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ABSTRACT 
 

 Arsenic is a metalloid present throughout the world, and the primary 

sources of exposure are through air, soil, and water. Arsenic is currently ranked 

as the most hazardous substance among environmental toxicants, and is well 

recognized as a human carcinogen, as well as a contributor to metabolic and 

cardiovascular diseases. However, cardiovascular effects have been mostly 

evaluated in epidemiological studies, and the direct mechanisms of pathogenesis 

remain largely unknown. The scope of studies described in this dissertation 

characterizes the cardiovascular pathophysiology associated with exposure to 

environmentally-relevant arsenic concentrations (100 µg/L), and attempts to 

elucidate the molecular mechanisms behind impaired vascular function. The 

effects of chronic arsenic exposure on blood pressure regulation were examined 

using a mouse model exposed to 100 µg/L for 22 weeks. Chronic exposure to 

arsenic results in the development of hypertension and concentric left ventricular 

hypertrophy. Furthermore, data presented here demonstrates that in utero 

exposure contributes to the development of metabolic syndrome throughout 

adulthood. Results indicate the development of hyperglycemia, 

hypercholesterolemia and nonalcoholic fatty liver disease. Mechanistic studies 

demonstrate the effects of arsenicals on endothelial nitric oxide synthase (eNOS) 

and its role in arsenic-induced vascular relaxation impairment.  Biochemical 

assessment of eNOS conclude that decreased nitric oxide availability does not 

occur through alterations in protein levels or phosphorylation changes; however, 
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decreased activity is likely a result of protein dimer stability through alterations in 

zinc tetrathiolate binding.  
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1. CHAPTER 1 

INTRODUCTION 

 

1.1. Arsenic 

1.1.1 History 
 

 Arsenic has a special place in the history of toxicology and medicine; over 

time it has served both as a poison and a cure. The first direct reference to the 

use of arsenic dates back to the era of Hippocrates (400 B.C), where he 

described the use of arsenic sulfides for the treatment of gastric ulcers (Bechet, 

1931).  Arsenic may have been used before the days of Orpheus and Homer; 

however, little is known about its medical use in ancient times, as the laws of 

Plato prohibited the use of poisons by the physicians of that period under the 

penalty of death.  

 

During the 15th century, arsenic was widely used as a pigment in 

cosmetics and paints. Disease onset due to occupational exposure to arsenic-

based paints, initially established arsenic as a potent poison. Often called the 

“king of poisons and poison of the kings,” arsenic has influenced human history 

more than any other toxicant. It is both colorless and tasteless, making it an ideal 

poison. Additionally, the symptoms of acute arsenic poisoning, such as nausea, 

vomiting and diarrhea, are very similar to the symptoms of cholera (Vahidnia et al., 

2007). Indeed, tales of death by arsenic poisoning were not uncommon among 

the aristocratic class throughout history. 



17 
 

 

Despite the known toxicities associated with arsenic, its use boomed 

during the 18th and 19th centuries in the production of dyes, glass, and pesticides. 

Arsenic was also used in several pharmaceutical agents to treat diseases such 

as syphilis, malaria, and trypanosoma infections (Azcue and Nriagu, 1994). The 

English inventor Thomas Fowler developed a potassium bicarbonate-based 

solution of arsenic trioxide, aptly named “Fowler’s Solution”, which was widely 

used for the treatment of everything from asthma, psoriasis, and eczema to 

anemia, leukemia, and Hodgkin’s lymphoma. This solution was found to lower 

white blood cell counts in normal individuals, and to a greater degree in patients 

suffering from chronic myelogenous leukemia (Antman, 2001). This finding 

established Fowler’s Solution as the main treatment of leukemia during this time 

period. However, the treatment of leukemia by arsenic was overshadowed by 

chronic arsenic poisoning symptoms which eventually caused it to be replaced by 

radiotherapy and cytotoxic chemotherapy in the 20th century.  

 

Although arsenic based therapies have diminished and substantial efforts 

to reduce exposure have been made in the past few centuries, human exposure 

to arsenic still remains a relevant concern today. In fact, the morbidity and 

mortality associated with exposure to arsenic at environmentally relevant 

concentrations far exceeds the number of victims of acute arsenic poisoning. 
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 Arsenic is a naturally occurring mineral found in soil and water, and the 

primary sources of human exposure to arsenic are through air, water, and food. 

Additionally, arsenic is still widely used in agriculture development as a pesticide, 

herbicide, and wood preservative and in the production of electronics, 

pyrotechnics, paints, and lead batteries (Grund et al., 2005,Nachman et al., 2005). 

These additional uses of arsenic have resulted in increased environmental 

contamination and human exposure.  

 

Due to the ubiquitous nature of arsenic within our environment, exposure 

is a concern for both developing and developed countries. The Agency for Toxic 

Substances and Disease Registry (ATSDR), a federal public health agency of the 

U.S. Department of Health and Human Services, currently ranks arsenic as the 

most hazardous substance within the Comprehensive Environmental Response, 

Compensation and Liability Act (CERCLA) priority list (ATSDR, 2007). 
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1.1.2. Environmental Exposure and Epidemiology 
 

 
Arsenic primarily occurs in the environment in the +5 or +3 oxidation state, 

and more rarely in the 0 or -3 oxidation state. Of these, the pentavalent and 

trivalent inorganic arsenicals are considered the most toxic to humans (World 

Health Organization, 2001). Arsenic is classified as a metalloid, and thus has 

chemical characteristics of both metals and non-metals. Arsenic is a naturally 

occurring element present in the Earth’s crust, and most often occurs as 

arsenopyrite (FeAsS), orpiment (As2S3), or realgar (As4S4). Additionally, arsenic 

has been found as a constituent of over 200 different minerals. This occurrence 

with other elements has led to the introduction of arsenic into the environment 

through metal mining and smelting processes. Furthermore, natural processes 

such as dust storms, volcanic eruptions, pedogenesis, contribute to the 

accumulation of arsenic within the air and soil. Along with hydrological activity, 

these natural processes also contribute to runoff and leaching of arsenic into 

ground and surface water (Garelick et al., 2008). In soil, arsenic concentrations 

vary between 0.2 and 40 µg/g and are largely dependent on the geological inputs 

from mineral weathering processes, mining activities, and 

geothermal/hydrothermal activity within particular regions (Woolson, 1977,Fishbein, 

1981) (Figure 1.1). Within the atmosphere, arsenic levels normally range 

between 0.4 to 30 ng/m3. While rural regions in the US and Europe typically vary 

from 0.2 and 1.5 ng/m3, urban areas in Europe and Asia can reach levels as high 

as 50 ng/m3 (Mandal and Suzuki, 2002).   
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World distribution of arsenic related problems in groundwater associated with 
mining activities and mineralization.  
 

  

Figure 1.1  
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The occurrence of elevated arsenic levels in drinking water is a major 

concern in countries such as Bangladesh, China, India, Taiwan, Mexico, Chile, 

Argentina, and the United States. The problem of arsenic contaminated water is, 

however, not confined to the previously mentioned countries, as the United 

Nations (UN) has classified arsenic contamination as one of the most important 

health hazard related to drinking water, classified second only after 

contamination of water by pathogenic microorganisms (Johnston et al., 2001). 

Arsenic concentrations in drinking water range from 100 µg/L to over 1000 µg/L, 

resulting in chronic exposure to doses known to promote cancer and 

cardiovascular disease (Sanchez-Soria et al., 2012,Yuan et al., 2007,Luo et al., 

1997,Smith et al., 1998).  The highest concentrations of arsenic in drinking water 

are found in the endemic Blackfoot disease (peripheral vascular disease 

associated with high arsenic exposure) regions of Taiwan where mean 

concentrations of arsenic in water are around 700 µg/L.  Affected countries 

include Bangladesh, with over 30 million people exposed to doses between 0.1 

ug/L and 864 ug/L, India, with 40 million people exposed to doses exceeding 

1000 ug/L, as well as China (1.5 million people) and the United States (2.5 

million people) exposed to doses between 1 ug/L and 100 ug/L of arsenic in the 

drinking water (Chen et al., 1994,Karagas, 2010,Van Halem et al., 2009,Brown and 

Ross, 2002). Within the U.S., distribution of arsenic concentration in groundwater 

varies largely, with elevated levels found predominantly in the southwest region 

of the country (Figure 1.2). 
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Figure 1.2 

U.S. Geological Survey distribution of arsenic in groundwater illustrated by 
hexagons 100 km across. Map demonstrates groundwater samples exceeding 
the specified levels in at least 25% of the samples collected. Color density has 
been smoothed to represent levels across boundaries based on neighborhood 
values. 
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Epidemiological evidence worldwide has established strong associations 

between exposures to low-level arsenic in drinking water and cancer, as well as 

the development of cardiovascular diseases ranging from hypertension and 

peripheral vascular diseases, to ischemic heart disease, myocardial infarction 

and stroke. Arsenic has also been associated with metabolic diseases such as 

atherosclerosis, diabetes and metabolic syndrome (Smith et al., 1998,Tseng et al., 

1996,Tseng et al., 2003,Chen et al., 1996,Chen et al., 1988). Since the 1920’s arsenic 

has been linked to a unique peripheral disease in the lower extremities called 

blackfoot disease, often resulting in spontaneous gangrene (CHT and 

BLACKWELL, 1968). Similarly, Tseng et al. have documented that exposures to 

arsenic doses between 300 µg/L and 600 µg/L were related to high prevalence of 

skin cancer (Tseng et al., 1968). Furthermore, Chen et al. revealed that arsenic 

exposure also resulted in the development of cancers of the lung, liver, bladder, 

and kidney in a dose dependent manner (Chen et al., 1988). Similar findings have 

been documented in South America, as indicated by an increased risk of 

mortality from cancers of the bladder, lung and kidney (Bates et al., 

2004,Hopenhayn-Rich et al., 1996,Ferreccio et al., 2000,Marshall et al., 2007). In 

another study conducted in Bangladesh, mortality rates were evaluated in a 

population with over 11,000 subjects, where 43% of the deaths were related to 

cardiovascular disease, and of these, 30% were attributable to arsenic 

concentration above 12 µg/L in drinking water (Chen et al., 2011). 
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Due to the adverse effects associated with continuous exposure to 

arsenic, the World Health Organization (WHO) reduced the acceptable exposure 

level (AEL) from 50 µg/L to 10 µg/L in 1993. While most industrialized countries 

have adopted 10 µg/L as a statutory limit, most developing nations continue to 

use the pre-1993 WHO guideline value as national standard due to difficulty in 

maintaining compliance, analytical detection, and financial feasibility. It wasn’t 

until 2006 that the United States Environmental Protection Agency (EPA) 

adopted the new WHO arsenic standard for drinking water at a maximum 

contaminant level (MCL), of 10 µg/L, after toxicities associated with chronic 

exposure to low-level arsenic in drinking water became more evident.  

 

While arsenic exposure occurs through several routes, including ingestion, 

inhalation, and dermal absorption, of particular concern is exposure that occurs 

through drinking water, since this route of exposure facilitates absorption of 

arsenic into systemic circulation. For this reason, it is important to develop and 

maintain reliable and affordable analytical detection methods as well as adequate 

standards of water purification.   
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1.1.3. Routes of Exposure and Metabolism  
 
 

Reduction of exposure to arsenicals from environmental and 

anthropogenic sources has been a long-term goal in attempts to improve public 

health and reduce incidence of arsenic-related deaths worldwide. However, due 

to the ubiquitous nature of arsenic within the environment, human exposure can 

occur through multiple routes. The main route of exposure includes oral ingestion 

through consumption of water and food. To a lesser extent, inhalation is a 

significant route of exposure contributing to systemic arsenic exposure, 

especially in arid and industrialized areas. Alternate routes of exposure include 

absorption via dermal exposure. While dermal exposure is typically minimal, 

studies done in primates have demonstrated that dermal contact with arsenic-

contaminated solutions results in absorption rates of around 5%(Lowney et al., 

2007). Conversely, absorption rates from soil matrices results in mean estimated 

rates below 0.5%. Altogether, these studies suggest that estimations of 3% total 

dermal absorption by the EPA may be an overestimation (Lowney et al., 2007). 

 

 A more significant route of exposure for humans is inhalation. Arsenic in 

the atmosphere is typically contained within particulate matter, thus dust 

inhalation in arid regions is an important contributor to systemic arsenic 

exposure. However, arsenic inhalation is primarily the result of occupational 

exposures rather than environmental exposures (Hysong et al., 2003). It is 

important to discuss, however, that inhalation exposure in the occupational 
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setting is often assessed through urinary arsenic concentration, which does not 

distinguish between arsenic absorbed in the lungs, versus that absorbed through 

the intestinal walls after clearance from the respiratory tract. Thus, while the site 

of arsenic absorption within the body varies, the route of exposure remains the 

same (Appelo and Heederik, ). Symptoms associated with acute inhalation of 

arsenic include nausea, vomiting and other gastrointestinal discomfort, whereas 

symptoms of chronic inhalation are associated with irritation of the skin and 

mucous membranes as well as a strong association with lung cancer (ATSDR, 

2007). 

 

The main route of exposure in humans is through ingestion of 

contaminated food and water. The amount of arsenic in food is mainly dependent 

on the water source used to grow it, which varies greatly throughout the world. It 

is therefore important to keep in mind the different types of foods and dietary 

habits throughout the world, when evaluating dietary intake from certain food 

types, instead of simply making generalized estimations from previous studies.  

 

There are multiple forms of inorganic and organic arsenicals, and it is 

generally recognized that inorganic arsenicals (arsenite, arsenate) are far more 

toxic to humans than organic arsenic (arsenobetaine, arsenosugars, 

arsenolipids) (Figure 1.3); therefore, it is important to evaluate the total 

contribution of inorganic and organic species separately, to avoid overestimation 
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of health risks. However, analytical methods to assess arsenic speciation within 

plant and animal tissue have not yet been standardized and remain complicated, 

resulting  in  limited  data  on  true  arsenical  composition  within  different  food 

products (Appelo and Heederik, 2006). The main sources of inorganic arsenic that 

contribute to human exposure are drinking water and grains such as rice.  In a 

recent study, Williams et al. analyzed 36 rice samples from multiple cultivars in 

Bangladesh, and showed that 80% of the total arsenic content was inorganic 

(Williams et al., 2005,Williams et al., 2006). Organic arsenic comes mainly from 

consumption of seafood. Organic arsenicals such as arsenobetaine and 

arsenolipids are typically found in fish and shellfish, whereas arsenosugars are 

more commonly found in seaweed and mollusks (Francesconi and Edmonds, 1996). 

Importantly, organic arsenicals are regarded as nontoxic and are readily excreted 

unchanged via the kidneys. Thus, the studies described in this dissertation focus 

on the cardiovascular effects associated with of inorganic arsenicals. 
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Figure 1.3 

Chemical forms of arsenic associated with human exposure through dermal, 
inhalation or ingestion routes and metabolism through methylation processes. 
Author: Pablo S.S.  
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 While arsenic ingestion from contaminated foods is an important 

contributor to total exposure, water consumption is by far the main contributor to 

systemic exposure to arsenic. An estimated 100 million people are exposed to 

elevated concentrations of arsenic in drinking water worldwide (Kozul-Horvath et 

al., 2012). Within the United States, arsenic levels are often above the MCL and 

have been documented at concentrations as high as 100 µg/L (Brown and Ross, 

2002). While the occurrence of such elevated arsenic concentrations is an 

extreme case in the U.S., this level of contamination is a common occurrence in 

other countries.  The WHO established the AEL for arsenic to 10 µg/L in 1993, 

but several developing countries with high arsenic in their environment such as 

India, Bangladesh, China, Chile and Mexico have established less stringent 

national MCLs of 50, and even 100 µg/L (Brown and Ross, 2002). These higher 

allowance levels result in continuous exposure to arsenic levels known to affect 

human health, and increase morbidity and mortality associated with 

environmental exposure. 

 

 Inorganic arsenic is either found in the trivalent state, arsenite (As(III)), or 

the pentavalent state, arsenate (As(V)). Upon entrance into the body either 

through dermal, inhaled, or ingested routes, arsenic is readily absorbed into 

systemic circulation. Arsenate is able to enter cells through the phosphate 

transporters since its oxyanion state (H3AsO4) resembles that of phosphate (PO4
-

3). While some of the toxicities associated with arsenate are related to its ability 
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to mimic phosphate, physiological concentrations of phosphate are 

approximately 700 times greater than that of arsenic in populations exposed to 

arsenic on a regular basis (de Boer et al., 2009,Bhattacharjee et al., 2009). Thus, it is 

likely that toxicities associated with arsenate go beyond its ability to affect 

processes of phosphorylation and phosphate transport. Once inside the cell, 

arsenate can be reduced to arsenite by As(V) reductase in a glutathione-

dependent reaction (Vahter, 2002). Trivalent arsenicals from the environment can 

enter human cells through aquaglyceroporins (AQP) 7 and 9 (Bhattacharjee et al., 

2009). Additionally, multiple studies using AQP knockouts have demonstrated 

impaired import and export of arsenite, as well as the possibility of arsenite 

transport across cell membranes through AQP-independent mechanisms (Liu et 

al., 2002). Unlike arsenate, arsenite is able to form strong covalent bonds with 

sulfhydryl or thiol groups such as those found in cysteine residues. Conjugation 

of arsenite to thiol groups have been shown to affect protein function through 

conformational changes, or displacement of thiol-bound metals (Wnek et al., 

2011a,Kitchin and Wallace, 2008,Ding et al., 2009). This characteristic of trivalent 

arsenicals is a key mechanism in their increased toxicities 

 

 Arsenite produced from arsenate reduction or transported through AQPs 

can undergo methylation and further reduction reactions, resulting in mono and 

dimethylated species such as monomethylarsonous acid (MMA(III)), 

monomethylarsonic acid (MMA(V)), dimethylarsinous acid (DMA (III)), and 
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dimethylarsinic acid (DMA(V)), The trimethylated form of arsenic, trimethylarsine 

oxide (TMAO(V), can also form, however its occurrence is much more rare. The 

methylation steps of As(III) into MMA(V) and MMA(III) into DMA(V) are mediated 

by the enzyme Arsenic 3-Methyltransferase (AS3MT) which uses S-adenosyl 

methionine (SAM) as a cofactor and methyl donor. Through these steps, Arsenic 

Reductase and MMA Reductase, a set of glutathione dependent oxidoreductases 

reduce the pentavalent forms into their trivalent equivalents (Figure 1.4) 

(Aposhian, 1997,Zakharyan et al., 1995,Cullen and Reimer, 1989). Although 

biotransformation of toxicants is typically regarded as a detoxication process, in 

the case of arsenic, methylation into the intermediary methylated MMA(III) 

metabolite is more cytotoxic than its parent form, and has been demonstrated to 

cause potent inhibition of enzyme activity (Styblo et al., 1997,Styblo et al., 2000,Bae 

et al., 2008). Nevertheless, biotransformation of arsenicals is an important step in 

the detoxication process, as methylation provides a way to increase water 

solubility, and thus increase the rate of urinary excretion and systemic 

elimination. Arsenic, MMA and DMA are all readily excreted in the urine, so 

variation in the relative amounts of each species depends on interindividual 

differences, as well as disease state, age,  pregnancy, and other factors known 

to influence arsenic methylation (Concha et al., 1998a,Concha et al., 1998b).  
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Figure 1.4 

Arsenic methylation and metabolism. Under physiologic conditions, arsenate is 
reduced to arsenite, which then undergoes a series of methylation and reduction 
steps, resulting in mono and dimethylated species. GSH, Glutathione; SAM, S-
adenosyl methionine; SAH, S-adenosyl homocysteine; AS3MT, Arsenic 3-
Methyltransferase. Adapted from (Jensen et al. 2009) 
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1.1.4. Health effects 
 

The health effects resulting from environmental exposure to arsenic are a 

worldwide public health concern. Epidemiological studies demonstrate a strong 

relationship between adverse health effects and exposure to arsenic in a dose 

and duration dependent manner. Acute exposure to high levels of arsenic 

increases morbidity and mortality due to multi-organ toxicities including 

hematological effects, peripheral neuropathy, and gastrointestinal symptoms 

(Levin-Scherz et al., 1987), however toxicities associated with acute exposure are 

typically reversible (Brown and Ross, 2002).   

  

 On the other hand, chronic exposure to arsenic results in an array of 

diseases that require a bigger challenge to treat. Epidemiological data shows that 

chronic exposure can lead to the development of both cancerous and non-

cancerous ailments including cardiovascular diseases such as hypertension and 

ischemic heart disease, metabolic disorders, neurological disorders, and cancers 

of the skin, lung, and bladder (Rahman et al., 2009). 
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1.1.4.1. Cancerous effects of chronic exposure to arsenic 

Arsenic is classified as a group 1 human carcinogen by the International 

Agency for Research on Cancer (IARC), a subdivision of the WHO. Group 1 

carcinogens are those substances that have shown sufficient evidence of 

carcinogenicity in humans or experimental models, and act through relevant 

mechanisms of carcinogenicity (IARC Working Group on the Evaluation of 

Carcinogenic Risks to Humans, 2004). 

 

In the late 1980’s, evaluation of epidemiological data demonstrated that 

arsenic exposure resulted in an increased mortality rate seen from skin, bladder, 

kidney, liver and prostate cancers in a dose-dependent manner (Tseng et al., 

1968,Chen et al., 1985). Epidemiological studies from Taiwan, Argentina, Chile, 

and Bangladesh also provided convincing evidence  that resulted in the 

incorporation of bladder and lung cancers among the cancer types that can result 

from exposure to inorganic arsenic (National Research Council (US). Subcommittee 

on Arsenic in Drinking Water, 1999). 

 

Arsenic-induced carcinogenesis has been well established in many 

epidemiological studies and widely studied both in vitro and in animal models, but 

the exact mechanisms by which arsenic promotes cancer progression are still not 

fully understood. Multiple mechanisms have been proposed including: oxidative 

stress, DNA damage, genetic instability, alterations of the epigenetic state, and 
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impairment of DNA repair processes. Although some of these mechanisms work 

independently from each other, it is likely they may act interdependently to cause 

an increase in the susceptibility of cancer progression (Wnek et al., 2011a,Wnek et 

al., 2011b). 

  

 Reactive oxygen species (ROS) along with reactive nitrogen species 

(RNS) are well known for having beneficial and detrimental effects in biological 

systems. Beneficial effects of ROS/RNS range from cellular responses to 

infectious agents and cellular signaling, to vascular smooth muscle relaxation 

and neurotransmission (Bergendi et al., 1999,Archer, 1993). In contrast, at high 

concentrations, ROS/RNS lead to damage of cellular structures, including DNA, 

protein, and lipid membranes (Poli et al., 2004). This increase in ROS/RNS above 

the ability of intrinsic antioxidant mechanisms to neutralize damage is termed 

oxidative stress. Importantly, oxidative stress has been implicated in various 

pathological conditions involving cardiovascular disease, cancer, neurological 

disorders, diabetes, ischemia/reperfusion, metabolic diseases and aging (Valko et 

al., 2007). Many studies have focused on metal-induced toxicity and 

carcinogenicity through generation of ROS and RNS. Evidence demonstrates 

that arsenic predominantly produces the ROS superoxide (O2
.-), and to a lesser 

extent other ROS including: hydrogen peroxide (H2O2), hydroxyl radical (. OH), 

peroxyl radical (ROO.), and peroxynitrite (ONOO-). All of these ROS are known 

contributors to mutagenesis and carcinogenesis (Shi et al., 2004). Superoxide is 
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rapidly converted to H2O2 and oxygen by reaction catalyzed by superoxide 

dismutase (SOD). While hydrogen peroxide is not a free radical, its accumulation 

in the presence of iron (Fe) can result in the Fenton reaction (Fe(II) + H2O2  

Fe(III) + .OH + OH-) which produces the very reactive hydroxyl radical species. 

The hydroxyl radical is highly reactive with a half-life of less than 1 nanosecond 

(Pastor et al., 2000). Thus when produced in vivo, it reacts close to its site of 

formation. Production of hydroxyl radical close to DNA can lead to the damage of 

DNA bases as well as strand breaks. In this regard, DNA damage becomes an 

important aspect associated with initiation, promotion and progression of 

carcinogenesis. While the exact mechanisms of arsenic-induced ROS generation 

remain unknown, several mechanisms have been proposed. Formation of 

intermediary molecules such as arsine species (Yamanaka et al., 1989), increased 

activation of NADPH oxidase (resulting in increased superoxide production), and 

iron loss from ferritin containing proteins (altering cellular redox, and promoting 

the Fenton reaction) are all mechanisms that may contribute to the alterations in 

DNA, protein, or other regulatory effectors involved cellular proliferation, 

differentiation and apoptosis (e.g. NF-ĸB, AP-1, MAPK) (Figure 1.5) (Ahmad et 

al., 2000,Leonard et al., 2004). 
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Figure 1.5 

Mechanisms of arsenic induced carcinogenesis. Environmental arsenic is taken 
up and metabolized in the body to its methylated forms. Resulting ROS 
generated from metabolism is broken down by superoxide dismutase (SOD), and 
catalase/ glutathione peroxidase (GPx). Excess ROS/RNS generation 
contributes to carcinogenesis through multiple molecular mechanisms. Adapted 
from Shi et al. (Shi et al., 2004).  
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Vast evidence of arsenic-induced ROS generation exists. ROS generation 

has been both directly and indirectly demonstrated in studies such as the one 

where Barchowsky et al. demonstrated the production of superoxide and 

hydrogen peroxide within vascular endothelial cells exposed to 5 µM arsenite by 

using electron paramagnetic resonance spectrometry (Barchowsky et al., 1999). 

Indirect evidence of arsenic-induced ROS generation include studies 

demonstrating the ability of radical scavenging and antioxidant agents leading to 

a decrease in cellular damage associated with arsenic exposure (Shi et al., 2004). 

Furthermore, other studies support the hypothesis that arsenic may act as a co-

carcinogen that does not directly cause cancer by itself, but allows other 

substances, such as cigarette smoke and UV radiation, to more effectively cause 

DNA mutations (Waalkes et al., 2004,Kligerman and Tennant, 2007), suggesting the 

likely involvement of arsenic-induced damage in DNA repair mechanisms. 

 

DNA damage is a relatively common event. In order to maintain genomic 

stability, cells have to deal with a variety of DNA lesions that are generated both 

spontaneously, and as a result of exogenous agents (such as arsenic). To cope 

with these insults, cells are equipped with DNA repair enzymes, DNA damage 

sensing machinery, and checkpoint pathways that help counteract DNA damage 

and maintain genomic integrity. The accumulation of DNA damage is a 

fundamental process in the initiation of carcinogenesis and represents an 

important aspect of arsenic-induced carcinogenesis. Although arsenic does not 
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directly adduct to DNA and it is not a significant mutagen (based on classical 

mutagenicity tests) indirect generation of ROS/RNS results in generation of DNA 

damage. Additionally, arsenic has been shown to inhibit important enzymes and 

machinery involved in DNA repair; thus, contributing and potentiating the effects 

of other co-carcinogens (Wnek et al., 2011a,Hei et al., 1998,Qin et al., 2008).  

 

Base excision repair (BER), is one of several DNA repair mechanisms that 

has the ability to fix many types of DNA damage, including single-strand breaks, 

such as those produced by ROS (Robertson et al., 2009). Importantly, BER has 

been shown to be affected by trivalent arsenicals through inhibition of poly [ADP-

ribose] polymerase-1 (PARP-1), a key enzyme involved in the recruitment, 

stabilization and accumulation of downstream repair enzymes within the 

damaged site (Benjamin and Gill, 1980,D'Amours et al., 1999). Specifically, Wnek et 

al. demonstrated that incubation of PARP-1 zinc finger domain with varying 

concentrations of MMA(III) resulted in the displacement of zinc and the formation 

of a PARP-MMA peptide, as demonstrated via mass spectrometry (Wnek et al., 

2011a). Similarly, Ding et al. showed that increasing concentrations of arsenite 

diminished the ability of zinc to bind PARP-1. These results exemplify the highly 

reactive nature of trivalent arsenicals with thiol groups, particularly those present 

in the cysteine residues that bind the zinc atom via thiolate bonds in PARP-1 

(Wnek et al., 2011a,Ding et al., 2009). 
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The generation of reactive oxygen species provides convincing evidence 

towards the carcinogenic properties of arsenicals, and is later described in the 

context of cardiovascular disease progression.  
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1.2 The cardiovascular system 

 

1.2.1 Cardiovascular physiology 

All living cells require metabolic substrates (e.g. oxygen, glucose, fatty 

acids, amino acids) and a mechanism by which they can remove metabolic by-

products (e.g. carbon dioxide, lactate) (Klabunde, 2011). While single-cell 

organisms are able to interact directly with the environment to provide nutrient 

exchange, multicellular organisms such as mammals require a way to effectively 

exchange nutrients and waste. This is accomplished by a complex and intricately 

designed system of vessels that is capable of reaching every single cell in the 

body and successfully allows diffusion of substances through cellular 

membranes. The heart serves as a powerful pump to continuously mobilize blood 

through this vascular system, thereby facilitating the exchange of gases, fluids, 

electrolytes, macronutrients, and heat.  

 

 Warm-blooded animals, like mammals and birds, have a four chambered 

heart that allows for the separation between oxygenated and unoxygenated 

blood. The heart can be viewed as a set of two different pumps that are 

separated and connected by the pulmonary and systemic circulations. 

Unoxygenated venous blood initially enters the heart through the right atrium. It 

then passes to the right ventrical which delivers blood to the lungs, allowing for 
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exchange of gases between blood and alveoli. After the blood travels through the 

pulmonary circulation and becomes enriched with oxygen, it enters the left atrium 

via the pulmonary veins. The blood then enters the left ventricle and continues on 

to systemic circulation through the aorta (Figure 1.6). The cardiovascular system 

can be further divided into a high-pressure portion (extending from the 

contracting left ventricle to the systemic capillaries) and a low-pressure portion 

(extending from the systemic capillaries, through the right side of the heart, 

across the pulmonary circuit and left atrium, and into the left ventricle in its 

relaxed state). 

 

Arterial blood pressure is defined as the pressure applied by blood onto 

the walls of blood vessels. Typically, blood pressure is recorded as two numbers 

written as a ratio representing systolic (maximal) and diastolic (minimal) 

pressures. While the pumping action of the heart is the main contributor to 

arterial blood pressure, blood vessels also play an important role in modulating 

arterial blood pressure. By constricting and dilating, blood vessels can alter blood 

flow within organs, regulate capillary blood pressure, and distribute blood volume 

within the body. This process of vascular tone regulation is largely controlled by 

the vascular smooth muscle lining within the vessels based on inputs from the 

autonomic nervous system as well as biochemical and metabolic signals from the 

surrounding environment. 
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Figure 1.6 

Anatomical representation of the four chambered heart illustrating the separation 
between unoxygenated blood (blue) and oxygenated blood (red). Circulation of 
venous blood enters the right atrium, travels to the right ventricle and is introduce 
into pulmonary circulation (lungs). Oxygenated blood is then returned to the left 
atrium of the heart, where it travels to the left ventricle and is introduced to 
systemic circulation via the aorta. Direction of blood flow is indicated by the blue 
and red arrows. 
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Physicist measure pressure as a force applied to a surface area, typically 

expressed as Pascals, or g/cm2. In physiology however, and particularly in the 

context of arterial blood pressure, clinicians measure pressure by assessing the 

height it can drive a column of liquid. Arterial pressure is defined as: 

P=ρgh 

where ρ is the density of the liquid in the column (mercury (Hg) or water), g is the 

gravitational constant, and h is the height of the column. Since g and ρ are 

essentially constants, we can estimate blood pressure by evaluating the height of 

the liquid in the column. Pressure is not expressed in absolute terms but rather 

as a pressure difference in comparison to atmospheric or barometric pressure. 

 

Arterial blood pressure is the most critically and highly regulated 

cardiovascular variable. The blood pressure on the arterial side of the circulation 

must be maintained at an appropriate level to drive the blood flow through the 

various organs. At the same time, pressure must not exceed the limits of the left 

ventricle, in order to minimize the afterload imposed upon the heart. The arterial 

blood pressure depends upon the contractile properties of the heart, the 

properties of the vasculature, and the blood volume.  
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An important concept in cardiovascular physiology is cardiac output (CO), 

defined as:  

CO= SV*HR 

Where the strove volume (SV) represents the output during a single heart beat is 

(measured in units of volume, e.g. liters), and the heart rate (HR) (measured as 

beats per minute). The resulting value for cardiac output is usually expressed in 

liters per minute, and can vary greatly, depending on an individual’s body size 

and metabolic demand. Another concept that contributes to the control of mean 

arterial pressure (MAP) is that of total peripheral resistance (TPR). While cardiac 

output mainly depends on the aspect of heart function (i.e. contractility and HR), 

TPR evaluates the vascular components contributing to mean arterial blood 

pressure based on the contractile state of the vessels (radius) and the viscosity 

of the blood. Therefore,  

MAP = CO x TPR 

where total peripheral resistance is expressed as: 

TPR = 8ɳl/π r4 

where ɳ= viscosity of blood, l= length of the peripheral circuit, and r= arteriolar 

radius. Because the length of the vascular system and the viscosity of blood are 

essentially constant within an organism, the factor that dictates vascular 

resistance is the arteriolar radius. Since arteriolar radius is potentiated to the 4th 

power, small changes in the contractile state of vasculature results in a very 

significant change in resistance, and thus mean arterial pressure. 
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Constant regulation of blood pressure is achieved by modulation of 

several systems, both in the short term and in the long term. The regulation of 

blood pressure is of particular interest in regards to human arsenic exposure 

since environmental exposure to arsenicals tends to be a prolonged or chronic 

occurrence. In the short term, such as when abrupt changes in body position (i.e. 

laying down to standing up) occur, vascular tone can be quickly modulated by 

adjusting cardiac output and total peripheral resistance (TPR). This is achieved 

through inputs from the autonomic nervous system. Sympathetic and 

parasympathetic stimuli have an effect on vascular tone, heart rate, and 

contractility through the release of epinephrine and norepinephrine. When high 

blood pressure occurs, baroreceptor stimulation around the carotid sinus and 

aorta occurs resulting in a reflex inhibition of sympathetic input and stimulation of 

parasympathetic input to the heart and vasculature. This leads to a decrease in 

contractility and heart rate as well as vascular relaxation. The outcome of this 

stimulation results in a decreased cardiac output and reduced peripheral 

resistance causing a drop in blood pressure. Alternatively, a drop in blood 

pressure increases sympathetic input to the heart, which stimulates the sinoatrial 

(SA) node to increase heart rate and increase contractility. 

 

In the long term, blood pressure is modulated through the involvement of 

the kidneys, which adds an additional regulatory mechanism via means of blood 

volume control and hormonal regulation. Kidneys are known for being the master 
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regulators of fluid homeostasis. Fluid homeostasis is key component of blood 

pressure regulation since the cardiovascular system is a dynamic, yet, closed 

hydraulic system. The kidneys are primarily responsible for filtering waste 

products out of blood into the urine, and control fluid balances. However, they 

also contribute to blood pressure regulation by being involved in regulatory loops 

such as the Renin-Angiotensin II system. 

 

Renin is released by the juxtaglomerular cells of the kidney and converts 

angiotensinogen to angiotensin I via proteolytic cleavage (Poe et al., 1984) 

Angiotensin I is subsequently converted to angiotensin II by Angiotensin 

Converting Enzyme (ACE) in the lungs. Angiotensin II is a potent vasoconstrictor 

that acts on smooth muscle cells stimulating contraction through increases in 

intracellular calcium (Kanaide et al., 2003) Additionally, it acts on several other 

organs including the adrenal cortex (resulting in a release of aldosterone), the 

posterior lobe of the pituitary gland (resulting in a release of antidiuretic hormone 

(ADH)), and the kidney (resulting in Na reabsorption and water retention). 

Subsequently, the activity from aldosterone and ADH can result in further Na and 

water retention by the kidneys, resulting in a net increase in blood volume 

retention, and thus an increase in blood pressure (Figure 1.7) (Paul et al., 2006). 
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The renin-angiotensin II system feedback loop is depicted, illustrating the actions 
and feedback involved in the process of blood pressure regulation. ACE, 
Angiotensin converting enzyme; ADH, antidiuretic hormone. Author: A. Rad; April 
2006 
 

  

Figure 1.7 Figure 1.7 
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The cardiovascular system is a dynamic network and that when impaired, 

leads to life-threatening human diseases such as those related to heart function 

(e.g., congestive heart failure), blood function (e.g., thrombosis and embolism), 

and vasculature function (e.g., atherosclerosis, hypertension). Moreover, failure 

of the normal interactions among these three organs can by itself elicit or 

aggravate many human pathological processes (Boron and Boulpaep, 2008).  
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1.2.2. Hypertension, cardiovascular disease and arsenic exposure 

Arsenic-induced cardiovascular ailments are well known and remain a 

research priority; however, these findings are often overshadowed with the 

carcinogenic effects of arsenic. For example, regulations such as the reduced 

MCL in the United States in 2006 were largely based on the carcinogenic 

properties of arsenic, and not on the cardiovascular risk associations. 

Importantly, arsenic-related cardiovascular outcomes have been shown to be 

triggered by lower concentrations of arsenic than those necessary for cancer 

development, both in humans and mice (Medrano et al., 2010,Soucy et al., 2005). 

 

Multiple studies have evaluated the correlation between exposure to 

arsenic-contaminated water, and incidence of cardiovascular events. In the mid-

1990’s Chen et al. showed a strong correlation between long-term arsenic 

exposure through drinking water and increased incidence of hypertension in a 

dose-dependent manner (Chen et al., 1996,Chen et al., 1995). Similarly, Rahman et 

al. evaluated the incidence of hypertension in Bangladesh and found that an 

association to arsenic exposure exists after normalization for age, gender, and 

body mass index (BMI) (Rahman et al., 1999). Additional studies done by Kwok et 

al. have shown a significant increase in both systolic and diastolic blood 

pressures in healthy women exposed to 50–100 µg/L arsenic through drinking 

water (Kwok et al., 2007). Additionally vascular dysfunction in patients with chronic 

arsenosis can be reversed by reduction of arsenic exposure (Pi et al., 2005). 
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Cardiovascular mortality has also been evaluated in several studies. 

Medrano et al. evaluated the relationship between cardiovascular, coronary, and 

cerebrovascular related mortalities, and arsenic concentration in 1721 

municipalities throughout Spain (Medrano et al., 2010). Their study demonstrated 

that populations exposed to concentrations between 10 and 100 µg/L were 

associated with increased cardiovascular mortality, when compared to 

populations exposed to arsenic concentrations below 10 µg/L. Similarly, Smith et 

al. found a significant increase in cardiovascular-related mortalities that 

paralleled elevated arsenic exposure through drinking water in the region II area 

of Chile (Yuan et al., 2007).  

 

Many interventions have been advocated to mitigate the impact of arsenic-

contaminated water in countries like Bangladesh, Chile and Taiwan. In 2004, 

Lokuge et al. evaluated the impact of chronic arsenic exposure by calculating 

mortality rates and disability-adjusted life years (DALY) lost for end points related 

to the burden of disease from exposure to arsenic levels > 50µg/L (Lokuge et al., 

2004). The DALY is a summary health measure that accounts for mortality at 

different ages, and for both the severity and duration of morbidity (Murray, 2002). 

Their evaluation demonstrates that 60% of the burden is attributed to ischemic 

heart disease and diabetes, whereas the other 40% accounts for cancers of the 

lung, bladder, kidney and skin (Table 1.1). These findings not only emphasize 
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the importance of cardiovascular and metabolic effects associated with arsenic 

exposure, but also express the importance of adequate intervention when 

attempting to mitigate the issue of arsenic contamination in drinking water. 
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Burden on disease incurred in Bangladesh each year due to arsenic levels above 
50 µg/L. DALYs (Disability-adjusted life years) are a standardized measure to 
assess and compare burden of disease due to varied risk factors and end points. 
Adapted from Lokuge et al (Lokuge et al., 2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 1.1 Burden of disease associated with arsenic exposure 



54 
 

Moreover, epidemiological studies performed by Yuan et al. found that 

people from region II of Chile, exposed to high concentrations of arsenic, had 

significantly elevated mortality rate ratios for myocardial infarction, as well as 

cancers of the lung and bladder, when compared to the region V counterparts 

(unexposed population) (Yuan et al., 2007).  Interestingly, myocardial infarction 

mortality rate ratios were predominant in the young adult men (30-49), born 

during the high-exposure period, suggesting probable exposure in utero and 

early childhood. Furthermore, compared to lung and bladder cancer, myocardial 

infarction mortality was the predominant cause of death during the high-exposure 

period. Together, these epidemiological studies strongly demonstrate a strong 

positive correlation between consumption of arsenic-contaminated water, and 

increase incidence of cardiovascular-related morbidity and mortality. 
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1.2.3 Molecular mechanisms of arsenic-induced hypertension  

The physiological aspects of blood pressure regulation are quite vast, and 

encompass multiple interactions between several organ systems; therefore, 

understanding the molecular mechanisms underlying arsenic-induced 

cardiovascular pathogenesis is a challenging task. Nevertheless, substantial 

epidemiological and biochemical data exist, indicating that a major contributor to 

disease may rely within the vascular endothelium.  

 

Vascular tone regulation is achieved through interactions between the 

vascular endothelium and the adjacent smooth muscle cells. These interactions 

are dependent on the function of endothelial nitric oxide synthase (eNOS) and 

guanylate cyclase (GC). Not only does the endothelium serve as a physical 

barrier keeping blood within the vessels, but it also plays an important role in the 

production of nitric oxide (NO), a key molecule in the process of vasodilation, as 

well as in preventing inflammation, and thrombosis.  

 

The discovery of NO as a signaling molecule in the cardiovascular system 

by Robert Furchgott, Louis Ignarro and Ferid Murad resulted in a breakthrough 

worthy of the Nobel Prize in Physiology and Medicine in 1998 (Ignarro et al., 1987). 

The importance of this reactive signaling molecule has been highlighted not only 

in the cardiovascular field, but also in neurobiology, where it acts as a 

neurotransmitter and is a key molecule in the process of memory formation.  
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1.2.3.1 Nitric oxide synthase function and structure 

Nitric oxide is synthesized from the amino acid L-arginine by the family of 

nitric oxide synthases including eNOS (endothelial, NOS-III), iNOS (inducible, 

NOS-II), and nNOS (neuronal, NOS-I). NOS enzymes work as homodimeric 

subunits in conjunction with 2 calmodulin (CaM) subunits. The tetrameric 

complex contains several cofactors, including (6R)-5-6-7-8-tetrahydrobiopterin 

(BH4), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and iron 

(Figure 1.8). This complex catalyzes the reaction of L-arginine with NADPH and 

oxygen to yield NO, citrulline and NADP (Knowles and Moncada, 1994,Marletta, 

1994). All three isoforms of NOS catalyze the reaction resulting in NO production; 

however, they differ greatly in terms of localization, expression, catalytic activity 

and calcium dependence, resulting in a remarkable range of physiological and 

pathological roles in which they are involved. For example, both eNOS and 

nNOS are expressed constitutively, whereas iNOS is highly inducible. 

Furthermore, eNOS and nNOS catalytic activity is regulated, and partially 

dependent on calcium fluctuations, through CaM activity (Alderton et al., 2001), 

while iNOS is not. 
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Figure 1.8 

A schematic representation of NOS structure containing its multiple cofactors. 
FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; BH4, 
tetrahydrobiopterin; CaM, calmodulin; NADPH, nicotinamide adenine 
dinucleotide phosphate. Structurally, NOS’s consist of two domains; a reductase 
domain, interacting with NADPH and CaM, and an oxygenase domain, 
interacting with heme, iron and BH4. Adapted from Fleming et al. (Fleming and 

Busse, 1999) 
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Active homodimers of NOS are formed from the interaction of the two 

monomers through a zinc (Zn) atom, tetrahedrally coordinated to two cysteines 

(Cys-Xaa4-Cys) from each NOS monomer. Although a great amount of variation 

in homology between isoforms exists (51-57% homology between human 

isoforms), the Cys-(Xaa4)-Cys motif is strictly conserved across all NOS 

sequences known to date, suggesting that the Zn tetrahedral arrangement is a 

fundamental feature necessary for NO production (Raman et al., 1998). This and 

other post-translational regulatory steps are further discussed for eNOS in 

Chapter 4. 
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1.2.3.2 eNOS, arsenic, and vascular relaxation 

Overall, 36% of the adult population suffers from cardiovascular disease, a 

value that rises to 72% for those over age 60, and >80% for those over age 80. 

Improving blood flow and lowering blood pressure in cardiovascular disease has 

long been a treatment goal. While some success has been achieved, only ~43% 

of those treated for hypertension have their condition under control (Roger et al., 

2012). Since nitric oxide both lowers blood pressure and improves blood flow 

through its vasorelaxation and anti-thrombotic activities, NO activity has been 

exploited for treating cardiovascular disease (Moncada and Higgs, 1993). 

 

Endothelium-dependent vascular relaxation begins when external stimuli, 

such as acetylcholine or fluid sheer stress, activate a signaling cascade resulting 

in the activation of eNOS (typically through an increase in intracellular calcium). 

For example, phosphorylation of serine residue 1177 by the kinase AKT results 

in increased production of NO. Nitric oxide then readily diffuses into the adjacent 

smooth muscle cells where it exerts its effect on guanylate cyclase, leading to an 

increased production of cyclic guanosine monophosphate (cGMP). Elevation in 

cGMP activates protein kinase G, which in turn phosphorylates myosin light 

chain (MLC) phosphatase, promoting the dephosphorylation of MLC resulting in 

relaxation of smooth muscle cells (Figure 1.9). 
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Figure 1.9 

Chain of events required for endothelium-dependent smooth muscle relaxation. 
eNOS, endothelial nitric oxide synthase; NO, nitric oxide; L-arg, L-Arginine; GTP, 
guanosine triphosphate; GC, guanylate cyclase; cGMP, cyclic guanosine 
monophosphate; PKG, protein kinase G; MLC, myosin light chain. Author: Pablo 
S.S.  

Acetylcholine 
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Testing of endothelium-dependent vasomotor function has emerged as a 

useful tool in the assessment of vascular function. Several studies have 

demonstrated the ability of arsenic to inhibit vascular relaxation using this tool. In 

a very comprehensive in vivo, ex vivo, and in vitro study, Lee et al. concluded 

that arsenite exposure inhibited acetylcholine-dependent, endothelium-mediated 

vasorelaxation, and also impaired relaxation machinery within smooth muscle 

(Lee et al., 2003). For their ex vivo experiments, aortic rings stimulated with 

phenylephrine (to promote contraction) were pre-treated with varying doses of 

arsenite (0, 10, 25, 50 µM), and then stimulated with acetylcholine to promote 

relaxation. Aortic rings pre-exposed to arsenite had a dose-dependent 

impairment in relaxation. To examine whether these effects were due to 

impairment of NO vs cGMP generation, sodium nitroprusside (NO donor) was 

added to the culture media of arsenic exposed rings, resulting in restored 

relaxation. These results demonstrated the ability of arsenite to interfere with 

eNOS mediated relaxation. Furthermore, this conclusion was supported by their 

in vitro findings in human aortic endothelial cells, were they showed that arsenite 

inhibited citrulline formation (measurement of eNOS activity) in a dose-

dependent manner. To further confirm the effects of arsenite, intravenous 

injection of arsenite [1mg/kg] 2 hours prior to acetylcholine infusion resulted in a 

substantial impairment in blood pressure drop. 
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Similarly, in an experimental model of arsenic-induced vascular disease, 

Srivastava et al. demonstrated that aortic rings from mice exposed to arsenic in 

utero contracted efficiently upon stimulation with increasing doses of 

phenylephrine; however, subsequent acetylcholine-mediated relaxation was 

significantly impaired when compared to aortic rings from control animals. While 

Srivastava et al. did not provide a possible link between in utero exposure and 

impaired relaxation, they suggest alternative mechanisms related to eNOS 

expression levels (Srivastava et al., 2007).  

 

As discussed earlier in this chapter, the generation of ROS by arsenic 

plays an important role in pathogenesis of several diseases. Through indirect 

effects, such as the generation of ROS/RNS, arsenic can also contribute to 

overall reduced production of NO by endothelial cells. In fact, Behrendt et al. 

demonstrated that large proportions of the reduced NO bioavailability and 

endothelial dysfunction in vascular disease states was due to ROS generation 

(Behrendt and Ganz, 2002). Superoxide anion directly reacts with NO, resulting in 

the formation of peroxynitrite. The generation of this reactive nitrogen species not 

only results in a more reactive radical, but also takes away the vasoactive 

attribute of NO (Gryglewski et al., 1986,Rubanyi and Vanhoutte, 1986). Furthermore, 

peroxynitrite formation has been shown to increase oxidation of BH4, essential 

for NOS function (Laursen et al., 2001). Superoxide production has also been 

associated with impaired NO-mediated vasorelaxation and endothelial 



63 
 

dysfunction in human blood vessels (Guzik et al., 2000,Ohara et al., 1993). 

Moreover, scavenging of superoxide restores vasomotor activity within animals 

and humans with atherosclerosis (Mügge et al., 1991).  

 

While the majority of the evidence points towards arsenic resulting in 

decreased NO levels, some controversy remains in the field. Pi et al. 

demonstrated that long term exposure to arsenic resulted in impairment of NO 

production, as evidenced by a 50% decrease in human serum nitrite/nitrate when 

compared to control subjects (Pi et al., 2000). On the other hand, at greater than 

20 µM of arsenite, Lynn et al. observed a dose and time dependent increase in 

nitrite levels in media from Chinese Hamster Ovary (CHO) K1 cells, suggesting 

elevated NO production by these cells (Lynn et al., 1998). Together, these studies 

demonstrate the potential direct and indirect mechanisms by which arsenic elicits 

a negative effect on the cardiovascular system, and suggest possible therapeutic 

targets (Figure 1.10). These targets are further described and tested 

biochemically in Chapter 4. 
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Figure 1.10 

Mechanisms of impairment in arsenic-induced endothelium-mediated relaxation. 
A summary of mechanistic studies is illustrated, showing the multitude of 
mechanisms by which arsenic impairs endothelial dysfunction and promotes 
hypertension. Adapted from Kumagai et al. (Kumagai and Pi, 2004) 
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1.2.4. Metabolic effects of chronic exposure to arsenic 

Not only is arsenic a group 1 carcinogen, but also the number one 

substance in the Agency for Toxic Substances & Disease Registry (ATSDR) 

priority list of hazardous  substances (above lead, mercury, and benzene) 

(ATSDR, 2007). Arsenic is known for its promiscuous ability to impact multiple 

organ systems, resulting in a wide array of diseases. A great example of this 

phenomenon is observed when evaluating the contribution of environmental 

exposures to arsenic on the development of metabolic syndrome. As described 

by the name, metabolic syndrome is not a disease, but rather, a cluster of 

diseases or risk factors that together contribute to decreased cardiovascular and 

metabolic health. Metabolic syndrome is defined by the presence of 3 or more of 

the following risk factors: 1) Elevated waist circumference (men > 40”; women 

>35”); 2) Elevated triglycerides (>150 mg/dl); 3) reduced high density lipoprotein 

(HDL)(< 40 mg/dl); 4) elevated blood pressure (> 130/85 mmHg); 5) elevated 

fasting glucose (> 100 mg/dl) (Grundy et al., 2004,Grundy et al., 2005).  

 

Metabolic syndrome has become a major public health concern and is a 

major cause of morbidity and mortality worldwide. It is estimated that the 

prevalence of metabolic syndrome among the general population is between 17 

and 25% (AlSaraj et al., 2009). Additional reports within the United States suggest 

an even higher percent for the American population, at around 34% (Ervin, 2009). 

Various studies indicate that the major contributors to metabolic syndrome are 
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insulin resistance, obesity and genetic predisposition; however, little is known 

about the contribution of environmental factors (such as arsenic). 

 

Upon evaluating systemic effects of arsenic, it has been noted that 

oxidative stress contributes to the progression of diabetic vascular complications. 

Expanding on the cardiovascular epidemiology that demonstrates the association 

with hypertension and atherosclerosis, arsenic is also present in populations with 

higher incidence of type 2 diabetes (Lai et al., 1994). In a cross-sectional study, 

Navas-Acien et al. demonstrated an increased prevalence of type 2 diabetes in 

populations exposed to elevated arsenic levels, after adjusting for seafood 

intake, supporting the hypothesis that arsenic consumption from drinking water 

represents a major health concern worldwide (Navas-Acien et al., 2008). While 

several studies support this hypothesis, a lack in consensus exists due to 

experimental design limitations, making it difficult to evaluate a causal link 

(Navas-Acien et al., 2006). Nevertheless, increasing biochemical data tend to 

strengthen this causal link between arsenic exposure and cardiovascular 

diseases (Paul et al., 2007b,Paul et al., 2007a,Xue et al., 2011). 

 

Moreover, oxidative stress promoted by arsenic is compounded by 

hyperglycemia, in particular within vascular walls and the kidneys (Giugliano et al., 

1996). Likewise, hypercholesterolemia, most often found along with other 

metabolic syndrome risk factors, promotes generation of superoxide within the 
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vessel wall, in part by enhancing the activity of NAD(P)H and xanthine oxidases, 

and can thereby, impair vascular function (Ohara et al., 1993,Cai and Harrison, 

2000,Cardillo et al., 1997). To further compound this effect, degradation of NO has 

also been observed by elevated circulating levels of LDL cholesterol (Kojda and 

Harrison, 1999). In turn, sustained hyperglycemic states lead to increased 

glycation of LDL, making it more susceptible to oxidation (Chisolm et al., 1992). 

Clearly, these interactions between the components of metabolic syndrome and 

arsenic seem to potentiate each other, thus highlighting the importance of better 

understanding of molecular mechanisms underlying arsenic-induced 

cardiovascular diseases. 
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1.3 Hypothesis and specific aims 

1.3.1 Rationale 

Cardiovascular and metabolic diseases develop as a result of complex 

interactions between genetic predisposition and lifestyle, including interactions 

with the surrounding environment both during development and throughout life. 

Despite increased awareness for healthier lifestyle choices, greater emphasis on 

diet and substantial improvement in pharmaceutical treatments, cardiovascular 

pathologies remain the leading cause of death, and the incidence of metabolic 

syndrome continues to increase. This suggests there still remains a significant 

gap in our understanding of contributing factors underlying cardiovascular 

disease and metabolic syndrome.  

 

1.3.2 Central Hypothesis and Specific Aims 

Hypothesis: Arsenic is a strong environmental contributor to cardio-

metabolic disease onset and progression through fetal development and 

chronic post-natal exposure.  

 

Specific Aim I: Determine if exposure to environmentally-relevant arsenic 

concentrations results in the development of hypertension. 

 Substantial epidemiological evidence suggests a positive correlation exists 

between chronic exposure to arsenic and hypertension. However, lack of 

experimental models of chronic exposure to environmentally relevant 
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concentrations has limited our ability to identify a causal link. A mouse model of 

chronic exposure was developed, using 100 µg/L sodium arsenite for 22 weeks 

beginning at weaning age. Blood pressure was monitored regularly and heart 

morphological changes were evaluated for signs of concentric left ventricular 

hypertrophy.  

 

Specific Aim II: Determine the effects and contribution of fetal exposure to 

arsenic in the onset and progression of cardiometabolic diseases. 

 Evidence suggests that exposure events during critical periods of fetal 

development pose a serious risk for adverse health outcomes later in life. To 

determine the effects of fetal exposure to arsenic, a mouse model was exposed 

to 100 µg/L sodium arsenite between embryonic days 6 and 19. Blood pressure 

and cardiac morphological changes were evaluated throughout the study, and 

blood biochemistry was analyzed to identify additional markers of cardiovascular 

and metabolic disease. In addition, histological assessment of livers was done to 

characterize progression of liver disease. 

 

Specific Aim III: Identify the molecular mechanism of endothelial nitric 

oxide synthase dysfunction associated with arsenic-induced hypertension. 

 Endothelial nitric oxide synthase plays a critical role in the regulation of 

vascular tone. Post-translational modifications and dimer stability are 

fundamental factors that are highly regulated, controlling its activity level and NO 
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output. To investigate the molecular mechanisms of arsenic-induced 

hypertension, a human umbilical vein cell line (EA.hy926) was used to 

characterize changes at the protein level. Additionally, nitric oxide output was 

evaluated in media (as nitrite) to determine the effect of arsenic on nitric oxide 

synthase activity. 
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2. CHAPTER 2 

CHRONIC LOW-LEVEL ARSENITE EXPOSURE THROUGH DRINKING 

WATER INCREASES BLOOD PRESSURE AND PROMOTES CONCENTRIC 

LEFT VENTRICULAR HYPERTROPHY IN FEMALE MICE 

Text and figures in this chapter are derived from: Sanchez-Soria P., Broka D., 

Monks S.L., Camenisch T.D. (2012) Toxicol Pathol Vol. 40, 3, pg 504-512. 

 

2.1 Introduction 

High incidence of cardiovascular diseases has been linked to populations 

with elevated arsenic content in their drinking water. Chronic arsenic exposure is 

connected with an array of diseases, ranging from multiple types of cancer to 

cardiovascular diseases such as blackfoot disease, atherosclerosis, 

hypertension, as well as diabetes and developmental effects (Mandal and 

Suzuki, 2002,Abernathy et al., 1999). For this reason, exposure to environmental 

arsenic is a worldwide public health concern and further understanding of arsenic 

toxicity will help prevent or reverse associated diseases. Currently, the maximum 

contaminant level (MCL) for arsenic in drinking water in the United States is 

10 parts per billion (ppb), which was set by the U.S. Environmental Protection 

Agency (EPA; 2001), reducing the MCL from the previous standard of 50 ppb 

prior to 2006. Importantly, these regulations are established largely on the 

carcinogenic properties of arsenic, and not on the cardiovascular risk 

associations, which have been shown to be present at lower levels than those 
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necessary for cancer development, both in humans and mice (Medrano et al., 

2010,Soucy et al., 2005). 

 

It is critical to study the chronic effects of low-level arsenic exposure to 

further understand its detrimental properties on exposed populations throughout 

the world. Some detrimental effects such as hypertension and cardiovascular-

related mortalities have been studied in arseniasis hyperendemic villages (Chen 

et al., 1996,Chen et al., 2011,Medrano et al., 2010,Chen et al., 1995,Rahman et 

al., 1999). For example, epidemiological studies by Chen et al. and Rahman et 

al. show strong correlations between long-term arsenic exposure and increased 

incidence of hypertension in a dose-response dependent manner. Similarly, 

Smith’s group found a significant increase in cardiovascular-related mortalities 

that paralleled elevated arsenic exposure through drinking water in the region II 

area of Chile (Yuan et al., 2007). Additional studies done by Kwok et al. have 

shown a significant increase in both systolic and diastolic blood pressure in 

healthy women consuming 50–100 ppb arsenic from the drinking water (Kwok, 

2007). Furthermore, the relationship between arsenic exposure and 

cardiovascular diseases has been a subject of interest and is further described in 

excellent reviews (Navas-Acien et al., 2005,States et al., 2009). 

 

Cardiovascular disease is the leading cause of death in the United States 

(Heron et al., 2009,Murray and Lopez, 1997). An estimated 74.5 million people 
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over the age of 20 years, or one in three adults in the United States, have high 

blood pressure (hypertension), as defined by an uncontrolled systolic pressure 

above 140 mmHg or diastolic pressure above 90 mmHg (Chobanian et al., 

2003). An additional 25% of the population is considered pre-hypertensive, as 

defined by systolic pressure between 120 and 139 mmHg or diastolic pressure 

between 80 and 89 mmHg (Lloyd-Jones et al., 2010). Hypertension is one of the 

main risk factors that contribute both to heart disease and stroke. Heart disease 

and stroke are the first and third leading causes of death in the United States 

(National Center for Health Statistics., 2011). Furthermore, hypertension is one of 

the primary pathological causes of left ventricular hypertrophy (LVH), a cardiac 

manifestation of pressure overload characterized by thickening of the ventricular 

wall, often resulting in impaired cardiac function and increased cardiovascular 

risk. Increased ventricular mass, such as that seen in concentric left ventricular 

hypertrophy, is a strong predictor of cardiovascular events and associated 

deaths, independent of other risk factors (Casale et al., 1986,Koren et al., 1991). 

Thus, if hypertension is observed due to chronic exposure to arsenic, we predict 

a concomitant detection of cardiac hypertrophy. 

 

While hypertension is easily detectable and usually controllable, the 

American Heart Association has reported that the cause of 90–95% of high blood 

pressure cases is unknown (Carretero and Oparil, 2000). High blood pressure 

can occur because of many factors such as lifestyle, genetics, and diet. 
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Additionally, environmental pollutants have been previously associated with 

cardiovascular diseases, although their contribution is less clear. In this study, we 

show that chronic exposure to arsenic contributes to the onset of hypertension 

and consequent development of LVH in mice. 

 

Since some epidemiological studies have been shown to have 

inconclusive evidence and often have significant methodological limitations 

(Navas-Acien et al., 2005), a degree of uncertainty still remains in the field 

regarding the cardiotoxic impact of arsenic. Therefore, controlled experimentation 

is needed to determine if chronic arsenic exposure induces cardiovascular 

outcomes such as hypertension. Importantly, we believe that arsenic-induced 

hypertension should parallel development of cardiac hypertrophy. In this study, 

we evaluate the cardiovascular effects of chronic exposure to low-level arsenic 

exposure (100 ppb) in mice through drinking water for 22 weeks. To our 

knowledge, this is one of the first studies looking at blood pressure changes in a 

mouse model exposed to environmentally relevant arsenic concentrations over a 

long period of time. Our findings show arsenic is a primary trigger for 

hypertension and cardiac hypertrophy, highlighting that cardiovascular toxicity 

needs to be considered in regard to setting acceptable arsenic exposure levels. 
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2.2 Materials and Methods 

 

2.2.1 Animals and Treatments 

FVB female mice were purchased from Harlan (Harlan Laboratories Inc., 

WI, USA). Mice were housed in sterile microisolator cages and provided diet 

(2019 Teklad Global 19% Protein Extruded Rodent Diet, Harlan Laboratories 

Inc.) and water ad libitum with either 100 ppb of sodium arsenite (NaAsO2, 

Sigma, St. Louis, MO, USA) or 100 ppb sodium chloride (NaCl, VWR, Aurora, 

CO, USA) as indicated. Water was purified through reverse osmosis and water 

packs were replaced weekly. Mice were exposed to treatments starting at 

weaning age and maintained on treatment for 22 weeks. The amount of arsenic 

consumed by each animal was not measured, although arsenic concentration in 

the drinking water was analyzed. Water samples were collected fresh after 

preparation from the treatment and control water packs, and additional samples 

were collected after 7 days, prior to replacing the water packs. These samples 

were stored at –80°C until analysis for arsenic content and speciation by 

inductively coupled plasma mass spectrometry (ICP-MS) at the analytical section 

of the hazard identification core of the National Institute of Environmental Health 

Sciences (NIEHS) Superfund program. Mice were weighed weekly prior to 

acclimation for blood pressure studies. Animals were euthanized by CO2 

asphyxiation and cervical dislocation. All animal use and experimental protocols 
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followed University of Arizona Institutional Animal Care and Use Committee 

(IACUC) regulations and remained in accordance with institutional guidelines. 

 

2.2.2 Measurement of Blood Pressure 

Systolic and diastolic blood pressure were measured weekly on arsenic-

treated and control mice while conscious using a volume pressure tail cuff 

transducer system coupled to a computerized data acquisition software (Coda 

High-Throughput, Kent Scientific Corporation, Torrington, CT, USA). This 

noninvasive method has been previously shown to produce reproducible data 

consistent with intra-arterial blood pressures (Krege et al., 1995). 

 

Mice were placed in restraining tubes and tail cuffs were placed on their 

tails 10 minutes prior to each session to allow them to acclimate. Sessions of 25 

cycles were done, where the first 10 cycles were not recorded and helped the 

mice get accustomed to the tail cuff method. Out of the recorded cycles, the 

highest and lowest readings and any readings associated with excess noise or 

animal movement were discarded, and then readings were averaged together to 

obtain weekly measurements as described (Pollock and Rekito, 1998). Each 

session included 2 control and 2 arsenic-treated mice simultaneously on 

independent restraining tubes and tail cuffs to account for intersession variability 

due to handling. 
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2.2.3 Echocardiography and Anesthesia 

Mice were anesthetized using a rodent isofluorane anesthesia instrument 

with a vaporizer, induction chamber, and mouse nose cone. Oxygen was co-

administered with isofluorane. The vaporizer was set to 3% during induction and 

reduced down to 1.5% for maintenance during echocardiography procedure. 

Eyes were protected with lubricant to prevent corneal damage. Mice were 

secured and shaved using Nair lotion on a heated board that allowed for 

acquisition of vital physiological parameters such as respiratory rate, heart rate, 

and ECG. 

 

Transthoracic echocardiography was done on anesthetized mice using the 

Vevo2100 high-resolution ultrasound imaging system (Visualsonics, Toronto, 

Ontario, Canada) equipped with the MS550D transducer (22–55 MHz) to assess 

cardiac morphology in the short axis view in M-mode images. Left ventricular 

(LV) mass was calculated from cineloop recordings by delineating LV walls from 

a minimum of four beats during the post-expiratory pause of the respiration cycle. 

Averages were obtained from measuring 3 independent views per mouse. Left 

ventricular posterior and anterior walls were measured in accordance with the 

American Society of Echocardiography recommendations (Sahn et al., 1978), 

and ventricular mass was determined using the following formula: 
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LV mass = 1.05 x (Avg. Diastolic Diameter at Outer Wall)3  

– (Avg. Diastolic Diameter at Inner Wall)3 

 

Results were grouped based on treatment groups and standard deviations were 

calculated. Relative wall thickness (RWT) was calculated using the formula: 

 

RWT = (2 x Avg. LV wall thickness) / End Diastolic Left Ventricular Diameter 

 

where a minimum of 20 cardiac cycles per mouse were used to measure end 

diastolic LV diameter and wall thickness. Calculations for RWT were based on 

measurements obtained in B-mode. Concentric hypertrophy was determined as 

traditionally defined to be (RWT ≥ 0.45) (Koren et al., 1991,Ganau et al., 1992). 

RWT data was calculated per individual mouse. 

 

2.2.4 Tissue sectioning and Histological Measurements 

Hearts were harvested and rinsed in phosphate buffered solution (PBS, 

Mediatech, Herndon, VA, USA) and fixed in 4% paraformaldehyde (Fisher, Fair 

Lawn, NJ, USA) overnight. Fixed tissue was embedded in Paraplast 56°C 

(McCormick Scientific, St. Louis, MO, USA), and sectioned in the transverse 

plane into 10-µm sections using a microtome (HM 325 Microtom, Thermo 

Scientific, Waltham, MA, USA). Midsections of the ventricles were compared 

between hearts using papillary muscles as reference point. Heart sections were 
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deparaffinized, rehydrated, and stained with hematoxylin and eosin (Thermo 

Scientific, Waltham, MA, USA). Gross heart morphology was captured using a 

dissecting microscope at 3x magnification. Interventricular septum (IVS) 

measurements were obtained at a 5x magnification using a Leica DFC320 

camera linked to a Leica DM 2500 microscope. Measurements were done 

through the midsection of the heart with close attention to excluding protruding 

tissue as shown in detail in Figure 2.5. Over 70 measurements were obtained 

from serial sections for each treatment group. Averages were calculated and 

standard deviations were obtained. 

 

2.2.5 Statistics and Data analysis 

Data acquisition for blood pressure measurements was obtained from the 

CODA software, exported into Microsoft Excel 2007 as comma separated values 

(.csv) files. Internal parameters of the CODA software were used to exclude and 

discard abnormal readings as described earlier. The remaining values were 

averaged together for control group (n = 5) and arsenic-treated group (n = 8), 

and standard deviations were obtained per group for each week. 

Echocardiographic measurements were done from the cineloop images where 

measurements were collected and averaged on Microsoft Excel. Comparison of 

blood pressure changes over time was analyzed by repeated measures analysis 

of variance (ANOVA). Average systolic and diastolic blood pressure, LV mass, 
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IVS lengths, and RWT averages were compared using one-tailed Student’s t-test 

at a significance level of p ≤ .05. 
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2.3 Results 

 

2.3.1 Arsenic Increases Blood Pressure 

Epidemiologic reports show a connection between communities exposed 

to environmental arsenic and increased incidence of hypertension as well as 

morbidities related to heart disease (Chen et al., 1996,Medrano et al., 2010,Chen 

et al., 1995,Rahman et al., 1999). However, the magnitude of the direct 

association is uncertain because of limitations in the methodology inherent in 

many of these population studies. To determine whether there is a direct link 

between chronic exposure to low doses of arsenic in a controlled setting, mice 

were exposed to 100 ppb NaAsO2 or 100 ppb NaCl for controls, and 

cardiovascular endpoints were examined. While total arsenic consumed 

throughout the study was not assessed, arsenic concentration and speciation in 

the drinking water was determined through ICP-MS several times throughout the 

study, and arsenic content remained stable in the trivalent form (Table 2.1). 

Systolic and diastolic blood pressures were examined to determine whether 

chronic exposure to low-level arsenite impacted cardiovascular physiology in our 

rodent model. 

 

Control and arsenic-exposed animals had essentially similar systolic and 

diastolic pressure at the start of the study (127/88 mmHg and 116/86 mmHg, 

respectively). Systolic (squares) and diastolic (circles) blood pressure in arsenic-
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treated animals (black lines) increased significantly and by 4 weeks of exposure, 

they remained above controls (gray lines) (Figure 2.1). This hypertensive 

response in arsenic-treated mice was maintained throughout the 22-week period. 

Repeated measures ANOVA was done, showing that 100 ppb arsenic exposure 

promoted a statistically significant increase in systolic blood pressure (p = .032). 

The change in diastolic blood pressure did not reach significance (p= .051), 

although a trend for elevated pressure was observed. Blood pressure data 

obtained throughout the study were averaged per treatment group (Figure 2.2). 

The averaged blood pressures for control mice had normotensive values of 

116/93 mmHg. In contrast, arsenic-exposed mice showed significantly elevated 

blood pressure of 150/115 mmHg. The increase in blood pressure observed in 

arsenic-treated animals was statistically significant for systolic values (p < .05), 

but not for diastolic ones. 
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Table 2.1 Arsenic content in drinking water 

Arsenic content in drinking water was evaluated through ICP-MS throughout the 
study. Samples submitted were from bags freshly prepared (day 1), or after 7 
days in microisolator cages (day 7). Values represented in µg/L (ppb).  
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Figure 2.1 Arsenic promotes increases in blood pressure over time 

Blood pressure data shown for both control (gray) and arsenic treated (black) 
mice throughout the 22 week exposure. Average systolic (squares) and diastolic 
(circles) blood pressures are shown with respective standard deviations. 
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Figure 2.2 Arsenic increases systolic blood pressure in mice 

Summarized averages after concluding exposure are shown for systolic and 
diastolic blood pressure. Control (white); arsenic treated (black).  
*p < 0.05. 
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2.3.2. Arsenic Promotes Left Ventricular Hypertrophy 

Mice were subjected to echocardiographic analysis after the 22 weeks of 

arsenic exposure. Representative M-mode images for both controls and arsenic-

treated mice are shown illustrating tracings of posterior and anterior ventricular 

walls. We calculated the aggregate increase in LV mass in control (Figure 2.3A) 

and arsenic-exposed mice (Figure 2.3B) and found a significant increase of 43% 

in LV mass in arsenic-exposed mice (p < .05) (Figure 2.4). Importantly, this 

increase in LV mass did not correlate with any significant changes in body 

weight. These observations strongly suggest that arsenic promotes hypertension 

and subsequent hypertrophic cardiac remodeling. To further characterize cardiac 

changes, IVS lengths were measured in histological sections of hearts from 

control (Figure 2.5 A,C) and arsenic-treated mice (Figure 2.5 B,D). The average 

IVS length for control mice was 0.94 mm, whereas the average IVS length for 

arsenic-treated mice was 1.12 mm. This 19% increase in IVS length was found to 

be significant (p < .05) (Figure 2.6). Histological assessment of interventricular 

septum supports the echocardiography results showing thickening of the 

ventricular wall of hearts in arsenic-treated mice, which is a hallmark of cardiac 

hypertrophy. 
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Figure 2.3 Echocardiographic analysis of arsenic-induced left ventricular 
hypertrophy 

M-mode short axis view of control (panel 2A) and arsenic treated (panel 2B) left 
ventricle cineloop image. Teal tracings represent LV wall through systole (green 
dotted line) and diastole (red dotted line). Ventricular wall in treated animals (red 
asterisks) is substantially thicker than that of control animals. 
  

Control 

As Treated 
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Figure 2.4 Arsenic increases left ventricular mass 

Average LV mass from control (white) and arsenic treated (black) mice were 
calculated as described in the methods section. A significant increase (43% 
above control) was observed in arsenic treated mice (p ≤ .05).  
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Figure 2.5 Arsenic promotes thickening of interventricular septum 

Hearts were stained with hematoxylin and eosin to assess degree of IVS 

thickening. Control mice (A,C) showed an average interventricular septum (IVS) 

length of 0.94 mm, and arsenic treated (B,D) had an average IVS of 1.12 mm. A 

significant increase in IVS lenght (19% above control) was observed in arsenic 

treated mice (p ≤ 0.05). 
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Figure 2.6 Arsenic increases left ventricular mass 

Hearts were stained with hematoxylin and eosin to assess degree of IVS 

thickening. Control mice (A,C) showed an average interventricular septum (IVS) 

length of 0.94 mm, and arsenic treated (B,D) had an average IVS of 1.12 mm. A 

significant increase in IVS length (19% above control) was observed in arsenic 

treated mice (p ≤ 0.05). 
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To further evaluate left ventricular hypertrophy, we determined whether 

this hypertrophy was eccentric or concentric remodeling. While eccentric 

hypertrophy is often associated with volume overload, concentric hypertrophy is 

typically associated with pressure overload, such as that seen in chronic 

hypertension (Grossman et al., 1975). Concentric hypertrophy is classically seen 

in hypertensive patients and is considered to be an independent cardiovascular 

risk factor. Furthermore, concentric hypertrophy is associated with poor 

prognosis for hypertensive patients (Verdecchia et al., 1995). Therefore, 

ventricular wall thickness was measured in relation to left ventricular end diastolic 

diameter obtained by echocardiography to calculate RWT (Figure 2.7), where a 

value above 0.45 is considered concentric hypertrophy (Koren et al., 1991,Ganau 

et al., 1992). Four of the five control animals (open bars) had RWT below the 

threshold of 0.45, indicating an absence of concentric hypertrophy. In contrast, 

100% of the arsenic-exposed animals (black bars) showed RWT values greater 

than 0.45. These arsenic-treated animals show a significant susceptibility for 

concentric ventricular hypertrophy when compared with control animals (p < .01). 

Collectively, these observations indicate that chronic exposure to low-dose 

arsenic promotes the development of concentric left ventricular hypertrophy. 
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Figure 2.7 Arsenic promotes concentric left ventricular hypertrophy  

Relative wall thickness (RWT) was calculated for each animal. Control mice 
(open bars) show normal values of RWT. In contrast, all arsenic treated animals 
(black bars) show substantial increase in RWT indicating concentric hypertrophy 
(RWT > 0.45, dotted line).  
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2.4. Discussion 
 

Inorganic arsenic is one of the most abundant toxic metals in our 

environment. It is implicated in a wide range of health ailments including multiple 

types of cancer, hypertension, atherosclerosis, and severe forms of peripheral 

vascular diseases such as Blackfoot disease (Mandal and Suzuki, 2002). 

Epidemiologic studies on the Blackfoot disease arseniasis-hyperendemic villages 

along the southwestern coast of Taiwan are characterized by chronic exposure to 

arsenic-contaminated drinking water. In several of these studies, ischemic heart 

disease was found to be strongly associated with chronic exposure to arsenic 

(Tseng et al., 2003). Smith’s group studied the region II area of Chile where there 

was a specific period of high arsenic exposure in the public drinking water (1958–

1970) and found a very significant increase in cardiovascular diseases (Yuan et 

al., 2007). Specifically, mortality from acute myocardial infarction paralleled the 

onset of exposure, showing that acute myocardial infarction deaths increased 

largely after exposure to elevated arsenic levels in the drinking water. 

Furthermore, cardiovascular-related deaths remained significantly elevated in 

this population, suggesting that arsenic exposure had long-term detrimental 

effects on cardiovascular health. This incidence was shown to remain elevated 

for 10 years after onset of exposure and declined following purification of arsenic 

out of the public water supply. Similarly, Chang observed a decrease in 

cardiovascular mortality rates in Taiwan after a reduction of arsenic in drinking 

water was accomplished (Chang et al., 2004). The incidence of cardiovascular-
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related mortalities discovered by these studies strongly suggests that low-level 

arsenic exposure poses a significant harm to humans, increasing the risk of 

developing cardiovascular diseases. 

 

The onset of arsenic-induced cardiovascular diseases is not completely 

clear. Furthermore, the pathogenic mechanisms and physiological effects from 

arsenic ingestion at low concentrations commonly found in the United States 

remain ambiguous. Our in vivo study, using controlled and consistent exposure 

to 100 ppb arsenite in drinking water, shows disruption of cardiovascular 

homeostasis over a period of several months. To our knowledge, this is the first 

animal study looking at the effects of chronic exposure to environmentally 

relevant concentrations of arsenic to assess cardiovascular outcomes such as 

the development of hypertension and LVH. While previous studies have shown 

arsenic effects on vascular resistance and cardiac function, the doses used in 

these studies are at much higher levels and fail to represent environmentally 

relevant concentrations (Carmignani et al., 1985). 

 

We observed blood pressure changes in our mouse model that are 

consistent with previously reported epidemiological studies showing increased 

incidence of hypertension in arsenic-exposed populations (Chen et al., 

1995,Rahman et al., 1999). Interestingly, Kwok et al. showed a very similar 

pattern to what we observed with female mice. In their study, healthy women 
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exposed to elevated levels of arsenic showed a more substantial increase in 

systolic than diastolic blood pressure (Kwok, 2007). Given the similarity in 

cardiovascular effects observed between our studies, and epidemiological 

studies showing elevation in blood pressure in humans exposed to low-level 

arsenite, we believe that our findings could be predictive of concomitant 

concentric ventricular hypertrophy in human populations exposed to arsenic and 

should be explored in future epidemiological studies. 

 

A limitation of our study was the minor variation in blood pressure changes 

during the study, although we observed a consistent trend for elevated blood 

pressure in mice ingesting arsenic that was maintained above control mice 

throughout the 22-week exposure. Furthermore, the chronic hypertension is 

supported by the heart morphological changes observed in the arsenic-treated 

mice. 

 

Chronic hypertension often causes cardiac changes such as concentric 

ventricular hypertrophy, which we evaluated during the study. Although cardiac 

functional changes were not assessed, structural heart changes by both 

echocardiography, as well as histological assessment show significant concentric 

hypertrophy. These results were confirmed through two independent methods, 

and were found strikingly similar (Figures 2.4, 2.6), strengthening the quality of 

the data obtained. Moreover, we characterized the geometric changes in the left 
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ventricle and saw characteristic concentric LVH. Importantly, LVH, although often 

associated with chronic hypertension, is an independent risk factor for 

cardiovascular-related mortalities (Verdecchia et al., 1995). These results, in 

conjunction with histological observations support the concept that chronic low-

level arsenite exposure disrupts cardiovascular homeostasis in mammals. 

 

Previously, we have reported that chronic low-level arsenic exposure 

results in down-regulation of extracellular matrix genes important for vascular 

integrity, such as collagen, elastin, and fibronectin (Hays et al., 2008). Consistent 

with these results, histological assessment confirmed a decrease in extracellular 

matrix components within the vascular walls of microvessels within the lungs and 

heart. This morphological change within the vascular architecture could result in 

impairment of vasomotor regulation, which would help explain the changes in 

blood pressure observed in our current study. Alternatively, additional 

mechanisms of arsenic-induced vascular dysfunction have been described by 

others. For example, in vitro studies have shown that arsenic, as well as its 

metabolite, monomethylarsonous acid (MMAIII), cause vascular smooth muscle 

dysfunction by increasing vasoconstrictor reactivity as well as impairing 

acetylcholine mediated vasorelaxation (Bae et al., 2008,Lee et al., 2003,Bilszta 

et al., 2006). Both of these reported effects of arsenic would likely result in 

impairment of blood pressure regulation and could be likely mechanisms 

contributing to hypertension due to chronic arsenic ingestion. Importantly, both 
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hypertension and LVH have been shown to be associated with impairment in 

endothelium-mediated relaxation (Treasure et al., 1993). Additional studies have 

also shown that arsenic negatively influences the production of nitric oxide and 

reduces endothelial nitric oxide synthase (Lee et al., 2003), an important system 

necessary for proper smooth muscle relaxation in blood vessels. Furthermore, 

arsenic has been shown to increase circulating levels of reactive oxygen species 

(ROS; (Wu et al., 2001)) and could likely be contributing to endothelial cell 

dysfunction (Kumagai and Pi, 2004). 

 

In our studies, we observe that arsenic had two different effects on the 

cardiovascular system, causing hypertension and promoting concentric left 

ventricular hypertrophy. Whether arsenic is promoting concentric left ventricular 

hypertrophy through additional mechanisms independent of increased blood 

pressure still remains unclear. The observed cardiovascular dysfunction upon 

arsenic exposure, is likely a sum of the previously mentioned mechanisms. While 

our previous study described a novel effect by which arsenic disrupted vascular 

integrity, and thus a potential mechanism for onset of cardiovascular diseases 

(Hays et al., 2008), the current study puts those observations in the context of 

disease, by showing that chronic exposure to environmentally relevant arsenic 

concentrations results in the development of hypertension and concentric 

hypertrophy. We are currently utilizing this animal model to further elucidate 
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arsenic-mediated cardiovascular disease onset, and additional molecular 

mechanisms of cardiovascular toxicities. 
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3. CHAPTER 3 

FETAL EXPOSURE TO ARSENIC RESULTS IN HYPERGLYCEMIA, 

HYPERCHOLESTEROLEMIA, AND NONALCOHOLIC FATTY LIVER 

DISEASE IN ADULT MICE. 

Sanchez-Soria P., Broka D., Quach S., Hardwick R.N., Cherrington N.J., 

Camenisch T.D.  

 

3.1. Introduction 

 

Exposure to environmental arsenic is a major concern in the United States 

and worldwide. It is estimated that hundreds of millions of people are exposed to 

arsenic through drinking water on a daily basis (National Research Council (US). 

Subcommittee on Arsenic in Drinking Water, 1999). The highest concentrations 

seen in drinking water are found in the endemic Blackfoot disease regions of 

Taiwan where mean concentrations of arsenic in water are around 700 µg/L.  

Affected countries include Bangladesh, with over 30 million people exposed to 

doses between 0.1 ug/L and 864 ug/L, India, with 40 million people exposed to 

doses exceeding 1000 ug/L, as well as China (1.5 million people) and the United 

States (2.5 million people) exposed to doses between 1 ug/L and 100 ug/L of 

arsenic in the drinking water (Chen et al., 1994; Brown and Ross, 2002; Van 

Halem et al., 2009; Karagas, 2010). Importantly, exposure to arsenic has been 

associated with an array of diseases ranging from multiple forms of cancer, to 
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developmental and reproductive effects, as well as cardiovascular and metabolic 

disorders (Abernathy et al., 1999; Mandal and Suzuki, 2002; Kozul-Horvath et al., 

2012; Sanchez-Soria et al., 2012)(Abernathy et al., 1999; Mandal and Suzuki, 

2002; Kozul-Horvath et al., 2012; Sanchez-Soria et al., 2012).  

Early life exposures to environmental toxicants such as arsenic have been 

shown to be strong influential factors in triggering the etiology of certain cancers, 

yet such exposures have not been as clearly established as contributors to 

cardiovascular disease or metabolic disorders. However, several studies indicate 

that in utero (IU) and early life exposure to environmental toxicants play a critical 

role in increasing susceptibility to chronic ailments including metabolic 

dysregulation and cardiovascular disease (Bateson et al., 2004; Gluckman and 

Hanson, 2004; Yuan et al., 2007; Gluckman et al., 2008). A study performed by 

Yuan et al. in the region II of Chile provided key evidence supporting the idea 

that fetal exposure to arsenic is a strong contributor to increased cardiovascular 

mortality. Importantly, this region of Chile provided a unique opportunity to 

evaluate long-term health effects of arsenic, due to a defined period of high 

exposure, followed by a sharp reduction of arsenic in municipal water. The study 

evaluated cardiovascular mortality ratios between 1950 and 2000 and 

demonstrated that young adults aged 30-49 who were born during the high 

exposure period, with exposure in-utero and throughout early childhood had the 

highest myocardial infarction mortality rates. These findings suggest that early 

exposure to arsenic promotes the development of cardiovascular disease 
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throughout adulthood (Yuan et al., 2007). Similarly, multiple studies show that 

stress during pregnancy, and low birth weight during infancy are associated with 

an increased risk of coronary heart disease, hypertension, type 2 diabetes, and 

the development of metabolic syndrome in adulthood (Barker and Osmond, 

1986; Osmond et al., 1993; Bhargava et al., 2004; Barker et al., 2005; Hovi et al., 

2007). Thus, arsenic as a chemical stressor during fetal development is likely to 

contribute to adult cardiac and metabolic disorders.  

Cardiovascular and metabolic diseases develop as a result of complex 

interactions between genetic predisposition and lifestyle, including interactions 

with the surrounding environment both during development and throughout life. 

Despite increased awareness of the benefits of a healthier lifestyle, greater 

emphasis on diet and substantial improvement in pharmaceutical treatments, 

cardiovascular pathologies remain the leading cause of death. This suggests 

there still remains a significant gap in our understanding of contributing factors 

underlying cardiovascular disease and metabolic syndrome. We hypothesized 

that environmental arsenic exposure during fetal development contributes to the 

onset and progression of cardiometabolic disease.  In the current study, we 

aimed to understand the cardiovascular outcomes resulting from fetal exposure 

to arsenic by evaluating biochemical, as well as physiological and histological 

markers of disease. However, the onset of nonalcoholic fatty liver disease 

(NAFLD), and other metabolic aberrations led us to explore the possibility that 
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fetal arsenic exposure may be a significant contributor to the onset and 

progression of metabolic syndrome. 
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3.2 Materials and Methods 

 

3.2.1 Animals & Treatments 

Swiss Webster pregnant mice were purchased from Harlan (Harlan 

Laboratories Inc, WI, USA). Treatment groups were initiated at embryonic day 6 

(E6) by exposing the dams to either 100 parts per billion (ppb) sodium arsenite 

(NaAsO2, Sigma, St. Louis, MO, USA) or 100 ppb sodium chloride (NaCl, VWR, 

Aurora, CO, USA) through drinking water, and were maintained on their 

respective treatments until birth. Additional arsenic from diet was not considered 

as part of the treatment and was not evaluated. Mice were housed in sterile 

microisolator cages and provided diet (2019 Teklad Global 19% Protein Extruded 

Rodent Diet, Harlan Laboratories Inc, WI, USA) and water ad libitum. Offspring 

from arsenic exposed dams (n = 2) consisted of 3 females and 7 males (n = 10), 

whereas offspring from control dams (n = 2) consisted of 8 females and 2 males 

(n = 10). At weaning age (day 21), mice were separated by treatment and 

gender. 

 

Systolic and diastolic blood pressures were measured bi-weekly using a 

volume pressure tail cuff transducer system coupled to a computerized data 

acquisition software as described (Sanchez-Soria et al., 2012). Mouse weights 

were recorded prior to acclimation to blood pressure analysis. Transthoracic 

echocardiography was performed on anesthetized animals at 2 and 6 months of 
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age to assess left ventricular hypertrophy as described (Sanchez-Soria et al., 

2012). 

 

Blood samples were collected at weaning age, 4 months, and 8 months of 

age by retro-orbital puncture under a running laminar flow hood and sterile 

conditions. Approximately 250- 300 µL of blood were collected from non-fasted 

mice between 12:00 PM and 1:00 PM. Autoclaved capillary tubes were used for 

puncture and collection of blood into eppendorf tubes containing 7 µL of heparin. 

Blood plasma was obtained by centrifugation, frozen in liquid nitrogen, and 

subsequently stored at -80° C until analysis. Mice were euthanized by CO2 

asphyxiation and cervical dislocation. Organs were harvested and processed for 

histology. All animal use and experimental protocols followed University of 

Arizona Institutional Animal Care and Use Committee (IACUC) regulations and 

remained in accordance with institutional guidelines. A summarized illustration of 

the experimental design is shown on (Figure 3.1). 

 

3.2.2 Plasma Biochemistry Analysis 

All plasma biochemical analyses were performed using the Diagnostics 

COBAS INTEGRA 400 Plus (Roche Diagnostics, Indianapolis, Indiana) by the 

Comparative Pathology Lab at University of California, Davis. 
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Figure 3.1 Schematic representation of experimental design for in utero 
arsenic exposure  

Experimental design depicts timeline of arsenic exposure as well as litter size 
and gender ratio for each treatment group. Litter pups were followed for 32 
weeks to characterize biochemical as well as physiological markers of 
cardiovascular disease.  
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Glucose – Enzymatic reaction with hexokinase was performed, catalyzing 

the phosphorylation of glucose to glucose 6-phosphate (G6P), which is further 

oxidized by G6P dehydrogenase, leading to the production of NADPH. NADPH 

formation is directly proportional to the glucose concentration, and was measured 

by the increase in absorbance at 340 nm. 

Cholesterol – Enzymatic cleavage by cholesterol esterase and further 

oxidation by cholesterol oxidase were performed, resulting in the production of 

hydrogen peroxide and cholest-4-en-3-one. Hydrogen peroxide combined with 4-

aminoantipyrine and phenol, results in the production of a red dye detectable at 

an absorbance of 512 nm. The color intensity was used to assess plasma 

cholesterol concentration. 

High Density Lipoprotein (HDL) and Low Density Lipoprotein (LDL) – 

Homogeneous enzymatic colorimetric assays were performed by selective 

solubilization of HDL and LDL through the removal of unwanted lipid fractions. 

HDL cholesterol was analyzed by the addition of magnesium and dextran sulfate 

prior to polyethylene glycol-modified enzyme addition for hydrolysis. LDL 

cholesterol was solubilized by the addition of a nonionic detergent and a sugar 

compound. Addition of a sugar compound allows for the selective determination 

of LDL cholesterol as hydrolysis by cholesterol esterases occurs. HDL and LDL 

cholesterol were determined after selective solubilization by the addition of a dye 

reacting with hydrogen peroxide (as described in cholesterol subsection (see 

above)), and absorbance intensity was measured at 585 nm. 



107 
 

Triglycerides – Free glycerol was removed from plasma samples prior to 

enzymatic hydrolysis of triglycerides. Liberated glycerol after hydrolysis by lipase 

was quantified in a colorimetric reaction by the phosphorylation of glycerol to 

glycerol-3-phosphate, and further oxidation to produce hydrogen peroxide, 

reacting with 4-aminophenazone, and 4-chlorophenol. This oxidation product 

leads to a change in color directly proportional to the amount of triglycerides in 

the sample. 

Liver enzymes – Enzymatic activity based assays were used to 

colorimetrically measure liver enzyme concentrations in plasma samples. 

Alanine Transaminase (ALT) levels were calculated by reacting the sample with 

L-alanine + 2-oxoglutarate, leading to the production of pyruvate, and reacted 

with lactate dehydrogenase in excess of NADH. This reaction leads to the 

production of NAD+ and a decrease in NADH, which can be measured at 340 

nm, and is directly proportional to the amount of ALT. 

Aspartate Transaminase (AST) is measured in a similar fashion to ALT, by 

reacting L-aspartate + 2-oxoglutarate with the plasma sample, and then using 

malate dehydrogenase in the excess of NADH, to produce NAD+ and measure 

the decrease in absorbance of NADH. Alkaline Phosphatase (ALP) is measured 

by reacting p-nitrophenyl phosphate with the plasma sample to produce 

phosphate + p-nitrophenol, which is measured at an absorbance of 409 nm. 
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3.2.3 Histology 

All organs were harvested and rinsed in phosphate buffered solution 

(PBS) (Mediatech, Herndon, VA, USA). Liver samples used for Hematoxylin & 

Eosin (H&E) and Masson’s trichrome stains were rinsed in PBS, and fixed in 4% 

paraformaldehyde (Fisher, Fair Lawn, NJ, USA) at 4°C overnight. Fixed tissue 

was embedded in Paraplast 56°C (McCormick Scientific, St. Louis, MO, USA), 

and sectioned in the transverse plane into 10 μm sections using a microtome 

(HM 325 Microtom, Thermo Scientific, Waltham, MA, USA). Additional tissue 

samples were embedded in Tissue-Tek OCT compound and snap frozen in liquid 

nitrogen for cryo-sectioning and Oil Red-O stain for lipid content analysis. 

Histology was documented using a DFC320 camera linked to a DM 2500 

microscope (Leica Microsystems). 

 

The histological features of steatosis, fibrosis, inflammation and 

hepatocellular ballooning were semi-quantitatively evaluated in H&E and 

Masson’s trichrome stains through the NAFLD activity scoring (NAS) system 

described by Kleiner et al. (Kleiner et al., 2005). Four liver sections were analyzed 

per mouse liver. 
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3.2.4 Statistical Analyses  

Mouse weights were averaged by gender and treatment groups and 

analyzed using repeated measures analysis of variance (RM-ANOVA). Terminal 

liver enzymes (ALT, AST, and ALP) were averaged by treatment group and 

statistical significance was determined by the Student’s T test. 

 

Blood plasma biochemistries were analyzed using a linear mixed effects 

model. This modeling procedure extends the usual linear model by including, in 

addition to fixed effects, random effects that account for correlations among 

observations in the data. In this case, mice were measured repeatedly over time 

and we attempted to capture the covariance structure of these dependent 

observations by modeling the within-mouse correlations. Specifically, 

we modeled the log concentrations of the blood biochemistry analytes with 

fixed effects including gender, treatment group, and time, as well as the 

interactions between them. The random effects included a unique intercept and 

time-associated slope for each mouse, where each random component was 

assumed to come from a normal distribution with mean zero and constant 

variance. While graphical data representation for blood biochemistry analytes in 

Figures 2 and 3 are shown as a combination of male and female values, the 

statistical analysis and statistical significance are a result of mixed effects model 

analysis, not the combined gender averages. 
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3.3. Results 

 

3.3.1 Body weight changes 

Given the association between cardiometabolic disorders and obesity, we 

evaluated growth changes during the 36 week period after birth. Female pups 

exposed to arsenic showed a statistically significant decrease in weight at two 

weeks of age, when compared to control females (p < 0.05) (Figure 1A). While 

this difference in weight was apparent at 2 weeks of age, female mice recovered 

quickly, and by 4 weeks of age, there was no difference between IU arsenic-

exposed and control mice. Interestingly, while this decrease in weight was only 

observed for female mice, a trend (n.s.) in both males and females exposed to 

arsenic suggested possible increase in body weight when compared to their 

control counterparts (Figure 3.2). 
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Figure 3.2 In utero arsenic exposure alters body weight in mice. 

Average weights were graphed over time between IU arsenic exposed (gray 
boxes) and control mice (white boxes). Weights were separated by gender 
showing females on top (A) and males on the bottom (B). Outliers are 
represented as dots. Statistical significance was found in the female group at 2 
weeks of age (*p < 0.05) 
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3.3.2 Blood Plasma Biochemistry 

Epidemiological reports show that populations exposed to arsenic through 

drinking water have an increased prevalence of type 2 diabetes mellitus and 

cardiovascular disease (Navas-Acien et al., 2006,Navas-Acien et al., 2008,Lai et 

al., 1994). Our study demonstrates that blood glucose levels did not significantly 

change over time in control mice. In contrast, IU arsenic-exposed mice had a 

significant increase over time in blood glucose (46% increase) (p < 0.01), as 

evidenced by a 39% increase between weaning age and 4 months (p = 0.05), 

and an additional 7% increase between 4 months and 8 months of age (Figure 

3.3). Further analysis of glucose levels in individual mice showed that control 

mice retained normoglycemic levels throughout the study. The IU arsenic- 

exposed mice exhibited a trend towards hyperglycemia over time, substantial 

interindividual variability, and greater variability across the treatment group, 

suggesting dysregulation of glucose homeostasis (Figure 3.4). 
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Figure 3.3 In utero arsenic exposure promotes hyperglycemia 

In utero arsenic exposure increases blood plasma glucose. Blood plasma 
glucose from control (red) and IU arsenic-exposed (blue) mice was evaluated at 
the indicated time points. A significant increase between weaning age and 4 
months of age was observed in the IU arsenic-exposed group (* p < 0.05), 
reaching greater significance by 8 months of age (** p < 0.01). Treatment means 
are represented as the respective color horizontal bars. WA, Weaning Age  



114 
 

 

 
Figure 3.4 In utero arsenic exposure alters glucose homeostasis 

Individual mouse glucose changes over time for control group (B), show steady 
glucose values, whereas IU arsenic-exposed mice (C) demonstrate a substantial 
variation within mouse measurements, as well as across treatment group. WA, 
weaning age; 4, 4 months of age; 8, 8 months of age.  
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Given our previous findings on arsenic-related cardiovascular pathologies 

(Sanchez-Soria et al., 2012), we evaluated cardiovascular outcomes as well as 

blood lipid profiles. While no significant cardiac remodeling, or changes in 

systolic or diastolic blood pressures were observed between treatment groups 

(data not shown), a striking increase in circulating cholesterol was detected. The 

IU arsenic-exposed group was 26%, 44% and 42% higher than the control group 

at weaning age (p = 0.08), 4 months (p = 0.003) and 8 months (p = 0.002), 

respectively. Further analysis of variation within groups demonstrated that neither 

control nor IU arsenic-exposed mice exhibited changes over time (Figure 3.5). 

Similar to total cholesterol values, LDL cholesterol values (Figure 3.6) were 

consistently elevated in the IU arsenic-exposed animals at 4 months (p = 0.0001) 

and 8 months (p = 0.034), when compared to controls, without a significant 

change over time. HDL cholesterol values for the IU arsenic-exposed mice were 

significantly elevated only at the 4 months of age (p = 0.03); however, a trend 

towards elevated HDL was apparent at weaning age and 8 months of age when 

compared to controls (Figure 3.7). Evaluation of triglyceride levels revealed no 

significant change between IU arsenic-exposed and control mice (Figure 3.8).  
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Figure 3.5 In utero arsenic exposure promotes hypercholesterolemia 

Biochemical analysis of blood plasma cholesterol shows a significant increase 
between control (red) and IU arsenic-exposed (blue) mice at 4 months and 8 
months of age. (** p value at 4 months = 0.003; ** p value at 8 months = 0.002). 
Treatment means are represented as the respective colored horizontal bars. WA, 
Weaning Age. 
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Figure 3.6 In utero arsenic exposure promotes hypercholesterolemia 

LDL cholesterol significantly increases after 4 months and remains elevated in 
the in utero exposed group (blue) when compared to control (red). (* p = 0.034) 
(** p = 0.0001).Treatment means are represented as the respective colored 
horizontal bars. 
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Figure 3.7 In utero arsenic exposure promotes hypercholesterolemia 

Arsenic exposure alters cholesterol homeostasis and promotes an increase in 
HDL levels at 4 months of age, but this change disappears by 8 months of age. 
(* p = 0.03). Treatment means are represented as the respective colored 
horizontal bars. WA, Weaning Age.  
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Figure 3.8 In utero arsenic exposure does not alter triglyceride levels 

Triglyceride values indicated a significant decrease between weaning age and 4 
months of age in the IU arsenic-exposed group, but significance was lost by 8 
months. (* p = 0.02). Treatment means are represented as the respective colored 
horizontal bars. WA, Weaning Age. 
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However, a significant decrease was observed in the IU arsenic exposed group 

between weaning age and 4 months of age (p = 0.02), although by 8 months of 

age this change was not present. 

 

3.3.3 Liver Histology 

The detection of increased circulating lipids in the plasma of IU arsenic-

exposed mice prompted investigation of livers for pathology. Gross examination 

of livers from control mice revealed no obvious signs of steatosis, whereas in 

70% of IU arsenic-exposed mouse livers, we detected consistent discoloration 

indicative of steatosis. Histological examination by hematoxylin and eosin 

staining of control mouse livers revealed normal architecture (Figure 3.9a). In 

contrast, the livers of IU arsenic-exposed mice exhibited prominent micro-and 

macrovesicular steatosis (Figure 3.9c). Livers of control mice showed minor 

signs of lipid accumulation as detected by Oil Red-O staining (Figure 3.9b), 

whereas the livers of IU arsenic-exposed mice had substantially larger lipid 

droplet accumulation, indicative of macrovesicular steatosis (Figure 3.9d) (gray 

arrows). Masson’s trichrome staining was performed to assess fibrotic changes; 

however, no overt alterations were observed between livers of control (Figure 

3.10a) and IU arsenic-exposed mice (Figure 3.10b).  
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Figure 3.9 In utero arsenic exposure promotes the development of 
nonalcoholic fatty liver disease 

Histological assessment shows normal morphology of control livers (A,B), 
whereas IU arsenic-exposed mouse livers (C, D) demonstrate major 
morphological changes, as shown by H&E stain. Macrovesicular steatosis and 
hepatocellular ballooning are evident (black arrows) as well as contiguous 
microvesicular steatosis (white arrows) in the IU arsenic-exposed group 
(compare A to C). Lipid droplet staining by Oil Red-O (B, D) shows minimal 
traces of lipid accumulation in control livers (B), whereas IU arsenic exposed 
mouse livers have a substantial increase in lipid droplet size and accumulation 
(D). 
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Figure 3.10 Effect of in utero arsenic exposure on fibrosis and liver damage 

Liver fibrosis was assessed histologically by Masson’s trichrome stain. Normal 
collagen deposition (blue stain) is observed around the portal triad region in livers 
from both control (A) and IU arsenic-exposed (B) mice. 
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Liver damage was also evaluated through the detection of circulating plasma 

ALT, AST, and ALP. Consistent with histological observations, no significant 

elevation in liver enzymes was observed when compared to control samples, 

indicating no substantial liver damage (Figure 3.11). Additionally, the NAFLD 

activity score (NAS) was used as a semiquantitative scoring system to assess 

histological features of NAFLD progression. Control animals showed little to no 

signs of steatosis and no indications of hepatocellular damage. In contrast, livers 

from IU arsenic-exposed mice showed contiguous microvesicular steatosis 

(+1)(white arrows), as well as some hepatocellular ballooning (+1) (black 

arrows). Fibrosis, megamitochondria or inflammation were not observed (+0) in 

IU arsenic-exposed animals, resulting in an overall NAFLD activity score of +2. 

This suggests a NAFLD-(not nonalcoholic steatohepatitis/NASH) state, as 

defined by a total NAS value of < 3 (Kleiner et al., 2005). 
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Figure 3.11 In utero arsenic exposure does not alter circulating liver 
enzymes 

Analysis of liver enzymes at 8 months of age (C) shows no significant increase in 
treatment group (black bars), when compared to controls (white bars). Alanine 
Transaminase (ALT), Aspartate Transaminase (AST), Alkaline Phosphatase 
(ALP) 
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3.4. Discussion 

Cardiovascular and metabolic disorders have been increasingly 

associated with environmental exposures to arsenic. While chronic arsenic 

exposure in adults has been evaluated in the context of cardiovascular diseases, 

little is known about the contribution of developmental arsenic exposure to 

disease onset and progression. Several studies established a strong association 

between chronic arsenic exposure and an increased prevalence of hypertension 

(Chen et al., 1995,Rahman et al., 1999), atherosclerosis (Wang et al., 

2002,Srivastava et al., 2007), and ischemic heart disease-related mortalities 

(Chen et al., 1996,Chen et al., 2011). Importantly, these epidemiological studies 

have shown that the relationship between cardiovascular disease and arsenic 

exposure is not only dependent on dose, but also on duration of exposure. 

Seldom have studies evaluated the contribution of developmental exposures. 

Recently, Smith’s group (Yuan et al., 2007) provided strong evidence for the 

association between arsenic exposure through drinking water, and a sustained 

increased risk in circulatory disease-related mortalities, years after exposure. 

More importantly, the studies by Smith’s group provided some of the first 

evidence in humans of the detrimental health effects from IU arsenic exposure 

resulting in an increased incidence of myocardial infarction in adults (Yuan et al., 

2007). 
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Obesity is a key component of metabolic syndrome, and it is also an 

important risk factor for cardiovascular disease, as such, the weight of each 

mouse was monitored throughout the study. Our findings show that female mice 

exposed to arsenic in utero were significantly underweight during the first two 

weeks after birth, when compared to their control counterparts. Similarly, Kozul-

Horvath et al. showed that female mice that were exposed to 10 ppb arsenic IU, 

had a delay in weight gain at postnatal day 21 (Kozul-Horvath et al., 2012). Our 

IU arsenic-exposed mice showed a full recovery in weight by 4 weeks of age. 

Interestingly, after this weight recovery, we detected that the IU arsenic-exposed 

group showed a trend towards obesity relative to controls. While no statistical 

significance was achieved, the detected weight change is a critical observation 

when compounded with alterations in glucose and lipid metabolism.  

 

The biochemical and clinical markers of metabolic syndrome and 

cardiovascular disease observed in this study are of major significance, 

considering that exposures to 100 ppb doses are quite prevalent throughout the 

world. The progression of hyperglycemia between weaning age and 4 months of 

age is similar to what would be expected from the development of insulin 

resistance in type 2 diabetes mellitus. The most frequent cause of hyperglycemia 

in diabetes mellitus results from a deficiency in insulin secretion or action. 

However, insulin levels were not measured successfully in our plasma samples. 

It is also possible that the observed hyperglycemia is linked to the development 
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of NAFLD, and therefore, additional studies are needed to address this issue of 

liver function. Nevertheless, the observation that glucose levels increased over 

time in the IU arsenic-exposed mice is consistent with the epidemiological 

studies associating type 2 diabetes mellitus with arsenic exposure (Navas-Acien 

et al., 2008,Lai et al., 1994), as well as with molecular mechanism studies 

demonstrating that arsenic may impair insulin response and sensitivity (Walton et 

al., 2004). 

 

The detected elevation in total cholesterol in IU arsenic-exposed animals 

supports the hypothesis that arsenic exposure is a significant risk factor 

contributing to the onset of cardiovascular diseases such as atherosclerosis. 

Specifically, elevation of LDL cholesterol is a major component causing and 

influencing atherogenesis and coronary heart disease, and it is the single most 

important clinical predictor of coronary artery disease (Rifai et al., 

1992,Bachorik,2000,National Institutes of Health, 2001,Naito, 1995). 

 

Our model provides limited insights to the significance of the observed 

increase in cholesterol with respect to atherosclerosis, since non-genetically-

predisposed mice have extremely low LDL cholesterol values. In fact, mouse 

cholesterol turnover is both quantitatively and qualitatively different from other 

animals, especially humans. Typically, mouse LDL hepatic clearance rates reach 

500 ml/day/kg, which is about 40-fold greater than human hepatic LDL 
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clearances (Dietschy et al., 1993). Consequently, the steady-state concentration 

of LDL cholesterol in wild-type mice is approximately 7 mg/dl, whereas in 

humans this value usually exceeds 100 mg/dl (Dietschy and Turley, 2002). 

Nevertheless, this study demonstrated that a substantial increase in circulating 

LDL cholesterol was present in mice exposed to arsenic during fetal 

development, and the ramifications of this observation are likely to have 

significant impact in the context of cardiovascular health. Similar to the increase 

in LDL cholesterol, IU arsenic-exposed mice had elevated HDL values at 4 

months. While the underlying mechanisms behind this observation remain 

unclear, we postulate that this is a reflection of the impaired cholesterol 

metabolism, and not a beneficial effect of arsenic exposure. Circulating 

triglycerides were analyzed in control and IU arsenic-exposed mice. Similar to 

Srivastava’s observations in the ApoE -/- mouse model, (Srivastava et al., 2007), 

a significant decrease in triglycerides was observed in the IU arsenic-exposed 

group between weaning age and 4 months of age. Interestingly this decrease 

was not detected by the 8 month time point. Whether these observations are a 

result of compensatory or adaptation mechanisms, or simply due to variation 

arising from non-fasted plasma analysis remains unclear. Nevertheless, this is 

not a surprising or contradictory finding, as it is believed that LDL cholesterol, 

rather than triglycerides is the main contributor to the progression of 

atherosclerosis. Increased levels of non-fasting triglycerides often indicate the 

presence of an atherogenic state; however, all human cells are able to degrade 
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triglycerides, but not cholesterol. It is, therefore, the LDL cholesterol content that 

can cause atherosclerosis upon entrance into the arterial intima 

(Zilversmit,1979,Kolovou et al., 2005). Additionally, detection of triglycerides and 

lipid accumulation in the livers of IU arsenic-exposed mice provides strong 

evidence that early arsenic exposure promotes the onset and progression of 

NAFLD. In humans, increased risk of cardiovascular disease is associated with 

NAFLD, as it is often a co-morbidity that develops in metabolic syndrome 

(Ekstedt et al., 2006,Paschos and Paletas, 2009). Furthermore, NAFLD is 

increasingly recognized as the hepatic manifestation of insulin resistance and 

metabolic syndrome (Marchesini et al., 2001). Importantly, NAFLD is estimated 

to be prevalent in 20-30% of the general population in western countries 

(Bedogni et al., 2005), so understanding the underlying causes for the onset and 

progression of this disease is essential. In this regard, our results are consistent 

with previous studies showing that arsenic exposure leads to fatty livers in 

pregnant female mice (Kozul-Horvath et al., 2012). Thus, arsenic is a chemical 

stressor particular to the developing fetus, predisposing animals to NAFLD. 

 

To evaluate our plasma biochemistry, we chose to not fast the mice prior 

to blood collection. The reasons behind this were two. First, we believe that 

atherogenesis and cardiovascular disease progression are largely a postprandial 

phenomenon. Humans spend a larger portion of their lives in the postprandial 

state, while paradoxically, the vast majority of studies assessing cardiovascular 
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disease risk factors are conducted in a fasted state. Importantly, it has been 

demonstrated that fasted triglyceride values do not represent an independent risk 

factor for cardiovascular disease, whereas studies in the postprandial state show 

that triglycerides can be used as a predictor of coronary heart disease (Eberly et 

al., 2003), myocardial infarction, and ischemic heart disease-related deaths 

(Nordestgaard et al., 2007,Bansal et al., 2007,Iso et al., 2001). Similarly, in type 

2 diabetes mellitus patients, non-fasting blood glucose level has been shown to 

be a better predictor of cardiovascular events than fasting blood levels (Cavalot 

et al., 2006,Wannamethee et al., 1999). Secondly, as mentioned previously, the 

mice in this study were not genetically predisposed to develop diabetes or 

atherosclerosis, so we believed that this represented a possibility for false 

negative results, given enough time in the fasted state. 

 

When designing studies of IU exposure, controlling for variables like 

gender ratio between treatment groups becomes challenging, since treatment is 

determined prior to identification of gender of the offspring. By using the mixed 

effects model, we are able to accommodate the unbalanced data and attempt to 

control for the gender effect. However, given this gender imbalance between the 

control and IU arsenic-exposed groups, it becomes a challenging task to tease 

apart to what extent treatment and gender contribute independently to the 

observed effects. While our model did reveal a statistically significant treatment 

effect (independent of gender effect), confirmation of these findings with larger 
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numbers of animals would need to be conducted to better assess the contribution 

of gender, independent of other variables, to arsenic triggered diseases. 

Furthermore, it is likely that gender specific pathophysiological differences exist 

in the onset of metabolic syndrome, and should be investigated further (Regitz-

Zagrosek et al. 2006). 

 

The pathologies associated with arsenic and cardiovascular outcomes 

involve a complex network of signaling pathways and further studies are needed 

to understand the fetal-basis of adult cardiometabolic disease. Moreover, 

understanding the underlying molecular mechanisms will allow for therapeutic 

intervention early in life, reducing the incidence of cardiovascular diseases and 

metabolic disorders. 

 

In summary, we demonstrate that fetal exposure to arsenic results in the 

development of multiple cardiovascular risk factors and metabolic syndrome 

components that are significant contributors to cardiovascular-related mortalities. 

Collectively, these results strongly suggest that developmental exposure to 

arsenic is a previously unrecognized contributor to the onset of cardiometabolic 

diseases. 
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4. CHAPTER 4 

MOLECULAR MECHANISMS OF ARSENIC-INDUCED  

VASORELAXATION IMPAIRMENT 

Sanchez-Soria P., Parker P., Camenisch T.D. 

 

4.1. Introduction 

The vascular endothelium contains a regulatory system composed around 

the function of endothelial nitric oxide synthase (eNOS) and guanylate cyclase 

(GC). Through paracrine and endocrine signals, stimulation of NO production 

allows for the control in vascular tone and blood pressure regulation.  

 

Nitric oxide is produced from the amino acid L-arginine and molecular 

oxygen by eNOS. With its oxygenase and reductase domains, eNOS interacts 

with multiple cofactors including FMN, FAD, NADPH, BH4 and zinc. Additionally, 

interactions with CaM allows for rapid and tight regulation through changes in 

intracellular calcium. The prevailing model over the years has involved CaM 

binding as the required component for eNOS activity; however, over the past 10 

years, a far more complex picture of eNOS regulation has emerged that involves 

multiple levels of post-translational regulation, including numerous 

phosphorylation and dephosphorylation events by multiple kinases and 

phosphatases (Figure 4.1). This complex regulatory system allows for NO to be 

produced in response to a wide array of humoral, mechanical and 
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pharmacological stimuli, and prevents uncontrolled production of the reactive 

gas, thus reducing the detrimental consequences such as the generation of 

peroxynitrite (Mount et al., 2007). For example, phosphorylation of serine residue 

1177 (Ser1177) by Akt is a critical requirement for eNOS activation. In contrast, 

phosphorylation of tyrosine residue 657 (Tyr657) results in attenuation of enzyme 

activity (Kolluru et al., 2010,Fisslthaler et al., 2008). Regulation of eNOS is also 

achieved through changes in other tyrosine, threonine and serine residues; 

however, the function and contribution of these modifications are controversial. 

 
 
 Additionally, eNOS activity is controlled by quaternary structure through 

interactions as a homodimer, along with CaM. The homodimer conformation is 

achieved through thiolate bonds tetrahedrally coordinated between two cysteines 

(Cys110 and Cys115) from each eNOS subunit, and a Zn atom (Raman et al., 1998). 

The contribution of dimer stability to enzyme activity and stability is further 

discussed in Chapter 5. 
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Figure 4.1 

A schematic representation of NOS structure containing its multiple cofactors. 
FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; BH4, 
tetrahydrobiopterin; CaM, calmodulin; NADPH, nicotinamide adenine 
dinucleotide phosphate. Changes in phosphorylation state of key residues (red) 
results in alterations to enzyme activity and NO output. Adapted from Fleming et 
al. (Fleming and Busse, 1999)  
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 The production of NO by eNOS is a key component of vascular relaxation, 

as the NO diffuses into adjacent smooth muscle cells, where it exerts its effect on 

GC, leading to the production of cGMP from GTP. This in turn results in a 

cascade of reactions that ultimately dephosphorylate myosin light chain, resulting 

in muscular relaxation. To test this system, a useful tool has been developed, 

where intact vascular rings containing the endothelial and smooth muscle cells 

are cultured in the presence of molecules to promote contraction and relaxation. 

Using this tool, Lee et al. demonstrated the ability of arsenic to impair vascular 

relaxation by inhibiting acetylcholine-induced relaxation (Lee et al., 2003). 

Typically, acetylcholine stimulates eNOS activity through phosphorylation of 

Ser1177, which then results in NO production; however, their studies suggest 

arsenic alters this relaxation chain of events. This study also demonstrated that 

the addition of sodium nitroprusside (NO donor) to the culture media effectively 

restored normal relaxation in arsenic-exposed rings; thus, indicating that the 

impairment promoted by arsenic exposure is in the process of nitric oxide 

production, and not in the production or activity of cGMP. This conclusion was 

supported by their in vitro findings in human aortic endothelial cells, where they 

showed that arsenite inhibited citrulline formation (measurement of eNOS 

activity) in a dose-dependent manner. 
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Due to the complexity of post-translational regulation (e.g. 

phosphorylation) of eNOS, and the ability of arsenic to mimic phosphate in the 

cellular environment (Bhattacharjee et al., 2009), we hypothesized that arsenic 

affects endothelial NO production by impairing phosphorylation and eNOS 

protein stability in endothelial cells. This hypothesis was evaluated using a 

cellular model of human placental endothelial cells (EA.hy926) exposed to 

varying concentrations of arsenic and evaluated the effects over short and long 

periods of time. 
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4.2. Materials and Methods 

 

4.2.1. Reagents 

EA.hy926 cells were purchased from ATCC (Manassas, VA); sodium 

arsenite (NaAsO2) was prepared by the Synthetic Chemistry Core (Southwest 

Environmental Health Sciences Center, Tucson, AZ) and diluted using distilled 

deionized water. eNOS antibodies were purchased from Santa Cruz (Santa Cruz 

Biotechnology, Inc., Dallas, TX). (6R)-5,6,7,8-Tetrahydrobiopterin and L-ascorbic 

acid were purchased from Sigma-Aldrich. All additional reagents were purchased 

from Invitrogen. 

 

4.2.2. Cell line and culture conditions. 

EA.hy926 cells were cultured in Dubelcco’s Modified Eagle’s Medium 

(DMEM) (non-heat inactivated 10% Fetal bovine serum (FBS), 1.35 g/L Sodium 

Bicarbonate) at 37° C, 5% CO2 unless otherwise specified. Vitamin C (100 µM) 

and BH4 (10 µM) were maintained at -80° C and supplemented directly on to 

culture plates to reduce oxidation in refrigerated media. Cells were grown to 

confluency and split twice a week. For cell survival and total protein studies, 

NaAsO2 was added to cultures at 70% confluency. For phosphorylation studies, 

NaAsO2 was added at 85% confluency (short exposure). 
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4.2.3. eNOS protein levels. Time and dose response to arsenic exposure  

Dose Response: Cells were grown to sub-confluency and exposed to 

varying concentrations of arsenite for 24 hr. Cell media was collected after 

treatment, and submitted for ICP-MS analysis to measure arsenic content. 

Lysates were collected as described below and stored at -80°C.  

Time Response: Cell cultures were exposed to 10 µM arsenite for 0, 1, 2, 

3, 6, or 7 days after evaluating the dose response titration. Media from cultures 

longer than 2 days was replenished with fresh DMEM and arsenite every other 

day to ensure exposure to arsenite was maintained. Low glucose (5mM) DMEM 

was used to help increase eNOS expression. 

Phosphorylation studies: Cells were exposed to arsenite for 30 minutes 

prior to lysis with Triton-X buffer containing protease inhibitor cocktail (Thermo-

Fisher Scientific), phenylmethylsulfonyl fluoride (PMSF), and phosphatase 

inhibitors (vanadate, molybdenum, fluoride). 

 

4.2.4 Cell Lysis, Protein Quantification, Western blotting & Immunoprecipitation 

 Cells were lysed using Triton-X buffer as described above. For 

immunoprecipitation, cells were lysed in TNEN buffer (1M Tris base, 5M NaCl, 

0.5M EDTA and NP40) containing a protease inhibitor cocktail. For 

immunoprecipitation studies, lysates were incubated with mouse anti-eNOS 

antibody for 1 hr at 4°C and rotated with protein G agarose beads for 2 hr. Next, 

beads were centrifuged and rinsed with TNEN buffer before boiling samples to 
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load and perform sodium dodecyl sulfate poly-acrylamide gel electrophoresis 

(SDS-PAGE). Protein concentrations were calculated using the Bicinchoninic 

acid (BCA) assay compared against albumin protein standards. 

 

 Total protein lysates and immunoprecipitates were run on 7% gels and 

transferred to polyvinylidene difluoride membrane (PVDF). Membranes were 

blocked using 3% bovine serum albumin (BSA) in Tris buffered saline + Tween 

(TBST), and then probed with primary and secondary antibodies. Band detection 

was performed using Super Signal West Dura substrate (Pierce), and visualized 

using the ImagePro imager and Image Lab 3.0.1 (beta 2) software. Densitometry 

and normalization calculations were performed using Image Lab software, and 

Microsoft Excel 2007. 
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4.3 Results 

 

Endothelial nitric oxide synthase protein levels were evaluated under 

varying concentrations of arsenite. Under basal conditions, EA.hy926 cells 

express eNOS abundantly. Exposure to increasing doses of arsenite for 24 hours 

did not alter eNOS protein levels (Figure 4.2a). Conversely, expression of eNOS 

under continued exposure to 10 µM arsenite led to a cumulative decrease over a 

7 day period (Figure 4.2b). Since eNOS is a constitutively expressed protein, 

arsenic ubiquitination levels were evaluated. Previous studies by Bredfeldt et al. 

demonstrated the ability of arsenic to promote the accumulation of ubiquitin 

conjugated proteins, and thus, lead to protein degradation in an in vitro model of 

arsenical toxicity (Bredfeldt et al., 2004). In order to test this, we exposed 

EA.hy926 cells to varying doses of arsenic (0 – 150 µM) for 6 hours and 

immunoprecipiated eNOS. A short exposure to arsenic was done in this 

experiment due the quick turnover of protein in cells. Next, ubiquitin and total 

eNOS were probed for to evaluate whether or not arsenite exposure resulted in 

ubiquitination of eNOS (Figure 4.3) 
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A) 

 
 
 
B) 

 
 

                             
 

Figure 4.2 Arsenite exposure reduces eNOS protein levels over time 

Effects of arsenite exposure were evaluated in a dose (A) and time (B) response 
manner. Densitometry analysis was done by normalizing eNOS to tubulin for 
each respective protein sample. 
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Figure 4.3 Arsenite increases eNOS associated ubiquitination 

Ubiquitin was detected after immunoprecipitation of eNOS, demonstrating 
accumulation after exposure to high doses of arsenic. Cells were pretreated with 
varying doses of arsenite 6 hr prior to immunoprecipitation to allow for 
accumulation of Ub-conjugated protein. 
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 Further exploration of arsenic-induced eNOS dysfunction led to 

identification of changes in phosphorylation residues important for activation and 

inhibition of NO production. The most extensively studied phosphorylation site on 

eNOS is serine 1177 (Ser1177), since it is a known regulatory step in activation 

of eNOS. In our model, a decrease in Ser1177 phosphorylation was observed 

upon exposure to arsenic; however, these changes were only present at doses 

above 100 µM arsenite (Figure 4.4a). Similarly, changes in serine 632 (Ser632), 

(another residue resulting in activation upon phosphorylation) were only present 

at 500 µM arsenite (Figure 4.4b). Additionally an inhibitory phosphorylation 

residue, tyrosine 657 (Tyr657), was evaluated, both in the presence of arsenite, 

and in its more potent metabolite MMA(III). While no significant changes were 

observed upon exposure to arsenite, a substantial increase was observed at very 

low concentrations of MMA(III) (250 nM) (Figure 4.5). Thus, it is likely that 

arsenic and/or its metabolites contribute to decreased eNOS activation in 

response to activating stimuli. 
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A) 

 

B) 

 

Figure 4.4 High concentrations of arsenite alter activating phosphorylation 
residues in EA.hy926 cells 

Western blot analyses of phosphorylated residues demonstrate arsenic effects at 
high concentrations. Furthermore, pre-treatment with BH4 + Vitamin C 
supplementation results in an increase in total eNOS protein levels. 
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Figure 4.5 Low-level MMA(III) exposure promotes inhibition of eNOS 
activity 

30 minute monomethylarsonous acid (MMA(III)) exposure results in an increase 
in phosphorylation of inhibitory residue Tyr657 in EA.hy926 cells. Densitometry 
was done to assess relative change in eNOS Y-657 by normalizing to total 
eNOS. Error bars represent standard deviation from triplicate band density 
measurements.  
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Additional mechanisms of arsenic-induced eNOS disruption include 

changes in protein stability due to oxidative stress. To evaluate this, Vitamin C 

and BH4 were supplemented, since they have been both demonstrated to 

increase eNOS protein activity and reduce intracellular ROS levels (Verhaar et al., 

2004,Baker et al., 2001). While a substantial increase in eNOS protein levels was 

detected after supplementation, no changes were seen in phosphorylation or 

protein levels after exposure to arsenite (Figure 4.6, also seen in 4.4a). 

Furthermore, eNOS activity levels were evaluated by measuring nitrite levels in 

the culture media using the Griess reaction; however, the NO output was too low 

to detect in this particular cell line (data not shown). The Griess reaction is further 

described in detail in Chapter 5. 
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Figure 4.6 Vitamin C + BH4 supplementation increases eNOS protein levels 

Non-denaturing low temperature PAGE was used to evaluate eNOS dimerization 
state. While no dimer is seen (~ 240 kDa) from BH4 + Vitamin C supplementation, 
an increase in total eNOS is evident, suggesting increase in protein stability. 
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4.4 Discussion 

Endothelial dysfunction, atherosclerosis and cardiac failure are 

characterized by impaired NO availability. Interestingly, all of these diseases 

have also been linked to chronic exposure to arsenic. However, the detailed 

molecular mechanisms underlying this association between arsenic and 

decreases NO remains poorly understood. 

 

In order to identify molecular targets of arsenic toxicity, we evaluated 

eNOS protein levels, phosphorylation levels, and attempted to measure 

enzymatic activity through the Griess reaction method. The model used to test 

our hypothesis provides robust expression of eNOS, as demonstrated through 

western blot analysis (140 kDa). This model facilitated eNOS protein studies due 

to the constitutive expression of eNOS. Initial results indicated that exposure to 

increasing doses of arsenite did not alter protein levels in a dose dependent 

manner; however, after continued exposure, a substantial decrease in eNOS 

protein was detected. To analyze this further, eNOS ubiquitination levels were 

evaluated after a 6 hour arsenite exposure by immunoprecipitating eNOS and 

probing for ubiquitin. Changes in eNOS ubiquitination were not substantial. The 

results obtained indicate that while arsenite exposure may be reducing available 

eNOS levels, the percent change is minimal, and more importantly, the high dose 

of arsenic required to observe these changes was not environmentally relevant. 
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In conclusion, our model demonstrates that arsenic does not impair NO 

production through alterations in either the levels or stability of eNOS.  

 

Further evaluation of eNOS function was assessed by exploring the 

phosphorylation profile of key residues. Phosphorylation of Ser1177 has been 

associated with eNOS activation in response to multiple stimuli including shear 

stress, insulin, and pharmacological activators (Boo and Jo, 2003,Fleming and 

Busse, 2003). Overall, Ser1177 appears to be the most important of the regulatory 

eNOS phosphorylation sites and most activating stimuli phosphorylate this site. 

While Ser1177 is a residue that has low phosphorylation levels in cultured 

endothelial cells, arsenite exposure resulted in a decrease, consistent with the 

hypothesis that arsenic reduces NO availability. On the other hand, 

phosphorylation of another activating residue, Ser632 was stimulated after 30 

minute exposure to 500 µM arsenite. Ser632, located within one of the auto-

inhibitory loops, is thought to be folded in such a way as to physically impede the 

access of CaM to its binding domain, thus attenuating enzyme activity. 

Phosphorylation of this residue results in increased activity after initial activation 

of Ser1177. While the changes observed in these two residues under arsenic 

exposure are conflicting, it is likely that the changes observed on Ser632 are a 

result of ROS mediated calcium release and apoptotic signaling, since 

phosphorylation of this residue only occurred at 500 µM arsenite (Touyz, 

2005,Brookes et al., 2004). Furthermore, the relevance of these findings provide 
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little contribution to understanding the effects of environmental arsenic 

exposures. 

 

The phosphorylation state of activating residues under arsenite exposure 

did not change significantly at environmentally relevant concentrations of arsenic; 

however, the inhibitory phosphorylation residue tyrosine 657 (Tyr657) showed an 

increase upon exposure to the intermediate metabolite MMA(III). Tyr-657 is 

phosphorylated by proline rich kinase 2 (PYK2) in response to fluid shear stress 

leading to attenuation of enzyme activity. Importantly, significant effects 

were seen for physiologically relevant doses (250 nM MMA(III)). Although no 

interactions between MMA(III) and PYK2 have been documented, these novel 

findings should be further evaluated in the context of arsenic-induced vascular 

dysfunction. However, this model provided limited insights into the activity 

modulation controlled by phosphorylation, since conditions in culture lack some 

of the most important stimuli within the endothelium (i.e. fluid shear stress). 

 

Another interesting finding from this study was the increased amounts of 

eNOS protein observed after supplementation with 100 µM Vitamin C + 10 µM 

BH4. Western blot analysis detected a substantial elevation in protein levels upon 

supplementation; however, no changes in protein levels or phosphorylation of 

key residues were observed after arsenite exposure. Nevertheless, this finding 

provides insights into mechanisms regulating eNOS protein levels, and suggests 
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that intracellular redox state might play an important role in eNOS stability. 

Oxidative stress can result in oxidation of BH4 into BH2, resulting in decreased 

enzyme activity and elevated superoxide generation by eNOS (Crabtree et al., 

2008). Additionally, Vitamin C supplementation has been show to increase BH4 

availability and eNOS activity both in vitro and in vivo (Baker et al., 2001,d’Uscio et 

al., 2003). Therefore, it is possible that the observed changes in NO availability 

upon exposure to arsenicals occur through indirect mechanisms affecting eNOS 

through redox alterations. 

 

Substantial progress has been made in understanding the role of 

phosphorylation events in controlling eNOS activity. Largely, NO production is 

modulated through these post-translational modifications; however, the data 

provided in the context of environmental arsenic exposure suggest that eNOS 

activity is not impaired by means of protein level changes, or through modulation 

of key regulatory phosphorylation sites. The model used for these studies 

(EA.hy926) provided limited insights into the effects of arsenite on enzymatic 

activity, since the NO output, of eNOS in culture can be very low, and thus, 

difficult to measure. To approach this issue, the inducible form of NOS (iNOS) 

might provide better insights due to the ability of this isoform to produce 

significantly higher levels of NO. Chapter 5 describes further the use of a cell line 

stably transfected with iNOS for the use in NO output analysis and additional 

biochemical characterization of arsenic-induced endothelial impairment.  
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5. CHAPTER 5 
 

FUTURE DIRECTIONS AND CONCLUDING REMARKS 

 

Discussion and conclusions for each aim are found at the end of each 

chapter. This chapter summarizes and presents overall conclusions, and 

proposes future studies to further understand the field of arsenic-induced 

cardiovascular disease. 

 

5.1. Rationale for studies 

A number of studies have demonstrated associations between exposure 

to arsenic in drinking water, and increased incidence of cardiovascular diseases; 

however, causal links between these remain limited to epidemiological data. 

While molecular mechanisms of arsenic-induced pathogenesis have been 

explored in vitro, a lack of relevant experimental models has limited our ability to 

understand arsenical-induced cardiovascular pathogenesis. The primary goal of 

this dissertation was to establish a model of environmentally relevant chronic 

arsenic exposure to explore arsenical-induced cardiovascular pathogenesis, and 

evaluate possible molecular mechanisms and biomarkers of disease. 
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5.2. Overall Conclusions 

 

- Chronic 32 week exposure to 100 µg/L arsenite promotes the 

development of hypertension and concentric left ventricular hypertrophy. 

- In utero exposure to 100  µg/L arsenite promotes the development of 

hyperglycemia, dyslipidemia and the development of nonalcoholic fatty 

liver disease 

- Alterations in eNOS-mediated nitric oxide production upon exposure to 

environmentally relevant arsenic concentrations do not occur through 

modulation of protein expression, stability or phosphorylation. 

 

 
Figure 5.1 Mechanisms of arsenic induced cardiovascular disease 
Diagram of arsenic mediated pathophysiology established through this 
dissertation, as well as potential mechanisms contributing to eNOS dysfunction. 
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5.3 Physiological characterization of arsenic cardiovascular toxicity 

5.3.1 Summary and Overall Conclusions 

 Epidemiologic evidence of arsenic induced cardiovascular diseases has 

been a well established correlation in multiple studies throughout the world. 

Studies have shown associations between arsenic exposure and vascular 

diseases (Chen et al., 2011,Navas-Acien et al., 2005,States et al., 2009), metabolic 

dysfunction (Navas-Acien et al., 2006), and an overall negative impact on 

cardiovascular health (Karagas, 2010,Chen et al., 2011,Medrano et al., 2010,States et 

al., 2011). It is clear that identification of molecular mechanisms remains a 

research priority, so characterizing relevant models of arsenic-induced 

cardiovascular disease is an essential task necessary to accomplish this. Our 

work has established that exposure to environmentally relevant concentrations of 

arsenic leads to the development of metabolic syndrome in mice, predisposing 

the development of diabetes, hypertension, dyslipidemia and liver disease.  

  

 The data presented here demonstrate a causal link between exposure to 

low-level arsenic and cardiovascular disease onset. Furthermore, the 

involvement of nonalcoholic liver disease encompasses the pathologic nature of 

arsenic as a metabolic dysregulator. The current studies provided limited insights 

as to whether liver dysfunction is an underlying cause, or a consequence of the 

metabolic dysregulation observed. Nevertheless, these studies demonstrate the 
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effect of arsenic exposure on health, and strongly propose it as a cardiovascular 

risk factor.  

 

Arsenic is considered a carcinogen by the IARC; however, it has been 

shown that arsenic does not directly cause cancer by itself, but allows other 

substances to more effectively cause cancer (Waalkes et al., 2004,Kligerman and 

Tennant, 2007). Similarly, the effects of arsenic seen in these studies come from 

alterations in pathways that likely contribute to reduced cardiovascular health 

through independent mechanisms such as the development of hypertension, 

dyslipidemia, hypercholesterolemia, hyperglycemia, and liver disease.  

 

5.3.2. Future Directions 

Epidemiology demonstrates that arsenic is strongly associated with 

increased incidence of diabetes mellitus (Lai et al., 1994,Navas-Acien et al., 

2008,Navas-Acien et al., 2006,Steinmaus et al., 2009). Dysregulation of insulin 

response and insulin secretion upon arsenical exposure are topics of research 

that remain incompletely understood. Furthermore, our in vivo studies 

demonstrate the development of hyperglycemia in mice exposed in utero, 

strongly suggesting that insulin response may be impaired by arsenical 

exposure. Future directions should include the evaluation of fasted blood 

samples to assess insulin levels, as well as oral glucose tolerance tests. 
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Furthermore, complementary evaluation of hemoglobin A1c would strengthen the 

results previously established.  

 

Secondly, mRNA and protein profile analysis should be considered for 

pancreas, adipose, skeletal muscle, and hepatic tissues to characterize potential 

mechanisms of glucose and insulin dysregulation at the molecular level. In vitro 

studies have demonstrated that trivalent arsenicals are able to impair insulin 

signaling and glucose uptake in adipocytes and muscle cells (Walton et al., 2004). 

Additional mechanisms of arsenic-mediated glucose homeostasis disruption are 

described in detail by Druwe et al. (Druwe and Vaillancourt, 2010). 
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5.4 Biochemical characterization of nitric oxide synthase as a target of 

arsenic toxicity. 

5.4.1 Overview 

Multiple mechanistic studies have demonstrated the ability of arsenicals to 

disrupt vascular relaxation by impairing NO production (Lee et al., 2003,Kumagai 

and Pi, 2004,Cifuentes et al., 2009). Additionally, epidemiological studies have 

correlated arsenic exposure and impairment of vascular relaxation through 

decreased NO output (i.e. hypertension, erectile dysfunction) (Chen et al., 

1995,Rahman et al., 1999,Hsieh et al., 2008,Freeman, 2008). However, our studies 

have demonstrated that the observed effects of arsenicals on NO output do not 

occur through modulation of phosphorylation, nor from changes in protein levels. 

Alternatively, it was hypothesized that trivalent arsenical exposure leads to a 

eNOS zinc loss, resulting in dimer collapse and reduced NO output.  

 

To evaluate the effect of trivalent arsenicals on NO production, we will use 

a tetracycline-controlled transcriptional activation method (Tet-On) to express 

iNOS in a human fibrosarcoma cell line (HTRiNOS).  While eNOS provides a 

very direct and relevant model for studying vascular dysfunction, it is challenging 

to express and induce high levels of NO; thus, making it difficult to use for our 

proposed experimental design. The advantage of having a Tet-On iNOS system 

is that it allows for induction of gene expression upon the presence of tetracycline 

and doxycycline. Importantly, iNOS is known to produce NO at significantly 
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higher levels than eNOS, while being structurally identical to eNOS at the Zn-

tetrathiolate domain; therefore, making it an ideal isoform to study enzyme 

function. Additionally, a bacterial construct of the human eNOS gene will be 

expressed and purified for dimer stability and zinc-thiolate interaction studies. 
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5.4.2 Introduction 

Regulation of vascular function is a complex task achieved through tight 

regulation of multiple components within the endothelium and the external 

stimuli. Causes of vascular dysfunction come from multiple sources including diet 

& lifestyle (e.g. hyperglycemia, hypercholesterolemia, elevated LDL), exposure to 

xenobiotics (e.g. arsenic, diesel exhaust), immune response (e.g. inflammation, 

autoimmunity), oxidative stress (e.g. atherosclerosis ), genetic predisposition, or 

a combination of multiple factors (Bae et al., 2008,Pi et al., 2005,Giugliano et al., 

1996,States et al., 2009,Hays et al., 2008,Graier et al., 1999,Gutterman, 2002,Lee et al., 

2005). Moreover, exposure to environmental arsenic has been associated with 

the majority of these conditions, strongly suggesting that its contribution to 

vascular disease occurs through multiple mechanisms. Nevertheless, many of 

these disease conditions converge on eNOS-related dysfunction, thus making it 

an appealing candidate to evaluate molecular mechanisms of disease.  

 In vivo studies demonstrated that continuous exposure to 100 µg/L 

arsenite resulted in the development of hypertension and consequent left 

ventricular hypertrophy (Chapter 2). Similarly, fetal exposure resulted in 

alteration of multiple factors associated with vascular health, such as 

hyperglycemia and elevated LDL levels (Chapter 3). Molecular mechanism 

studies demonstrated that arsenic does not impair protein levels, nor does it alter 

key phosphorylation residues at environmentally relevant concentrations 

(Chapter 4). However, substantial evidence shows that arsenic impairs eNOS 
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function, leading to reduced NO output, increased superoxide formation, and 

impaired vasorelaxation (Lee et al., 2003,States et al., 2009,Cifuentes et al., 2009). 

Additionally, several studies have shown the high affinity of trivalent arsenicals 

towards protein thiol groups, making eNOS a susceptible target of toxicity, due to 

the Zn-tetrathiolate bond necessary for dimer formation and enzyme activity 

(Wnek et al., 2011a,Qin et al., 2008,Zhou et al., 2011). Therefore, we hypothesize 

that trivalent arsenicals impair nitric oxide synthase activity by affecting Zn-

thiolate bond, and dimer stability.     

 

Dimer formation requires an intact zinc tetrathiolate involving two 

cysteines from each monomer.  The removal of zinc leads to loss of dimer 

structure and subsequently loss of NO production (Ravi et al., 2004,Rosenfeld et al., 

2010,Smith et al., 2012). Recent studies revealed that trivalent arsenicals, such as 

arsenite and monomethylarsonous acid bind to vicinal sulfhydryl containing 

peptides and proteins (Wnek et al., 2011a,Kitchin and Wallace, 2008). In these 

studies, MMA(III) was shown to displace zinc out of its pocket in a PARP zinc 

finger peptide, and in fact, bound with higher affinity to the peptide. Since 

arsenite has high affinity for thiolates and can displace zinc out of C4 motifs (4 

cysteines) (Zhou et al., 2011,Watanabe and Hirano, 2012), it is likely that this is a 

mechanisms by which arsenic impairs NO production. Conversely, arsenical 

exposure could be altering zinc binding and dimer stability indirectly. Studies 

done by Fonseca et al. demonstrated through mass spectrometry that the 
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presence of hydrogen peroxide – an ROS that increases upon arsenite exposure 

– results in Zn tetrathiolate metal binding site disruption and dimer collapse 

(Fonseca et al., 2010). 
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5.4.3 Methods 

5.4.3.1. HTRiNOS and nitrite assay (Griess Reaction) 

HTRiNOS cells will be grown to sub-confluency in a 96-well format. Cells 

will be given concomitantly doxycycline with a dose range of arsenite (0.25 – 10 

µM) or MMA(III) (10 – 500 nM). Media will be collected after 24 hours for nitrite 

quantification by the Griess method. Parallel 10cm plate cultures will be grown 

for protein lysate and western blot analysis. Nitrite levels will be normalized to 

iNOS protein levels through densitometry to estimate enzyme activity.  

 

5.4.3.2. Measuring NO production.   

Nitrite is a product of oxidative metabolism of NO which occurs rapidly in 

most biological fluids including tissue culture. Thus, determining nitrite levels is a 

reliable method for assessing endogenous NO formation (Kleinbongard et al., 

2002,Yucel et al., 2012). The Griess reaction is a helpful technique to measure 

organic nitrite in culture. By combining 2% sulfanilamide and 5% phosphoric acid 

with 0.1% naphthylethylenediamine dihydrochloride in water, formation of a pink 

color occurs upon the presence of nitrite. This reaction can be measured 

colorimetrically at 540 nm, allowing for quantitative detection.  

 

5.4.3.3. Bacterial cloning and protein expression 

Competent cells lacking ampicillin and chloramphenicol resistance will be 

co-transformed with eNOS and CaM constructs. The eNOS expression vector 
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conferring ampicillin resistance (pCWeNOS) has been kindly provided by Dr. 

Ortiz de Montellano at UCSF. The CaM construct (pCaM) confers 

chloramphenicol resistance, and is also available as a gift from Dr. Rodriguez-

Crespo. To transform, competent cells will be thawed on ice and incubated for 5 

minutes with 1 µL of pCWeNOS and 1µL of pCaM. Next, cells will be heat 

shocked at 42°C for 45 seconds then supplemented with 500 µL LB and placed 

on a shaker for 1 hr at 220 RPM. Competent cells will then be plated on LB 

plates containing 100 µg/ml chloramphenicol and 50 µg/ml ampicillin. 

 

Recombinant human eNOS protein will be induced and expressed at room 

temperature for 18 hours using an isopropyl β-D-1-thiogalactopyranoside (IPTG) 

inducible system, and will allow us to work with enzymatically active dimer as 

previously described (Rodr  guez-Crespo and Montellano, 1996,Rodríguez-Crespo et 

al., 1996). Successful NOS expression requires co-expression with calmodulin, 

which has been co-transfected into bacterial competent cells.  

 

 

5.4.3.4. Dimer stability and zinc loss 

After expression and purification of recombinant eNOS protein, qualitative 

analysis of dimer to monomer ratio will be determined by low-temperature non-

denaturing SDS PAGE. Furthermore, analytical gel filtration chromatography and 
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mass spectroscopy will also be used to determine dimer stability and zinc 

tetrathiolate metal binding disruption. 

 

To evaluate metal content within the homodimer complex, ICP-MS will be 

used to quantify zinc, as well as arsenic within isolated NOS protein samples as 

described (Sussulini and Becker, 2011). ICP-MS was initially used to confirm zinc 

binding to NOS (Hemmens et al., 2000,Miller et al., 1999). Additionally, zinc release 

will be detected through the 4-(2-Pyridylazo) resorcinol disodium salt (PAR) in-

vitro protein assay.  

 

5.4.3.5. PAR assay 

 eNOS zinc content will be determined by adding a known amount of 

protein to a cuvette containing chelex-100 treated- 100 µM PAR in a 50 mM Tris, 

100 mM NaCl buffered solution at pH 7.8. PAR has a low absorbance at 500 nM 

in the absence of zinc; however, in the presence of zinc the absorbance 

increases dramatically as the PAR-Zn complex is formed. By incubating eNOS 

protein in the presence of PAR, we will estimate the amount of zinc loss upon 

arsenical exposure. Oxidants such as hydrogen peroxide will be added to some 

samples in order to obtain maximal zinc release. Absorbance spectra will be 

compared to zinc chloride standards to quantify zinc release as described (Miller 

et al., 1999). 
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5.5. Preliminary results and expected outcomes 

Our initial studies show the integrity of the doxycycline-inducible iNOS 

system as well as the ability of arsenite to reduce NO production (Figure 5.2a). 

This system will allow us to overcome the challenges from working with eNOS, 

as described in (Chapter 4). We do not expect arsenic exposure to modulate 

iNOS protein expression under doxycycline control; however we will continue to 

monitor protein levels throughout our studies. Additional findings include a 

reduction in nitrite production after normalization to iNOS protein levels (Figure 

5.2b). Therefore, these experiments demonstrate the ability of arsenite to affect 

NOS dependent NO production. We expect to use this model to further evaluate 

the biological relevance of any biochemical interaction characterization studies 

using purified recombinant protein. 

In order to evaluate dimer stability and zinc loss within it, we have 

acquired a well established eNOS construct from Dr. Ortiz de Montellano, along 

with the CaM construct, necessary for increased activity and dimerization 

(Rodr  guez-Crespo and Montellano, 1996). Initial expression studies using the 

recombinant human eNOS construct indicate successful transformation of 

competent cells and effective expression under IPTG induction.  
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A. 

 

B. 

 

Figure 5.2 Arsenite blocks nitrite production from HTRiNOS cell line. 

Doxycycline induces iNOS expression and NO production (measured as nitrite) 
(clear bars) Increasing doses of arsenite demonstrate a dose-dependent 
decrease in nitrite levels (shaded bars)(A).  Nitrite levels are evaluated in a time-
response fashion, demonstrating the negative effect of arsenite on nitrite 
production (B). 
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More importantly, low-temperature SDS-PAGE and western blot analysis 

confirms the presence of dimerized eNOS, as evidenced by the ~ 260  kDa band 

present in both the soluble and insoluble protein fractions (Figure 5.3). This is a 

key characteristic of the recombinant protein expression approach that will allow 

us to biochemically characterize interactions between arsenic and eNOS. 

 

  



168 
 

 

 

 
Figure 5.3 Expression optimization of recombinant  human eNOS protein. 

Expression optimization for two independent bacterial colonies co-expressing 
pCWeNOS and pCaM (calmodulin). Stable dimer production in E. coli is 
observed upon stimulation with 2mM IPTG in both soluble and insoluble protein 
fractions. Mouse anti-eNOS antibody was used to detect monomer (140 kDa) 
and dimer (~260 kDa) of eNOS in low-temperature non-denaturing SDS PAGE. 
LB, lysogeny broth; TB, terrific broth.  
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5.6. Alternative Outcomes.   

If our hypothesis does not demonstrate a molecular mechanism by which 

arsenite reduces NO production and NOS activity, we will investigate arsenite-

dependent superoxide generation, which reacts rapidly with NO to produce 

peroxynitrite.  However, our preliminary data from HTRiNOS cells indicates a 

decrease in nitrite levels independent of iNOS protein levels. Furthermore, we 

will evaluate enzyme activity and dimer stability assays with commercially 

available enzymatically active eNOS protein.  

 

Alternatively, it is likely that a deficiency of cofactors required by eNOS 

could alter eNOS activity at the posttranslational level. For example, eNOS 

requires the cofactor tetrahydrobiopterin (BH4) to form NO. In the absence of 

either L-arginine or BH4, eNOS can become uncoupled and produce superoxide 

radicals, thus resulting in endothelial cell dysfunction (Vásquez-Vivar et al., 1998).  
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