treatment at 

100 nM causes an about 5 fold increase in mRNA levels of NQO1. To further study the 

effect of NQO1 overexpression on cell viability endothelial cells were pre-treated with 

100 nM CDDO-Im in presence or absence of dicumarol for 24h, followed by BP-1,6-Q 

treatment for 24h. As shown in Fig. 4.4 C, depletion in cell viability was observed in cells 

treated with dicumarol and BP-1,6-Q, BP-1,6-Q, CDDO-Im, and dicumarol compared to 

control. Significant cytoprotection was observed in cells co-treated with CDDO-Im and 

BP-1,6-Q. These results indicate a crucial role of NQO1 in protecting cells against BP-

1,6-Q-mediated cellular toxicity.  

Induction of NQO1 by CDDO-Im protects against lipid peroxidation and protein 

oxidation 

To further investigate the cytoprotective effect of NQO1 on BP-1,6-Q-mediated 

lipid peroxidation and protein oxidation, EA.hy926 cells were pre-treated with or without 

100 nM CDDO-Im in presence or absence of dicumarol for 24 h followed by exposure to 

BP-1,6-Q for 24 h. As shown in Fig. 4.5 A-B incubation of cells co-treated with BP-1,6-

Q and dicumarol significantly increases only protein carbonyl levels compared to cells 

only treated with BP-1,6-Q. Pre-treatment of cells with CDDO-Im showed significant 

cytoprotection against both protein and lipid damage compared to cells only treated with 

BP-1,6-Q and dicumarol, However, no cytoprotective effect of CDDO-Im was observed 

in cells co-treated with BP-1,6-Q, dicumarol, and CDDO-Im.  
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Inhibition of NQO1 by dicumarol increases BP-1,6-Q-induced H2O2 generation in 

endothelial cells 

Previous results showed that BP-1,6-Q produced a large amount of H2O2 and O2
.-
. 

We further wanted to study the role of NQO1 in redox cycling to BP-1,6-Q for ROS 

production. EA.hy926 cells were harvested using trypsin and 0.5×10
6
 cells were treated 

with BP-1,6-Q in presence or absence of dicumarol. Luminol-derived chemiluminescence 

was measured for 30 min. As shown in Fig. 4.6 A-B cells treated with 1 and 25 µM 

concentration of BP-1,6-Q caused a significant increase in H2O2. However, in cells co-

treated with dicumarol and BP-1,6-Q, there is an about 8 fold decrease in generation of 

ROS. These results demonstrate the role of NQO1 in the BP-1,6-Q-induced ROS 

generation in EA.hy926 cells. 

Induction of NQO1 by CDDO-Im increases BP-1,6-Q-induced generation of H2O2 in 

endothelial cells 

CDDO-Im is a synthetic triterpenoid, that can increase expression NQO1 in cells. 

As shown in Fig. 4.4 A-B CDDO-Im at 100 nM concentration significantly increases 

cellular and gene NQO1 levels. In order to further test the role of upregulation of cellular 

NQO1 in the BP-1,6-Q-induced H2O2 generation, endothelial cells were treated in 

presence or absence of 100 nM of CDDO-Im for 24h. Post 24 h, 5×10
6
 cells were 

harvested and endothelial cells were treated with BP-1,6-Q (1 and 25 µM) followed by 

luminol-derived chemiluminescence. As shown in Fig 4.7 A-B, cells treated with CDDO-

Im and BP-1,6-Q produced about 2 fold increase in H2O2 compared to cells only treated 
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with BP-1,6-Q. These results further confirm the role of NQO1 in the BP-1,6-Q-induced 

ROS generation in endothelial cells.  

NQO1 dependent redox cycling of BP-1,6-Q in a cell-free system: measured by 

oxygen consumption assay.  

The ability of NQO1 to catalyze the redox cycling of BP-1,6-Q for ROS 

production was further examined using purified NQO1 enzyme using oxygen 

consumption assay in a cell-free system. Since redox cycling consumes molecular 

oxygen, the changes in oxygen levels were measured polarographically with a Clark-type 

O2 electrode at 37
o
C in a cell-free system. Fig 4.8 A demonstrates a dose-dependent 

increase in oxygen consumption by BP-1,6-Q in presence of purified NQO1 enzyme and 

NADPH. A significant increase in oxygen consumption was observed at 6 and 8 µM BP-

1,6-Q. Fig 4.8 B is a graphical representation of oxygraph representing the order in which 

chemicals were added to the oxygen chamber.To further test the role of NQO1 in redox 

cycling of BP-1,6-Q, dicumarol an NQO1 inhibitor was utilized. As demonstrated in Fig. 

4.8 C, there is a significant decrease in oxygen consumption after addition of dicumarol, 

confirming the role of NQO1 in the generation of ROS by BP-1,6-Q redox cycling.  

Discussion 

An increase in air pollution due to rapid global development has been associated 

with the development of atherosclerosis, a leading cause of death worldwide. Many 

clinical studies have found an increase in atherosclerosis on exposure to PM pollution [3, 

31-33]. However, the underlying mechanism of action remains largely unclear. As a 

critical BP metabolite, BP-1,6-Q  is a highly reactive molecule and is present at high 
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levels in automobile exhaust, cigarette smoke, and air particulate matter (PM) in the Air 

pollution [34]. 

The results of this study clearly indicate that NQO1 is a crucial enzyme for 

defense against BP-1,6-Q mediated toxicity. First, we found that BP-1,6-Q imparts its 

toxicity on endothelial cells by significantly depleting cellular NQO1 levels in a dose-

dependent manner. Second, inhibition of NQO1 by dicumarol potentiated the BP-1,6-Q 

mediated cytotoxicity. There are two widely used inhibitors of NQO1, dicumarol and 5-

methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione (ES936). For this 

specific study, dicumarol makes the best pharmacological inhibitor of NQO1 because 

ES936 is another quinone compound and therefore might interact with BP-1,6-Q cause 

cellular toxicity in EA.hy926 cells generating false results [35] .  Dicumarol is a 

competitive inhibitor of NQO1 which inhibits the action of NQO1 by binding to pyridine 

nucleotide in NQO1 [36]. Lastly, upregulation of NQO1 by CDDO-Im protected against 

BP-1,6-Q toxicity. These results suggest an essential role of NQO1 in safeguarding 

against BP-1,6-Q toxicity. NQO1 is an extensively distributed enzyme in vascular tissues 

and cells which plays a very important role in maintaining cardiac health [19, 20]. 

Vascular stressors like smoking, oxidants, reactive aldehydes, chemoprotective agents 

and statin drugs were found to affect NQO1 in CVD system [22, 37]. A study by 

Radjendirane et al. used the NQO1 null mouse to understand the cytoprotective role of 

NQO1 against quinone toxicity. Loss of NQO1 activity has been reported in human 

bladder carcinoma cell line and colon cancer cell line. The loss in NQO1 activity was due 

to mutation in nucleotide C → T in NQO1 gene. An increase in C → T mutation has been 
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reported by Rothman et al. on exposure to benzene [38]. Based on such published 

reports, Radjendirane and co-workers breed NQO1 knock-out mice by using homologous 

recombination in embryonic cells. NQO1-null mice had no phenotypical difference from 

NQO1 wild-type mice. Furthermore, 6-8 week old NQO1-null type and wild-type mice 

were administered Menadione intraperitoneally at a dose of 0, 2.5, 5, 10 and 20 mg/kg of 

body weight. Animals were given one single treatment for three consecutive days and 

were under observation for toxicity and mortality.  Their results showed that NQO1-null 

mice exhibited extreme toxicity on the administration of quinone, compared to wild-type 

mice [39]. NQO1 plays a crucial role in detoxification of quinone compounds by 

catalyzing 2 electron reduction reaction. Patients with lower levels of NQO1 had high 

levels of C-reactive protein, a biomarker for coronary heart disorder [12]. All these 

evidence collectively suggests a vital role of NQO1 in maintaining healthy vascular 

homeostasis. Hence, our results are consistent with above-listed studies both in vitro and 

in vivo which have shown that NQO1 is a cytoprotective mechanism to protect against 

BP-1,6-Q toxicity   

In this study, the cellular depletion of NQO1 by BP-1,6-Q is associated with 

oxidative damage to proteins and lipids. The previously published studies have reported 

the presence of oxidized lipids in atherosclerotic plaques [40, 41]. Results from past 

research showed that BP-1,6-Q causes protein and lipid damage in endothelial cells. 

Blocking NQO1 with its chemical inhibitor dicumarol significantly cause potentiation in 

protein oxidation (Fig. 4.5 B). Augmentation of NQO1 with CDDO-Im shows protection 

against lipid and protein damage (Fig. 4.5 A-B). However, co-treatment with BP-1,6-Q, 
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dicumarol, and CDDO-Im in endothelial cells failed to provide any protection against 

lipid peroxidation and protein oxidation. This results suggested that upregulation of 

NQO1 plays a vital role in protection against BP-1,6-Q mediated lipid and protein 

damage.  

Interestingly, in this study, there was a significant increase in cell viability at 

lower concentration (1, 5 and 10 µM). Our former study reported that low concentrations 

of BP-1,6-Q produce a moderate amount of ROS. Exogenous and endogenous generation 

of ROS is known to activate various cell signaling pathways. Excessive production of 

ROS stimulates redox imbalance in a cellular environment which can damage cellular 

macromolecules leading to apoptosis or necrosis [42]. However, sometimes changes in 

cellular ROS levels can cause an increase in cell proliferation and cell viability. The 

Biphasic effect of ROS on cell growth has been observed in transformed and 

untransformed cell lines [43]. A study by Burdon et al. found that low concentration of 

H2O2 stimulated cell growth in primary fibroblast cells and transformed kidney hamster 

cells [44]. A H2O2 dose-response study conducted by Day et al. found that 1 µM H2O2 

increases cell proliferation whereas treatment with 10 µM H2O2 showed a significant 

decrease in cell viability in bovine pulmonary artery endothelial cells [42]. Our results are 

consistent with above studies that moderate increase in generation of ROS by BP-1,6-Q 

at low concentrations in EA.hy926 cells is activating cell proliferation. The Nrf2/Keap-

1/ARE signaling has been suggested to be coordinately regulated by cellular ROS. 

Overproduction of ROS and PI3-Akt signaling by oxidative stress activates Nrf2 in the 

endothelial cells [45]. Nrf2 activation in human cardiac cells will cause an increase in 
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expression of intracellular NQO1, GSH, GPx, HMOX1 and PAR4 phase II antioxidants. 

Nrf2 activation also causes increase in cell proliferation by leading glucose and 

gluatamine to the anabolic pathway and ultimately increasing purine synthesis and 

pentose phosphate pathway to stimulate cell proliferation [46]. All the above mentioned 

phase II antioxidants are essential for cytoprotection against cellular toxicant. Thus, 

upregulation of Nrf2 by BP-1,6-Q could be a major factor which explains cell viability 

results demonstrating an increase in cell viability at a lower concentration as shown in 

Fig. 4.1 A.  

Our results reported for the first time that NQO1 plays a crucial role in BP-1,6-Q-

induced ROS production in endothelial cells. Results from our study have shown that BP-

1,6-Q produces an enormous amount of ROS (Figs. 4.6-4.7). To evaluate the role of 

NQO1 in BP-1,6-Q cycling in EA.hy926 endothelial cells, NQO1 was inhibited using 

specific inhibitor dicumarol. NQO1 inhibition with dicumarol showed a decrease in 

generation of ROS, suggesting the role of NQO1 in redox cycling of BP-1,6-Q (4.6). To 

further understand the role of NQO1 in redox cycling of BP-1,6-Q, NQO1 was 

augmented in cells using CDDO-Im. NQO1 augmentation resulted in a significant 

increase in BP-1,6-Q-induced H2O2 measured using chemiluminescence assay (Fig. 4.7). 

The experiment with purified NQO1 enzyme further confirmed the ability of NQO1 to 

directly catalyze the redox activation of BP-1,6-Q to form ROS (Fig. 4.8). Collectively, 

these results suggest that BP-1,6-Q requires NQO1 to generate ROS. From our results, 

we propose that NQO1 caused 2 electron reduction of BP-1,6-Q to BP-1,6-hydroquinone. 

BP-1,6-hydroquinone then can enter into redox-cycling to produce semiquinone and ROS 
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(Fig. 4.10). This finding was entirely unexpected because previous studies suggested that 

in general, the quinone compound generates ROS by redox cycling from quinone to 

semiquinone in the presence of CYP 450 reductase [47] [21] (Fig. 4.9). During redox 

cycling of quinones, the reduction of quinone to semiquinone is catalyzed by CYP 450 

reductase. The cycle from quinone to semiquinone and semiquinone to quinone is 

continuous. Our results reports that NQO1 causes 2 electron reduction of BP-1,6-Q to 

BP-1,6-hydroquinone and  BP-1,6-hydroquinone is further metabolized to semiquinone 

which leads to an increase in generation of ROS (Fig. 4.10). In our study, there is the 

possibility that the redox cycling between BP-1,6-Q and semiquinone can produce ROS, 

however, this process is catalyzed mainly by CYP 450 reductases. Previous studies 

showed that cardiovascular cells are highly deficient in CYP 450 reductases but rich in 

NQO1 [48]. Furthermore, few research studies showed that NQO1 competes with CYP 

450 enzymes and inhibits redox cycling of quinone to semiquinone resulting in a 

decrease in ROS production [49]. These results suggested that NQO1 and not CYP 450 

reductases play a crucial role in BP-1,6-Q-mediated ROS formation. 

Unexpectedly, our results further demonstrated that BP-1,6-Q-mediated ROS is 

not associated with cellular injury. First, BP-1,6-Q at low concertation (< 10 µM), 

produces a significant amount of ROS (chapter II, Fig. 2.2) in EA.hy926 endothelial 

cells, but such ROS overproduction was not found to cause cellular injury and, instead, 

there was a significant increase in cell viability (Fig. 4.1 A). Second, at higher 

concentrations (≥ 10 µM), BP-1,6-Q was found to deplete cellular NQO1 levels in a 

dose-dependent manner (Fig. 4.2) and inhibition of NQO1 would cause a decrease in 
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generation of ROS as shown in Fig. 4.6. However, a reduction in cellular ROS production 

by inhibition of NQO1 did not reduce cellular injury, and instead, there was a significant 

decrease in cell viability and oxidative damage to proteins and lipids (Figs. 4.1 and 4.5). 

Third, NQO1 augmentation protects against BP-1,6-Q toxicity (Fig.4.4) and such NQO1 

expression also resulted in a significant increase in  ROS production (Fig. 4.7). It is 

unlikely that BP-1,6-Q-mediated ROS contribute to cellular oxidative damage. Thus, how 

BP-1,6-Q causes oxidative injury remains unclear.  

Previous studies have reported that hydroquinone compounds generated via two-

electron reduction of quinone catalyzed by NQOl are more stable in contrast to those of 

the semiquinones directly produced from quinone by the P450 reductase [19] When 

generated, hydroquinones are eliminated by glucuronidation, sulfation, and glutathione 

conjugation reactions [33]. Thus, hydroquinone has been suggested to be less toxic than 

intermediate semiquinone and is a substrate for metabolic detoxification of quinone. 

Interestingly, unmetabolized and enzymatically metabolized BP-Qs are also Michael 

acceptors, and these compounds can directly damage cellular macromolecules by 

alkylation. Indeed, the BP-3,6-Q- can also directly cause DNA mutation with a frequency 

of 1.5- fold lower than BPDE, a well-known carcinogenic BP-metabolite, but four-fold 

higher than other spontaneous mutations [50]. In our study, there is a possibility that 

upregulation of NQO1 causes the formation of less toxic hydroquinone from quinone and 

thereby decreasing the total cellular quinone concentration and resulting in protection 

against toxicity. On the other hand, depletion of NQO1 reduces 2 electron reduction of 

BP-1,6-Q to BP-1,6-hydroquinone resulting in accumulation of BP-1,6-Q in the cells 
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causing more toxicity. In this context, inhibition of NQO1 would result in cell injury due 

to the accumulation of BP-1,6-Q in the cells. Although CYP 450 reductases can directly 

convert BP-1,6-Q into semiquinone resulting in decrease in the total cellular quinone 

concentration causing more toxicity, however, previous studies showed that 

cardiovascular cells are highly deficient in CYP 450 reductases but rich in NQO1 [48, 

51]. Furthermore, some research studies showed that NQO1 competes with CYP 450 

enzymes and inhibits redox cycling of quinone to semiquinone [49, 52]. Hence, in BP-

1,6-Q-mediated endothelial cell toxicity, the formation of BP-1,6-Q to BP-1,6-

semiquinone could be a minor pathway. To further understand BP-1,6-Q-mediated 

toxicity more in-depth studies are needed to measure the total BP-1,6-Q, hydroquinone, 

and semiquinone in endothelial cells.  

In summary, results from this study demonstrated a vital role played by NQO1 in 

protecting EA.hy926 endothelial cells against BP-1,6-Q-mediated cytotoxicity. We found 

that inhibition of NQO1 potentiated the BP-1,6-Q cytotoxicity and NQO1 augmentation 

protected against BP-1,6-Q-induced cytotoxicity, lipid peroxidation, and protein damage. 

Our results reported for the first time that NQO1 plays a crucial role by directly 

catalyzing the redox activation of BP-1,6-Q to form ROS. We propose that NQO1 causes 

2 electron reduction of BP-1,6-Q to BP-1,6-hydroquinone which is further metabolized to 

semiquinone resulting in redox cycling for ROS formation. This study showed that with 

depletion in cellular NQO1 levels there was a significant decrease in generation of ROS 

and potentiation in cell death. And by augmentation of NQO1, there was a substantial 

increase in ROS and cytoprotection. The MTT results from the study showed that at non-
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cytotoxic concentration there was an increase in generation of ROS (as measured in 

chapter I) with an increase in cell proliferation. These results signify the cytoprotective 

role of ROS. However, at high concentrations, BP-1,6-Q causes a depletion in cellular 

NQO1 reserves, which further caused a decrease in ROS production. Therefore, our 

studies advocate that BP-1,6-Q-mediated ROS production is not the underlying 

mechanism by which BP-1,6-Q causes endothelial cell toxicity. However, we believe that 

BP-1,6-Q can be directly toxic to the endothelial cell without any biotransformation. 

Results from this study will help to elucidate the underlying molecular mechanism by 

which BP-1,6-Q can commence endothelial cell dysfunction leading to atherosclerosis.   
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Figure. 1.1. Generation of Reactive Oxygen Species.
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Figure. 2.1. Metabolic Pathway by which Benzo-a-Pyrene (BP)-Mediated Toxic 

Metabolites are Formed.
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Figure. 2.2. Stimulation of Cellular ROS Production by Different PAH-Quinones. (A) 

0.5 × 10
6
 EA.hy926 cells were treated with 1 µM concentration of different 

environmental PAH- derived quinones. (B) 0.5 × 10
6 

EA.hy926 cells were treated with 1 

µM of different BP- derived quinones. (C) 0.5 × 10
6
 endothelial cells were treated with 1 

µM concentration of different BP-derived quinones. Production of H2O2 and O2
.- 

 was 

measured using luminol and lucigenin-derived chemiluminescence (CL) respectively for 

30 min as described in Material and Methods. Data are mean ±SEM. *P<0.05 compared 

to control group (n=3).
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Figure. 2.3. Effect of BP-1,6-quinone (BP-1,6-Q) on Cell Viability. (A) EA.hy926 cells 

were treated with different concentrations of BP-1,6-Q for 24 h and cell viability was 

measured using MTT assay. (B) EA.hy926 cells were treated with varying concentrations 

of BP-1,6-Q for 24 h. Apoptotic and necrotic cells were stained with Annexin V and PI 

dye respectively and detected by flow cytometry. In Panel C, the lower left quadrant 

shows the viable cells. The lower right quadrant represents apoptotic cells. The upper left 

and upper right quadrant represent necrotic cells. BP-1,6-Q did not affect apoptosis or 

necrosis compared to control. Data are mean ±SEM. *P<0.05 compared to control group 

(n=3).
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Figure. 2.4. Concentration-Dependent Stimulation of Cellular Reactive Oxygen 

Species (ROS) Production by BP-1,6-Q in EA.hy926 Cells. 0.5 × 10
6
 EA.hy936 cells 

were suspended in complete PBS (cPBS) and incubated with different concentrations of 

BP-1,6-Q in presence of 10µM luminol and 10 µM horseradish peroxidase (HRP) (Fig. 

2.4 A-B) or 10 µM lucigenin (Fig. 2.4 C-D). Integrated luminol and lucigenin-derived CL 

in EA.hy926 cells were measured for 30 min. Data are mean ±SEM. *P<0.05 compared 

to control group (n=3).
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Figure. 2.5. Cellular Hydrogen Peroxide (H2O2) Production by Flow Cytometry in 

EAhy926 Cells. EA.hy926 cells suspended in HBSS were incubated with 1 µM of DCF-

DA dye for 60 min followed by treatment with different concentrations of BP-1,6-Q for an 

hour. Cells were washed with HBSS for 2 times and were suspended in 1 mL of PBS to 

measure real-time generation of ROS at excitation/emission of 495/529 nm using flow 

cytometry. Fig. 2.5 A represents quantitative data expressing a dose-dependent increase 

in H2O2 generation. Fig. 2.5 B is a representative histogram of flow cytometry 

demonstrating an increase in mean fluorescent intensity (shifting the histogram to right) 

of oxidized DCF-DA following 1 µM BP- 1,6-Q treatment. Data are mean ±SEM. 

*P<0.05 compared to control group (n=3). 

0 0.03 0.1 0.3 1
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

*
* *

*

B P - 1 , 6 - Q  (  M )

R
O

Si
n

d
u

c
e

d
 
D

C
F

D
A

 
f
l
u

r
o

s
e

c
e

n
c

e

(
%

 
c

h
a

n
g

e
 
f
r

o
m

 
b

a
s

e
 
l
i
n

e
)

(A) (B)

1μMControl



 

119 
 

 

 
 

Figure. 2.6. Stimulation of H2O2 by BP-1,6-Q in Mitochondria Isolated from EA.hy926 

Cells. Mitochondria were physically isolated from freshly harvested EA.hy926 cells. 50 

µg/mL of mitochondrial extract was incubated with varying concentration of BP-1,6-Q in 

presence of succinate. Mitochondrial H2O2 was detected by integrated luminol-derived 

CL in the mitochondrial extract of EA.hy926 cells for 30 min. Data are mean ±SEM. 

*P<0.05 compared to control group (n=3). 
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Figure. 2.7. Mitochondrial ROS Production by Flow Cytometry in EAhy926 Cells. 

EA.hy926 cells suspended in Hank’s balanced salt solution (HBSS) were incubated with 

5 µM of MitoSOX red dye for 30 min followed by treatment with different concentrations 

of BP-1,6-Q for an hour. Cells were washed with HBSS for 2 times and were suspended 

in 1mL of PBS to measure real-time generation of superoxide molecule at 

excitation/emission of 510/580 nm using flow cytometer. Fig.2.7 A represents 

quantitative data expressing a dose-dependent increase in superoxide generation. Fig. 

2.7 B is a representative histogram of flow cytometry demonstrating an increase in mean 

fluorescent intensity (shifting the histogram to right) of oxidized MitoSOX following 1 

µM BP-1,6-Q treatment. Data are mean ±SEM. *P<0.05 compared to control group 

(n=3). 
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Figure. 2.8. Role of Complexes I and III in Mediating BP-1,6-Q- Induced  ROS 

Production in Isolated Mitochondria. Mitochondria were isolated from freshly harvested 

EA.hy926 cells physically and were used for the production of H2O2 using luminol-

derived CL for 30 min as described in Material and Methods. 50 µg/mL of mitochondrial 

extract was incubated with 1 µM BP-1,6-Q in presence of 10 μM Rotenone (Rot) in Fig. 

2.8 A and 10 μM of Antimycin A (AA) in Fig. 2.8 B for 30 min in presence of pyruvate. 

Data are mean ±SEM. *P<0.05 compared to control group (n=3). # represents 

significantly different from 1 μM BP-1,6-Q treatment. 
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Figure. 2.9. Involvement of Complex I and III in Mediating BP-1, 6-Q-Induced 

Cellular ROS Production in Intact EA.hy926 Cells. 0.5 × 10
6 

cells were suspended in 

cPBS and incubated with 1 µM BP-1,6-Q in presence of 10 μM Rot in Fig. 2.9 A and 10 

μM of AA in Fig. 2.9 B for 30 min in intact EA.hy926 cells. Production of H2O2 was 

measured using luminol-derived CL for 30 min as described in Material and Methods. 

Data are mean ±SEM. *P<0.05 compared to control group (n=3). # and $ represents 

significantly different from 0.3 and 1 μM BP-1,6-Q treatment respectively.
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Figure. 2.10. Study of Generation of ROS in Mitochondrial Respiration-Deficient 

Cells. Ethidium bromide (EB) (100 μg/L ) was used to selectively stop mitochondria DNA 

replication without affecting nuclear DNA replication. To confirm the loss of 

mitochondria in EB treated cells compared to healthy cells, mitotracker red and Hoechst 

stain were used. Fig. 2.10 A represents healthy cells treated with mitotracker red and 

Fig.2.10 B displays mitochondrial deficient cells treated with mitotracker red. Fig. 2.10 

C shows the total cellular ROS determined in mitochondrial deficient cells (0.5 × 10
6
) 

and healthy endothelial cells (0.5 × 10
6
) using luminol-derived CL. Cells were incubated 

with or without 1 μM BP-1,6-Q. Real-time generation of H2O2 was measured for 30 min. 

Data are mean ±SEM. *P<0.05 compared to control group (n=3). # represents 

significantly different from healthy cells. * represents significantly different from EB cells. 

$ represents significantly different from healthy cells co-treated with 1 μM BP-1,6-Q. 
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Figure. 2.11. BP-1,6-Q-Induced Monocyte Binding to Endothelial Cells and Increased 

Expression of Adhesion Molecules. EA.hy926 cells were treated with the 1 μM 

concentration of BP-1,6-Q for 6 h. Following treatment, the cells were incubated with 

fluorescently-labeled THP-1 monocytes for an additional hour and adhesion was 

quantified by measuring the fluorescence intensity of the bound monocytes (Fig. 2.11 A). 

EA.hy926 cells were treated with or without 1 µM of BP-1,6-Q for 3 h. The mRNA levels 

of VCAM was measured by qRT-PCR and normalized to GAPDH expression (Fig.2.11 

B). Data are mean ± SEM. *P<0.05 compared to control group (n=3). 
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Figure. 2.12. The Diagram of the Proposed BP-1,6-Q-Mediated Endothelial Cell 

Toxicity.
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Figure. 3.1. BP-1,6-quinone (BP-1,6-Q) Induced Cytotoxicity in EA.hy926 Cells. Panel 

A shows cytotoxicity in endothelial cells as measured by LDH assay. The cells grown to 

80% confluence were treated with different concentrations of BP-1,6-Q for 24 h. Panel B 

shows a time-dependent increase in LDH release from cells treated with 40 µM 

concentration of BP-1,6-Q. Values are mean ± SD of three independent experiments. * 

Indicates statistical difference ( p < 0.05) from the respective control group. 
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Figure. 3.2. The Percent of Necrosis and Apoptotic Cells Following BP-1,6-Q 

Treatment in EA.hy926 Cells. Panel A represents necrosis caused by BP-1,6-Q in 

EA.hy926 cells. EA.hy926 cells were treated with varying concentrations of BP-1,6-Q for 

24 h. Apoptotic and necrotic cells were stained with Annexin V and PI dye, respectively, 

and detected using flow cytometry. Panel A represents percentages of necrotic cells in 

each treatment group. Panel B shows percentages of apoptotic cells in each treatment 

group. Panel C is representative of flow cytometric analysis of control EA.hy926 cells 

and cells exposed to BP-1,6-Q. Values are mean ± SD of three independent experiments. 

* Indicates statistical difference (p < 0.05) from the respective control group. 
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Figure. 3.3. BP-1,6-Q Induced Lipid Peroxidation and Protein Oxidation in EA.hy926 

Cells. Panel A shows an increase in TBARS (μM/mg protein) levels in endothelial cells 

treated with a range of concentrations of BP-1,6-Q for 24 h. Panel B depicts an increase 

in protein carbonyl (PC) levels in EA.hy926cells treated with a range of BP-1,6-Q 

concentrations for 24 h. Values are mean ± SD of three independent experiments. * 

Indicates statistical difference (p < 0.05) from the respective control group.
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Figure. 3.4. Depletion of Intracellular Glutathione (GSH) by BP-1,6-Q. EA.hy926 cells 

were treated with different concentrations of BP-1,6-Q for 24 h followed by measurement 

of cellular GSH content. Values are mean ± SD of three independent experiments. * 

Indicates statistical difference (p < 0.05) from the respective control group. 
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Figure. 3.5. Effects of BSO on Cellular GSH and BP-1,6-Q-Induced Cytotoxicity in 

EA.hy926 Cells. Panel A depicts cell cytotoxicity in the presence of different BSO 

concentrations as measured by LDH. Panel B shows an effect of BSO pretreatment on 

cellular GSH levels. Panel C represents cells incubated with or without 25 μM BSO for 

24 h, followed by incubation with the indicated concentration of BP-1,6-Q for another 24 

h. Cell viability was measured using LDH assay. Values are mean ± SD of three 

independent experiments. * Indicates statistical difference ( p < 0.05) from the respective 

control group. 
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Figure. 3.6. Induction of Cellular GSH by CDDO-Im in EA.hy926 Cells. Panel A 

shows changes in cellular levels of GSH treated with or without indicated concentrations 

of CDDO-Im in EA.hy926 endothelial cells. Panel B represents real-time PCR analysis of 

mRNA levels of GCLC as measured by real-time PCR and normalized to GAPDH. Values 

are mean ± SD of three independent experiments. * Indicates statistical difference (p < 

0.05) from the respective control group. 
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Figure. 3.7. Cellular GSH Induction by CDDO-Im Protects Against BP-1,6-Q-

Mediated Cytotoxicity. The cells were pretreated with 100 nM of CDDO-Im for 24 h, 

followed by incubation with different concentrations of BP-1,6-Q for another 24 h. Cell 

viability was then measured using LDH assay. Values are mean ± SD of three 

independent experiments. * Indicates statistical difference (p < 0.05) from the respective 

control group. 
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Figure. 3.8. Protective Effect of GSH Induced by CDDO-Im Against BP-1,6-Q 

Mediated Toxicity in Endothelial Cells. TBARS (A) and protein carbonyl (B) were 

measured in cells incubated for 24 h with 100 nM of CDDO-Im. The media was removed 

and the cells were then cultured in presence or absence of 40 μM concentration of BP-

1,6-Q for 24 h. Values are mean ± SD of three independent experiments. * Indicates 

statistical difference of p<0.05 from the respective control group and # indicates 

significantly different from BP-1,6-Q (50 μM) treatment. 
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Figure. 3.9. Depletion of GSH Prevents CDDO-Im-Mediated Cytoprotection Against 

BP-1,6-Q-Induced LDH Release. EA.hy926 cells were incubated with 100 nM CDDO-

Im, 25 μM of BSO or 25 μM BSO+100 nM CDDO-Im for 24 h. The media was removed 

and cells were cultured in presence or absence of 60 μM BP-1,6-Q (Fig. 2.9A) or 40 μM 

BP-1,6-Q (Fig. 2.9 B) for another 24 h, followed by determination of cell viability using 

LDH release assay. Values are mean ± SD of three independent experiments. * indicates 

the significantly convincing difference (p<0.05) from the respective untreated control 

group; # indicates a significant difference from the respective BP-1,6-Q treatment group. 
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Figure. 3.10. Schematic Diagram of Proposed BP-1,6-Q Detoxification Pathway by 

Phase II Defense System.
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Figure. 3.11. Schematic Representing the Role of GSH in BP-1,6-Q Toxicity.
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Figure. 4.1. Cell Viability Obtained from the MTT Assay After Exposure to BP-1,6-

quinone (BP-1,6-Q) in EA.hy926 Endothelial Cells. The endothelial cells were treated 

with different concentrations of BP-1,6-Q for 24h. Cellular viability was measured using 

MTT assay. Values are mean ± SEM of three independent experiments. * indicates 

statistical significance of p<0.05 from the control group.
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Figure. 4.2. Depletion of Intracellular NQO1 by BP-1,6-Q. EA.hy926 cells treated with 

different concentrations of BP-1,6-Q  for 24h followed by cellular NQO1 measurement. 

Values are mean ± SEM of three independent experiments. * indicates statistical 

significance of p<0.05 from the respective control group.
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Figure. 4.3. Effects of Dicumarol on Cellular NQO1 and BP-1,6-Q-Induced 

Cytotoxicity in EA.hy926 Cells. Panels A and B show the effect of dicumarol on cell 

viability. EA.hy926 cells were treated with different concentrations of dicumarol for 24h. 

Cell viability was measured using MTT (Fig. 4.3 A) and LDH release assay (Fig. 4.3 B). 

Panel C shows the effect of dicumarol on NQO1 activity in EA.hy926 endothelial cells 

treated with dicumarol for 24 h. Panel D represents EA.hy926 cells incubated with or 

without 40 μM concentration of dicumarol followed by treatment with indicated 

concentrations of BP-1,6-Q for 24h. Values are mean ± SEM of three independent 

experiments. * indicates a statistical difference of p<0.05 from the respective control 

group.
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Figure. 4.4. Induction of Cellular NQO1 by CDDO-Im Protects Against BP-1,6-Q-

Induced Cytotoxicity. Panel A demonstrates changes in cellular NQO1 levels of CDDO-

Im treatment in endothelial cells at indicated concentrations for 24h. Panel B represents 

changes in NQO1 mRNA levels measured by quantitative Real-time PCR and normalized 

to GAPDH.  Panel C of Fig. 4.4 demonstrates the results from LDH release assay. 

Endothelial cells were cultured in 24 well plate up to 80% confluence. The cells were 

pre-treated with 100 nM CDDO-Im in presence or absence of dicumarol for 24h followed 

by BP-1,6-Q exposure for 24h. Significant cytoprotection was observed in cells treated 

with CDDO-Im and BP-1,6-Q. However, no cytoprotection was found in cells co-treated 

with BP-1,6-Q and dicumarol and  BP-1,6-Q, CDDO-Im and dicumarol. Values are 

mean ± SEM of three independent experiments. * and # indicate a statistical difference of 

p<0.05 from the control group and BP-1,6-Q treatment respectively
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Figure. 4.5. Cellular NQO1 Induction by CDDO-Im Protects Against Lipid and 

Protein Damage. TBARS (A) and Protein carbonyl (B) was measured in EA.hy926 cells 

treated with 25 μM  BP-1,6-Q alone for 24h and with pretreatment in presence or 

absence of  100 nM CDDO-Im and 40 μM dicumarol for 24h. Values are mean ± SEM of 

three independent experiments. * and # indicates a statistical difference of p<0.05 from 

the respective control group and BP-1,6-Q (25 μM ) treatment respectively.
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Figure. 4.6. Dicumarol Decreases the BP-1,6-Q-Mediated Production of Hydrogen 

Peroxide (H2O2) in EA.hy926 Cells. 5×10
6 

cells suspended in complete phosphate buffer 

saline (cPBS) were exposed to 1 μM (A) and 25 μM (B) BP-1,6-Q with or without 40 μM 

dicumarol. Integrated luminol derived chemiluminescence (CL) was measured for 30 min 

in presence of 10 μM luminol and horseradish peroxidase (HRP). Values are mean ± 

SEM of three independent experiments. * and # indicate a statistical difference of p<0.05 

from the respective control group and BP-1,6-Q treated group respectively.
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Figure. 4.7. Induction of NQO1 by CDDO-Im Increases BP-1,6-Q-Mediated 

Generation of H2O2  in EA.hy926 Cells. EA.hy926 cells were grown to 80% confluence 

in 55 cm
2
 Perti dish. Cells were pre-treated with or without 100 nM of CDDO-Im for 

24h. Cells were harvested using trypsin and 5×10
6
 cells were incubated with 1 μM (A) 

and 25 μM (B) of BP-1,6-Q. Integrated luminol derived CL was measured for 30 min in 

presence of 10 μM luminol and horseradish peroxidase (HRP). Values are mean ± SEM 

of three independent experiments. * and # indicate a statistical difference of p<0.05 from 

the respective control group and BP-1,6-Q treated group respectively.
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Figure. 4.8. Dicumarol Inhibits BP-1,6-Q-Mediated Oxygen Consumption in the Cell 

Free System . Panel A represents an increase in oxygen consumption by adding varying 

concentrations of BP-1,6-Q in a cell-free system. To the oxygen consumption chamber, 1 

mL of oxygenated PBS was added first and oxygen consumption was measured for 5 min. 

Next 1 µg/ml of NQO1 and 1 mM NADPH was added and oxygen consumption was 

measured for 5 mins. The lastly varying concentration of BP-1,6-Q was added followed 

by oxygen consumption for 5 min. Panel B is a graphical representation of experimental 

results displayed in panel A. Panel C depicts a decrease in oxygen consumption by 

adding dicumarol. To the oxygen consumption chamber 1 ml cPBS, 1 μg/ml of NQO1, 

1mM NADPH, 6 μM BP-1,6-Q and 5mM dicumarol was added. Oxygen consumption was 

measured for 25 mins. Panel D is a graphical representation of experimental results 

showed in panel C. Values are mean ± SEM of three independent experiments. * an 

Indicates statistical difference of p<0.05 from the control group.
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Figure. 4.9. Quinone Redox Cycling Pathway Proposed by Previous Studies. Firstly 

quinone undergoes 1 electron reduction to produce semiquinone radical. Semiquinone is 

unstable and very reactive to oxygen. It re-oxidzes back to quinone and releases 

superoxide radical. In second step, semiquinone undergoes further 1 electron reduction 

to form hydroquinone  which can further redox cycles  back to semiquinone by losing an 

electron and yielding superoxide radical
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Figure. 4.10. Proposed BP-1,6-Q Redox Cycling Pathway. Our result suggests that 2 

electron reduction of quinone compound will cause formation of hydroquinone. 

Hydroquinone possibly undergoes 1 electron oxidation to yield semiquinone radical. 

Semiquinone radical is highly unstable and can redox cycles back to hydroquinone 

generating ROS.  
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