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ABSTRACT
Arsenic is common metalloid that is found globally. Its ubiquitous nature means that
large portions of the global population are exposed through a variety of pathways.
Arsenic is a known human carcinogen and its role in the development of cardiovascular
and metabolic disease has become more completely characterized in the past decades.
However, the examination of arsenic exposure during embryonic development at
relatively low level exposures is an emergent area where lots of questions remain
unanswered. As arsenic is difficult and costly to remove from water, the investigation of
exposures in vulnerable populations at relevant concentrations is necessary to justify
remediation efforts. This dissertation work examines fetal arsenic metabolism
contributing to the understanding of tissue specific arsenic effects during embryonic
development. Following that, the focus shifts to fetal and early life exposure to arsenite at
100 parts per billion in drinking water (10 times higher than the EPA mandated limit in
municipal water but common in well water globally) and how it contributes to the
severity and incidence of diet-induced non-alcoholic fatty liver disease (NAFLD).
NAFLD is the most prevalent chronic liver disease in the United States and it contributes
to increased cardiovascular morbidity and mortality. NAFLD also results in alterations in
hepatic drug metabolism and disposition which contributes to adverse drug reactions. We
demonstrate similar effects in arsenic potentiated NAFLD in addition to changes in
transporter expression with arsenic exposure alone independent of triglyceride
accumulation associated with NAFLD. Taken together, this work highlights deleterious
health effects of low level arsenic exposure during development and demonstrates the
need for further investigation of developmental arsenic effects.
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1. CHAPTER 1
BACKGROUND, HYPOTHESIS, AND AIMS
1.1 Arsenic
1.1.1 General Information and a Brief History of Use
Arsenic is a naturally occurring metalloid that is commonly found throughout the earth.
Arsenic is often found in the earth in a mixture with other metals and compounds and is
relatively ubiquitous. The atomic symbol is As and it has an atomic number of 33. For the
general purpose of this dissertation, mentions of arsenic will be referring to the trivalent
state of arsenic, arsenite [As (III)]: unless otherwise mentioned. Arsenic can occur
naturally in a number of different oxidation states (+5, +3, 0, and -3), but the most
commonly occurring states are As (III) and As (V) when examining exposure via natural
waters: exposure to arsenite via drinking water is the focus of this dissertation (Smedley
and Kinniburgh 2002).
When solubilized in water, even at what would be considered lethal doses, arsenic is
virtually colorless, odorless, and tasteless making it an extremely well known and popular
poison throughout history starting in the Middle Ages. Arsenic gained popularity as a
“homicidal agent” in this period and was often referred to as the “king of poisons”
because of its efficacy and subtlety (Vahidnia et al. 2007). A reliable analytical method
for the detection of arsenic for forensic purposes was not available until 1832 when
James Marsh perfected the first primitive method which was first used in a criminal case
in 1840 (Cullen 2008).
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Although the toxicity of arsenic has been known for centuries, arsenic has seen, and
continues to see, therapeutic utilization. The earliest recorded incidence of arsenic
employed as a therapeutic agent precedes 2000 BCE (Antman 2001). Fowler’s solution, a
solution containing 1% potassium arsenite created by Thomas Fowler 1786, saw wide
applications in the treatment of syphilis, malaria, asthma, eczema, and psoriasis: this
solution was later usurped by Salvarsan, a mixture of cyclo-As3 and cyclo-As5
compounds created by Paul Ehrlich in 1910 (Hughes et al. 2011; Lloyd et al. 2005).
Although Fowler’s solution was effective at treating certain leukemia’s, it also resulted in
severe adverse drug reactions which limited and eventually abolished its use as a
chemotherapeutic. However, the utilization of arsenic trioxide as a therapeutic in acute
promyelocytic leukemia continues to this day when frontline therapies such as
anthracycline or retinoid treatments prove ineffective (Lo-Coco et al. 2013).
Aside from utilization in murder and medicine, arsenicals also have wide use in industrial
and agricultural applications. Copper arsenite, also known as Scheele’s Green or Schloss
Green, was a widely popular green pigment that was first introduced in 1775 and was
used in items such as paint, fabrics, candles, and wallpaper (Harley 1970). In the 1800’s,
concerns about the safety of these products began to arise after incidences of poisoning
with symptoms similar to that of arsenic intoxication were becoming widespread and a
noticeable domestic exposure pattern began to emerge (Wood 1885). Today, there are
multiple ways that workers, and populations surrounding industrial or mining centers, can
be exposed to arsenic. One of the most widely explored industrial exposures to arsenicals
is in the mining industry. Due to the ubiquitous nature of arsenic, during ore processing
arsenic is often found as a contaminant: especially during copper smelting (Hughes et al.
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2011). Controls on the pollution surrounding these facilities has improved over the years,
but adverse health effects were well studied in workers in these facilities before the
deployment of much needed controls on occupational exposure (Enterline et al. 1995).
Arsenic is still involved in multiple processes in glassmaking in addition to being a
critical part of the manufacturing of semiconductors. The workers in these manufacturing
facilities have been examined for health effects of arsenic exposure and it appears that
there may be arsenic related health effects in these industrial settings (Chen 2007;
Rahman et al. 1996).
In addition to the industrial uses of arsenicals, arsenic has been widely employed as a
pesticide and a wood perseverant and continues to see use in this regard today. Inorganic
arsenic is no longer utilized as an agricultural pesticide, but lead arsenate saw wide use
starting in the late 1800s, until health effects on orchard workers were recognized in the
1960s. An eventual ban on the use of led arsenate in the United States occurred in 1988
(Hughes et al. 2011; Nelson et al. 1973). Chromated copper arsenate, which was first
approved for use in the United States in the 1940s, is still approved for use as a wood
preservative, but is no longer utilized in residential areas (Hughes et al. 2011).
Pentavalent organic arsenical pesticides are still utilized today, but their use is being
continuously evaluated and is in decline due to health concerns. Additionally, organic
arsenicals, particularly pentavalent organic arsenicals, are generally less toxic due to
decreased cellular absorption and limited metabolism to more toxic metabolites before
excretion in systemic exposure scenarios (Cohen et al. 2006). The absorption,
metabolism, and excretion of arsenic will be further discussed in 1.1.3 Metabolism of
Arsenic. Fetal metabolism of inorganic arsenic will be the focus of Chapter 2.
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The focus of this dissertation will be on environmental exposures to inorganic arsenic in
groundwater while excluding exposures to other species of arsenic that can occur
occupationally, through the diet, or in other scenarios. All of the above mentioned uses
can contribute to exposure burden, but the most common exposures to inorganic arsenic
occur through inhalation or ingestion, with ingestion being the sole focus of the presented
research within this body of work (ATSDR 2011).
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1.1.2 Groundwater Exposure and Areas of Concern
Chronic arsenic exposure has become more prevalent with a shift from sources of water
on the surface to drilling of wells to reach ‘cleaner’ water, especially in Southeast Asia.
The intention for increasing well-water sources was to reduce exposure to surface water
contaminated with microbes, but there was an unforeseen consequence to this shift. The
use of well water increases the risk of individuals to exposure to arsenic if high
concentrations of arsenic are present at the source site (Yoshida et al. 2004). For general
future reference, 75ug/L arsenic = 75 parts per billion (ppb) in water. One of the worst
naturally contaminated areas is in Bangladesh. The well water concentrations of arsenic
can exceed 300 ppb as shown in Figure 1.1. Another area of concern is in Taiwan: in
certain areas where Blackfoot disease was present (an arsenic associated peripheral
vascular disease), concentrations in well water ranged from 0.35 to 1.1 parts per million
until surface water replaced well water as the primary drinking supply (Lamm et al.
2006). In the United States, there is also a large number of areas where unregulated wells
contain levels of arsenic that range from 1-100 ppb (Figure 1.2) (Brown et al. 2002). In
2001, the US EPA lowered the maximum level of arsenic permitted in drinking water
from 50 to 10 ug/L (10 ppb), but unregulated, agrarian or artisanal, wells are not subject
to such regulations.
The previously mentioned regions of concern are just a sampling: there are many other
areas across the globe that have high concentrations of arsenic in groundwater, resulting
in populations that utilize this water. The following list is a non-exhaustive list of
countries that includes the portion of the population at a high risk
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Figure 1.1 Well Water Contamination by Arsenic in Bangladesh.
This map shows the concentration of arsenic in groundwater in various areas of
Bangladesh after a large survey was undertaken. Adapted from: BGS and DPHE. 2001.
Arsenic contamination of groundwater in Bangladesh. Kinniburgh, D G and Smedley, P
L (Editors). British Geological Survey Technical Report WC/00/19. British Geological
Survey: Keyworth
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Figure 1.2 Arsenic Groundwater Concentrations in the United States
This map shows the concentration of arsenic in the groundwater across different areas
within the United States. Adapted from: (Gronberg 2011).
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for arsenic exposure (based on a predictive model) and the total number of people
suspected to be at risk: India (102,585,389 people constituting 11% of the population at
high risk), China (31,385,545 people constituting 2% of the population at high risk),
Bangladesh (30,969,023 people constituting 26% of the population at high risk), Pakistan
(23,202,777 people constituting 18% of the population at high risk), Vietnam (15,603,743
people constituting 22% of the population at high risk), The United States (6,225,436
people constituting 2% of the population at high risk), Italy (5,210,010 people
constituting 9% of the population at high risk), Mexico (5,041,626 people constituting
5% of the population at high risk), Japan (4,910,456 people constituting 4% of the
population at high risk), and Taiwan (4,133,413 people constituting 19% of the
population at high risk). Overall, 170 million people are known to be at risk, but this
predictive model suggests that several hundred million people may actually be exposed at
levels of concern (Ravenscroft 2007).
The World Health Organization has classified arsenic as one of the most dangerous
hazards related to potable water partially because it was rated as one of the most difficult
to solve relative to other issues (Table 1.1). Arsenic contaminated water is widespread
and the technologies utilized to reduce concentrations in water can be cost prohibitive
and too technically complex to deploy in remote and/or impoverished areas. The
following sections will review arsenic metabolism and related health effects.
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Table 1.1 Global Comparison of Water-Related Health Problems
1. Various data sources: 1990-1995, 1999. People affected: people suffering from disease
or great inconvenience. 2. In some cases there can be more than one causative agent, but
water is always a major factor 3. The institutional complexity of remedy implementation
is generally high in most developing countries 4. DALY = Disability-adjusted Life Years.
Adapted from: (Alaerts et al. 2001).
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1.1.3 Ingested Arsenic Absorption, Excretion, and Metabolism
Inorganic arsenic is easily absorbed when ingested. Trivalent and pentavalent arsenic, in
aqueous solutions, are both absorbed in the gastrointestinal tract with efficiency ranging
between 80-90% (National Research Council (US) Subcommittee on Arsenic in Drinking
Water 1999). After absorption in adults, arsenic is widely distributed across the body via
the blood and is rapidly cleared from most tissues: the exceptions being nails, hair, and
skin (ATSDR 2009). In order for arsenite or arsenate to be taken into mammalian cells,
transport is required. For arsenite, transport is accomplished via multiple transporters
including: the aquaglyceroporins (AQP3, AQP7, AQP9, AQP10), the glucose permeases
(GLUT1, GLUT2, GLUT5), or the organic anion transporting polypeptides (OATPB,
OATPC) (Maciaszczyk-Dziubinska et al. 2012). Currently, the only known major
mammalian transporter of arsenate is the sodium/phosphate transporter NaPiIIb in rat
(Villa-Bellosta and Sorribas 2010). Pentavalent arsenic species can be reduced to
trivalent ones by arsenate reductases such as the omega isoform of glutathione (GSH) Stransferase (GSTO) and purine nucleoside phosphorylase (PNP) which will then allow
transport into the cell via the transporters responsible for trivalent arsenic uptake
(Kumagai and Sumi 2007). The transporters responsible for efflux of arsenic species
from the cell include the ATP (adenosine triphosphate)-binding cassette transporters
(MDR1/P-gp, MRP1, and MRP2) as well as AQP9 and GLUT2 (MaciaszczykDziubinska et al. 2012). A summary figure showing uptake, export, and some metabolism
pathways of arsenic is provided in Figure 1.3.
The focus of this dissertation work is on exposure to arsenite during fetal development,
so it is important to note that there is approximately 80% efficiency in the transfer of
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arsenic from maternal blood to cord blood suggesting high fetal arsenic bioavailability
(Rudge et al. 2009). Along similar lines, it has been shown that arsenic is capable of
being transferred to infants by breast milk, but the concentrations are typically very low
(Sternowsky et al. 2002). Quickly turning to excretion, arsenic is primarily excreted in
the urine via the kidneys, although some very limited excretion does occur through feces,
sweat, and through skin epithelial shedding (ATSDR 2009).
The bioprocessing of inorganic arsenic occurs through biochemical reduction and
methylation steps producing methylated species including monomethylarsonous acid
[MMA (III)], dimethylarsonous acid [DMA (III)], monomethylarsonic acid [MMA (V)],
and dimethylarsinic acid [DMA (V)] (CHALLENGER 1951; Dheeman et al. 2014). The
methylation of arsenic, organic and inorganic, by arsenite methyltransferase (As3mt in
mouse CYT19 in humans) is an important pathway to eliminate the metal (Ding et al.
2012). Redox metabolism was touched on in the previous paragraph. Finally these
various metabolites, and inorganic arsenic, can be conjugated to glutathione (Scott et al.
1993). Figure 1.3 shows the relationship between various arsenic species and the
enzymes utilized in their metabolism. Although MMA (V) and DMA (V) are generally
less cytotoxic than As (III), MMA (III) and DMA (III) are more cytotoxic than As (III)
(Styblo et al. 2000). The generation of these metabolites by fetal tissue is examined in
Chapter 2. The ability of various fetal tissues to metabolize arsenic was not known, and
determining metabolic capacity in a tissue specific manner is critical to understanding
tissue specific effects or arsenic exposure during fetal development due to the varied
cytotoxicity and transport specificity of various arsenic metabolites.
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Figure 1.3 Summary of Arsenic Transport Pathways in Mammalian Cells
As (V) uptake is mediated by NaPiIIb. Next, As (V) is reduced to As (III) by
phosphatases/arsenate reductases. As (III) is transported into the mammalian cells via
multiple pathways: the aquaglyceroporins, the glucose permeases, or the organic anion
transporting polypeptides. The AQP9 and GLUT2 transporters are also responsible for
the transport of methylated species of As (III) out of the cells. The ATP-binding cassette
transporter (ABC) from the ABCB (MDR1/P-gp) and ABCC (MRP1 and MRP2)
subfamilies are the major pathways of As (III) export. Both MRP1 and MRP2 are able to
transport inorganic and monomethylated forms of As (III) conjugated with glutathione. In
addition, MRP2 mediates efflux of seleno-bis(S-glutathionyl) arsinium ion. Adapted
from: (Maciaszczyk-Dziubinska et al. 2012).
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Figure 1.4 Biotransformation of Inorganic Arsenic.
Monomethylarsonate
(MMeAsV),
monomethylarsonous
acid
(MMeAsIII),
dimethylarsinic acid (DMeAsV), dimethylarsinous acid (DMeAsIII), arsenite
triglutathione
[As(SG)3],
monomethylarsonic
diglutathione
[MMeAs(SG)2],
dimethylarsinic glutathione [DMeAs(SG)]. Adapted from: (Kumagai and Sumi 2007).
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1.1.4 Non-Exhaustive Overview of Arsenic Health Effects
This section will examine a number of classical and emerging health effects caused by
chronic exposure to arsenic. As previously mentioned, arsenic has been utilized as a
poison due to its acute lethality at very high concentrations: this dissertation does not
focus on acute, high concentration, exposures, but rather on chronic exposure. Despite
this focus, a brief introduction to the acute health effects of arsenic and a potential
mechanism are presented for general reference. Clinically, acute arsenic exposure
presents with: nausea, vomiting, diarrhea, seizures, cardiomyopathy, rash, hemolytic
anemia, kidney failure, respiratory failure, pulmonary edema, peripheral neuropathy,
encephalopathy, and metabolic acidosis (Ratnaike 2003). Although many mechanisms
have been proposed, it is known that arsenic is capable of causing severe hemolysis at
high doses due to ATP depletion. Arsenate can mimic phosphates, forming unstable
arsenate esters, which during glycolysis reduce ATP production, but arsenite can
complex with sulfhydryl groups inhibiting the function of pyruvate dehydrogenase and
enzymes within the citric acid cycle (Winski and Carter 1998). Chapter 3 examines how
chronic exposure to low-level arsenite causes similar, but less acute, alterations to energy
metabolism that lead to fatty liver disease.
Although the mechanisms of both chronic and acute arsenic toxicity are not fully
characterized, a large number of potential mechanisms linked to disease have been
hypothesized and/or explored. Figure 1.5 gives a brief summary of proposed mechanisms
and the resultant effects. A brief overview of some of the effects of chronic arsenic
exposure is discussed below.
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Figure 1.5 Proposed Mechanism of Action for Arsenic and Examples of Biochemical
Effects that Result from this Action
A non-exhaustive list of some of the biochemical effects that arsenic can cause and the
proposed mechanisms behind them. Adapted from: (Hughes et al. 2011).
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Although the deleterious effects of acute arsenic exposures has been well known for
centuries, the focus on chronic exposures is a recent research area due to the consumption
of contaminated water and occupational exposures. No arsenic related disease has
garnered as much attention as cancer in over the past 50 years. Arsenic exposure has been
associated with bladder, skin, and lung cancer, and less frequently to liver, prostate, and
colon cancer (Martinez et al. 2011). In addition, inorganic arsenic compounds including
arsenic trioxide, arsenite, and arsenate have been classified as Type 1 human carcinogens
by the International Agency for Research on Cancer (IARC 2012). There are multiple
mechanisms that are hypothesized to contribute to the carcinogenicity caused by arsenic
compounds in humans. A selection of these is highlighted in relationship to each other in
Figure 1.6.

Arsenic can cause enzymatic inhibition through binding of thiols,

displacement of zinc, displacement of phosphate, depletion of cofactors and more. It
causes generation of oxidative stress which can alter gene transcription and cause DNA
strand breaks. It is an epigenetic modifier: arsenic metabolism results in depletion of
SAM (S-Adenosyl methionine) altering DNA methylation, alters histone methylation and
acetylation, and affects expression of microRNAs [miRNA] that regulate gene
expression. (Martinez et al. 2011; Zhou et al. 2011). Exploration of the effects of fetal
exposure to arsenite has demonstrated an increased risk for cancer in adulthood in
addition to alterations to DNA methylation patterns (Marshall et al. 2007; Xie et al.
2007). This suggests that developmental exposure to arsenic can prime for adult disease
states, which will be a recurrent theme through the research presented in this dissertation.
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Figure 1.6 Schematic Representation of Proposed Arsenic-Induced Carcinogenic
Mechanisms.
The methylation of inorganic arsenic consumes both S-adenosylmethionine (SAM) and
GSH. Cellular damage derived from arsenic biotransformation can occur through
generation of reactive oxygen species (ROS), and through epigenetic mechanisms:
changes in DNA methylation patterns (by depletion of cellular pools of methyl group),
histone modification, and altered expression of miRNAs. Adapted from: (Martinez et al.
2011).
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The cardiovascular effects of chronic exposure to arsenic have been documented for over
100 years in areas with high endemic arsenic concentrations in drinking water as is
demonstrated by the high prevalence of Blackfoot disease in some areas of Taiwan.
Blackfoot disease is characterized by the progressive occlusion of arteries which can
result in the loss of lower, and occasionally, upper extremities. The proposed mechanisms
behind this disease include endothelial cell dysfunction, increased inflammation,
increased coagulation, smooth muscle cell proliferation, apoptosis, and oxidative stress
affecting nitric oxide balance (Tseng 2005). Blackfoot disease is an extreme
cardiovascular dysfunction that is associated with arsenic exposure and the relationship
between arsenic exposure and generalized cardiovascular diseases are discussed below.
Epidemiological studies link Arsenic exposure with cardiovascular morbidity and
mortality. A 13 year study conducted in Taiwan examined arsenic exposure from
drinking water and its relationship to mortality from ischemic heart disease in sixty
villages. The study found a dose-response relationship between elevated concentrations
of arsenic in the drinking water and increasing rates of mortality from ischemic heart
disease (Chen et al. 1996). A 16 year study conducted in the United States in thirty
counties examined the standardized mortality rates for diseases of the arteries, arterioles,
and capillaries, as well as examining congenital anomalies, and their relation to arsenic
exposure from the drinking water. The study found that in counties with arsenic
concentrations in the drinking water above 20 μg/L the mortality ratios for vascular
diseases were increased. The study also found that in areas with arsenic exceeding 20
μg/L the standard mortality ratio for individuals with congenital heart and circulatory
defects was increased (Engel and Smith 1994). A large hallmark study in region II Chile
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examined a population that was exposed to very high levels of arsenic (~870μg/L) from
1958 to 1970 and examined myocardial infarction mortality compared to region V which
was not exposed to high levels of arsenic. The study examined deaths from 1950 to 2000
and found that during the exposure and tailing off after, the risk for fatal heart attacks in
region II was drastically increased, including in individuals likely to have been exposed
in utero (Yuan et al. 2007). In addition, our laboratory has demonstrated that arsenic is
capable of disrupting signaling necessary for developmental cardiac epithelial to
mesenchymal transition. This could result in subtle malformations in coronary
vasculature in utero that could potentially result in increased risk for disease of the
coronary vessels (Allison et al. 2013). Taken together, these studies suggest that drinking
water exposure to arsenic, in utero and into adulthood, can lead to increases in in
cardiovascular mortality.
There are a large number of disease states and mechanisms that can be contributing to the
epidemiological observation that arsenic exposure results in increased risk for
cardiovascular morbidity and mortality. Arsenic can contribute to cardiovascular disease
by promoting hypertension, atherosclerosis, and has been linked to other aspects of the
cardiometabolic syndrome which all contribute to cardiovascular morbidity and mortality
risk. Cardiometabolic syndrome is a set of metabolic dysfunctions combined with
increased blood pressure that culminates in an increased risk for cardiovascular disease
(Kirk and Klein 2009). A recent meta-analysis of epidemiologic studies examining
arsenic exposure and blood pressure found an association between hypertension and
exposure to arsenic, but a dose-response relationship was not immediately clear
(Abhyankar et al. 2012). In addition, our laboratory has demonstrated that arsenite
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exposure through drinking water at 100 ppb over 22 weeks resulted in increased systolic
and diastolic blood pressure in female mice. We also noted that there was concentric left
ventricular hypertrophy which is a classic cardiac manifestation of chronically elevated
blood pressure (Sanchez-Soria et al. 2012).
In addition to hypertension, atherosclerosis is directly correlated to cardiovascular
disease. In southwestern Taiwan, a population study on individuals that were utilizing a
water supply contaminated with arsenic revealed a higher risk for the development of
carotid atherosclerosis in individuals with the highest exposure to arsenic in conjunction
with a diminished ability to methylate arsenicals (Huang et al. 2009). Apolipoprotein E
(ApoE) knockout mice will spontaneously form atherosclerotic lesions, and in utero
exposure to arsenite increases the onset and progression of atherosclerotic lesions
(Srivastava et al. 2007). A study of the liver transcriptome in ApoE knockout mice
treated with arsenic in utero found that multiple gene expression changes, including those
that lead to a pro-inflammatory state, which have associated with the development of
atherosclerosis (States et al. 2012). In Chapter 3, we show that arsenite exposure during
fetal development increase susceptibility to diet-induced fatty liver disease, and there is
an association with elevated mediators of atherosclerosis in patients with NALFD
suggesting a link to cardiovascular disease (Sookoian et al. 2010). Along similar lines,
arsenic exposure has been increasingly linked to metabolic dysfunction, some of these
dysfunctions are aspects of the cardiometabolic syndrome which increases risk for
cardiovascular disease (Kirk and Klein 2009).
There is a large body of data suggesting that arsenic exposure is linked to the prevalence
of diabetes-like disease states, however, it is important to note that many of these large
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studies have confounding factors. The reason “diabetes-like” states are mentioned is
because often arsenic-associated diabetes does not entirely resemble type-I or II diabetes:
often insulin resistance is not observed (although it has been) and sometimes it appears as
if insulin secretion is affected. The following studies highlight the association between
arsenic exposure and diabetes, but also demonstrate that the current understanding of the
association and mechanism is unclear. A study of American Indian adults compared
levels of arsenic exposure as measured by urine analysis for arsenic metabolites with
diabetes prevalence, HbA1c (glycosylated hemoglobin), and insulin resistance. Only the
population with poorly controlled diabetes as measured by HbA1c levels was associated
with exposure to arsenic (Gribble et al. 2012). A recent case-cohort study of Hispanics
and non-Hispanic whites from the rural San Luis Valley in Colorado that were exposed to
arsenic levels below 100μg/L looked at incidence of type-II diabetes. For every 15 μg/L
increase in arsenic, individuals were 22% more likely to suffer from type-II diabetes
(James et al. 2013). A study in the Zimapan and Lagunera regions of Mexico found that
the presence of diabetes (as defined by fasting blood glucose, oral glucose tolerance test,
and self-reporting of a physician diagnosis) were positively associated with arsenic
exposure, however fasting plasma insulin and insulin resistance were negatively
associated with arsenic exposure, suggesting alternative mechanisms for the development
of diabetes-like symptoms rather than the canonical insulin resistance based mechanism
(Del Razo et al. 2011). Along those lines, it was recently demonstrated that As (III)
interferes with glucose stimulated insulin secretion in isolated pancreatic beta cells which
could be responsible for discrepancies in epidemiological studies and the inconsistent
observation of insulin resistance with arsenic exposure (Fu et al. 2010). For example, a
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study in Bangladesh examined populations with exposure to drinking water arsenic below
300 μg/L and failed to find any association between arsenic and diabetes (Chen et al.
2010). Overall, a 2011 workshop examining the relationship between arsenic exposure
and diabetes conducted by the National Institute of Environmental Health Sciences and
National Toxicology Program concluded that human data support an association between
arsenic and diabetes in populations with high exposure levels (>/= 150 μg/L) but that
evidence was insufficient at lower exposures (< 150 μg/L): more recent studies with
refined designs have tended to support the association of arsenic linked to diabetes
(Maull et al. 2012).
In Chapter 3, we investigate low-level arsenic exposure during fetal development and its
effects on the adult liver as a result of altered energy metabolism, so a review of arsenic
liver effects is included in that chapter. The liver is a central hub of lipid regulation, and
metabolism in general, so disruptions in lipid homeostasis, such as those that result in
hypertriglyceridemia (a

risk factor in

cardiometabolic syndrome),

can have

cardiovascular consequences and result in altered metabolism and distribution as is
discussed in Chapter 4. The mechanisms behind these, and other undiscussed
biochemical effects of arsenic are numerous and varied. Although great strides have been
made to identify the mechanisms of action of arsenic in various disease states, much
more work is needed to define the contributing mechanisms. The primary disease
examined in this dissertation is non-alcoholic fatty liver disease (NAFLD), and the next
section summarizes NAFLD, its pathophysiology, and the prevalence in the United
States.
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1.2 Non-alcoholic Fatty Liver Disease
1.2.1 Epidemiology and Overall Health Consequences
NAFLD is among the most prevalent chronic liver diseases and encompasses simple
steatosis (the accumulation of lipids within the liver parenchyma) to more advanced nonalcoholic steatohepatitis (NASH), characterized by inflammation and hepatocellular
ballooning, which can progress to cirrhosis and hepatocellular carcinoma (Vernon et al.
2011). The exact prevalence of NAFLD in adults in the United States is uncertain, but
estimates range from as little to 3% to as high as 37%. The generally accepted prevalence
is approximately 30% (Levene and Goldin 2012). In patients with a normal body weight
and no metabolic syndrome, NAFLD is only present in 16% of the population. In patients
with diabetes, that rate increases to 43-60%, those who are obese and undergoing
bariatric surgery have NAFLD 91% of the time, and patients with hyperlipidemia present
with a similar frequency (Than and Newsome 2015). Although the more advanced stages
of NAFLD, such as NASH, are considered irreversible, simple steatosis is reversible with
alterations to diet and lifestyle (Garcia-Caraballo et al. 2013). NAFLD poses a significant
burden to the healthcare system. Patients with NAFLD identified by sonogram had 26%
higher health care costs after a 5 year period (Baumeister et al. 2008). In addition to the
financial burden posed by NAFLD, it is a strong independent risk factor for
cardiovascular mortality in older individuals (Dunn et al. 2008). There are a number of
mechanisms that are suspected to contribute to NAFLD incidence and progression, but
the complete pathophysiology is elusive. The following section is an overview on
NAFLD pathophysiology.
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1.2.2 NAFLD Pathophysiology
The discussion here is limited to classic NAFLD which is associated with obesity. In
Chapter 3, we explore arsenic potentiated diet-induced fatty liver disease, which we
postulate occurs through differing mechanisms. Lipid accumulation within the liver is the
hallmark of NAFLD and this can occur through a number of different mechanisms. De
novo lipogenesis (DNL), the enzymatic process where carbohydrates are converted into
fat, and the delivery of free fatty acids (FFA) that are the result of lipolysis occurring in
adipose tissue constitute the vast majority of FFA delivered to the liver. The increased
delivery of FFA via these mechanisms is one of the major drivers of triglyceride
accumulation in NAFLD (Donnelly et al. 2005). In addition, deficiency in the capability
of the liver to produce, package, and export triglycerides in the form of very low density
lipoprotein (VLDL) can contribute to the development of NASH (Musso et al. 2003).
Additionally, in NAFLD, fatty acid ß-oxidation is increased due to the increase in FFA
levels (Miele et al. 2003). During increased oxidation of fatty acids, NAD+ and FAD are
reduced to NADH and FADH2 which are then re-oxidized in the mitochondria where they
have the potential to generate ROS, which, with increased levels of fatty acid oxidation
can cause damage as discussed later (Pessayre et al. 2002).
Although obesity and diabetes can cause NAFLD to be more severe and prevalent due to
increased adiposity, they are not required for the development of NAFLD (Kim et al.
2004). Insulin resistance often observed in NAFLD and plays a large role in the
progression of the disease (Sanyal et al. 2001). Insulin resistance is central to the
accumulation of lipid as demonstrated in Figure 1.7. In insulin resistant individuals, the
antilipolytic effects of insulin in adipose tissue are attenuated resulting in increased
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Figure 1.7 Mechanisms of Fat Accumulation in Non-alcoholic Steatohepatitis.
Insulin resistance causes an influx of FFAs to the liver, owing to increased lipolysis,
especially in the visceral adipose tissue. Increased de novo lipogenesis and fat from the
diet also contribute to the fatty-acid pool. Both VLDL generation and FFA oxidation are
increased and are sufficient to prevent intrahepatic lipid accumulation. Gluconeogenesis
(GNG), triglyceride (TG). Adapted from: (Marra et al. 2008)
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systemic circulation of FFA which are then taken up by the liver (Marra et al. 2008).
The pathogenesis of NAFLD from simple steatosis to NASH has been characterized as a
“two hit” model. The first hit is the accumulation of lipid in the liver as a result of insulin
resistance and overall increased deliver or synthesis of lipid in the liver. This is then
followed by mitochondrial dysfunction, lipid peroxidation, and inflammation which leads
to fibrosis and hepatocellular damage constituting the second hit (Day and James 1998;
Than and Newsome 2015). Although recently there has been a shift away from referring
to the two hit terminology because it is too inflexible to characterize the complex disease
spectrum that NAFLD and NASH occupy, it is sufficient as a basic framework to indicate
various aspects of the disease states. As previously mentioned, the increase in ß-oxidation
can result in increased production of ROS. In patients with NASH, structural defects
were identified in mitochondria via electron microscopy which could contribute to the
generation of free radicals (Sanyal et al. 2001). Additionally, FFA can activate
cytochrome p450 enzymes that are involved in omega oxidation leading to additional
generation of ROS (Leclercq et al. 2000). In addition to the direct damage by ROS, it can
lead to the activation of pro-inflammatory cytokines by nuclear factor kappa B (NF-κB)
or pro-apoptotic mediators such as c-Jun N-terminal kinase (JNK) (Kratsovnik et al.
2005; Wang et al. 2007). This pro-inflammatory and pro-apoptotic response leads to a
number of signaling cascades that can result in recruitment of inflammatory cells and
activation of pro-fibrotic signaling via Transforming growth factor beta-1 (TGFβ1). A
schematic representation of a selection of these pathways is shown in Figure 1.8.
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Figure 1.8 Mechanisms of Inflammation in NASH
Damage to hepatocytes caused by fat loading and resulting lipotoxicity leads to the
activation of intracellular signaling pathways, which leads to the expression of several
cytokines that are responsible for the recruitment of inflammatory cells. Hepatic damage
also affects the biology of other liver cells, such as Kupffer cells, which become activated
and contribute to cytokine secretion. Recruitment of inflammatory cells is also
conditioned by factors produced by activated hepatic stellate cells and sinusoidal
endothelial cells. Most liver-resident cells are targeted by adipokines secreted by visceral
adipose tissue These events lead to a vicious circle that causes worsening of liver
damage, further inflammation, maintenance of steatosis, disease progression and insulin
resistance. Cell adhesion molecule (CAM), extracellular matrix (ECM), endoplasmic
reticulum (ER), platelet-derived growth factor (PDGF). Adapted from: (Marra et al.
2008).
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1.3 Hypothesis and Specific Aims
Arsenic is a human carcinogen and its role in the development of cardiovascular and
metabolic disease is an emerging area of investigation. However, the examination of
arsenic exposure during embryonic development at relatively low level exposures is a
new area of study. Arsenic appears to have tissues specific effects during embryonic
exposure and metabolites have been observed in the fetus. However, the contribution of
the fetus to this metabolism was unknown. Arsenic has also been implicated in the
development of NAFLD and other liver diseases, but the role of low level arsenic
exposure during development has not been well studied, nor has a sufficient mechanism
been identified. Arsenic is capable of altering multiple pathways related to energy
metabolism, and changes in lipid metabolism are critical to the development of NAFLD.
NAFLD is known to result in alterations to hepatic transport and drug metabolism, but
due to our proposed alternative mechanism behind arsenic potentiated diet-induced
NAFLD, potential effects on transport are unclear. In addition, due to the overlapping
mechanism behind arsenic toxicity and alteration of hepatic transport in NAFLD
(inflammatory cytokines, oxidative stress, etc.), it is unknown if arsenic is capable of
altering hepatic transport independently of NAFLD. In light of these questions and data,
we hypothesized that the developing fetus is capable of metabolizing arsenic, that
fetal exposure to arsenic potentiates diet-induced NAFLD, and that hepatic
transporter expression and function will be changed.
To investigate this hypothesis, we executed the following specific aims:
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Aim 1: Determine whether fetal heart, lung, and liver metabolize inorganic arsenic
to methylated metabolites.
Hypothesis: The developing fetus is capable of metabolizing arsenic to methylated
metabolites.
Fetal tissue explants from mouse embryos were dosed with arsenite and arsenic species
were determined after incubation by ion-coupled mass spectrometry to determine if the
tissues could autonomously methylate arsenic. Additionally, gene expression of arsenic
methylation enzymes was determined.
Aim 2: Define the contribution of fetal exposure to 100 ppb As (III) to the onset and
progression of NAFLD.
Hypothesis: Fetal exposure to arsenic will result in the worsening of diet-induced
NAFLD due to alterations in energy metabolism.
A mouse model on a Western diet was utilized to examine the effects of arsenic exposure,
during fetal development, after weaning, or from fetal development into adulthood, on
the prevalence and severity of NAFLD. Metabolomic analysis was employed to identify
alterations in metabolism to identify potential mechanisms contributing to the
development of disease.
Aim 3: Determine if As (III) potentiated NAFLD affects hepatic transport and
segregate any effects by lipid accumulation and arsenic exposure on the expression
of transporters.
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Hypothesis: Arsenic potentiated diet-induced NAFLD will result in changes to
hepatic transport in a way similar to classic NAFLD and arsenic exposure
contributes to altered hepatic transport independent of a NAFLD disease state.
Samples with arsenic potentiated diet-induced NAFLD from the studies in Aim 2 were
utilized to determine alterations in the expression and localization of transporters
previously established to be altered in NAFLD. Functional effects on transport were also
examined with metabolomic analysis. Finally, embryonic hepatocytes and adult primary
hepatocytes were examined after exposure to arsenite in both the presence and absence of
a FFA solution to segregate the effects of lipid accumulation and arsenic exposure on
transporter expression in adult and fetal tissue.
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2. CHAPTER 2
METHYLATION OF INORGANIC ARSENIC BY MURINE FETAL TISSUE
EXPLANTS
Text and figures in this chapter are derived from: Derrick Broka, Eric Ditzel, Stephanie
Quach, Todd D. Camenisch (2015) Drug Chem Toxicol.
10.3109/01480545.2015.1092043[doi]
2.1 Introduction
Several epidemiological studies show increase in human fetal and infant death as a result
of chronic exposure to arsenic (Ahmad et al. 2001; Milton et al. 2005). Pregnant mice
exposed to high levels of arsenic also results in higher rate of fetal resorptions (Wang et
al. 2006), which are usually related to severe structural heart malformations. Exposure to
high arsenic concentrations during key developmental periods in a mouse model
predisposes animals to cancer (Nohara et al. 2012; Waalkes et al. 2003).
Many human populations are exposed to a range of arsenic concentrations in the parts per
billion (ppb) ranges over protracted periods of time including fetal development and early
life. These are critical developmental periods for heart, lung, and liver, potentially
making the development of these organ systems susceptible to effects of arsenic. In this
regard, our laboratory reported mice exposed to 100 ppb As (III) in drinking water in
utero (ED 6-term) developed non-alcoholic fatty liver disease as adults (Sanchez-Soria et
al. 2014). In addition, others have shown that in ApoE -/- mice, in utero drinking water
exposure (ED 8-term) to 49 parts per million (ppm) arsenite resulted in an inflammatory
state in the adult liver (States et al. 2012) as well as increased atherosclerosis (Srivastava
et al. 2007).
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The bioprocessing of inorganic arsenic (iAs) occurs through biochemical reduction and
methylation steps producing detectable methylate species including monomethylarsonous
acid [MMA (III)], dimethylarsonous acid [DMA (III)], monomethylarsonic acid [MMA
(V)], and dimethylarsinic acid [DMA (V)] (CHALLENGER 1951; Dheeman et al. 2014).
The methylation of arsenic by arsenite methyltransferase (As3mt) is an important
pathway to eliminate the metal (Ding et al. 2012). Although it varies from model to
model, it appears as if the relative cytotoxicity between species is as follows: MMA (III)
> DMA (III) > As (III) > As (V) > MMA (V) ≥ DMA (V) (Petrick et al. 2000; Styblo et
al. 2000).
The efficiency in arsenic methylation was increased in the first trimester in a study with
pregnant women that all received folate supplementation: no significant correlation
between plasma folate levels and arsenic methylation were detected (Gardner et al. 2011).
This is important because iAs and its metabolites cross the placental barrier into the fetus
(Concha et al. 1998). This early first trimester increase in methylation and elimination of
iAs suggests a maternal protective mechanism to limit exposure of the fetus to arsenic
toxicity. Furthermore, if arsenic methylation is suppressed in pregnant mice, then there is
an increase in fetal toxicity (Lammon et al. 2003). It is generally believed that the
developing fetus is principally exposed to iAs and the methylated metabolites from the
maternal metabolism of arsenic (Concha et al. 1998). However, whether embryonic
tissues can process arsenic and if this is an efficient process is unknown. The localized
concentrations of the more toxic arsenic metabolites, such as MMA (III), could have
immediate and persistent toxic effects during organogenesis.
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This study investigates general arsenic methylation by fetal organ cultures from the heart,
lung, and liver: the earliest organs to form during embryogenesis. Dorsal murine
embryonic fibroblasts (MEF) were used as controls as they have been shown to generate
methylated arsenic metabolites after dosing with As (III) at an efficiency of
approximately 1.45% (of total arsenic) after 48 hr (Bach et al. 2014).
2.2 Materials and Methods
2.2.1 Animals and Treatment
Webster mice were purchased from Harlan Laboratories (Madison, WI.). Pregnant female
mice were euthanized and all cells and tissues surgically isolated from E12 embryos as
previously described (Camenisch et al. 2002); observation of the vaginal plug was
considered E0.5 with verification of developmental stage by somite number. Target
tissues were surgically removed in sterile 1x PBS and rinsed several times. One mg of
embryonic heart, lung, and liver and MEF were explanted onto hydrated type I collagen
gels. MEF were prepared in DMEM culture medium by serial passage through sterile 18
gauge and 25 gauge syringes: single cell suspensions were cultured, allowing cells to
adhere and all experiments were performed in passage number 6 or less. A total of 4
explants (or 4 mg of tissue) were placed on collagen gels in one well of four well plate
(Nunc/ Fisher Scientific cat#176740) for culture and treatment conditions following a 6
hr attachment period. Cultures were incubated at 37°C with 5% CO2 and 95% humidity.
All animal use and experimental protocols followed University of Arizona Institutional
Animal Care and Use Committee regulations and remained in accordance with
institutional guidelines.
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2.2.2 Arsenic Dosing and Speciation
Whole embryonic heart, liver, embryonic fibroblasts and lung organ cultures were
performed on hydrated rat tail type I collagen (BD Biosciences, Bedford MA) as
previously described (Camenisch et al. 2002). Cultures were exposed to 100, 375, and
750 ppb sodium arsenite [As (III)] and concentrations were validated by inductively
coupled plasma mass spectrometry (ICPMS) by the Arizona Laboratory of Emerging
Contaminants (ALEC) which is part of the University of Arizona Superfund Research
Program. After 48 hr, culture media was removed and filtered using polyethersulfone
centrifugal filters with a 10K Dalton molecular weight limit (VWR cat#82031-348).
Collagenase (StemCell Technologies cat#07902) treatment dissolved the collagen and
samples were separated into cellular and aqueous phases by centrifugation. The aqueous
gel fraction was filtered using PES centrifugal filters and the cell fraction subjected to
nitric acid digestion (200 µl) for 1 hr at room temperature. This digested sample was
added to 1 ml of double-distilled arsenic free water, and filtered as above. The cell
fraction contained no detectable arsenic. All samples were stored at -20°C until analyzed.
2.2.3 Expression of As3mt in Fetal Tissues
E12 heart, lung, and liver tissue was microdissected from 12 day old embryos along with
tails for MEFs (5 organs were pooled for replicates with an n=4) and immediately
subjected to RNA isolation with TRIzol® according to the manufacturer's protocol (Life
Technologies, Grand Island, NY, USA). 1 μg RNA was used to generate first strand
cDNA using the Transcriptor First Strand cDNA Synthesis kit (Roche, Indianapolis, IN,
USA). Real-time Polymerase Chain Reaction (qPCR) was performed using the TaqMan
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Master Primer-Probe System (Roche, Indianapolis, IN, USA). 40S Ribosomal Protein 7
(Rps7) was used as a housekeeping gene. The primer sequences for the genes of interest,
and the corresponding proprietary fluorescein labeled probes were obtained from Roche’s
Universal ProbeLibrary (Table 2.1).
2.2.4 Determination of Arsenic Compounds
Arsenic speciation was performed by ALEC using a protocol adapted from Milstein et
al., (Milstein et al. 2003). Since immediate access to ALEC was not available, absolute
detection of MMA (III/V) and DMA (III/V) was not attempted because of the instability
of the compounds. The samples from the incubations were analyzed for total MMA and
DMA. Briefly, arsenic speciation was analyzed with high performance liquid
chromatography (HPLC) coupled to ICPMS using anion exchange column; ammonium
carbonate gradient on Agilent 7700x. Organic arsenic species were discriminated by the
coupled hydride generation in order to ensure analysis of inorganic arsenic forms. Quality
assurance for arsenic speciation includes use of certified reference materials such as
Arsenic Species in Frozen Human Urine (NIST 2669, National Institute of Standards and
Technology, Gaithersburg, MD, USA). For each batch run, three samples are spiked with
low to mid-range standards to monitor arsenic recovery. The detection of arsenic species
is +/- 10% by this HPLC-ICPMS method in the ALEC core.
2.2.5 Statistical Significance
To determine significance, a one-way ANOVA followed by a Tukey’s multiple
comparison test was used utilizing Prism6 (GraphPad, La Jolla, CA, USA) for
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Gene
Left (5'-3')
Right (5'-3')
Probe NCBI RefSeq
As3mt TGCAGAATGTACACGAAGACG AGCCGCTCAGGAACAGTC
76 NM_020577.2
Rps7 AGCACGTGGTCTTCATTGCT CTGTCAGGGTACGGCTTCTG 101 NM_011300.3

Table 2.1. Primers and Probes for RT-qPCR.
The genes examined are arsenite methyltransferase (As3mt) and 40S Ribosomal Protein 7
(Rps7).
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comparisons between groups: the reported p-value is the multiplicity adjusted p-value
corrected for multiple comparisons.
2.3 Results
2.3.1 As3mt Expression across Embryonic Tissues
As3mt was expressed in all 3 tissue explants and the embryonic fibroblasts (Figure 2.1).
Expression in the heart was significantly higher than in all other tissues. A lower, similar
expression was observed in the lung, liver, and MEF. Because As3mt is expressed in
every tissue, it was expected that all tissues would possess some capability to
autonomously methylate arsenic.
2.3.2 Arsenic Methylation in Primary Tissues
To determine whether these select embryonic tissues can metabolize inorganic arsenic
into methylated forms, primary tissues were exposed for 48 hr to various concentrations
of As (III) and arsenic species determined. Media alone, cells alone, and gels alone
produced no detectable levels of arsenite or metabolites (data not shown). The hydrated
type I collagen gel incubation conditions (without tissue explants or cells) were capable
of oxidizing a substantial portion of the As (III) to As (V) (data not shown), so no studies
were performed test the ability of the tissue explants or cells to oxidize/reduce iAs.
All tissue explants produced both MMA and DMA metabolites at the highest dose - 750
ppb (Table 2.2). The values (ppb) are the combined arsenic species in the media
supernatant and within the collagen gels. At the lower concentration of substrate
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Figure 2.1. As3mt Gene Expression in Fetal Tissue.
As3mt is expressed in all 4 tissues examined via RT-qPCR. Expression in the heart is
significantly higher than in all other tissues. There is a significant difference between
expression in the MEF and the lungs. The longest horizontal line represents the mean and
the error bars represent the standard deviation.
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Tissue
Heart

Lung

Liver

MEF

Arsenic Speciation after 48 hr (ppb)
As (III) Dose (ppb) Total iAs As (III) As (V) MMA DMA
100
90.6
40.8
49.8
0.0
2.5
375
343.9
171.7 172.1 0.0 10.4
750
703.9
395.1 308.8 1.1 13.0
100
86.1
50.7
35.4
0.0
2.2
375
326.3
176.9 149.3 0.2
8.0
750
689.8
399.0 290.8 1.7 14.3
100
71.4
36.3
35.1
0.0
4.8
375
269.3
155.4 114.0 0.0 21.1
750
579.2
343.8 235.4 3.7 34.2
100
87.9
45.9
42.0
0.0
2.0
375
306.6
161.9 144.7 0.1
6.4
750
660.6
437.1 223.5 1.9 15.0

Table 2.2. Arsenic Metabolism by Murine Fetal Tissue Explants.
Arsenic speciation after 48 hr dosing of As (III) at 100, 375, or 750 ppb in embryonic
heart, lung, liver, and MEFs as determined by HPLC coupled to ICPMS. Methylated
metabolites are found at all doses in all tissues examined. MMA and DMA values are
reported independent of oxidation state and the values represent the total ppb species
concentration detected in the supernatant and the collagen gel combined. (Data generated
by Derrick Broka).
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[As (III)], MMA was not always detected but DMA was formed at all substrate
concentrations and increased as the substrate concentration increased (Table 2.2).
The MEF in this study were able to methylate ~2% of the total arsenic to methylated
metabolites (Figure 2.2). This is consistent with the 1.45% methylation rate detected
previously in MEF (Bach et al. 2014). Compared to all examined tissue types, the liver
explants generated the highest levels of methylated arsenic forms - ~7% of total arsenic
(Figure 2.2). Lung and heart explants produced about the same amount of methylated
metabolites as the MEF at ~ 2% of total arsenic. In all cases there was more DMA
generated than MMA, indicating a predisposition to form the methylated metabolite that
is the major urinary metabolite following arsenic exposure.
It is important to note that not all embryonic cell types converted As (III) to methylated
metabolites. Primary murine epicardial cells were tested in this culture system and did not
produce any detectable levels of MMA or DMA even at the highest concentrations of As
(III) (Table 2.3).
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Figure 2.2. Biotransformation of Arsenic in Fetal Tissue Explants.
Combined total percentage of organic arsenic species in the media supernatant and within
the collagen gels as a percentage of total arsenic detected for all three doses tested as
determined by HPLC coupled to ICPMS. All tissues generate a significantly greater
proportion of methylated metabolites than the no cell controls and the liver generated
more than all other tissues examined. The longest horizontal line represents the mean and
the error bars represent the standard deviation.
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Cells
Epicardial

Arsenic Speciation after 48 hr (ppb)
As (III) Dose (ppb) Total iAs As (III) As (V) MMA DMA
0
0.1
0.1
0.0
0.0
0.0
100
130.7
57.7
73.0
0.0
0.0
375
513.0
283.7
229.4
0.0
0.0
750
916.6
574.1
342.5
0.0
0.0

Table 2.3 Arsenic Metabolism by Epicardial Cells.
Preliminary studies examining the methylation capacity of various cell types were
performed. In this experiment, epicardial cells were examined as described in the
methods and there was no detection of methylated metabolites of arsenic by this
embryonic cell type. (Data generated by Derrick Broka).
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2.4 Discussion
Chronic exposure to arsenic is linked to a number of diseases as well as adverse
pregnancy outcomes (Aschengrau et al. 1989; Milton et al. 2005). This current study
shows that embryonic tissues can methylate arsenic producing the metabolites, MMA and
DMA. This is the first report of embryonic heart, lung, and liver producing methylated
species of arsenic. Both DMA and MMA were detected in the liver, heart, and lung
explant cultures with liver producing almost 3 fold more methylated metabolites. This
can provide new insight to observations such as those made by Tsang et al. (2012)
showing detection of MMA and DMA in E18 fetal livers after maternal exposure.
Previously it was unknown what, if any, capacity the fetal liver had to methylate arsenic,
but the present data show that methylated arsenic metabolites are produced in the
developing liver. Although there is indirect exposure to methylated forms produced
maternally, this study identified a direct tissue production of arsenic metabolites during
fetal exposure to inorganic arsenic. In addition, As3mt expression was detected in all
examined tissues bolstering the argument that these fetal organs are capable of generating
methylated metabolites of arsenic.
The heart, lung and liver are all target organs for toxicity by arsenic (Abernathy et al.
1999; Mandal and Suzuki 2002). Smith’s group studying the region II area of Chile,
where there was high arsenic exposure (1958-1970), found a very significant increase in
cardiovascular diseases (Yuan et al. 2007). They reported increased mortality from acute
myocardial infarction by 10-fold in the population exposed during development. This was
the first report revealing protracted developmental exposure to arsenic and cardiovascular
disease in adulthood. Our group has also demonstrated that developmental exposure to
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100 ppb As (III) led to adult incidence of non-alcoholic fatty liver disease (Sanchez-Soria
et al. 2014). The mechanisms of arsenic-induced cardiovascular, lung, and liver diseases
are not clear and the risks and biological effects associated with arsenic ingestion at lower
levels commonly found in the U.S. remain ambiguous especially for in utero exposures.
This current study reveals that embryonic heart, lung, and liver tissue are capable of
metabolizing arsenic as methylated metabolites in a whole organ explant culture system.
This suggests that the more toxic metabolites may contribute to developmental changes in
these target organs that predispose to disease in adulthood. Future studies are needed for
detection of arsenic in situ, it will be important to determine the accumulation of various
arsenic species in fetal tissues from exposure during development. The present study is
just a first step identifying fetal capacity to methylate arsenic; we propose that it will be
beneficial for others to examine the full profile of fetal metabolites across a range of
doses and exposure profiles in various fetal tissues.
2.5 Conclusions
Developmental exposure to arsenic is implicated in adult disease states in multiple organ
systems. Up until the present work, it was unknown if embryonic tissue contributed to the
generation of methylated arsenic metabolites, or if metabolites were solely attributed to
maternal metabolism of arsenic. This study demonstrates that in a whole organ explant
system, heart, lung, and liver are capable of generating methylated metabolites of arsenic
and express the gene As3mt which is necessary for arsenic metabolism.
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3. CHAPTER 3
EFFECTS OF ARSENITE EXPOSURE DURING FETAL DEVELOPMENT ON
ENERGY METABOLISM AND SUSCEPTIBILITY TO DIET-INDUCED FATTY
LIVER DISEASE IN MALE MICE
Text and figures in this chapter are derived from: Eric J. Ditzel, Thu Nguyen, Patricia
Parker, Todd D. Camenisch (2015) Environ Health Perspect. 10.1289/ehp.1409501 [doi]
3.1 Introduction
Chronic arsenic exposure has become more prevalent with a shift from sources of water
on the surface to drilling of wells to reach ‘cleaner’ water. The use of well water
increases the risk for individuals to be exposed to arsenic (Yoshida et al. 2004). Arsenical
exposure increases mortality from cardiovascular disease and hypertension in populations
exposed to arsenicals during gestation as well as into adulthood (Hawkesworth et al.
2013; Yuan et al. 2007). Cardiometabolic syndrome is a set of metabolic dysfunctions
combined with increased blood pressure that culminates in an increased risk for
cardiovascular disease (Kirk and Klein 2009). The relationship between metabolic
syndrome and arsenic has been strengthened over the years, but conflicting results appear
in recent epidemiological studies (Brauner et al. 2014; Chen et al. 2010). A contributing
factor to this discrepancy could be variables such as regional differences in nutrition, but
regional differences have not been adequately investigated. In addition, only a few
studies have focused on the impact of in utero and early life exposures to low-level
arsenicals, and the need to investigate this type of exposure has been highlighted by the
NIEHS (Davila-Esqueda et al. 2011; Maull et al. 2012; States et al. 2012).
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The majority of studies investigating nonalcoholic fatty liver disease (NAFLD), from
benign steatosis to end-stage liver disease in non-alcoholic steatohepatitis (NASH), have
principally focused on arsenical exposures in the parts per million ranges, that while
environmentally relevant in some areas, left much uncertainty about the potential effects
of chronic exposures in the parts per billion range (Arteel et al. 2008; Reilly et al. 2014;
Shi et al. 2014; Tan et al. 2011). In addition, our laboratory has demonstrated incidences
of NAFLD with low-level in utero exposure in mice, and this work aims to expand on
those initial findings (Sanchez-Soria et al. 2014). Incidence of NAFLD is important to
consider when examining cardiometabolic disease because NAFLD is thought to be the
hepatic manifestation of metabolic syndrome (Paschos and Paletas 2009). There is also
an association with elevated mediators of atherosclerosis in patients with NALFD
suggesting a link to cardiovascular disease (Sookoian et al. 2010).
The objective of this study was to examine low-level (100 ppb) As (III) effects on mice
that were exposed during gestation, after weaning, or throughout life, with all mice being
exposed to a Western diet after weaning. We have previously shown that low-level As
(III) exposure in utero was associated with incidence of fatty liver disease, so this study
aimed to reproduce these results on the background of a high fat diet in order to
determine whether As (III) exposure contributes to the incidence and severity of NAFLD
(Sanchez-Soria et al. 2014). In addition, components of cardiometabolic syndrome were
investigated in order to examine how these disease risk factors may be affected by lowlevel As (III) exposure.
3.2 Materials and Methods
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3.2.1 Animals and Treatment
Primi-pregnant CFW Swiss Webster mice were purchased from Charles River
Laboratories and housed individually in sterile microisolator cages (5 inches high with 75
square inches of floor) with corncob bedding (7097.25 Corncob, Harlan Laboratories Inc)
on a 12 hour light/dark cycle at 20°C. This model was utilized because it has no known
metabolic or cardiovascular disease predisposition that could have affected results. Food
(2019 Teklad Global 19% Protein Extruded Rodent Diet, Harlan Laboratories Inc) and
water were provided ad libitum with either 100 ppb arsenite as sodium arsenite (NaAsO2,
Sigma) or 100 ppb sodium chloride in control animals (NaCl, VWR). The Arizona
Laboratory for Emerging Contaminants verified arsenite concentrations by inductively
coupled plasma mass spectrometry. Control mice received 100 ppb NaCl water; to induce
in utero (IU) exposure, dams (53 days old) received 100 ppb NaAsO2 water beginning at
5 days post fertilization (ED5) through birth; dams of the in utero and continuous (IU+)
mice received 100 ppb NaAsO2 water beginning at ED5 and pups continued on the 100
ppb NaAsO2 water postnatal until the end of the study at 13 weeks when all animals were
sacrificed via CO2 euthanasia followed by cervical dislocation. Postnatal (PN) mice
received 100 ppb NaAsO2 water starting after weaning through the end of the study.
Out of nine total litters, six were exposed to As (III) in utero and three were exposed to
100 ppb NaCl. The PN and CTRL males were drawn from the three untreated litters and
the six remaining in utero As (III) exposed litters were broken into two groups of 3 litters
(IU and IU+). Litter information is included in Table 3.1. For the exposure groups CTRL
n=10, IU n=14, IU+ n=13, and PN n=5. Litter contributions to exposure groups are
included in Table 3.2. Water was replaced weekly. Prior to weaning, pups remained with
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Figure 3.1 As (III) and Western Diet Exposure Timeline.
This figure demonstrates when the 4 treatment groups were exposed to 100 ppb As (III)
in the drinking water and when they were provided with Western Diet during the course
of the study. The caloric breakdown of the diet is provided as well.
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Litter
1
2
3
4
5
6
7
8
9

Treatment
PN
CTL/PN
CTL
IU
IU
IU
IU+
IU+
IU+

Males
4
6
8
4
8
4
4
7
5

Females
5
5
3
6
3
6
0
1
5

Total
9
11
11
10
11
10
4
8
10

Table 3.1. Litter Information.
Nine litters were utilized in this study, 1-3 were not treated with As (III) during
development, but 4-9 were. After birth litters 7-9 continued to receive As (III) through
drinking water. After weaning, mice assigned to the PN group began to receive As (III)
through the drinking water.
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Litter
1
2
3
4
5
6
7
8
9

CTRL
0
2
8
0
0
0
0
0
0

IU
0
0
0
4
7
3
0
0
0

IU+
0
0
0
0
0
0
3
6
4

PN
3
2
0
0
0
0
0
0
0

Table 3.2. Male Mice Litter Contribution to Exposure Groups.
The number of male mice included in each exposure group from each litter is listed
above.
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their own mothers in one cage regardless of litter size. After weaning (21 days old), mice
were provided Western diet (TestDiet) ad libitum, and housed with the same exposure
group 4 per cage with an effort to house littermates together. This manuscript focuses
solely on the male cohort.
The Western style diet utilized in this study (15.5% Protein, 40.1% Fat, 44.4%
Carbohydrate by kcal with the primary ingredients being 34.05% sucrose, 19.97% milk
fat, and 19.47% casein) is similar to the Standard American diet (15% Protein, 33% Fat,
50% Carbohydrate by kcal) (Grotto and Zied 2010). Body weights were measured
weekly in the mornings and blood plasma was collected at weaning, 5 weeks, and 9
weeks via retro-orbital (RO) bleeding after a 6 hour fast starting at 6 am with bleeds
carried out at noon. 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 ensuring that animals were treated
humanely and with regard for alleviation of suffering.
3.2.2 Metabolomic Analysis
Plasma from week 9 RO bleeds (minimum of 7 samples per group) was subjected to
metabolomic analysis (Metabolon®). A total of 337 compounds of known identity were
queried with a combination of LC/MS, LC/MS/MS, and GC/MS techniques and
examined for significant alterations as described previously (Ganti et al. 2012).
3.2.3 Histology and Pathology
Animal tissues were isolated and rinsed in cold 1x phosphate buffered saline and total
liver weight was measured. The caudate liver lobe was embedded in Tissue-Tek
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O.C.T.™ compound (Sakura) and frozen in liquid nitrogen vapor. The median lobe was
fixed in 100% ethanol, 37% formaldehyde, 100% glacial acetic acid in a 6:3:1 (v/v/v)
ratio for 4 hr at RT and then overnight at 4°C with fresh fixative; both steps with slow
agitation.

Frozen livers were sectioned to 10 μm on a cryostat and fixed with 10%

buffered formalin. The sections were stained using Oil-Red-O in propylene glycol
method for lipid detection (Poly Scientific R&D Corp.). Fixed livers were processed in
Paraplast 56 (McCormick Scientific), and sectioned to 10 μm. Sections were stained with
hematoxylin and eosin (H&E) (Thermo Scientific) or Picrosirius Red: 0.1% Direct Red
80 (Sigma) and a saturated aqueous solution of picric acid. Oil-Red-O and H&E sections
were captured using a bright field microscope and Picrosirius Red sections were captured
using crossed polarizers. H&E sections were scored under blinded conditions utilizing the
NAS (NAFLD activity score): the score is defined as the unweighted sum of the scores
for steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2); scores 0-2 are not
NASH, 3-4 are considered borderline, and 5-8 are considered NASH (Kleiner et al.
2005).
3.2.4 Reverse Transcription Real-Time Polymerase Chain Reaction (RT-qPCR)
RNA was isolated and purified from flash frozen tissue samples using TRIzol®
according to the manufacturer's protocol (Life Technologies). First strand cDNA was
generated using the Transcriptor First Strand cDNA Synthesis kit (Roche) with 1 μg
RNA. Real-time Polymerase Chain Reaction (qPCR) was performed using the TaqMan
Master Primer-Probe System (Roche). 40S Ribosomal Protein 7 (Rps7) was used as a
housekeeping gene for relative quantification of target mRNA. Table 3.3 lists the genes

Probe
103
42
9
70
9
6
55
2
29
101
84
78
72
25

NCBI RefSeq
NM_133360.2
NM_009693.2
L23108.1
NM_013495.2
NM_010046.2
NM_031168.1
NM_001163457.1
NM_011146.3
NM_008904.2
NM_011300.3
NM_011978.2
NM_011480.3
NM_011577.1
NM_013693.2

The examined genes are: Acetyl-CoA carboxylase 1 (Acaca), Apolipoprotein B-100 (Apob), Platelet glycoprotein 4 (Cd36),
Carnitine O-palmitoyltransferase 1, liver isoform (Cpt1a), Diacylglycerol O-acyltransferase 1 (Dgat1), Interleukin-6 (Il6),
microsomal triglyceride transfer protein large subunit (Mttp), Peroxisome proliferator-activated receptor gamma (Pparg),
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Ppargc1a), 40S ribosomal protein S7 (Rps7), Very
long-chain acyl-CoA synthetase (Slc27a2), Sterol regulatory element-binding protein 1 (Srebf1), Transforming growth factor
beta-1 (Tgfb1), and Tumor necrosis factor (Tnf).

Table 3.3. Primers and Probes for RT-qPCR.

Gene
Left (5'-3')
Right (5'-3')
Acaca
GGCTCAAACTGCAGGTATCC
TTGCCAATCCACTCGAAGA
Apob
GAGAACTTCGCTGCTTCCAA
CAGCAGTGCACTTTGCGTAG
Cd36 TTGTACCTATACTGTGGCTAAATGAGA
CTTGTGTTTTGAACATTTCTGCTT
Cpt1a
GACTCCGCTCGCTCATTC
TCTGCCATCTTGAGTGGTGA
Dgat1
TCGTGGTATCCTGAATTGGTG
AGGTTCTCTAAAAATAACCTTGCATT
Il6
GCTACCAAACTGGATATAATCAGGA
CCAGGTAGCTATGGTACTCCAGAA
Mttp
GCCCAACGTACTTCTAATTTATGG
TGCTGGCCAACACGTCTA
Pparg
TGCTGTTATGGGTGAAACTCTG
CTGTGTCAACCATGGTAATTTCTT
Ppargc1a
GAAAGGGCCAAACAGAGAGA
GTAAATCACACGGCGCTCTT
Rps7
AGCACGTGGTCTTCATTGCT
CTGTCAGGGTACGGCTTCTG
Slc27a2
GCGTGCCTCAACTACAACATT
CCTCCTCCACAGCTTCTTGT
Srebf1
GGTTTTGAACGACATCGAAGA
CGGGAAGTCACTGTCTTGGT
Tgfb1
TGGAGCAACATGTGGAACTC
GTCAGCAGCCGGTTACCA
Tnf
CTGTAGCCCACGTCGTAGC
TTGAGATCCATGCCGTTG
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of interest, the primer sequences, and the corresponding proprietary fluorescein labeled
probes from Roche’s Universal ProbeLibrary.
3.2.5 Liver Lipid Content and Enzymatic Activity Analysis
Lipids from 25 mg of flash frozen liver tissue were extracted with 500 μL of 2:1 volume
ratio Chloroform and Methanol. The lipid fraction was resuspended with 1% Triton X100 in 100% Ethanol. Triglycerides (TAG) and cholesterol were quantified using the
TAG reagent set and cholesterol reagent set, respectively (Pointe Scientific). Free fatty
acids (FFA) were quantified using a colorimetric free fatty acid assay kit per
manufacture’s protocol (Cell Biolabs). Samples from flash frozen liver tissue were
analyzed with the following kits, according to the manufacturer’s recommendations:
Aspartate Transaminase (AST) and Isocitrate Dehydrogenase (IDH) activity assay kit
(Sigma) and Alanine Transaminase (ALT) activity assay kit (Cayman Chemical).
3.2.6 Blood Biochemistry
Plasma samples were analyzed with the following kits, according to the manufacturer’s
recommendations: free fatty acid fluorometric assay kit and glucose colorimetric assay
kit (Cayman Chemical), rat/mouse insulin ELISA (Millipore), and mouse hemoglobin
A1c (HbA1c) assay kit (Crystal Chem). Insulin resistance was determined utilizing the
homeostasis model assessment of insulin resistance (HOMA-IR) (Matthews et al. 1985).
3.2.7 Statistical Analysis
For all experiments, aside from metabolomics analysis (described above), a sample set
with a minimum of 5 animals per treatment group in analytical duplicates were used and
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a one-way ANOVA followed by a Dunnett’s multiple comparison test utilizing Prism6
(GraphPad) for comparisons between treatment groups and controls was performed: the
reported p-value is the multiplicity adjusted p-value corrected for multiple comparisons.
3.3 Results
3.3.1 Effects of As (III) on Hepatic Lipids and Tissue Damage
In utero As (III) exposure increased liver weight as a proportion of body weight at 13
weeks of age, and this increase in weight was accompanied by elevated TAG in livers
(Figure 3.2 A&B). Only mice that were continuously exposed to As (III) had increased
hepatic FFA and cholesterol (Figure 3.2 C&D). As (III) exposed mice had increased
hepatocellular ballooning degeneration, increased lipid content, and fibrosis when
compared to those animals not exposed to arsenic. H&E staining of liver sections (Figure
3.3A-D) revealed more severe NAFLD in mice exposed to As (III) during embryonic
development. Steatosis is considered more severe as it progresses outward from the
centrilobular region to zone 1, and is apparent in all mice, but lipid accumulation was
more panacinar in in utero As (III) exposed groups (Figure 3.3B&C) whereas it was more
limited to zones 3 and 2 in control and PN animals (Figure 3.3A&D). In addition, more
severe hepatocellular ballooning and inflammatory lesions were observed in the in utero
and continuously exposed As (III) exposed group. Oil Red-O Staining was used to
differentiate lipids in frozen liver sections, and the most severe lipid accumulation was
detected in the IU and IU+ livers (Figure 3.3F&G), with mild to moderate lipid
accumulation occurring in the control and PN livers (Figure 3.3E&H). Picrosirius Red
staining of liver sections under polarized light revealed no incidences of fibrosis in the
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Figure 3.2. Effects of As (III) Exposure on Liver Weight and Hepatic Lipid Content.
(A) Increased proportional liver weight with As (III) treatment at sacrifice. (B) Increased
triglycerides in IU and IU+ livers. (C) Increased cholesterol and (D) increased free fatty
acids in IU+ livers only. The box extends from the 25th to the 75th percentile and whiskers
show the entire distribution: the line is the median and the + is the mean. ((A) CTRL
n=10, IU n=14, IU+ n=13, PN n=5; (B&C) CTRL n=9, IU n=14, IU+ n=6, PN n=5; (D)
CTRL, IU, and IU+ n=6, PN n=5: p ≤ 0.0001 = ****; p ≤ 0.01 = **; p ≤ 0.05 = *; p ≤ 0.1
= † compared to controls)
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Figure 3.3. Effects of As (III) on Lipid Accumulation, Hepatocellular Damage, and
Fibrosis.
Rows represent each different stain utilized on sections made at sacrifice, and columns
contain a representative section from each treatment group. The first row, H&E staining
(0.3 mm bar for scale), demonstrates various degrees and distribution of steatosis,
inflammation, and hepatocellular ballooning. In the second row, Oil-Red-O (0.2 mm bar
for scale), lipids stain red demonstrating increased lipid accumulation across As (III)
treatment groups. In the third row, Picrosirius Red (0.15 mm bar for scale), white arrows
highlight birefringence specific for collagen indicating fibrosis. The NAS scoring of the
H&E sections (M) shows little to no NASH in the CTRL and PN groups, equivocal
NASH in the IU group, and definitive NASH in the IU+ group. The box extends from the
25th to the 75th percentile and whiskers show the entire distribution: the line is the
median and the + is the mean. ((A-M) CTRL n=6, IU n=7, IU+ n=8, PN n=5: p ≤ 0.001 =
***; p ≤ 0.05 = * compared to controls)
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livers from control mice (Figure 3.3I); in contrast, a number of fibrotic lesions were
detected in all As (III) exposed groups (Figure 3.3J-L). Fibrotic lesions were generally
focal and under 0.5 μm in diameter. Blinded scoring of the H&E sections (Figure 3.3M)
showed that the NAFLD scores of the control and PN groups did not suggest NASH, the
IU group had scores that were borderline, and the IU+ group had definitive NASH: the
IU and IU+ groups had significantly higher NAFLD scores than control animals. Taken
together, this shows the presence of NAFLD in the groups developmentally expose to As
(III) with the most severe pathology developing with continuous exposure to As (III)
after birth.
3.3.2 As (III) Exposure and Cardiometabolic Risk Factors
IU+ exposure to As (III) resulted in an increase in cardiometabolic risk factors. IU+ mice
gained more weight than controls at week 5 and remained heavier until the conclusion of
the study at week 13. No statistically significant changes in weight were detected in any
of the other As (III) exposure groups (Figure 3.4A). Insulin resistance and plasma
triglyceride levels were significantly higher in IU+ mice compared to controls (Figure
3.4B-C). As (III) exposure did not affect plasma FFA at five weeks or blood HbA1c, a
long term marker of blood glucose, at 13 weeks of age (Data not show). Although As
(III) did not affect the HbA1c or FFA concentrations, continuous As (III) exposure did
increase body weight, insulin resistance, and serum triglycerides, all of which are
cardiometabolic risk factors.
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Figure 3.4. As (III) Exposure and Cardiometabolic Risk Factors.
IU+ treatment group found to have (A) increased body weight 5 weeks after birth, (B)
increased insulin resistance at week 5, and (C) increased circulating triglycerides at week
5. Error bars in (A) represent standard error. The box extends from 25th to 75th
percentile and whiskers show the entire distribution: the line is the median and the + is
the mean. ((A) At 13 weeks CTRL n= 10, IU n= 14, IU+ n=13, PN n=5; (B&C) CTRL
n= 10, IU and IU+ n=11, PN n=7: p ≤ 0.001 = ***; p ≤ 0.01 = **; p ≤ 0.05 = * compared
to controls)

71
3.3.3 Effects of As (III) on Lipid and Glucose Metabolism
The previous data suggest exposure to As (III) during embryonic development primes
animals for the development of cardiometabolic disease risk factors and NAFLD when
exposure continues throughout life. As such, As (III) induced alterations in energy
metabolism were investigated by metabolomic analysis on plasma samples of mice to
identify changes that may contribute to metabolic disease. Table 3.4 highlights
biochemicals in plasma found to be substantially altered in As (III) exposed mice when
compared to controls. 1,5-anhydroglucitol was decreased only in the IU+ mice compared
to controls. This depletion suggests recent (< 1 month) hyperglycemia (Dungan 2008). In
addition, key intermediates and glycolysis related compounds were differentially altered
depending on exposure period. Intermediates within the TCA cycle were decreased
primarily in in utero As (III) exposed mouse plasma suggesting a potential disruption of
oxidative energy metabolism. Increased ketone bodies were detected in the IU and IU+
mice as shown by significant increases in both beta-hydroxybutyrate and acetoacetate. In
addition, a few long chain polyunsaturated fatty acids (LCPUFA) were found to be
decreased in the IU group; LCPUFA can be modulators of lipid metabolism. Taken
together, these data suggest that As (III) exposure has diverse and profound effects on
energy metabolism including alterations in glycolysis, the TCA cycle, and ketogenesis.
3.3.4 As (III) and TCA Cycle and Transaminase Enzymatic Activity
The activity of hepatic IDH was detected to confirm the attenuation of TCA cycle activity
observed in the plasma metabolomic analysis. IDH is upstream of these metabolites and it
is reported to be inhibited by As (III) (Higashi et al. 1965). A significant decrease in IDH

IU
0.97
0.62†
0.51
0.42*
0.81
0.67*
0.64†
0.71†
0.45*
5.07*
4.81*
0.65*
0.67*
0.65*

IU+
0.61*
0.34*
0.29†
0.28*
1.19
0.74*
0.86
0.61*
0.55*
5.5*
4.88*
0.88
0.97
0.83

PN
0.99
0.4*
0.2*
0.17*
1.64*
1.01
1
0.61*
0.71
2.06
1.56
1.05
1.18
0.94

CTRL
1.08 ± 0.29
2.32 ± 1.14
3.96 ± 3.44
3.87 ± 3.06
0.93 ± 0.40
1.30 ± 0.28
1.15 ± 0.39
1.39 ± 0.42
1.70 ± 0.66
0.42 ± 0.14
0.56 ± 0.37
1.09 ± 0.32
1.17 ± 0.37
1.12 ± 0.31

IU
1.04 ± 0.34
1.44 ± 1.10
2.03 ± 2.43
1.62 ± 3.09
0.76 ± 0.20
0.87 ± 0.12
0.74 ± 0.14
0.99 ± 0.35
0.77 ± 0.23
2.11 ± 1.85
2.68 ± 1.67
0.71 ± 0.16
0.78 ± 0.17
0.73 ± 0.22

IU+
0.66 ± 0.40
0.79 ± 0.27
1.16 ± 1.46
1.10 ± 1.50
1.12 ± 0.54
0.96 ± 0.20
0.99 ± 0.34
0.85 ± 0.30
0.93 ± 0.53
2.29 ± 1.03
2.72 ± 1.52
0.96 ± .27
1.13 ± 0.42
0.93 ± 0.25

PN
1.07 ± 0.34
0.92 ± 0.42
0.79 ± 0.64
0.65 ± 0.33
1.54 ± 0.42
1.32 ± 0.47
1.15 ± 0.45
0.84 ± 0.25
1.21 ± 0.58
0.86 ± 0.95
0.87 ± 0.79
1.14 ± 0.35
1.38 ± 0.35
1.05 ± 0.19

Plasma metabolomic analysis shows select metabolites (with a focus on energy metabolism) found to be statistically significantly
altered with As (III) treatment when compared to controls. Columns 2-4 are the fold change in metabolite compared to controls
and columns 5-8 are the mean and standard deviation of the detected metabolites.(IU and IU+ n=8; CTRL and PN n=7: p ≤ 0.05 =
*; p ≤ 0.1 = † compared to controls)

Table 3.4. Effects of As (III) Exposure on the Energy Metabolism Profile.

Metabolite
1,5-anhydroglucitol
3-phosphoglycerate
2,3-diphosphoglycerate
phosphoenolpyruvate (PEP)
pyruvate
lactate
succinate
fumarate
malate
β-hydroxybutyrate
acetoacetate
dihomo-linoleate (20:2n6)
mead acid (20:3n9)
docosadienoate (22:2n6)
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activity was detected in livers from the IU and IU+ mice (Figure 3.5A). A decrease in
hepatic AST or ALT activity is associated with fatty liver disease (Pol et al. 1991). A
significant decrease in hepatic AST activity was detected in the IU+ exposed group
(Figure 3.5B) and no change in the ALT activity. The fact that PN exposure to As (III)
does not significantly decrease IDH activity suggests that portions of the TCA cycle are
inhibited in adult animals that were only exposed to As (III) during fetal development.
Therefore in utero exposure to arsenic is a substantial contributor to disruption of the
normal TCA cycle in adulthood.
3.3.5 As (III) and the Hepatic Transcription Profile
The hepatic expression of several key genes involved in metabolism, lipid uptake,
inflammation, and triglyceride export were detected in order to determine the effects of
As (III) exposure on their expression and whether they contribute to disrupted lipid
homeostasis (Figure 3.6). Expression of Fatty acid uptake transporter Cd36 was
significantly increased only in the IU+ group. mRNA for Pparg, a master regulator of
lipid and glucose metabolism, was increased in the IU+ group. Expression of Acaca, the
enzyme that catalyzes the carboxylation of acetyl-CoA and is the first step in FFA
synthesis, was significantly increased in the IU+ and PN treatment groups. mRNA of
Cpt1a, a key player in the β-oxidation of fatty acids, was significantly increased in the
IU+ treatment group. Dgat1, an enzyme critical to the formation of triglycerides from
Acyl-CoA and diacylglycerol, was increased in livers of the PN mice only. mRNA of
Mttp, which plays an essential role in lipoprotein assembly, was significantly increased in
the livers of all As (III) treated mice. Expression of Tgfb1, a pro-fibrotic growth factor,
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Figure 3.5. As (III) Exposure and TCA Cycle and AST Enzymatic Activity.
(A) IDH activity is decreased in the livers of IU and IU+ treatment groups, but (B) AST
activity is only decreased in the IU+ group. The box extends from the 25th to the 75th
percentile and whiskers show the entire distribution: the line is the median and the + is
the mean. ((A) CTRL, IU+, and PN n=5; IU n=6; (B) CTRL, IU, and IU+ n=6; PN n=5: p
≤ 0.0001 = ****; p ≤ 0.05 = * compared to controls)

mRNA levels of lipid handling and cytokine genes are shown as fold change compared to controls, and error bars represent
standard error. (n=5: p ≤ 0.05 = *; p ≤ 0.01 = **; p ≤ 0.1 = † compared to controls)

Figure 3.6. As (III) Exposure and the Hepatic Transcription Profile.
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showed a trend towards an increase in the IU+ group. mRNA for Il6, a cytokine
implicated in NAFLD, shows a trend towards an increase in the IU group. Finally,
expression of Tnf, a cytokine that has been well established in NAFLD, is increased in
the IU+ group. These changes in gene expression in the livers from in utero and early life
As (III) exposed groups support disrupted lipid homeostasis and increased inflammatory
mediators as a consequence of fetal exposure to low-level arsenic.
3.4 Discussion
This study reveals the development of metabolic disease in mice after low-level As (III)
exposure during fetal development and postnatally. Figure 3.7 summarizes our findings
using a simplified and condensed schematic of the relationship between metabolites,
metabolic pathways, and genes in addition to general markers of liver damage for the IU+
exposure. NALFD is thought to be the hepatic manifestation of metabolic syndrome
(Paschos and Paletas 2009). The detection of increased incidence of NAFLD from
developmental and continuous As (III) exposure in conjunction with poor glycemic
control and increased insulin resistance supports arsenic induction of metabolic disease
(Table 3.4 and Figure 3.4B). However, it is also important to note that no increase in
HbA1c was detected. When examined together with increased body weight and increased
triglycerides, these risk factors for cardiometabolic disease were restricted to the IU+
exposure group. Although it is possible that these changes are significant in the IU+
group due to the longest period of exposure, other changes were also detected in the
shorter (or pulsed) IU exposure group, but not in the postnatal exposed mice. This
suggests that developmental exposure to arsenic is a primer for adult onset of disease
with the most severe pathology developing with continued presence of As (III).

This is an abbreviated list of alterations observed in the IU+ group with a schematic representation of their relationships to each
other. (↑ = an increase compared to controls, ↓ = a decrease compared to controls, | = no change compared to controls, * = data
from week 9 blood plasma metabolomics, # = data from week 5 blood plasma, and † = hepatic RT-qPCR data)

Figure 3.7. Schematic Summary of the Detected Changes from Developmental Exposure to As (III).
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The concentration of As (III) in this study (100 ppb) is environmentally relevant in many
areas of the United States where individuals and communities rely on non-municipal,
often well-based, sources of water: in addition, areas in south-east Asia are exposed to As
(III) at ppm concentrations from ground water sources (Smedley and Kinniburgh 2002).
However, metabolism of arsenic in these mice was not examined, so there may be
unaccounted for differences in toxicokinetics. This study did include a female cohort,
however, initial observations did not detect significant changes in total body weight or
proportional liver weight, and therefore males were analyzed to determine whether
increased liver and body weight was connected to metabolic pathology.
The links between As (III) exposure and NAFLD have been established for adult
exposures at higher As (III) concentrations, but little is known about the mechanisms or
the impact of low-level As (III) on fetal and early developmental periods (Arteel et al.
2008; Reilly et al. 2014; Shi et al. 2014; Tan et al. 2011). Our laboratory has previously
demonstrated incidence of NAFLD with in utero exposures to 100 ppb As (III) in mice
(Sanchez-Soria et al. 2014), and is the only known example of this phenomena to our
knowledge. The present work determines a mechanistic basis for arsenic effects on
metabolic dysregulation and disease.
Starting at 5 weeks of age, the IU+ group was overweight when compared to controls,
and remained so through the duration of the study (Figure 3.4A). Differential changes in
weight with As (III) exposure have been demonstrated including decreased birth weights
for low-level IU exposed mice (Kozul-Horvath et al. 2012; Sanchez-Soria et al. 2014).
However, it was recently reported that obese adolescents appeared to metabolize
arsenicals less efficiently than their normal weight counterparts, suggesting a link
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between obesity and susceptibility to arsenical toxicity (Su et al. 2012). Continuous As
(III) exposure increased plasma triglyceride concentrations (Figure 3.4C), which is
contrary to earlier studies examining in utero exposure to arsenic. Sanchez-Soria found a
decrease in plasma TAG at 4 months in Swiss Webster mice on a regular diet with in
utero exposure to 100 ppb As (III) (Sanchez-Soria et al. 2014).Similarly Srivastava found
decreased plasma TAG at 10 weeks with 49 ppm As (III) exposure on a standard diet in
ApoE

-/-

mice (Srivastava et al. 2007). Although the exact mechanism is unclear, the

continuous exposure to As (III) on a Western style diet has an additive effect to increase
plasma TAG explaining differences with previous studies.
The extent of the NAFLD from developmental exposure to low-level As (III) was
substantial, and appeared to be most extensive in the As (III) treatment groups with in
utero and continuous exposure (Figure 3.3). The increased proportional weight, TAG,
FFA, and cholesterol detected in the IU (TAG and proportional weight only) and IU+
groups are strongly indicative of a NAFLD state induced by developmental exposure to
As (III) that is most severe with continued exposure (Figure 3.2 A-D) (Puri et al. 2007;
Simonen et al. 2011). Surprisingly, we detected no increase in FFA in blood plasma,
which is typically associated with fatty liver disease. We suspect that this may be due to
the observed NAFLD being the result of altered energy metabolism in the liver rather
than an overall increase in circulating FFA (Zhang et al. 2014). We intended to examine
ALT and AST activity in plasma, but small plasma samples limited the ability to probe
all biochemical targets. Hepatic transaminase activity was examined as a surrogate
indicator of liver damage and decreased activity of AST was detected in the IU+ group
(Figure 3.5B) with no change in ALT activity (data not included). Elevated AST and
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ALT in the plasma correlate with liver injury, while decreased hepatic AST and ALT
activity has been reported in fatty liver disease when measured relative to grams of
protein (Pol et al. 1991). However, it could also represent a disruption in mitochondrial
function via an effect on the malate-aspartate shuttle. Therefore the observed decrease in
AST activity suggests more severe NAFLD and/or mitochondrial dysfunction in the IU+
group.
The metabolomic data suggests disruption of the TCA cycle as decreased levels of TCA
intermediates were detected in the in utero As (III) exposure groups (Table 3.4). It is
known that pyruvate dehydrogenase, α-ketoglutarate dehydrogenase (Bergquist et al.
2009), IDH (Higashi et al. 1965), and succinate dehydrogenase (Hosseini et al. 2013) are
disrupted by arsenicals. In this regard, hepatic IDH activity was significantly reduced in
the IU and IU+ animals (Figure 3.5A); validating disruption of the TCA cycle from
developmental As (III) exposure. Due to sample limitations, other hepatic
dehydrogenases involved in the TCA cycle were not analyzed, but future studies should
determine if these are targets of developmental As (III) exposure. Persistent disruption of
this critical process has severe repercussions on homeostasis in humans (Rustin et al.
1997). To our knowledge the continued inhibition of these dehydrogenases after in utero
As (III) exposure is a novel finding. It is unlikely that this continued decrease in activity
is a result of direct As (III) inhibition, but is rather a disruption of developmental
programming. This is supported by the lack of IDH inhibition in the PN group and the
remaining activity decrease in the IU group long after As (III) is removed. This reinforces
the argument that developmental exposure is a primer for adult disease, especially in the
context of continuous exposure after birth.
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The role of arsenic in the disruption of glycolysis by replacing phosphate in the reaction
catalyzed by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) causing the
formation of an unstable arsenate ester has been well established (Hughes 2002). The
changes detected in glycolysis may be a result of decreased functional GAPDH activity;
however, concentrations of As (III) shown to disrupt GAPDH are much higher than 100
ppb. It has also been shown recently that in multiple human cell lines As (III) induces the
Warburg effect. Specifically, there is an increased production of lactate and an increase in
expression of glycolysis related genes with low level As (III) exposure (Zhao et al. 2013).
Given these findings and that arsenicals are also potent inhibitors of pyruvate
dehydrogenase, an increase in lactate was expected in As (III) treated mice (Schiller et al.
1977). However, significantly lower lactate levels were detected in the IU and IU+
groups as well as an increase in pyruvate in the PN group (Table 3.4). Thus, there is a
significant difference between in utero (with or without continuous exposure) and postweaning exposure. Increased pyruvate levels could suggest decreased pyruvate
dehydrogenase activity (due to known As (III) inhibition or increased Acetyl-CoA
negative feedback) or decreased lactate dehydrogenase activity, which is unlikely due to
a strong association between lactate dehydrogenase activity and arsenical exposure (Liao
et al. 2012). This also suggests that the decrease in lactate observed in the IU and IU+
groups is unlikely to be a result of decreased lactate dehydrogenase activity, so the
mechanism behind this decrease is not readily apparent. The inhibition of pyruvate
dehydrogenase by negative feedback inhibition with Acetyl-CoA is consistent with our
proposed mechanism of TCA cycle disruption; however, PN exposure did not appear to
substantially disrupt the TCA cycle. The mechanism behind the observed increase in
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pyruvate in the PN group and not the in utero exposed groups is unclear. Ongoing
exposure to As (III) in the PN group could decrease pyruvate dehydrogenase activity, but
one would expect a similar effect in the IU+ group that is not observed. With
developmental exposures, it is unlikely that the alterations in enzymatic activity are a
result of direct As (III) disruption, but rather some form of altered developmental
programing. Follow up studies examining the effects of developmental exposure on
energy metabolism would be recommended to better resolve the complex and diverse
changes that appear to be occurring.
The observed decrease of select LCPUFA in IU plasma only (Table 3.4) is puzzling as it
represents one of the few changes present in only the IU treatment group. LCPUFA, as
polyunsaturated fatty acids, are capable of activating a variety of peroxisome proliferatoractivated receptors (Ppar) (Grygiel-Gorniak 2014), and can result in decreased activity of
Srebf1 (Yoshikawa et al. 2002). Decreased LCPUFA in the liver has been shown in
patients with NAFLD, and it has been suggested that this decrease may be partially
responsible for development of NAFLD by decreasing suppression of SREBF1 activity
and attenuating activation of Peroxisome proliferator-activated receptor alpha (PPARA).
This results in conditions where TAG and FFA synthesis are favored over FFA oxidation
and TAG export (Araya et al. 2004). Although we did not examine Ppara, we did detect
expression of Srefbf1 and Pparg and observed an increase in expression of Pparg in the
IU+ group, but no statistically significant change in Srebf1 (Figure 3.6). Patients with
NAFLD have increases in expression of both of these genes and it is thought that they
work together potentiate the lipogenic state in NAFLD (Pettinelli and Videla 2011). As
(III) is also capable of decreasing Pparg expression and signaling resulting in disruption
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of adipogenesis (Wauson et al. 2002): thereby contributing to the observed pathology,
however, additional investigation will be needed to validate this mechanism.
We propose that As (III) mediated disruption of the hepatic TCA cycle leads to a loss of
normal Acetyl-CoA flux that results in a push towards ketogenesis as shown in the
plasma metabolomic findings and the increase in expression of FFA synthesis and βoxidation related genes (Table 3.4 and Figure 3.6). The elevated expression of Acaca in
the IU+ and PN groups suggests increased FFA synthesis and the increase in expression
of Cpt1a in the IU+ group suggests an increase in β-oxidation (Figure 3.6). However, it is
important to note that the product of Acaca, Malonyl-CoA, is an inhibitor of Cpt1a which
prevents β-oxidation and FFA synthesis from occurring simultaneously (Paulson et al.
1984). Additionally, Malonyl-CoA is an inhibitor of ketogenesis, and we see a robust
ketogenic state in the IU and IU+ groups, suggesting that there is no actual increase in
FFA synthesis, despite increased Acaca transcript (McGarry et al. 1977). Increased
transcript of Cpt1a and markers of ketogenesis indicate increased β-oxidation which is
often observed in NAFLD and could be resulting in increased ROS mediated liver
damage (Mendez-Sanchez et al. 2007). Increased expression of Mttp is also detected in
all As (III) treated groups but Dgat1 is increased only in the PN group (Figure 3.6). This
suggests increased TAG export in all As (III) treated groups but only increased TAG
synthesis in the PN group, which may be due to unexamined changes downstream of
transcription. We also observed increased expression of Cd36 in the IU+ treatment group,
which traditionally would suggest an increase in FFA uptake, but this is inconsistent with
observed plasma FFA levels which remained unchanged; however, it has recently been
shown that Cd36 is important in the regulation of VLDL secretion in the liver which may
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suggest a protective role against hepatic steatosis (Nassir et al. 2013). In addition,
expression of cytokines involved in NAFLD and fibrosis were examined, and in the IU+
group there was a trend towards an increase in Tgfb1 (Hasegawa et al. 2001) and an
increase in Tnf (Crespo et al. 2001) both of which are indicative of more severe NAFLD,
oftentimes pointing to NASH. Expression of Il6 was also examined and a trend towards
an increase was observed only in the IU group which is unexplained considering the most
severe pathology appears in the IU+ group and Il6 is associated with more inflammation
and fibrosis in NAFLD (Wieckowska et al. 2008). Taken together, many of these gene
expression changes are consistent with NAFLD and suggest increased hepatic AcetylCoA.
3.5 Conclusions
In summary, in utero and postnatal exposure to low-level As (III) combined with a
Western diet promoted NAFLD and increased risk factors of cardiometabolic disease in
male Swiss Webster mice. As (III) exposure during fetal development mediates
disruptions in energy metabolism. Evidence for metabolic dysfunction includes altered
metabolites of glycolysis as well as a disruption of the TCA cycle due in part to
decreased IDH enzymatic activity. We believe that Acetyl-CoA is likely overwhelming
the liver due to an impaired TCA cycle, resulting in a push towards ketogenesis and an
increase in expression of FFA synthesis, β-oxidation, and TAG synthesis and export
genes.
IU+ exposure resulted in the most severe pathology and was the only group to see a
substantial increase in risk factors for cardiometabolic disease including: obesity,
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hyperglycemia, insulin resistance, and increased plasma TAG. However, based on other
metabolomic changes that were observed, the severity is not necessarily a result of a
longer exposure because distinct changes in metabolic endpoints occurred when
comparing in utero and PN cohorts: thus, the observed alterations are not simply due to a
longer exposure. Many changes were only detected in the IU or IU+ exposure groups and
not the PN mice suggesting that fetal developmental exposure to As (III) provides unique
alterations to energy metabolism that result in susceptibility to disease later in life that is
most severe with continuous exposure to As (III) after birth.
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4. CHAPTER 4
ALTERED HEPATIC TRANSPORT BY FETAL ARSENITE EXPOSURE IN
DIET-INDUCED FATTY LIVER DISEASE
Text and figures in this chapter are derived from: Eric J. Ditzel, Hui Li, Caroline E. Foy,
Alec B. Perrera, Patricia Parker, Benjamin J. Renquist, Nathan J. Cherrington, Todd D.
Camenisch (2015) J BIOCHEM MOL TOXIC.
4.1 Introduction
Previous studies have linked exposures to Arsenite at part per million (ppm)
concentrations during various life stages to the development of NAFLD and NASH
(Arteel et al. 2008; Reilly et al. 2014; Shi et al. 2014; Tan et al. 2011); however, these
exposure scenarios are not necessarily representative of more frequent levels of arsenite
present in water (Smedley and Kinniburgh 2002). Our laboratory recently demonstrated
that exposure to 100 part per billion (ppb) arsenite during development, in conjunction
with a Western style diet, results in significantly worsened NAFLD and NASH in male
Swiss Webster mice (Ditzel et al. 2015). Additionally, previous work showed incidence
of NAFLD with developmental exposure to 100 ppb As (III) in the absence of a western
style diet, however the effect was less pronounced on a standard murine diet (SanchezSoria et al. 2014). We hypothesized that arsenite exposure may potentiate changes in
hepatic transport during NAFLD.
In humans and rodent models, it has been demonstrated that NAFLD results in altered
xenobiotic metabolism and disposition through a variety of different mechanisms. Rats
and mice fed a methionine-choline-deficient (MCD) diet develop NASH, and it has been
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shown that these rodent models are similar to human NASH when examining the hepatic
transporters, multidrug resistance-associated protein (Mrp), and organic aniontransporting polypeptide (Oatp) transporters, at both the protein and mRNA level (Canet
et al. 2014). In a rat model of MCD NASH, altered disposition of metabolites of
acetaminophen occurred, likely as a result of detected increases in mRNA and protein of
Mrp transporters involved in both biliary and sinusoidal efflux (Lickteig et al. 2007).
Alterations in the expression and activity of members of the cytochrome P450 (P450)
enzyme family, which are heavily involved in phase 1 drug metabolism, have also been
detected in both rodent models of NASH and humans with NASH (Fisher et al. 2008;
Fisher et al. 2009b; Lake et al. 2011). Similarly, loss of membrane localization of the
biliary efflux transporter Mrp2 occurs in NASH, which decreases the ability to eliminate
xenobiotics and associated metabolites into the bile (Hardwick et al. 2011).
Alterations in xenobiotic disposition and metabolism contribute to increased rates of
adverse drug reactions (ADRs) in populations suffering from NAFLD. In rats with
NASH, there is increased susceptibility to hepatic and renal toxicity with administration
of methotrexate (Hardwick et al. 2014). Additionally, morphine disposition is altered
resulting in greater systemic exposure to morphine metabolites and decreased
concentration in the bile (Dzierlenga et al. 2015). The large prevalence of NAFLD in the
human population in conjunction with the role that arsenic exposure may play in
predisposition to the disease later in life, suggests that previously established arsenicinduced NAFLD may also contribute to ADRs as a result of altered disposition of
xenobiotics and their metabolites.
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The present study defines the effects of As (III) potentiated diet-induced NAFLD on
transporter gene expression and the plasma localization of hepatic efflux transporter
substrates in male mice with developmental exposure to arsenite. In addition, embryonic
hepatocytes and adult primary hepatocytes are examined after exposure to arsenite in
both the presence and absence of Intralipid, a free fatty acid (FFA) solution used to
induce steatosis in primary hepatocytes (Evans et al. 2012) to determine transporter
expression. The objectives of this study are to determine how As (III) potentiated dietinduced NAFLD affects hepatic transport and to gain insight into the relative
contributions of increased FFAs and As (III) to alterations in transporter gene expression
in embryonic and adult hepatocytes.
4.2 Materials and Methods
4.2.1 Animals and Treatment
Animal tissue, plasma, and metabolomic information used in this study were derived
from an initial investigation establishing effects of developmental As (III) exposure on
susceptibility to diet-induced NAFLD (Ditzel et al. 2015). The most severe NAFLD was
present in mice that were exposed to 100 ppb As (III) as sodium arsenite in the drinking
water starting at embryonic day 5 through birth (IU) or through the end of the study (IU+)
at 13 weeks of age. Water and food were provided ad libitum (for all animals) and dams
were provided standard chow (2019 Teklad Global 19% Protein Extruded Rodent Diet,
Harlan Laboratories Inc) through weaning. The pups were provided Western diet
(TestDiet) ad libitum after weaning. All animal use and experimental protocols followed
University of Arizona Institutional Animal Care and Use Committee (IACUC)
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regulations and remained in accordance with institutional guidelines ensuring that
animals were treated humanely and with regard for alleviation of suffering. The methods
for performing metabolomic analysis are provided in detail in the previous manuscript
(Ditzel et al. 2015).
4.2.2 Reverse Transcription Real-Time Polymerase Chain Reaction (RT-qPCR)
TRIzol® was used to isolate RNA from flash frozen tissue samples, or cultured cells,
according to the manufacturer's protocol (Life Technologies). 1 μg RNA was used to
generate first strand cDNA using the Transcriptor First Strand cDNA Synthesis kit
(Roche). Real-time Polymerase Chain Reaction (qPCR) was performed using the
TaqMan Master Primer-Probe System (Roche). 40S Ribosomal Protein 7 (Rps7) was
used as a housekeeping gene for relative quantification of target mRNA. The genes of
interest, the primer sequences, and the corresponding fluorescein probes from Roche’s
Universal ProbeLibrary are listed in Table 4.1.
4.2.3 Protein Isolation, Immunoblotting, and Densitometry
Total protein was isolated from the liver as previously described (Dzierlenga et al. 2015).
Whole-cell lysate was combined with Laemmli Sample Buffer (Bio-Rad), separated by
SDS-PAGE utilizing 7.5% polyacrylamide gels, and transferred to polyvinylidene
difluoride membrane. The membrane was then blocked against non-specific binding with
5% nonfat dry milk (NFDM) in 1x PBS and 0.1% Tween 20. Primary antibodies Mrp3
(sc-5775; Santa Cruz Biotechnology [SCBT]), Mrp4 (ab15602; Abcam), Oatp1a1 (sc47265; SCBT), Oatp1a4 (sc-18436; SCBT), and Oatp1b2 (sc-47270; SCBT) were diluted
in 1% NFDM at 1:1000. Relative protein concentration was calculated utilizing ImageJ

Left (5'-3')
Right (5'-3')
Probe NCBI RefSeq
CAAATCCAATTCTCTACCTATGCAC
GCCTGCAGTGTTGGATCA
92
NM_013806.2
CTTCATGGTGGTTGTCTTGC
ACATAGAAGCGCTGCACAAA
76
NM_029600.3
CCACATGATTTACCGGAAGG
AGGTTAACTATCTGGCCTGTGG
60 NM_001033336.3
GCCTTGGAGTACTTTGCATCA
AAATCCGCAGGGTTGTTGTA
100
NM_011920.3
AGCACGTGGTCTTCATTGCT
CTGTCAGGGTACGGCTTCTG
101
NM_011300.3
GGAAAACCTTGGAATCACTAAAGA
GGAGCACACTCGTAAGACTGAA
84
NM_013797.5
GGTGGCGATAGAAACTAACCA
ATAGGAGGGACTTGCATTGG
22
NM_030687.1
CCCGTGACTAATCCAACAACA
GCTTCTCAGAGACCATAGAAAACC 51
NM_020495.1
GCCACATCGCTTCCAGTTAT
CAGGATGCCAGGGTAGATTAAC
41
NM_175316.3

The examined genes are: ATP-Binding Cassette Sub-Family C Member 2/3/4 (Mrp2/3/4), ATP-Binding Cassette Sub-Family
G Member 2 (Abcg2), 40S ribosomal protein S7 (Rps7), and Solute Carrier Organic Anion Transporter Family Member
1a1/1a4/1b2/2b1 (Oatp1a1/1a4/1b2/2b1).

Table 4.1. Primers and Probes for RT-qPCR.

Gene
Abcc2
Abcc3
Abcc4
Abcg2
Rps7
Slco1a1
Slco1a4
Slco1b2
Slco2b1
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(NIH) with Erk2 (sc-154: 1:10000; SCBT) serving as a loading control and housekeeping
protein.
4.2.4 Immunohistochemistry
Formalin fixed paraffin embedded serial liver sections were prepared at 7 μm and
deparaffinized in xylene followed by rehydration in a series of ethanol solutions to
distilled water. Following overnight antigen retrieval at 60 °C in Tris-EDTA Buffer
(10mM Tris Base, 1mM EDTA Solution, 0.05% Tween 20, pH 9.0) an endogenous
peroxidase block was performed with 3% H2O2 in PBS for 20 min. The sections were
blocked in 5% serum (of the secondary antibody species) in PBS for 30 minutes. The
sections were probed for Mrp3 (sc-5775, Santa Cruz Biotechnology) and Abcg2 (BXP53, Kamiya Biomedical Company) diluted in 5% serum in PBS (donkey for Mrp3 and
goat for Abcg2) for 2 hours at room temperature (RT). Sections were then probed with
biotinylated secondary antibody for 30 min at RT (sc-2042 [Mrp2/3], sc-2041 [Abcg2];
Santa Cruz Biotechnology] in 5% serum in PBS. Sections were then incubated with
Avidin D-HRP complex (sc-2053, Santa Cruz Biotechnology) for 30 minutes at RT.
Sections were then developed with 3,3′-Diaminobenzidine (DAB) (D-5905, Sigma) and
counterstained with hematoxylin (Thermo Scientific). 10 μm sections were stained with
hematoxylin and eosin (H&E) (Thermo Scientific) to demonstrate previously established
NAFLD (Ditzel et al. 2015). Images were captured using a bright field microscope.
4.2.5 Embryonic Liver Culture and Primary Hepatocytes for Gene Expression and
Triglyceride Accumulation
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Pregnant Swiss Webster mice (Harlan Laboratories Inc) were euthanized via CO2
euthanasia followed by cervical dislocation and tissues were surgically isolated from
E12.5 embryos. Observation of the vaginal plug was considered E0.5 and developmental
stage was verified by somite number. The liver bud was surgically removed and rinsed in
sterile phosphate buffered saline (PBS) multiple times prior to isolation of cells.
Embryonic liver cultures were prepared in DMEM (Dulbecco's modified Eagle's
medium) with serial passage through 18 and 25 gauge syringes: single cell suspensions
were prepared and cells were allowed to adhere. All experiments were performed with
cells at passage 5 or below. During passaging, cells were cultured in DMEM with 20%
fetal bovine serum (FBS), antibiotics, and insulin–transferrin–selenium (Invitrogen,
Carlsbad, CA). Primary hepatocytes were were isolated as previously described (Zhang et
al. 2012) utilizing male C57BL/6 mice.
During experiments, cells were cultured in DMEM with 10% FBS and antibiotics plus
the relevant treatment. Cultures were incubated at 37°C with 5% CO2 and 95% humidity.
Cells were treated with 100 ppb arsenite as sodium arsenite (NaAsO2, Sigma), 6%
Intralipid (Sigma), or both for 48 hr. There was no observed cytotoxicity for arsenite after
48 hr below 750 ppb via MTT assay (Vybrant MTT, Life Technologies) in embryonic
liver cells (data not shown) or in primary hepatocytes as previously reported (Shinkai et
al. 2006). 6% Intralipid causes marked steatosis in primary hepatocytes with no observed
change in cell viability (Evans et al. 2012).
For Triglyceride (TAG) accumulation experiments, cells were freeze/thawed at -20 °C in
PBS, scraped, sonicated, and extracted with 2:1 volume ratio of Chloroform and
Methanol. The lipid fraction was resuspended with 1% Triton X-100 in 100% Ethanol.
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TAG was quantified using the TAG reagent set (Pointe Scientific) and normalized to total
protein as determined by BCA assay (Life Technologies).
4.3 Results
4.3.1 As (III) Potentiated Diet-induced NAFLD and Hepatic Transporter Gene
Expression
Several hepatic transporters were examined to determine if As (III) potentiated dietinduced NAFLD affected a change in their gene expression (Figure 4.1). Increased
mRNA for Mrp2, Mrp3, Mrp4, Oatp1a4, and Oatp2b1 was detected in the IU+ animals
with NASH compared to the control group (diet-induced steatosis). These detected
changes were significant and no differences were detected for Oatp1a1. In the IU+ and
IU (borderline NASH) groups there were significant decreases in the expression of
Oatp1b2 compared to control animals. A trend towards increased expression of Mrp4
was detected in the IU animals compared to controls (p ≤ 0.1). No change in expression
of Abcg2 was detected in any of the experimental groups (data not shown). Collectively,
these data reveal changes in the expression of a number of hepatic transporters occur
during As (III) potentiated diet-induced NAFLD with the most robust changes coinciding
with severe NAFLD pathology: NASH.
4.3.2 Hepatic Transporter Protein Levels
Following the observed changes in mRNA levels, protein levels of the examined hepatic
transporters were also determined. For the proteins where accurate detection was
achieved, there was no significant alteration in protein level in any examined transporter

mRNA levels of select Mrp and Oatp transporter genes are shown as fold change compared to controls, and error bars represent
standard error. n=5. Analytical duplicates were used and a one-way ANOVA followed by a Dunnett’s multiple comparison test
utilizing Prism6 (GraphPad) for comparisons between treatment groups and controls: the reported p-value is the multiplicity
adjusted p-value corrected for multiple comparisons.

Figure 4.1. As (III) Potentiated Diet-induced NAFLD Effects on Hepatic Transporter Transcription Profile.
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(Figure 4.2). There was a trend towards significantly increased detection of Mrp3 in the
IU animals compared to controls (p ≤ 0.1) (Figure 4.2 A and D). This is consistent with
the increased detection of mRNA for Mrp3 (Figure 4.1). In many other studies examining
gene expression and protein quantity of hepatic transporters, there is not always a
significant change detected at both the mRNA and protein level: in some cases, there is
even robust change in one, but no change at all in the other.
4.3.3 Localization of Mrp3 and Abcg2 with attempted Detection of Mrp2 in As (III)
Potentiated Diet-induced NAFLD
Despite the lack of statistically significant changes at the protein level, transporter
localization could be disrupted and contribute to changes in substrate distribution. For
example, Mrp2 can withdraw from the canalicular membrane during conditions of stress
such as NASH (Hardwick et al. 2011). Therefore, immunohistochemistry (IHC) was
utilized to determine if Mrp2 localization was altered in As (III) potentiated NAFLD, but
specific detection proved difficult with commercially available antibodies. In Figure 4.3
there is detection of Mrp2 along the sinusoidal membrane, which is not characteristic of
Mrp2. Where detection overlaps with Abcg2 at the bile canaliculus, it appears as if there
is mislocalization characterized by membrane withdrawal in the IU and IU+ groups.
However, without specific staining, this is only a preliminary observation. There does not
appear to be any change in localization of Mrp3 along the sinusoidal membrane or for
Abcg2 detection along the canalicular membrane in any of the treatment groups
compared to controls. This is consistent with previous findings and is indicative of
transporter specific effects (Hardwick et al. 2011). H&E staining of representative
sections shows simple steatosis in the control animals, borderline NASH in the IU group,
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Figure 4.2. Hepatic Transporter Protein Levels.
Mrp3, Mrp4, Oatp1a1, Oatp1a4, and Oatp1b2 protein levels were examined relative to
Erk2 in liver lysate. Blots are representative of at least 2 analytical duplicates (A-C) and
were subjected to densitometry (D). Protein levels are shown as fold change compared to
controls, and error bars represent standard error. A one-way ANOVA followed by a
Dunnett’s multiple comparison test utilizing Prism6 (GraphPad) for comparisons between
treatment groups and controls was performed on representative blots from analytical
replicates: the reported p-value is the multiplicity adjusted p-value corrected for multiple
comparisons. Note: (A&B) 4 lanes were removed from the image for clarity, to the right
of the CTRL samples, to remove a treatment group not pursued in this study after initial
experiments. (Blots generated by Hui Li; Lysates and densitometry generated by ED).
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Figure 4.3. Localization of Mrp3 and Abcg2 with attempted Detection of Mrp2 in As
(III) Potentiated Diet-induced NAFLD.
Liver sections were probed with Abcg2 and Mrp3. Mislocalization of Abcg2 to the
canalicular membrane and Mrp3 to the sinusoidal membrane has not been reported in
NALFD models and is not observed in this model as well. H&E stained sections
demonstrate the presence of NAFLD in IU and IU+ treatment groups.
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and definitive NASH present in the IU+ group as previously reported (Ditzel et al. 2015).
4.3.4 Metabolomic Analysis of Mrp and Oatp Substrates in Plasma
We speculated that disruption in Mrp and Oatp expression will coincide with changes in
their substrates such as metabolites conjugated to glutathione, sulfate, or glucoronate and
other known substrates (Konig et al. 1999). Therefore, we performed metabolomic
analysis to detect substrates in blood plasma (Table 4.2). Two sulfated metabolites
(possible Mrp substrates), catechol sulfate and 3-[3-(sulfooxy)phenyl]propanoic acid,
were detected to be significantly increased in plasma of IU+ mice. There was an increase
in catechol sulfate detected in plasma of IU mice that neared significance (p ≤ 0.1).
Finally, there was a trend for increased unconjugated bilirubin, an Oatp substrate, in
plasma of IU+ mice (p ≤ 0.1) (Cui et al. 2001). These data provide further evidence that
functional hepatic transport is altered during As (III) potentiated diet-induced NAFLD.
4.3.5 Effects of Intralipid and As (III) on Lipid Accumulation and Transporter Gene
Expression in Embryonic Liver Culture and Primary Hepatocytes
TAG accumulation was determined in embryonic day 12.5 hepatocytes and adult primary
hepatocytes that had been exposed to 6% Intralipid (to replicate increased FFA levels),
100 ppb As (III), or a combination of both. In embryonic cultures, there was no change in
TAG accumulation detected with any of the treatments compared to controls (Figure
4.4A). Primary hepatocytes were examined under the same conditions and increased
TAG was detected in the Intralipid and As (III) with Intralipid treated groups, but no
significant difference between the two was detected (Figure 4.4B). Transporter
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Metabolite
catechol sulfate
3-[3-(sulfooxy)phenyl]propanoic acid
bilirubin (E,E)*

IU
1.77†
1.64
1.01

IU+
8.54*
9.11*
1.82†

CTRL
IU
IU+
0.54 ± 0.23 0.95 ± 0.51 4.58 ± 2.38
0.45 ± 0.14 0.74 ± 0.61 4.13 ± 2.50
0.52 ± 0.35 0.52 ± 0.25 0.94 ± 0.54

Table 4.2. Metabolomic Analysis of Mrp and Oatp Substrates in Plasma.
Plasma metabolomic analysis shows select Mrp substrates found to be altered with As
(III) treatment when compared to controls. Columns 2-3 are the fold change in metabolite
compared to controls and columns 4-6 are the mean and standard deviation of the
detected substrates. (IU and IU+ n=8; CTRL n=7: p ≤ 0.05 = *; p ≤ 0.1 = † compared to
controls)
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Figure 4.4. TAG in primary hepatocytes and embryonic liver with Intralipid and/or
As (III) treatment.
Across 3 independent experiments, with three replicates examined in duplicate in each
experiment, no significant increases in TAG accumulation were detected in embryonic
liver culture between groups (A). An increase in TAG in Primary hepatocytes was
observed in the Intralipid treated groups: these data are representative of 2 independent
experiments with three replicates examined in duplicate (B). The line is the mean and the
error bars represent the standard deviation. n=3. A one-way ANOVA followed by a
Dunnett’s multiple comparison test utilizing Prism6 (GraphPad) was utilized for
comparisons between treatment groups and controls (p ≤ 0.1 = †; p ≤ 0.05 = * compared
to controls). A Tukey’s multiple comparison test for comparisons between groups was
also performed and found no significant difference between the two Intralipid treatments
(not shown). (Hepatocytes isolated by Caroline Foy and n=1 dosing).
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expression was also evaluated in both embryonic and adult liver culture under indicated
conditions to determine if there was a differential effect in the presences of As (III)
compared to Intralipid alone. Expression of Oatp1a1 and Oatp1a4 was not detected in
E12.5 hepatocytes, which is consistent with previous examinations of expression of
hepatic transporters during development (Moscovitz and Aleksunes 2013). There was no
statistical difference between any of the treatment groups for expression of Mrp2 or
Oatp1b2 (data not shown). In addition, expression of Mrp2 was low or undetectable
within all groups and is consistent with previous findings that show expression to be
markedly lower during development with a 75% increase in expression occurring two
days before parturition (Maher et al. 2005). In contrast, significant changes were detected
for Mrp3, Mrp4, and Oatp2b1 between various treatment groups (Figure 4.5). Mrp3
expression was significantly increased in both Intralipid and As (III) with Intralipid
treated groups compared to control and As (III) alone; however, there is no significant
difference between the Intralipid and As (III) with Intralipid groups (Figure 4.5A). When
examining Mrp4 expression, there appears to be a significant additive increase in
expression when Intralipid and As (III) are combined compared to either Intralipid or As
(III) alone. There is a significant increase in expression of Mrp4 in the As (III) treatment
group compared to controls, but no such increase was observed with Intralipid alone
(Figure 4.5B). Finally, a robust and significant increase in expression in Oatp2b1 is
detected in the Intralipid and As (III) co-treated group constituting a combinational
effect, and no other treatment groups were significantly different than control (Figure
4.5C).

102

Figure 4.5. Effects of Intralipid and As (III) on Transporter Gene Expression in
Embryonic Liver Culture.
mRNA levels of select Mrp and Oatp transporter genes found to be statistically different
than control with described treatments are shown as fold change compared to control.
The box extends from 25th to 75th percentile and whiskers show the entire distribution:
the line is the median and the + is the mean. n=4. Analytical duplicates were used and a
one-way ANOVA followed by a Tukey’s multiple comparison test utilizing Prism6
(GraphPad) for comparisons between groups: the reported p-value is the multiplicity
adjusted p-value corrected for multiple comparisons. (p ≤ 0.0001 = ****; p ≤ 0.001 =
***; p ≤ 0.01 = **; p ≤ 0.05 = * compared to controls)
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The expression of the select hepatic transporters was also examined in adult primary
hepatocytes subjected to the same treatments as the embryonic hepatocytes. Expression
of Mrp2 was increased with As (III) exposure, decreased with Intralipid, and not
statistically different from the combination of the two compared to controls (Figure
4.6A). The expression of Mrp3 was decreased with Intralipid alone and Intralipid and As
(III) combined (Figure 4.6B). As (III) alone and As (III) with Intralipid caused increased
expression of Mrp4 compared to controls (Figure 4.6C). Compared to controls, there was
no statistically significant change in the expression of Oatp1a1 with any of the
treatments, but there was a significant difference detected between the Intralipid and
Intralipid with As (III) combination group (Figure 4.6D). The expression of Oatp1b2 was
decreased with As (III) alone compared to controls (Figure 4.6E). Finally, the expression
of Oatp2b1 was increased with Intralipid alone and Intralipid with As (III) compared to
controls (Figure 4.6F). No significant difference in expression of Oatp1a4 was detected in
any of the culture conditions (data not shown). These data show that in cultured
hepatocytes (adult and embryonic) transporter expression is altered by exposure to As
(III) alone, independent of TAG accumulation.

mRNA levels of select Mrp and Oatp transporter genes found to be statistically different than control with described treatments
are shown as fold change compared to control. The line is the mean and the error bars represent the standard deviation. n=3.
Analytical duplicates were used and a one-way ANOVA followed by a Tukey’s multiple comparison test utilizing Prism6
(GraphPad) for comparisons between groups: the reported p-value is the multiplicity adjusted p-value corrected for multiple
comparisons. (p ≤ 0.0001 = ****; p ≤ 0.001 = ***; p ≤ 0.01 = **; p ≤ 0.05 = * compared to controls). (Hepatocytes isolated by
Caroline Foy and n=1 dosing).

Figure 4.6. Effects of Intralipid and As (III) on Transporter Gene Expression in Primary Hepatocytes.
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4.4 Discussion
As (III) potentiated diet-induced NAFLD had a profound effect on the expression and
function of hepatic transporters. Additionally, in E12.5 embryonic hepatocytes, As (III)
and Intralipid are capable of increasing detected mRNA for multiple transporters
independent of detectable changes in triglyceride accumulation. In adult primary
hepatocytes, As (III) is capable of increasing and decreasing detected mRNA for
transporters independent of TAG accumulation consistent with our animal and embryonic
liver models for select transporters. The effects of Intralipid alone and the combination of
Intralipid and As (III) (conditions that cause increased TAG accumulation), however,
result in changes in the expression of some hepatic transporters with previously
unreported trends. These differences in response call for further investigation of the
effects of developmental versus adult or early life exposures.
The in vivo alterations in the expression of the examined Mrps (Figure 4.1) are consistent
with the changes detected in human and established rodent models of NAFLD/NASH
(Canet et al. 2014; Hardwick et al. 2011; Lickteig et al. 2007; More and Slitt 2011). In
Mrp2-/- mouse models, there is an increased detection in the expression of Mrp3
(Vlaming et al. 2006) and Mrp4 (Chu et al. 2006). The disruption of Mrp2 canalicular
localization would result in similar functional defects to that of Mrp2 knockout mice. In
this regard, optimal detection of Mrp2 via IHC or Immunoblot (to examine loss of
glycosylation directing canalicular localization) in mouse must be achieved to examine
links between increased expression of Mrp3/4 and possible mislocalization of Mrp2 in As
(III) potentiated diet-induced NAFLD. Oxidative stress is known to trigger Mrp2
internalization as the induction of oxidative stress in rat liver by ethacrynic acid caused
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internalization of Mrp2 (Sekine et al. 2006). Oxidative stress during NAFLD may
contribute to the internalization of Mrp2 and the induction of Mrp3 and Mrp4. One of the
drivers of oxidative stress in NAFLD is FFA. Cultured hepatocytes treated with FFA
alone show signs of oxidative stress (Soardo et al. 2011). Additionally, As (III) is also a
driver of oxidative stress in multiple cell types (Flora 1999; Kitchin and Ahmad 2003; Pi
et al. 2003) and is capable of activating Nuclear factor (erythroid-derived 2)-like 2
(Nrf2), an antioxidant response transcription factor (Lau et al. 2013). Nrf2 is also
activated during NAFLD (Hardwick et al. 2010). Additionally, during oxidative stress,
increased expression of Mrp3 and Mrp4 is detected which is partially dependent on
activated Nrf2 (Maher et al. 2008). Thus, activation of Nrf2 by As (III) may play a role in
the alteration of transporter expression, but examination of Mrp2 localization is necessary
to make a more substantive argument.
In livers from patients with NAFLD, Mrp2 is internalized and there is an increase in the
expression of Mrp3/4 (Hardwick et al. 2011). The observed increase in Mrp and Oatp
substrates in plasma (Table 4.2) in conjunction with the alterations in Mrp and Oatp
expression suggest that there is a functional change in metabolite disposition during As
(III) potentiated diet-induced NAFLD. This is consistent with findings that link changes
in Mrp and Oatp function to altered xenobiotic disposition. For example, when biliary
efflux is compromised and expression of sinusoidal efflux transporters are elevated,
increased systemic exposure to xenobiotics and their metabolites occurs (Dzierlenga et al.
2015; Hardwick et al. 2014; Lickteig et al. 2007). It is also important to note that NASH
results in altered disposition of arsenic metabolites including increased liver
accumulation of MMA (III) and increased As (III) in the urine after oral administration of
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As (III/V) (Canet et al. 2012). The accumulation of this toxic metabolite in the liver in
NAFLD likely plays a part in enduring liver damage when exposure to arsenic continues.
Although the changes in Mrp expression and function in NAFLD and NASH are
consistent throughout the literature, there is less uniformity when examining alterations in
the Oatp uptake transporters. In a genome wide evaluation of humans with clinically
defined NAFLD, there was a decrease in global hepatic Oatp expression (Lake et al.
2011). Significant decreased expression in hepatic Oatp transporters is consistently
detected in multiple MCD NASH rat models (Clarke et al. 2014a; Fisher et al. 2009a).
However, in mice, the effects are different. In multiple studies examining mouse models
of NAFLD (ranging from steatosis to NASH) increased expression of Oatp1a4 was
consistently observed (Canet et al. 2014; Clarke et al. 2014b; More and Slitt 2011). In our
mouse model of As (III) potentiated diet-induced NAFLD, we detected increased
expression of Oatp1a4 and Oatp2b1, but decreased expression of Oatp1b2 in the IU+
group (Figure 4.1). Furthermore, in murine embryonic liver cultures treated with As (III)
in combination with Intralipid there was an approximately 24-fold increase in expression
of Oatp2b1; in murine adult primary hepatocytes a 10-15-fold increase with Intralipid
alone and with As (III) with Intralipid was detected (Figure 4.5C&4.6F).
Changes in the expression of Oatp transporters will affect xenobiotic disposition.
Decreased expression of Oatp transporters is associated with increased systemic exposure
to simvastatin and bromosulfophthalein in rat models of NASH, and this likely
contributes to decreased hepatic uptake (Clarke et al. 2014a; Fisher et al. 2009a). Due to
the difference in expression changes in the Oatp uptake transporters in mice with NASH,
it is unclear what the overall effects on hepatic uptake may be with As (III) potentiated
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diet-induced NAFLD. For example, in a mouse MCD model of NASH, changes in Oatp
transporter expression failed to increase plasma area under the curve (AUC) of
pravastatin without knocking out Oatp1b2 (Clarke et al. 2014b).
In embryonic hepatocytes exposed to As (III) and/or Intralipid, there was no change in
TAG accumulation, but there was significantly increased expression of Mrp3/4 and
Oatp2b1 (Figures 4.4A and 4.5). The effect on Mrp3 expression appeared to be primarily
driven by Intralipid (Figure 4.5A). There was a significant increase in detected Mrp4
expression with As (III) exposure but not with Intralipid alone compared to control.
However, there was a significant increase with the combination of As (III) and Intralipid
compared to every other group (Figure 4.5B). With Oatp2b1, however, there was no
significant effect on expression with either As (III) or Intralipid alone, but together there
is a robust increase (Figure 4.5C). These differences in response suggest multiple
overlapping mechanisms which may be contributing to the changes in transporter
expression during As (III) potentiated diet-induced NAFLD.
In adult primary hepatocytes, the increase in expression of Mrp4 by As (III) alone and
combined with Intralipid is consistent with the observations in embryonic hepatocytes
and in vivo. Additionally, the increase in expression of Oatp2b1 with Intralipid alone and
the combination of Intralipid with As (III) is consistent with our in vivo and embryonic
hepatocyte observations as well. Expression of Oatp1b2 was decreased with As (II)
exposure alone, but did not reach significance in any other treatment conditions, which is
largely consistent with in vivo observations. The decrease in expression of Mrp2 with
Intralipid, but increase with As (III) compared to controls is not well understood in light
of the previously proposed mechanisms and in vivo observations in this study. In
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addition, the decrease in Mrp3 expression by Intralipid and Intralipid with As (III) was a
surprising observation that is similarly difficult to account for when considering the
mechanisms involving oxidative stress, Nrf2 activation, or loss of Mrp2 function that
have been proposed.
This study also highlights the potential for different mechanisms of action depending on
whether adult primary hepatocytes or developing embryonic hepatocytes are studied.
Thus, the variances between the expression of hepatic transporters may be partly
explained by the liver cells selected and whether in vitro versus in vivo models of
NAFLD are utilized. In this regard, male mice exposed to 100 ppb As (III) after weaning
while on a Western diet did not develop NASH (or even borderline NASH). In contrast,
those mice exposed during fetal development exhibited NASH or severe NAFLD (Ditzel
et al. 2015). Increased TAG accumulation was not detected in adult primary hepatocytes
from combination exposure to Intralipid and As (III) compared to Intralipid exposure
alone (Figure 4.4B). This further suggests that developmental exposures are critical for
As (III)-induced NAFLD. There was no change in TAG accumulation in E12.5
hepatocytes, but that is possibly due to the incomplete differentiation and maturation of
hepatocytes that stage (Figure 4.4A). Importantly, the development of competent phase I
metabolism (in addition to the examined transporters themselves) matures over time, with
various transporters and enzymes reaching adult levels at different stages of development
(Choudhary et al. 2003; Maher et al. 2005; Moscovitz and Aleksunes 2013). This
gradient of transport and metabolizing competence could be one of the reasons for the
differences observed between embryonic hepatocytes and adult primary hepatocytes.
Additional in vivo studies on these effects of As (III) during embryogenesis and through
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development will clarify if fetal exposure to arsenite alters hepatic transport preceding, or
independently of, identifiable NAFLD.
4.5 Conclusions
The present study shows that As (III) potentiated diet-induced NAFLD results in changes
to transporter gene expression and increased plasma retention of metabolic substrates in
male mice as a result of fetal exposure to arsenite. In addition, embryonic and adult
primary hepatocytes show significantly altered transporter expression after exposure to
arsenite in both the presence and absence of Intralipid. This suggests that changes to
hepatic transport as a result of As (III) exposure can manifest early and possibly
independently of identifiable NAFLD. Differences in TAG accumulation and changes in
transporter expression between these two cell models highlights the need to further
investigate the difference in mechanisms and effects of exposure to As (III) at different
stages of development. These findings in conjunction with previously established arsenicinduced NAFLD suggest that exposure to arsenite may be contributing to ADRs as a
result of altered disposition of xenobiotics and their metabolites.
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5. CHAPTER 5
RESEARCH SUMMARY AND FUTURE DIRECTIONS
5.1 Research Summary
This dissertation investigated whether fetal and developmental exposure to arsenic
contributes to disease onset and progression in adults. Exposure to arsenic early in life is
implicated in adult disease states in multiple organ systems; however, it was unknown if
embryonic tissue contributed to the generation of methylated arsenic metabolites, or if
metabolites were solely attributed to maternal sources. We demonstrate that in a murine
whole organ explant system, heart, lung, and liver are capable of generating methylated
metabolites of arsenic and express the gene As3mt which is necessary for arsenic
metabolism. The generation of these metabolites at different rates in different tissues
during fetal development could contribute to the tissue specific effects of fetal arsenic
exposure. This work is the proof of concept that demonstrates variable autonomous
production of metabolites in target fetal tissues highlighting the need to examine the
effects of the production of more cytotoxic arsenic metabolites in situ.
We have also shown that, in utero and postnatal exposure to low-level As (III) combined
with a Western diet promoted NAFLD and increased the onset and progression of
cardiometabolic disease in mice. As (III) exposure during fetal development mediates
disruptions in energy metabolism. Evidence for metabolic dysfunction includes altered
metabolites of glycolysis as well as a disruption of the TCA cycle due in part to
decreased IDH enzymatic activity. We believe that Acetyl-CoA is likely overwhelming
the liver due to an impaired TCA cycle, resulting in a push towards ketogenesis and an
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increase in expression of FFA synthesis, β-oxidation, and TAG synthesis and export
genes.
IU+ exposure resulted in the most severe pathology and was the only group to see a
substantial increase in risk factors for cardiometabolic disease including: obesity,
hyperglycemia, insulin resistance, and increased plasma TAG. However, based on other
metabolomic changes that were observed, the severity is not necessarily a result of a
longer exposure because distinct changes in metabolic endpoints occurred when
comparing in utero and PN cohorts. Thus, the observed alterations are not simply due to a
longer or protracted exposure. Many changes were only detected in the IU or IU+
exposure groups and not the PN mice suggesting that exposure to As (III) during fetal
developmental provides unique alterations to energy metabolism that results in
susceptibility to disease later in life that increases in severity with continuous exposure to
As (III) after birth. This work demonstrates the increased sensitivity of developing organs
to arsenic and supports the hypothesis that exposure to arsenite during development
primes for adult onset of disease.
Lastly, we show that As (III) potentiated diet-induced NAFLD results in changes to
transporter gene expression and increased plasma retention of metabolic substrates in
male mice as a result of fetal exposure to arsenite. In addition, embryonic and adult
primary hepatocytes show significantly altered transporter expression after exposure to
arsenite in both the presence and absence of exogenous FFA. This suggests that changes
to hepatic transport as a result of As (III) exposure can manifest early and possibly
independently of identifiable NAFLD. Differences in TAG accumulation and changes in
transporter expression between the embryonic and adult cell models highlights the need
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to further investigate the difference in mechanisms and effects of exposure to As (III) at
different stages of development. These findings suggest that exposure to arsenite may be
contributing to adverse drug reactions as a result of altered disposition of xenobiotics and
their metabolites due to arsenic mediated changes in hepatic transporters.
Collectively, these data suggest that developmental exposure to low level arsenite, in
combination with poor lifestyle choices, could be an insidious modifier of energy
metabolism that results in worsened metabolic disease. Although we have demonstrated
that arsenic can alter energy metabolism in a way that is mechanistically consistent with
the accumulation of lipid and the development of NAFLD, there many other interactions
and mechanisms that can be contributors. Additionally, as discussed in Chapter 5, arsenic
may be capable of altering hepatic transport independently of NAFLD due to overlapping
mechanism of toxicity and lipid accumulation, but the complex pathology is not fully
understood. A schematic representation of the proposed mechanisms is provided in
Figure 5.1. Arsenic, simply put, is a pleiotropic toxicant. It binds to proteins, generates
ROS, displaces phosphates and zinc, depletes numerous co-factors, and modifies
numerous signaling cascades. Many of these mechanisms are overlapping, work against
each other, or compounds each effect. Deciphering these interactions is absolutely critical
to determining therapeutic interventions when environmental remediation proves
impractical. While individual in vitro approaches to discerning mechanism are useful, I
would caution overreliance on and over interpretation of these systems when examining
systemic effects from arsenic exposure. For example, while antioxidants may prove
useful in the treatment of NASH, they may be antagonistic to insulin secretion in the

This figure shows the relationship between various energy metabolism pathways and the development of NAFLD and altered
transport via As (III) exposure. The colored pathways or items are representative of observed (or likely due to observations)
changes whereas the black pathways and items are those that are likely at play based on observations in the literature.

Figure 5.1. Proposed Mechanistic Basis for Arsenic Potentiated NAFLD and Arsenic Alteration of Hepatic Transport.
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pancreas (Bell et al. 2012; Fu et al. 2010). Incorporation of experiments on multiple
organ systems is of upmost importance moving forward, in addition to judicious and
responsible use of in vivo models. Arsenic will continue to pose a public health hazard
for the foreseeable future, so focusing on increasing the understanding of mechanisms of
all arsenic related health hazards is necessary to work towards strategies for improving
patient outcomes.
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5.2 Future Directions
5.2.1 Comprehensive Examination of Fetal Arsenic Metabolism
In Chapter 2, we completed the important first step in identifying the capacity of the fetal
heart, lungs, and liver to methylate inorganic arsenic. Future studies are needed for
detection of arsenic in situ, and it will be critical in determining the accumulation of
various arsenic species in fetal tissues. We only examined the ability of fetal tissue to
methylate arsenic. The capacity to generate glutathione conjugates and other metabolites
in addition to the capacity to export those metabolites must be evaluated as well. As we
discussed in Chapter 4, the expression and function of phase I and II metabolism
enzymes and transporters changes over the course of embryonic development,
adolescence, and adulthood. The diminished expression of Mrp2 during embryogenesis
suggests that if glutathione conjugated arsenic metabolites are indeed generated then
these could become trapped within embryonic hepatocytes leading to potentially
deleterious effects. In addition, this study only focused on three target organ systems, so
examination of other fetal tissue would be beneficial as well.
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5.2.2 Elucidate the Mechanism for Embryonic Arsenic Exposure and Disruption of
Glycolysis and the TCA Cycle
In Chapter 3, we proposed that disruption in the TCA cycle by arsenic contributes to the
development of NAFLD. This was an important first step in demonstrating continuous
disruption of energy metabolism after a pulsed embryonic exposure to arsenic.
Interpretation of these results were confounded because the time point where the majority
of our analysis occurred was after NAFLD was well established and NASH with fibrosis
was present. We propose that a much larger study be conducted that examines the
alterations in energy metabolism throughout development and into adulthood as a result
of arsenic exposure to determine if there is a critical period to exposure and to determine
what injury or mechanism is at the heart of the observed disruption in energy metabolism.
A full panel examining the activity and gene transcription of enzymes responsible for
glycolysis and the citric acid cycle would help establish a timeline for the development of
dysfunction prior to the onset of pathology. In addition, various windows of exposure
could be utilized to determine if disruption is reversible or prevented with pulsed
exposures at different time periods. Along similar lines, introducing a dose response
examination into these experiments would help regulators better determine no observed
adverse effect limits.
As mentioned previously, the data from this study was largely derived from animals that
were already suffering from a severe disease state characterized by many changes in gene
expression, lipid accumulation, fibrosis, and more. NAFLD is a complex disease with
many interacting metabolic and signaling pathways that can contribute to the onset or
progression of the disease. By examining the disease so far into progression, it is difficult
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to make informed hypotheses about the origin and pathogenesis of arsenic potentiated
diet-induced NAFLD. Our hypothesis that As (III) disruption of energy metabolism is
well supported by the presented data, but that does not preclude the involvement of other
mechanisms. For instance, as mentioned previously, developmental exposure to arsenic
can result in a pro-inflammatory state in the liver (States et al. 2012). Perhaps the reason
that developmental exposures lead to more severe NAFLD is because arsenic primes for
the pro-inflammatory environment and signaling that results in NASH. Examination of
inflammatory mediators known to involved in NAFLD need to be examined alongside
the proposed examination of energy metabolism targets. In addition to this,
developmental exposures to arsenic in the absence of a Western style diet should be
conducted alongside the proposed experiments. The lack of a normal diet control in our
studies made it difficult to isolate arsenic specific effects from that of NAFLD with
arsenic causing overlapping or parallel alterations to energy metabolism or inflammation.
It is also pertinent to begin to examine how to effectively ameliorate arsenic potentiated
NAFLD. Perhaps removal of the diet and addition of an exercise regimen before the
progression to NASH could serve to reduce or eliminate the observed pathology when
rescue is attempted on adults. Perhaps in situations where arsenic exposure is inevitable
time tested alterations to diet and exercise could mitigate risk in susceptible populations.
Caloric reduction, specifically reduction in simple carbohydrates, and exercise are the
first line therapies in patients with NAFLD and have both been proven effective when
adhered to (Than and Newsome 2015). In addition to lifestyle changes, one of the more
promising pharmacologic interventions for treatment of NAFLD is the peroxisome
proliferator-activated receptor γ (PPARγ) agonists the Thiazolidinediones (TZD). TZDs
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are able to decrease FFA concentrations in insulin sensitive tissues like the liver by
increasing insulin sensitivity and thereby FFA uptake and storage in adipose (Mayerson
et al. 2002). They are also capable of decreasing Tumor necrosis factor alpha (Tnf) and
result in increased production of the anti-inflammatory adipokines like adiponectin:
adiponectin can decrease Acetyl-CoA carboxylase activity which should result in
decreased FFA synthesis in the liver (Chang et al. 2013). TZDs have been shown to be
effective in patients with NAFLD, so it could prove beneficial in arsenic potentiated dietinduced NAFLD despite the lack of increased circulating FFA.
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5.2.3 Investigation of Arsenic Driven Alteration in Hepatic Transport
The in vivo data from Chapter 5 shows alterations in hepatic transport in arsenic
potentiated diet-induced NAFLD, but the most surprising discovery was that arsenic
appeared to be capable of altering the gene expression of a number of transporters in
adult and embryonic liver cultures after a brief and relatively low dose As (III). To our
knowledge, the effect of arsenic exposure on transporter expression independent of
NAFLD has not been investigated in vivo. We propose examining the effects of arsenic
exposure during development, and in adulthood at doses around and below 100 ppb to
determine a dose response and to see if transporter expression or localization is disrupted.
Additionally, examining functional changes in transport should be conducted in a manner
similar to those explored by (Hardwick et al. 2014). Unfortunately, examining functional
alteration of drug distribution in the fetus would be a very difficult task considering that
our primary focus is on alteration of Mrp and Oatp substrates and that the placenta is very
efficient at effluxing Mrp substrates and placental transfer is very limited (Gulati and
Gerk 2009). Additionally, obtaining accurate Mrp2 IHC or Immunoblot detection will be
necessary if murine models are to be the primary investigatory tool.
Shifting focus to elucidating the mechanism(s) of arsenic induced alteration in hepatic
transport, in vitro examination utilizing primary hepatocytes and embryonic liver cultures
could continue to serve as a useful model. A promising first step would involve
examining the effects of silencing certain pro-inflammatory cytokines like interleukin 6
(Il6) or Tnf or modulation of Nrf2 activity. We demonstrated increased expression of Il6
and Tnf in Chapter 3 in arsenic treated groups and they are both linked to changes in
hepatic transporters (Lee and Piquette-Miller 2001; Mork et al. 2003). As mentioned in
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Chapter 4, Nrf2 is also well implicated in arsenic toxicity and plays a major role in
alteration of transporter expression, so modulation of Nrf2 should be investigated as well.
Investigation of these cytokines could clarify more than the effects on transport; it is
possible that they may be primary drivers for the progression to NASH from simple
steatosis as introduced in 5.2.2. Although we hypothesize that the contribution of
inflammatory or antioxidant response systems to the alterations of hepatic transport are
likely the primary mechanism, arsenic mediated epigenetic modification leading to
changes in transporter expression should also be examined. The focus should be on
developmental exposures to arsenic as it is likely where epigenetic modifications would
be most profound.
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