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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) impacts 25% of the world’s population and is
expected to become the leading cause for liver transplantation; however, there are currently no
recommended pharmaceutical interventions available for treatment. Exposure to environmental
contaminants, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), can elicit hepatopathologies
in rodents that resemble NAFLD in humans. Most, if not all, of the toxic effects of exposure to
TCDD are mediated by the aryl hydrocarbon receptor (AHR). Exposure to TCDD can also alter
cholesterol homeostasis in mice and is implicated in increased prevalence of metabolic syndrome
in humans, which are also leading risk factors for NAFLD development. Therefore, the primary
goal of this dissertation was to gain a better understanding of the connection between AHR-
mediated signaling, dysregulation of cholesterol and TCDD-induced liver injury in an effort to
discover potential therapeutic options for treating NAFLD in the future.

First, a genome-wide association study (GWAS) was carried out to characterize regions of
the genome that might be linked to TCDD-induced metabolic and physiological changes in mice.
The goal of this GWAS was to identify key genes and/or pathways implicated in liver injury. Linear
regression implicated 7 genes, 2 of which were novel, that were significantly associated with
TCDD liver burden. Notably, TCDD-induced changes in body weight were associated with HMG-
CoA reductase (Hmgcr), which encodes the rate limiting step for cholesterol biosynthesis.

Secondly, a mouse study was undertaken to deduce the role of HMGCR in modulating
TCDD-induced liver injury. This study used simvastatin, a competitive inhibitor of HMGCR, in the
presence and absence of TCDD to determine if inhibition of cholesterol synthesis could affect

TCDD-induced hepatosteatosis. Interestingly, simvastatin co-treatment was found to be



protective against AHR-mediated steatosis in both sexes. However, co-treatment induced sex-
specific injury by increasing hepatic glycogen in females and exacerbating TCDD-induced liver
injury in males. These results suggest that people who take statins are at greater risk of toxicant-
induced liver injury.

Finally, single-nuclei RNA sequencing (snRNAseq) was utilized in mouse liver to gain a
mechanistic understanding for statin-induced changes to TCDD-induced liver injury. Although co-
treatment did not significantly alter liver pathology compared to TCDD alone, it was shown to
alter relative proportions of distinct liver cell (sub)types and promote decreased immune cell
infiltration. While these changes could be protective against liver injury, statin co-treatment was
also associated with wasting and death, suggesting that taking statins as a treatment for NAFLD
may lead to adverse consequences.

The results outlined in this dissertation provide insight on the role of cholesterol
homeostasis in liver injury. Furthermore, while statin drugs have been suggested as a possible
treatment for NAFLD, this work demonstrates how statins directly impact liver cell (sub)types
proportions during toxicant-induced liver injury and suggests that they may have unintentional
side effects in vulnerable populations. Although the impact of statins will need to be further
evaluated in human NAFLD, we hope that the outcomes of this research can be used to inform

the development of new treatment options for NAFLD patients.
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Chapter 1: Introduction



Non-Alcoholic Fatty Liver Disease

Pathogenesis and Epidemiology

Non-alcoholic fatty liver disease (NAFLD) is an umbrella term that encompasses a
spectrum of progressive liver pathologies ranging from fat accumulation (steatosis) or fat
accumulation with inflammation (steatohepatitis or NASH) to irreversible changes such as fibrosis
or cirrhosis that is caused by conditions outside of excessive alcohol use (Figure 1.1A).1"% NAFLD
has become a global epidemic and prevalence continues to rise over time. It is estimated that it
may affect as many as 25% of the world’s population or as many as 1 billion individuals.%>*
However, a recent report suggests that the worldwide prevalence may even be as high as 32.8%.*
Itis important to note that many epidemiology studies consider NAFLD prevalence to be steatosis
specifically, so these values could be higher when considering cases of NASH, fibrosis or cirrhosis.
The highest prevalence rates have been reported in the Middle East and South American
countries (~30%), and the lowest prevalence has been seen in Africa (13%); however, the studies
in African countries remain limited.> The prevalence in the United States and Europe is about
the same at ~24-25%, or 64 million and 52 million people, respectively.?> In Asian countries, there
is a wide range of NAFLD prevalence (7.9%-43.3%), but it is particularly rising in areas with
increasing urbanized lifestyles and changes to a more Western diet.>® For example, in Shanghai,
prevalence increased from 12.9% to 43.3% from 2003 to 2016, but the less urbanized areas in
southern China have a prevalence of 9.1% as of 2012.° Racial disparities for NAFLD prevalence
are mostly noted in studies conducted in the United States. It is estimated that the proportion of
Americans with NAFLD of Hispanic descent have the highest prevalence (45%) followed by

Americans of European descent (33%) and then Americans of African descent (24%).%° The larger



prevalence in Hispanic Americans may be due, in part, to having a higher frequency of genetic
variants in genes like Pnpla3.%? It is unclear if sex influences NAFLD prevalence as there are some
reports suggesting that prevalence is higher in females and some suggesting that it is higher in
males.?>* However, NAFLD is strongly correlated to age. Older individuals are more likely to have

more progressive liver injury and mortality possibly due to a longer duration of disease.?



Figure 1.1: Schematic of NAFLD progression. (A) A diagram of how NAFLD progresses from a healthy liver to carcinoma. (B) A
representation of how free fatty acid accumulation can lead to the development of NASH that is partially adapted from figure 1 in
Dowman et. al, 2010.3 This figure was created using Biorender.com.
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Liver injury is commonly thought of as a “multiple-hit” phenomenon.®’# The multiple
“hits” is what can transform early stages of steatosis to NASH and then subsequent forms of
damage (Figure 1.1B). The “first hit” in NAFLD is caused by an imbalance between fat delivery
and its metabolism or secretion by the liver that can occur from multiple environmental factors
such as weight gain, diet, increased free fatty acid mobilization to the liver or genetic factors like
variants in Pnpla3 that are associated with NAFLD development.>® This results in fat
accumulation in hepatocytes that predisposes them to increased susceptibility to secondary
injuries or additional “hits” that lead to the development of NASH. These secondary “hits” can
include pro-inflammatory cytokine production by Kupffer cells (KCs), mitochondrial dysfunction,
oxidative stress and endoplasmic reticulum (ER) stress that contribute to the development of
inflammation.3#-1° For example, fat deposition can initially protect hepatocytes from lipotoxicity;
however, when the fat storage limit has exceeded, free fatty acids can activate hepatocyte
oxidative stress or other stressors such as activation of NF-KB signaling that trigger localized
inflammation.>>? If inflammation is unable to be managed and damage continues to occur to the
liver, it can lead to activation of hepatic stellate cells (HSCs) that can induce a fibrogenic response
that produces permanent scarring.>”>'! Advanced fibrosis can result in liver failure, portal
hypertension and the need for liver transplantation.®*! Activation of HSCs and fibrosis can also
influence the development of hepatocellular carcincoma (HCC).!! For example, extracellular
matrix deposits in a fibrotic liver can bind to hepatocyte growth factors and stimulate the growth
and survival of transformed cells.!* NAFLD is currently the leading cause of chronic liver disease

worldwide, and it is expected to become the number one cause for liver transplantation.1=3612



Early stages of NAFLD are difficult to diagnose due to many patients testing normal in
liver function tests and there are no validated non-invasive tests for NASH, thus requiring the
need for procedures like liver biopsies for formal diagnosis.">1%12 Therefore, it is difficult to
measure the true prevalence of each stage of NAFLD progression and many diagnostic criteria
are not consistent.” In the total population of the United States, it is estimated that ~25% has
NAFLD defined as greater than 5% hepatic fat accumulation, ~5% has NASH (with or without
fibrosis) and ~1.25% has NASH cirrhosis (NASH with the presence of advanced fibrosis) as of a
study published in 2021.° A prediction model that estimated growth in cases from 2015 to 2030
in the United States estimates that NAFLD prevalence is expected to increase by 21%, NASH
prevalence is expected to increase by 63%, incidence of decompensated cirrhosis is predicted to
increase by 168% and the incidence of HCC is projected to increase by 137%.>'3 The mortality
rates caused by chronic liver disease are typically low in NAFLD patients. About 4-8% of those will
pass from cirrhosis-related complications and 1-5% from developing HCC, and most patients with
NAFLD will pass from cardiovascular disease (40%).%'2 However, there has been a 170% increase
in the cases of NASH on the liver transplant waiting list in the United States, and the proportion
of total transplants due to NASH increased from 1.2% in 2001 to 9.7% in 2009.%2 Currently, the
economic burden of NAFLD in terms of direct annual medical costs is estimated to be $103 billion

in the United States alone, so NAFLD is a significant public health burden worldwide.*

Risk Factors and Treatment Options
There are many risk factors for NAFLD development, but the most common co-

morbidities associated with NAFLD are obesity, metabolic syndrome, diabetes, and exposure to



environmental contaminants. The worldwide prevalence of obesity among those with steatosis
and NASH is 51% and 81%, respectively.l® Increased abdominal weight can cause excess fat
accumulation promoting steatosis of the liver, and it has been shown that increased areas of
visceral adipose tissue were longitudinally associated with higher incidence of NAFLD.1%!> |t’s
estimated that 95% of severely obese patients undergoing bariatric surgery will have NAFLD.?
Diabetes, especially type 2, is highly prevalent in NAFLD patients as insulin resistance can also
promote liver damage. Globally, 55.5% of patients with type 2 diabetes are estimated to also
have NAFLD with the highest prevalence in Europe (68%).1° There is also a large prevalence of
NASH (37%) and advanced fibrosis (37.3%) in individuals with NAFLD and type 2 diabetes.'° The
many type 2 diabetic or obese patients with NAFLD also have metabolic syndrome (MetS), which
is a cluster of metabolic conditions that increase the risk for cardiovascular disease.® These
conditions include excess fat in the waist, high blood pressure, high blood sugar, abnormal
cholesterol levels and high triglyceride levels. In a cohort study of over 11,000 Americans, it was
shown that while 18.2% of the total cohort had NAFLD, the incidence was much larger in those
with MetS (43.2%) and the prevalence increased with the number of MetS criteria met (67% of
those meeting all 5 criteria).’%1® In this same study, advanced fibrosis cases almost doubled in
patients with MetS and was almost 5 times greater in patients with all 5 criteria.'%¢ In a global
study including over 8.5 million individuals from 22 countries, metabolic comorbidities were very
high in those with NAFLD, including obesity (51.34%), type 2 diabetes (22.51%) and metabolic
syndrome (42.54%).12 Thus, metabolic abnormalities greatly increase the risk for development of
NAFLD. However, exposure to environmental contaminants also has a strong connection to

NAFLD pathogenesis. Xenobiotics including polychlorinated biphenyls (PCBs), hydrocarbons,



dioxins, pesticides, and more are becoming recognized as contributors to liver disease.!’~2°
Analysis of the National Health and Nutrition Examination Survey (NHANES) from 2003-2004
indicated that environmental pollutants such as heavy metals and PCBs were associated with
dose-dependent increases in alanine aminotransferase (ALT) elevation, a marker of liver injury in
humans.’=2° Furthermore, in rodent studies, various xenobiotics have been shown to induce
steatosis, oxidative stress, NASH and even fibrosis.}”"1°-22 Human exposure to toxicants, such as
dioxins, is also associated with increased incidence of metabolic risk factors of NAFLD including
MetS.2324 Therefore, although much focus of NAFLD risk is focused on metabolic comorbidities,
exposure to environmental contaminants is also an important factor to explore.

While the risk of NAFLD will continue to rise as concern over environmental pollution and
cases of metabolic disorders is growing over time, there are currently no recommended
pharmaceutical interventions available to directly treat hepatopathologies present in NAFLD
patients.*? Therefore, NAFLD is commonly treated through improving the risk factors that are
associated with development. This primarily involves dietary management, exercise, or bariatric

surgery to promote weight loss and improve conditions associated with MetS.%%°

Liver Structure and Functions

The liver is a major organ in the body responsible for many essential biological functions.
These functions include, but are not limited to, metabolism (lipids, cholesterol, carbohydrates,
etc.), protein synthesis (albumin, clotting factors, etc.), energy homeostasis, detoxification of
xenobiotics and enterohepatic circulation. The liver is also the only internal organ capable of

regeneration. These roles are enabled due to the spatial organization of distinct liver cell types



in the functional units of the liver known as hepatic lobules. The major liver cell types include,
but are not limited to, hepatocytes, Kupffer cells (KCs), hepatic stellate cells, liver sinusoidal
endothelial cells (LSECs) and cholangiocytes (Figure 1.2).2>72° Within liver lobules, nutrient-rich
blood from the portal vein and oxygen-rich blood from the hepatic artery travels from the portal
triad (zone 1) through the midlobular region (zone 2) to the central vein (zone 3).2>7?7 This results
in a gradient of oxygen and nutrients across the lobule and thus functional heterogeneity across
the gradient to optimize roles for the level of oxygen and nutrients in different regions.?>?’ For
example, functions requiring larger amounts of oxygen, such as cholesterol biosynthesis,
glucogenogenesis or B-oxidation, take place in zone 1 and functions that do not require as much
oxygen, such as xenobiotic metabolism, lipogenesis or glycolysis, take place in zone 3.2>727 This
spatial organization allows for opposing metabolic functions to work effectively.?>-?” However,
when the functional relationship between liver cell types becomes disrupted, it can lead to
adverse health consequences in the liver, including NAFLD.?%3° The primary cell types associated

with liver injury are hepatocytes, KCs and HSCs. 1379



Figure 1.2: Liver Anatomy in Hepatic Lobules. A diagram depicting the hepatic zonation of liver lobules, the major liver cell types, and
aryl hydrocarbon receptor (AHR) expression across the lobule. Nutrient and oxygen-rich blood will travel from the portal triad (zone
1) to the central vein (zone 3) resulting in zone-specific metabolic functions. This figure was adapted from Figure 1 in Cunningham and
Porat-Shilom, 2021.%° This figure was created using Biorender.com.
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Main Liver Cell Types and Their Functions

Hepatocytes are the main parenchymal cells of the liver, and they make up about 80% of
the total mass of the liver. This cell type is responsible for the major functions in the liver including
protein synthesis, carbohydrate metabolism, lipid metabolism and detoxification. Due to the
spatial division of labor across the lobules to optimize for oxygen and nutrient levels, hepatocytes
exist as a gradient across the lobule with functional heterogeneity.?>=?” While periportal
hepatocytes and centrilobular hepatocytes both express genes involved in various metabolic
pathways, the level of expression will exist as a gradient to correspond to the primary functions
in their respective locations.>=%’ In the oxygen and nutrient-rich environment, periportal
hepatocytes will display higher expression of genes involved in gluconeogenesis, for example,
while centrilobular cells, located in a more hypoxic and nutrient sparce environment, will have
higher expression of genes involved in glycolysis.?>?” Therefore, this gradient of enzyme
expression can influence where drugs or toxicants elicit damage within the lobules as it can
influence where they will preferentially accumulate.?%3°

Kupffer cells are the resident macrophages of the liver that are primarily responsible for
removing foreign debris. However, they can also produce pro-inflammatory mediators in
response to liver injury contributing to the development of inflammation.3® KCs display
heterogeneity across liver lobules like hepatocytes even though they are non-parenchymal cells.
KCs are more highly expressed in the periportal region due to the direct blood flow into the liver
and display more phagocytotic activity in this area.?>3! Other immune cell types within the liver
are also generally more enriched in this region though it remains challenging to map the zonation

of less expressed cell types as they can be masked by the abundance of hepatocytes.?>
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Hepatic stellate cells are also an important cell type in the context of progressive liver
injury. In normal conditions, HSCs exist in a quiescent state and their function when inactivated
remains unclear. However, liver injury like inflammation and hepatocyte damage will send signals
to HSCs causing them to become activated.>32 Activated HSCs are a major source of extracellular
matrix production that is used to produce scarring at sites of injury to protect the liver.332
Prolonged activation of these cells can induce widespread fibrosis that impacts liver function.
However, HSCs activation have also been implicated in assisting with liver regeneration such as
producing angiogenic factors and factors that promote hepatocyte proliferation.3?

The other 2 major cell types in the liver are liver sinusoidal endothelial cells (LSECs) and
cholangiocytes. LSECs are a permeable barrier separating hepatocytes and HSCs from blood. They
primarily regulate vascular tone in the liver, contain fenestrae that filter fluid between blood and
the space of Disse containing hepatocytes and HSCs and regulate quiescence of HSCs.33
Cholangiocytes are another type of endothelial cell that line the bile duct. Their major function is
to modulate bile as it is transported along the biliary tree.3* This process involves a coordinated
transport of various proteins, ions, water, and solutes to and from the bile that is modulated by
various signaling pathways and molecules.3* While there are 11 predominant cell types that make
up liver lobules, hepatocytes, KCs, HSCs, LSECs and cholangiocytes are the major cell types that
contribute to the major functioning of the liver. Additionally, there are many receptors within
the liver that contribute to proper functioning and liver development, including the aryl

hydrocarbon receptor (AHR).
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Aryl Hydrocarbon Receptor (AHR)

The AHR is a transcription factor in the basic helix-loop-helix (bHLH)/Per-Arnt-Sim (PAS)
family of environmental sensing proteins. The AHR is primarily known for its role in xenobiotic
metabolism, and as a result, it’s highly expressed in the centrilobular region (Figure 1.2). It has
been suspected to also have some endogenous roles in addition to xenobiotic metabolism.3>3¢
AHR-deficient or null mice have been shown to have many impairments including an ~50%
reduction in liver size, reduced fertility and several impacts on the immune system such as being
defective in T-cell differentiation, suggesting that the AHR may play an important role in the
development of the liver, reproductive organs and immune system.3>

The general structure of the AHR includes 4 conserved domains (Figure 1.3).3°37 The bHLH
region in the N-terminus is required for DNA binding and protein dimerization.?>3® The PAS
domain is located adjacent to the C-terminal end of the bHLH region and contains two sub-
domains, PAS-A and PAS-B.3>3¢ This PAS domain is a docking site for hetero- or homodimerization
of other PAS proteins, such as the aryl hydrocarbon receptor nuclear translocator (ARNT), and
also where the chaperone protein, Heat Shock Protein 90 (HSP90), binds to stabilize the AHR in
the cytosol.3>3638 The PAS-B domain is also where the AHR-interacting protein (ARA9), another
chaperone protein, binds to the AHR for stabilization, and it contains a ligand binding site.3>36:3
The Cryo-EM structure of the AHR showed that the HSP90-ARA9-AHR complex is active upon
ligand binding, and the presence of p23, another chaperone protein, is not required for this
interaction.?” The ligand binding domain consists of 5 B-sheets and 4 a-helices, and the site
adjacent to the Fa location within the ligand binding pocket in the PAS-B domain is the primary

anchor point of AHR ligands with a secondary anchor point near the Ca location in this domain.3’
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This location holds all the structural and molecular determinants that control ligand binding
specificity and affinity to the AHR.3” The final conserved domain is the transactivation domain

that can interact with transcriptional co-activators utilized to modulate gene expression.3>36

14



Figure 1.3: General organization of the aryl hydrocarbon receptor. This figure outlines the
general positioning and functions of the major 4 domains of found on the AHR. This includes the
basic helix-loop-helix (bHLH), the Per-Arnt-Sim (PAS) A and B domains and the transactivation
domain (TAD). This figure was adapted from figure 5 in Okey, 2007.4°
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In mice, there are different alleles of the Ahr, but the 4 domains are still conserved. The
B allele is known as a ‘responsive’ allele to AHR ligands with high affinity binding sites.3%4! The D
allele is known as a ‘non-responsive’ allele.3%4! This is caused by a mutation in the PAS-B domain
of D allele mice, particularly due to an amino acid switch from valine, present in responsive
strains, to alanine at residue 375.%? The B allele also has 3 different receptor forms. While all
forms are responsive to AHR ligands, they have varied molecular weights of the AHR: B1, 95 kD;
B2, 104 kD; and B3, 105 kD.3® B1, B2 and D alleles are found in Mus musculus strains of mice, and
B3 allele strains are found in wild-derived species like Mus spretus.3®

The AHR has both exogeneous and endogenous ligands. Exogeneous ligands of the AHR
include 2 main classes: halogenated aromatic hydrocarbons and polycyclic aromatic
hydrocarbons.3>3¢ Halogenated aromatic hydrocarbons include compounds like polychlorinated
biphenyls (PCBs) and polychlorinated dibenzodioxins like 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD). Polycyclic aromatic hydrocarbons include compounds like benzo[a]pyrene and
benzoflavones. Exogenous ligands of the AHR are particularly associated with adverse health
effects. Endogenous ligands include naturally occurring compounds such as kynurenine or 6-
Formylindolo(3,2-b)carbazole (FICZ).3>3¢ Discovery of more endogenous ligands of the AHR may
lead to more clues on the endogenous roles of the AHR in the future.

Although there are various Ahr alleles in mice and ligands for the AHR, ligand exposure
and subsequent binding to the AHR will lead the activation of the canonical AHR signaling
pathway (Figure 1.4). In the absence of a ligand, the AHR is found in the cytosol bound to its
chaperone proteins HSP90 and ARA9 that stabilize it.3’343 Ligands such as TCDD can readily pass

through the plasma membrane of the cell once it enters the body and will bind to the AHR in the
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cytosol. The chaperone proteins will dissociate from AHR, and the AHR:TCDD complex will
translocate into the nucleus and heterodimerize with ARNT.3>#* The newly formed complex can
bind to specific regions on the DNA known as dioxin response elements (DREs), which will lead
to changes in gene expression.3®* For example, AHR activation will induce expression of
xenobiotic metabolizing enzymes like Cyplal or Cypla2 that are a part of the AHR gene battery.
The changes in gene expression in diverse pathways may play an important role in toxicant-
induced adverse pathologies seen upon exposure. It has been shown that AHR-deficient mice are
relatively unaffected by doses of TCDD 10-fold higher than what is found to induce severe toxic

effects in mice expressing a functional AHR.*®
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Figure 1.4: The canonical AHR signaling pathway. TCDD will readily pass through the plasma membrane where it will bind to AHR (1).
AHR will dissociate from its chaperone proteins and the AHR:TCDD complex will translocate into the nucleus (2-3). The AHR:TCDD
complex will heterodimerize with ARNT (4). This new heterodimer can bind to dioxin response elements (DREs) on DNA leading to
changes in gene expression in a variety of pathways, such as induction of the AHR gene battery (5).
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)

The prototypical and most studied ligand for the AHR is TCDD. TCDD is a persistent,
polyhalogenated organic pollutant that is of environmental concern. It is primarily created as an
unwanted byproduct of incomplete combustion of organic materials in manufacturing processes
such as the creation of herbicides or pesticides but also during waste incineration or chlorine
bleaching of paper.?® It is infamous as being a contaminant in Agent Orange, used during the
Vietnam War, and as the poison given to Victor Yushchenko.?” Very recently, there has been
growing concern over the potential release of TCDD and/or other dioxins in East Palestine, Ohio
as a result of the burning of vinyl chloride caused by the train derailment in February 2023. The
highest known exposure to TCDD in residential populations occurred during the industrial
accident in Seveso, Italy in 1976.23% Although these major events led to high levels of TCDD
exposure to humans, the background exposure to TCDD is typically quite low, with lipid-adjusted
TCDD levels of 1 to 10 ppt in serum.*® People are most commonly exposed to TCDD through
consumption of contaminated foods, especially foods with high fat content such as fish or dairy
products, as TCDD is highly lipophilic.’®> Due to its very stable chemical structure, TCDD
bioaccumulates in organisms, and its levels are highly correlated with age.>°® Additionally, TCDD
has a long half-life in humans of up to 11 years, and as a result, this can lead to long-term health
consequences from TCDD exposure.?35?

There is strong evidence that TCDD exposures drive adverse health outcomes in humans
and rodents through AHR-mediated signaling.?%*¢In humans, TCDD exposure commonly leads to
the development of chloracne seen in multiple exposures including the Seveso incident and the

poisoning of Victor Yushchenko.?*#748 Additionally, TCDD can induce immunosuppression in
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humans.*>2°3 Notably, TCDD exposure has been associated with increased incidence of
metabolic disorders in humans including NAFLD, diabetes and metabolic syndrome.?*?* The
impacts of TCDD on liver injury have been well-documented in rodents.??24%54 TCDD has been
shown to elicit dose-dependent increases in hepatic steatosis, NASH and fibrosis.?"*> When
dosing C57BI6/J mice every 4 days for 92 days, hepatic lipid accumulation can be seen in doses
as small as 0.3 pg/kg as well as inflammation at 1 pg/kg and fibrosis at 10 ug/kg.?* In as short as
a 28-day treatment paradigm, lipid accumulation can be seen at 1 pg/kg with inflammation at 10
ng/kg and fibrosis at 30 ug/kg.?! Interestingly, male mice exhibit greater sensitivity to TCDD-
induced hepatotoxicity compared to females and exhibit more severe damage at lower doses.>*
While much remains unclear about this sex-specific difference, it has been shown that the liver
transcriptome in males is more dysregulated by TCDD treatment in comparison to females.>>
Although TCDD has been shown to elicit liver damage, much remains unknown about the
mechanism for how AHR-mediated signaling drives these toxic effects. Therefore, there have
been emerging studies analyzing the impact of TCDD treatment on metabolic pathways that
could influence the development of liver injury, such as alterations in cholesterol

homeostasis.*?>4°6

Cholesterol Homeostasis

Regulation of Cholesterol Homeostasis
Cholesterol homeostasis is tightly regulated in the body due to the necessity of
cholesterol in various processes. Cholesterol is essential for cell membrane maintenance and

fluidity and is a precursor for producing steroids including Vitamin D and sex hormones.>”>® While
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many cells can synthesize cholesterol, at least 50% of total synthesis in the body occurs within
hepatocytes in the liver.>’ The body is responsible for producing about 80% of total cholesterol it
needs while about 20% comes from dietary sources.

Cholesterol biosynthesis requires a long chain of reactions to produce cholesterol.
However, the early stage of converting 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) to
mevalonate by HMG-CoA reductase (HMGCR) is the rate-limiting step that will largely control if
cholesterol is synthesized.>”*® Cholesterol biosynthesis is regulated by the sterol regulatory
binding-element protein 2 (SREBP2) located in the endoplasmic reticulum (ER), which will sense
levels of cholesterol that are present intracellularly.>”>8 Low levels of cholesterol will be detected
by the SREBP-cleavage activating protein (SCAP) located on the C-terminal of SREBP2, and this
the SCAP-SREBP2 complex will translocate from the ER to the Golgi apparatus to activate SREBP2
via cleaving an N-terminal fragment from the protein.>”>® The homodimerized, processed form
of SREBP2 can enter the nucleus where it functions as a transcription factor and upregulates
expression of various enzymes in the cholesterol biosynthesis pathway in addition to the low-
density lipoprotein receptor (LDLR) that is responsible for bringing cholesterol back into the
cells.>”>® Low levels of cholesterol will promote translation of proteins like HMGCR for
synthesis.>”>8

If cholesterol levels are high, biosynthesis can be turned off. Increasing levels of
cholesterol can signal for degradation of HMGCR, phosphorylation of HMGCR that inhibits
activity of the enzyme or inhibition of transcription by not activating SREBP2.57°8 |t can also
inhibit synthesis of LDLR to prevent cholesterol from entering the cells.>”*® Notably, the

mevalonate pathway that includes this rate-limiting step is also utilized to make additional
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compounds. Farnesyl pyrophosphate is a branching off point that is used to make compounds
such as ubiquinone that is used by the mitochondria in the electron transport chain. Thus, it has
been suggested that the enzyme squalene epoxidase (SQLE), used to convert squalene to 2,3-
oxidosqualene, may be another rate-limiting enzyme after HMGCR in the cholesterol
biosynthesis pathway.>”>® This step occurs after the production of farnesyl pyrophosphate, so
degradation of SQLE or inhibition of its transcription by SREBP2 can shut down cholesterol

biosynthesis while maintaining synthesis of compounds using farnesyl pyrophosphate.>”>8
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Figure 1.5: The cholesterol biosynthesis pathway. The early stages of cholesterol biosynthesis and the enzymes that are responsible
for catalyzing each step. The rate-limiting step is the conversion of HMG-CoA to mevalonic acid, also known as mevalonate.
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The liver is also largely responsible for cholesterol transport, metabolism, recycling, and
excretion. Cholesterol is hydrophobic, so it is packaged into lipoproteins within the liver that can
readily travel through the bloodstream to other areas of the body. There are several types of
lipoproteins in the blood, but low-density lipoproteins (LDL) and high-density lipoproteins (HDL)
are most utilized for cholesterol transportation.>”>® LDL molecules are the major blood
cholesterol carriers and they are recognized by LDL receptors (LDLRs) to bring large amounts of
cholesterol back into the cell.>”>2 If cholesterol levels are high within cells or this process becomes
dysregulated, LDL molecules will remain in the blood where they can be converted into foam
cells by macrophages.>® Foam cells are highly associated with plaque formation in arteries that
may lead to cardiovascular disease due to impaired blood flow.>® HDL molecules are instead
thought to be responsible for reverse cholesterol transport or the process of bringing excess
cholesterol from peripheral tissues back to the liver for redistribution or removal.>”>® Therefore,
high circulating levels of LDL is associated with “bad” cholesterol and high circulating levels of
HDL is associated with “good” cholesterol in humans. If cholesterol is not needed, it can be
oxidized into bile acids where it will be excreted from the liver into bile.®° The bile will undergo
enterohepatic circulation where bile acids can be recycled back to the liver or be excreted from

the body.®°

Dysregulation of Cholesterol and Liver Injury
Cholesterol homeostasis has been shown to be extensively dysregulated in NAFLD. In
human liver biopsies of patients with confirmed NAFLD, it has been shown that NAFLD was

associated with increased maturation of SREBP2, more mRNA and protein expression of HMGCR,
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and decreased phosphorylation of HMGCR.%! The increased levels of HMGCR corresponded to
higher levels of hepatic free cholesterol (FC), worse histological severity of NAFLD and increased
levels of serum LDL.%! Additionally, animal studies have shown that induction of hepatic FC
accumulation promotes steatohepatitis and fibrosis and correcting the overload of FC improves
disease severity in NASH.5? Another study showed that cholesterol crystals were present within
hepatocytes in both patients with NASH and mice fed a high-fat-high-cholesterol diet, but not in
mice with simple steatosis.?® The high-fat diet fed mice had enlarged KCs containing cholesterol
droplets with an appearance similar to foam cells, which was not seen in mice with simple
steatosis, suggesting that cholesterol accumulation promotes more severe forms of liver injury.%3
There have been some suggested mechanisms for how hepatic FC accumulation may be
associated with the development of liver injury. One potential mechanism may be due to ER
stress. Chronic ER stress is associated with induction of pathways that lead to the development
of steatosis, inflammation, and hepatocyte cell death.®? Reports have suggested that cholesterol
accumulation in the ER membrane can induce ER stress, and the unfolded protein response in
the ER may be activated in NAFLD through JNK signaling.®? Another potential mechanism is due
to mitochondrial dysfunction. Mitochondria are very sensitive to changes in membrane fluidity
due to cholesterol accumulation leading to dysfunction.®? Increased levels of cholesterol in the
mitochondria can lead to decreases in ATP synthesis and decreased stores of mitochondrial-
reduced glutathione, an antioxidant that controls reactive oxygen species generation.®? Thus,
cholesterol accumulation can result in hepatocytes being more susceptible to oxidative stress.
Notably, TCDD exposure is associated with alterations in cholesterol homeostasis. TCDD,

via the AHR, can suppress expression of key enzymes involved in cholesterol biosynthesis
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including HMGCR, SQLE, squalene synthase (FDFT1) and SREBP2, in mice and primary human
hepatocytes.”®®* These changes in expression correlate to alterations in circulating cholesterol
levels. TCDD exposure in mice was shown to cause a 20% decrease in circulating total cholesterol
and LDL levels and a 30% decrease in HDL levels.®* Additionally, TCDD exposure is associated
with increases in cholesterol and cholesterol ester content in the liver.#>°* For example, hepatic
cholesterol and cholesterol ester levels were shown to increase 9.0- and 11.3-fold, respectively,
in male mice treated with TCDD.*° As dysregulation of cholesterol, especially increases in hepatic
cholesterol, are associated with the development of liver injury, it is likely that there is a strong

connection between TCDD-induced liver injury and alterations in cholesterol homeostasis.

Statin Drugs as a Treatment for NAFLD

Statins are a class of lipid-lowering medication that are competitive inhibitors of
HMGCR.® Their purpose is to effectively decrease the levels of circulating LDLs through inhibiting
cholesterol biosynthesis in the liver.%® Inhibition of cholesterol production promotes LDL re-
uptake in the liver and peripheral tissues to draw cholesterol out of circulation.®®> Therefore,
statins are given to individuals who have high risk of cardiovascular disease in order to lower LDL
in the blood to reduce the risk of developing atherosclerosis.

Statins are the most prescribed class of drugs in the United States and are taken by over
100 million people.®® There are various types of statins that are either fermentation-derived from
fungi, such as lovastatin or simvastatin, or synthetically-derived, such as atorvastatin or
fluvastatin.®> However, all statins competitively inhibit HMGCR and mostly differ in terms of half-

lives, cost, and their LDL-lowering capabilities.®> People are typically prescribed statins on an

26



individual basis depending on their tolerance as some experience adverse side effects like muscle
pain.®® Simvastatin was previously the most prescribed statin, but this has recently changed to
atorvastatin.®® Both of these statins are equally effective at lowering cholesterol when dosed at
a moderate intensity, but atorvastatin can achieve this with a smaller dose and has a longer half-
life in comparison to simvastatin.®’” However, simvastatin remains a more cost-effective option
and is still used by millions of people.

Interestingly, statins have been suggested as a potential therapy for NAFLD.%%%° Beyond
cholesterol-lowering effects, statins have been shown to exert anti-inflammatory properties.”
For example, statins have been shown to reduce protein prenylation as a result of reducing
upstream mediators of cholesterol.5>7% Additionally, they can lower activity of NF-kB, reduce
tumor necrosis factor (TNF) and interleukin 6 (IL-6) levels and possibly deactivate the NLRP3
inflammasome.®>’? Furthermore, statins have been shown to interact with peroxisome
proliferator-activated receptor alpha (PPARa).”* PPARa is a major regulator of lipid metabolism
in the liver and activation can promote lipid uptake, utilization, and catabolism. Through
activation of PPARa and their anti-inflammatory properties, statins have been considered as a
potential therapy for progressive liver injury. Statins and TCDD are both implicated in altering
cholesterol homeostasis and can impact pathways involved in NAFLD, so it’s important to deduce
their relationship as millions of people not only take statins but are also exposed to TCDD in their

environment.

Overview of Specific Aims

The overall focus of this dissertation was to gain more insight on pathways that may play
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an important role in NAFLD. More specifically, this research tested the hypothesis that
dysregulation of cholesterol plays an important role in TCDD-induced liver injury. Gaining a better
understanding of this connection may lead to potential therapeutic options for NAFLD in the
future. Furthermore, this dissertation aimed to address the implications of those who take statin
drugs and have been exposed to environmental toxicants. While statin has been suggested as a
treatment option for NAFLD, it's important to elucidate if vulnerable populations may be at

greater risk of toxicity if they take statins.

Specific Aim 1: Identifying Key Genes Implicated in AHR-Mediated Liver Injury

Although exposure to AHR ligands has been linked to many adverse health effects in
humans, much remains unknown regarding the mechanism behind how these exposures can
drive pleiotropic effects.*”*¢2 However, previous reports have indicated that interstrain
differences in response to AHR ligands in mice can be leveraged to identify novel AHR-regulated
genes.”>”3 The study outlined in Chapter 2 aimed to identify novel genes that are regulated by
AHR-mediated signaling in the liver to point to key genes or pathways that could be important
for adverse AHR-mediated phenotypes, such as liver injury. To address this, 14 genetically diverse
strains of mice were treated in the presence and absence of 100 ng/kg body weight TCDD for 10
consecutive days, and RNA sequencing was performed in the liver tissue along with TCDD burden.
Furthermore, linear regression and QTL analysis were utilized to identify genes significantly
associated with TCDD liver burden, TCDD-induced changes in body weight and TCDD-induced
changes in body fat percentage. Linear regression indicated that 7 genes were associated with

TCDD liver burden, and 1 gene was associated with changes in body fat percentage. QTL analysis
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indicated a peak on chromosome 13 that was associated with changes in body weight.

Specific Aim 2: Characterizing the Role of HMGCR Repression in TCDD-Induced Liver Injury
Our mouse panel study indicated through QTL analysis that there was a significant peak
at chromosome 13 for TCDD-induced changes in body weight, which was within 0.5 Mb of Hmgcr.
TCDD exposure has been shown previously to dysregulate cholesterol homeostasis in mice, and
dysregulation of cholesterol is highly implicated in the development of progressive
injury.>661.62.6474 Therefore, the study outlined in Chapter 3 aimed to better characterize the
impact of HMGCR repression on TCDD-induced liver injury. To address this aim, C57BI/6 male and
female mice were treated with vehicle control or 10 pg/kg body weight TCDD for 10 consecutive
days and were fed either control or chow laced with simvastatin (500 mg/kg food), a competitive
inhibitor of HMGCR. This study confirmed TCDD-induced repression of cholesterol biosynthesis,

but also indicated sex-specific adverse differences in response to simvastatin co-treatment.

Specific Aim 3: Characterizing the Impact of Simvastatin on TCDD-Induced Liver Injury

Our initial statin study indicated that TCDD and simvastatin (T+S) co-treated male mice
had higher levels of circulating alanine aminotransferase (ALT) levels, a marker for liver injury,
and greater AHR activation suggesting exacerbated TCDD-induced liver injury. Millions of
individuals take statins and may be exposed to TCDD or other AHR ligands in their environment,
so it is important to confirm if statins induce greater risk for liver injury.®® Therefore, the study
outlined in Chapter 4 aimed to confirm if statin does exacerbate TCDD-induced liver injury, and

if so, what is the mechanism behind this effect. To address this aim, male C57BI/6 mice were
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treated with vehicle control or 30 pg/kg body weight TCDD every 4 days for 28 days and were fed
either control or simvastatin-laced chow (500 mg/kg food). Single-nuclei RNA sequencing
(snRNAseq) was utilized in liver tissue to investigate the role of different cell (sub)types that could
potentially play a role in differences in liver injury between TCDD alone and simvastatin co-
treatment. While we did not see significant differences in histopathological indicators of liver
injury between TCDD alone and co-treatment, we did see alterations in liver cell (sub)type
proportions and changes in differentially expressed genes (DEGs) that could impact liver injury
severity. Furthermore, co-treated mice experienced wasting and had greater AHR activation

compared to TCDD alone suggesting that co-treatment had greater AHR-mediated toxicity.
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Abstract

The aryl hydrocarbon receptor has been linked to several metabolic diseases; however,
much remains unknown regarding the impact of genetic variation in AHR-driven disease as past
studies have focused on a small number of inbred strains. Recently, it has been reported that
there is a wide range of interindividual variability amongst humans in response to TCDD, the
prototypical ligand of the AHR, and there are similar levels of interstrain responses to TCDD in
mice. Therefore, this study utilized a panel of 14 genetically diverse mouse strains exposed to
TCDD to leverage the AHR-mediated response across diverse backgrounds to identify genetic
modifiers of AHR signaling. A regression-based approach was used to scan for genes regulated by
AHR and/or associated with TCDD-induced phenotypes. Furthermore, QTL analysis was also
utilized to identify molecular markers that correspond to TCDD-induced phenotypes. This
approach identified 7 genes regulated by the AHR based on association to hepatic TCDD burden,
1 gene associated with change in percent body fat across strains and a peak on chromosome 13
associated with changes in body weight across strains. The results of this study exemplify the

power in using mouse genetics-based approaches in toxicological studies.
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Introduction

The human population is heterogeneous, which results in differences amongst individuals
in their responses to various toxicants upon exposure. Many factors can influence individual
responses to environmental exposures such as age, sex, disease-state or genetic variability. In
classical laboratory models, genetic variability is typically excluded to reduce experimental
variability; however, incorporating genetic diversity into toxicological studies provides avenues
to map differences in responses to areas of the genome that can impact susceptibility.>? Genetic
diversity within Mus musculus mice species, which are commonly used in laboratory settings,
have been shown to have a number and distribution of genetic polymorphisms even greater than
what is seen in the human population.>* Therefore, the availability of genetically diverse mouse
panels provides a way to assess genetic variability similar to what is seen in the human population
and to identify variants within a population that may impact toxicant-induced phenotypes.

While exposure to AHR ligands have been associated with many adverse health effects in
humans such as metabolic syndrome or chloracne, much remains unknown regarding the
mechanism behind how these exposures drive these effects. Recent reports have suggested that
exposure to TCDD induces a wide range of human interindividual variability in response to AHR
activation and similar levels of inter-strain responses to TCDD in mice.>® Inbred mice strains carry
distinct Ahr alleles with known differences in sensitivity to ligand-induced effects, and it has been
suggested that these inter-strain differences can be leveraged to identify novel genes regulated
by the AHR.>>7

Therefore, the aim of this study was to identify novel genes regulated by AHR-mediated

signaling in the liver to point to key genes or pathways that may be important for adverse AHR-
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mediated phenotypes, such as liver injury. To address this, 14 genetically diverse strains of female
mice were treated in the presence and absence of 100 ng/kg body weight TCDD for 10
consecutive days. RNA sequencing was performed to determine strain-specific changes in hepatic
gene expression following TCDD exposure, and regression analysis was performed to scan for
genes whose expression was associated with 1) hepatic TCDD accumulation, 2) TCDD-induced
change in body weight and 3) TCDD-induced change in body fat percentage. QTL analysis was
also performed to identify molecular markers associated with TCDD-induced phenotypes. The
materials and methods can be found in Chapter 6. The results of this study exemplify the power
in using mouse genetics-based approaches in toxicology by identifying key genes with likely links

to adverse health effects modulated by AHR signaling.

Results
Inter-strain Differences in AHR-Mediated Gene Expression

To identify novel AHR-regulated genes or modifiers of AHR signaling, RNA sequencing was
utilized to assess global changes in gene expression in mouse liver from 14 genetically diverse
strains of mice treated with 0 or 100 ng/kg body weight/day of TCDD for 10 consecutive days.
The results showed that there were 1024 differentially expressed genes (DEGs) in TCDD-treated
mice across the 14 strains with fold changes > 1.5 and adjusted p-values £ 0.05 as compared to
their respective controls (Figure 2.1). There was considerable variation in the number of DEGs

across strains of mice.
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Figure 2.1: Differentially expressed genes (DEGs) counts in each mouse strain. The correlation matrix indicates the total and shared
number of DEGs across 14 genetically diverse strains of mice. Genes are considered differentially expressed if the |fold change| 2 1.5
and Benjamini-Hochberg corrected p-values < 0.05. Darker red indicates a greater degree of correlation or more shared genes between
strains.
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Strain | C57BI/6) | BXD100 | BXD91 A/) CBA/J | FVB/ni (C3Heb/Fe) Balb/cj | DBA/I | " |NZO/HIT| "=~ ' | BXD4O | CCO19
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Mice carry 1 of 4 alleles of the Ahr, which impact susceptibility to ligand-induced AHR-
mediated signaling due to variations in ligand binding capabilities.® Therefore, we sought to
establish which alleles the mice carry using an automated method to determine if the differences
in alleles may, in part, explain the variation in DEGs across strains.’ It was determined that 3
stains carry the Ahr®! allele, 5 strains carry the Ahr®? allele, and 6 strains carry the Ahr? allele
(Figure 2.2A). On average, Ahr®? mice shared 7 DEGs, Ahr?? mice shared 3 DEGs and Ahr? mice
shared 1 DEG. As TCDD binding induces expression of AHR battery genes, we also assessed
expression of main target genes like cytochrome P450 enzymes, Cyplal, Cypla2 and Cyplbl
(Figure 2.2B). 8 of the 14 strains had significant induction of Cyplal and Cypla2 upon TCDD

treatment, and all 8 strains carried the high binding affinity Ahr®! or Ahr®? alleles (Figure 2.2B).

42



Figure 2.2: AHR alleles impact induction of AHR target genes upon TCDD exposure. (A) A phylogenetic tree indicating the genetic
similarity between strains. Gray indicates Ahr®! allele strains, blue indicates Ahr?? allele strains and green indicates Ahr® allele strains.
(B) Gene expression of AHR target genes, Cyplal, Cypla2 and Cyplbl, across the strains of mice. Red intensity indicates expression
was more upregulated compared to control and blue intensity indicates expression was more downregulated compared to control.
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Although the Ahr allele carried by a mouse impacts susceptibility of a strain to AHR-
mediated toxicity, differential expression of AHR target genes was not concordant across strains
carrying the same allele. For example, strains such as CBA/J and C3HeB/Fel, which both carry the
Ahr®? alleles, had respective 1031.12 and 680.29-fold changes in Cyplal expression in
comparison to the other Ahr?? mice that averaged 20.97 (Figure 2.2B). Furthermore, the number
of DEGs carried by strains was variable between mice of the same allele. For example, even
though BXD strains are derived, in part, from the C57BI/6J strain, BXD100 and BXD91 had 14 and
23 DEGs respectively in comparison to 161 DEGs in the C57BI/6J mice even though all strains
carry the Ahr®? allele (Figure 2.1). Interestingly, NOD/Shilt) mice had 595 DEGs as an Ahr? allele
carrier, which is notably more than any strain carrying a ‘responsive’ Ahr allele (Figure 2.1).
Therefore, there are likely additional genetic factors that modulate response to AHR ligands in

addition to the Ahr allele carried by the mouse.

Hepatic TCDD Accumulation Differs Across Strains

Ligand-activated AHR-mediated gene expression is dose-dependent, so we sought to
establish the burden of TCDD present in the livers of the differing strains. Similar to what was
seen with gene expression, there was variability in the level of hepatic TCDD accumulation across
strains. On average, the level of TCDD sequestered in the liver is impacted by the Ahr allele
carried by the mouse (Figure 2.3A). The mean level of TCDD in Ahr’! mice is significantly higher
than the mean levels found in Ahr®? and Ahr? mice, and similarly, Ahr??> mice sequester more
TCDD than Ahr? mice. Although, on average, more responsive alleles sequester more TCDD than

the less responsive allele, there was still intra-allelic variability (Figure 2.3B). For example, DBA/1)
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and BXD40 mice were found to have significantly higher TCDD burden in comparison to other
Ahr? mice such as NOD/ShilLt), NZO/HilLt) and CC019. Similarly, CBA/J had significantly higher
TCDD burden than all other Ahr®? mice. Interestingly, several Ahr? mice such as BXD40
accumulated more TCDD than some Ahr?? mice such as A/J. This suggests that while the Ahr allele

affects TCDD sequestration, other genomic factors likely also impact accumulation.
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Figure 2.3: Differences in hepatic TCDD accumulation across strains. (A) The average TCDD liver burden (ng/kg) on average
between AHR alleles. Asterisk (*) indicates p < 0.05. (B) The TCDD liver burden of each strain of mice separated by AHR allele. The
letters above the bars indicate significant differences (P < 0.05) compared to the mean of: (a) NOD/ShilLtJ, (b) NZO/HilLtJ, (c) CC019,
(d) A/J, (e) FVB/nJ, (f) BALB/c) and (g) C3HeB/Fel. In all cases, green indicates an Ahr? allele, blue indicates an Ahr®? allele and gray
indicates an Ahr? allele and error bars indicate standard error.
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Genes Associated with TCDD Liver Burden

The interstrain variability in gene expression and hepatic accumulation across strains led
us to believe that there may be additional genes that could be regulated by AHR-mediated
signaling. Linear regression was used to search for gene expression that was associated with
TCDD liver burden. The results indicated that there were 7 genes with expression that is
associated with TCDD burden in the liver (Figure 2.4). Of note, there were ‘positive control’ genes
found to be significantly associated with TCDD burden that are AHR battery genes including
Cyplal and Cypla2 (Figure 2.4A and G).%° Furthermore, there were genes associated with TCDD
burden that had previously been linked to TCDD exposure such as nuclear factor erythroid 2-
related factor 2 (Nfe2/2 or NRF2) and phosphomannomutase 1 (Pmm1) (Figure 2.4E and F).10-13
Of particular interest were 2 novel genes, neuronal pentraxin 1 (Nptx1) and solute carrier family

46 member 3 (S/c46a3).
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Figure 2.4: Gene expression associated with TCDD liver burden. The plots indicate genes with expression that had significant
association to TCDD liver burden for the mouse panel determined by linear regression analysis (P < 0.05). The beta, R2, and adjusted
P-value determined by the regression analysis are listed with each gene: (A) Cyplal, (B) Nptx1, (C) Htatip2, (D) Sic46a3, (E) Pmm1, (F)
Nfe2l2 and (G) Cypla2.
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TCDD-Induced Changes in Body Measurements Across Strains

TCDD has been well-established to induce body changes in rodents such as wasting, but
we observed that TCDD-induced changes in body fat percentage and body weight were quite
variable across strains over the dosing scheme of this study. The change in body fat percentage
was variable across strains, ranging from -7% to +5% (Figure 2.5A). Although the Ahr®! and Ahr?
allele mice ranged from +0.2% to -1.4% and +1.6% to -1.2%, respectively, the change in percent
body fat for Ahr’? mice was less concordant. For example, CBA/J mice gained 4.75% body fat,
whereas C3HeB/FeJ mice lost 6.61% body fat. The variability across strains led us to examine if
there may be any genes associated with the change in body fat percentage. Regression results
indicated that 1 gene, iodothyronine deiodinase 1 (Dio1), was associated with TCDD-induced
changes in body fat. Notably, Diol catalyzes the conversion of thyroid hormones T4 to T3, and

TCDD has been shown to dysregulate expression of Diol in mice liver and thyroid previously.'3
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Figure 2.5: TCDD-induced changes in body fat composition. (A) The differences in body fat
percentage in TCDD vs. vehicle control mice. Each dot represents a different strain of mice. (B)
The regression plot indicates negative association of Diol expression with the change in fat
percentage in mice treated with TCDD. The beta, R? and adjusted p-values are indicated on the
plot.
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The change in body weight was also variable across strains. The average change in weight
percentage ranged from +1% to -6% (Figure 2.6A). Although 4 strains that carry the Ahr?? allele
ranged from about +1% to -1% weight change, the FVB/nJ strain lost 6% body weight.
Interestingly, the change in weight for this strain was greater than all strains carrying the Ahr®!
allele. Notably, strains such as C3HeB/FeJ mice, while losing body fat, were observed to gain
weight; however, while all of these changes are TCDD-induced, the results may be confounded
by the pregnancy of the mice. Linear regression did not indicate any gene expression that was
significantly associated with change in body weight. Therefore, QTL analysis was performed to
see if there may be any molecular markers associated with this phenotype. QTL analysis identified
a significant association with Chromosome 13 for inter-strain differences in body weight change
(Figure 2.6B). This peak was within 0.5 Mb of HMG-CoA reductase (Hmgcr). HMGCR catalyzes the
rate-limiting step of cholesterol biosynthesis, and TCDD has been associated with altering
circulating cholesterol levels and expression of various enzymes in this pathway previously.'4

These results suggest that Diol and Hmgcr may be important genes involved in TCDD-induced

changes in body composition.
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Figure 2.6: TCDD-induced changes in body weight. (A) The differences in body weight in TCDD vs. vehicle control mice. Each dot
represents a different strain of mice. (B) QTL analysis indicated a significant peak within Chromosome 13 (p < 0.001). The dotted line
indicates the threshold of genome-wide significance determined by permutation testing (n=10,000).
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Discussion

Previous reports have suggested that interstrain differences in mice in response to AHR
ligands can point to novel genes that may be regulated by the AHR.*> Therefore, discovering
novel genes may improve the understanding of the AHR’s role in complex disease and potentially
lead to treatment options for adverse AHR-mediated phenotypes. In this study, a genetically
diverse mouse panel was treated with TCDD to find genes regulated by the AHR in the liver, a
target organ of AHR-mediated adverse outcomes. It also aimed to identify genes associated with
alterations in body measurements across strains.

This study showcased the impact that genetics can have on physiological response.
Although previous reports have established that differing Ahr alleles have differing affinities for
TCDD, we also observed distinct intra-allelic differences across strains. For example, this study
used a few BXD strains, which are a cross between C57BI/6J (Ahr®1) and DBA/2J (Ahr9) strains. We
observed that both BXD100 and BXD91 strains, Ahr! allele carriers, had TCDD burden levels
similar to C57BI/6J, but had far less DEGs (Figures 2.1; 2.4). However, BXD40, a Ahr? allele carrier,
had a TCDD burden level similar to DBA/1J, a close genetic cousin of DBA/2J, but more DEGs
compared to DBA/1J and the other BXD strains (Figures 2.1; 2.4). These results suggest that while
the Ahr allele impacts sensitivity to ligands, other genetic factors much also impact the
response.'®17

Furthermore, linear regression identified 7 genes that were associated with TCDD liver
burden. Of note, 2 of these genes, Nptx1 and Slc46a3, had not been previously linked to TCDD
exposure when this study was conducted. Although all 7 genes have different functions, many

reports have suggested that they all may play a role in liver disease.'"1218-22 previous reports
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have suggested that upregulation of many of these genes is associated with a protective response
to liver damage. For example, NAFLD progression can lead to mitochondrial damage that causes
an overproduction of reactive oxygen species (ROS). NRF2, a transcription factor, is activated by
ROS to produce antioxidant proteins that may alleviate damage induced by NAFLD.?° Also,
Htatip2, known as TIP30 or CC3, expression has been shown to inhibit tumor cell proliferation in
hepatocellular carcinoma and deficiency was strongly related to hepatocarcinogenesis.?"?? It is
possible that upregulation of genes like NRF2 or TIP30 with TCDD exposure may be a protective
response against TCDD-induced liver injury. However, a recent study showed that TCDD-induced
induction of Slc46a3, which encodes a lysosomal transporter, instead caused triglyceride
accumulation and mitochondrial dysfunction in mouse liver leading to steatosis.!® Therefore, the
results of this study provide insight into upregulated pathways that could be therapeutic or
adverse in the context of TCDD-induced liver injury, which can be explored further to develop
potential treatment options for NAFLD.

Regression and QTL analysis also suggested that Diol and Hmgcr are associated with
TCDD-induced changes in body fat percentage and body weight, respectively. Although these
phenotypic changes may provide insight on a potential mechanism for TCDD-induced wasting, it
may also impact our understanding of AHR-mediated liver injury. Previous reports have
suggested that DIO1 expression in rodents and humans with chronic liver injury was significantly
dysregulated.?® Also, hypothyroidism has been associated with the development of nonalcoholic
fatty liver disease (NAFLD) because thyroid hormone can regulate hepatic lipid metabolism.?*

Furthermore, metabolic dysfunction is highly associated with NAFLD development, including

dysregulation of cholesterol.?>?° Free cholesterol accumulation promotes mitochondrial
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dysfunction and cell stress leading to the development of steatosis, inflammation and cell
death.?’2° Therefore, thyroid hormone synthesis and cholesterol biosynthesis have particularly
strong links to adverse AHR-mediated phenotypes and are important pathways to explore in the
context of TCDD-induced liver injury. Overall, this study not only showcases the power in using
genetics-based approaches in toxicology, but it also provided insight into the impact of AHR-
mediated signaling in liver damage and may suggest new therapeutic targets for liver-related

disease.
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Abstract

In Chapter 2, our mouse panel study indicated that 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-induced changes in body weight were associated with a peak chromosome 13 that was
within 0.5 Mb of HMGCR. TCDD exposure has been linked to the suppression of key cholesterol
biosynthesis enzymes as well as changes in circulating and hepatic cholesterol levels in mice. Due
to emerging reports linking dysregulation of cholesterol to liver injury development, the aim of
this study was to understand the role of HMGCR repression in TCDD-induced liver injury in mice.
In this study, male and female C57BI6/) mice were treated in the presence and absence of TCDD
and simvastatin, and the results indicated that HMGCR likely plays a key, but sex-specific, role in
TCDD-induced liver injury. The results implicated that simvastatin co-treatment alters glycogen
metabolism in females and increases the risk of AHR-elicited liver damage in males suggesting
that vulnerable populations who take statins may be at greater risk of sex-specific, toxicant-

induced injury.
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Introduction

In the mouse panel study outlined in chapter 2, there was a significant peak on
chromosome 13 associated with TCDD-induced body weight changes that was within 0.5 Mb of
Hmgcr or HMG-CoA reductase. This enzyme is involved in the rate-limiting step of cholesterol
biosynthesis, and its expression is highly regulated in the liver.’> TCDD exposure had been
previously associated with repression of various cholesterol biosynthesis enzymes in mice,
including Hmgcr, and these changes corresponded with reduction in circulating levels of
cholesterol and increases in hepatic cholesterol levels.3= Furthermore, Hmgcr was of particular
interest due to the emergence of reports connecting metabolic disruption, especially
dysregulation of cholesterol, to the development of non-alcoholic fatty liver disease.®” Thus, the
goal of this study was to investigate the significance of Hmgcr in the context of TCDD-induced
liver injury.

In this study, we sought to characterize the role of HMCGR repression in TCDD-induced
liver injury in mice. Male and female C57BL/6J mice were treated in the presence and absence of
TCDD (10 pg/kg) and simvastatin (500 mg/kg food), a HMGCR competitive inhibitor, for 10
consecutive days. The materials and methods for this study can be found in Chapter 6. The results
of this study supported that TCDD exposure impacts expression of HMGCR, circulating levels of
cholesterol in serum and hepatic levels of cholesterol seen in previous studies. Furthermore, it
implicated that HMGCR activity likely plays a key role in TCDD-induced liver injury. While
simvastatin co-treatment led to decreased levels of AHR-mediated steatosis, the results
suggested that there may be an increased risk of TCDD-induced liver injury and alterations in

glycogen metabolism in a sex-specific manner.
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Results
Hepatic Expression of Cholesterol Biosynthesis Enzymes

Given the focus on HMGCR, we focused on its expression at the gene and protein level
(Figure 3.1). At the gene level, TCDD treatment decreased expression compared to vehicle control
in both sexes, but this decrease was not statistically significant (Figure 3.1A). In females,
simvastatin alone significantly increased Hmgcr expression and a similar, but non-significant,
trend was seen in males. In both sexes, simvastatin and TCDD (T+S) co-treatment had expression
that was significantly larger than mice treated with TCDD alone. At the protein level, western blot
analysis suggested that TCDD treatment significantly decreased HMGCR expression in males
regardless of diet (Figure 3.1B). This trend was also seen in females, but it was non-significant.
On the contrary, protein-level analysis suggested that simvastatin did not mediate an increase in

protein expression of HMGCR that was seen at the gene level.
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Figure 3.1: Hepatic gene and protein expression of HMCGR. (A) Gene expression fold changes
of Hmgcr for male and female mice. N > 7 for all groups. (B) Protein expression of HMGCR for
males and females assessed by densitometry analysis of western blots. Analysis is reported as
fold change relative to vehicle control, and N=5 for each treatment group. (C) A representative
western blot chosen to visualize bands used for densitometry analysis depicting 1 sample from
each treatment group. Asterisks (*) indicate statistically significant differences (p < 0.05) as
compared to respective control or between means indicated by brackets.
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Consistent with previous reports, TCDD treatment in both sexes led to an overall
reduction in expression of additional cholesterol biosynthesis-related genes, such as squalene
epoxidase (Sqgle) and 7-dehydrocholesterol reductase (Dhcr7) (Table 3.1).3* However, this trend
was not statistically significant, similar to what was seen with Hmgcr. In general, simvastatin
treatment led to an overall increase in expression of genes involved in this pathway. For example,

Sqgle and Cyp51 expression significantly increased in females.
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Table 3.1: TCDD and simvastatin-mediated changes in gene expression. Results are presented as fold changes with standard error in
parentheses that are relative to vehicle control mice. In all cases, n 2 7 in all groups for gene expression analysis. Superscript letters
indicate significant differences (p < 0.05) as indicated by ANOVA in comparison to: vehicle (sesame oil)?, TCDD treatment® or
simvastatin treatment®. Statistical comparisons were not made across sexes.

Apoal 1.00 (0.11) 0.26 (0.02)° 0.97 (0.12) 0.22 (0.02)° 1.00 (0.14) 0.33 (0.05) 1.93 (0.05) 0.36 (0.07)°
Cyplal 1.00 (0.26) | 2959.93 (104.63)* 1.08 (0.86) 2625.40 (315.80)¢ 1.00(0.13) | 2514.14 (343.20) 1.46 (0.15) 4070.06 (405.41)b<
Cypla2 1.00 (0.04) 16.51 (1.13)° 0.76 (0.11) 14.44 (1.19)¢ 1.00 (0.06) 12.85 (2.00)° 0.98 (0.06) 17.56 (1.99)b<
Cyplbl 1.00 (0.21) 505.86 (60.38) 0.81 (0.19) 377 (20.43)¢ 1.00 (0.10) 701.56 (95.72) 0.99 (0.09) 1320.70 (167.30)5<
Cyp4al0 | 1.00(0.15) 0.36 (0.04)° 0.51 (0.08)t 0.19 (0.03)b= 1.00 (0.22) 0.32 (0.06) L.11(0.14) 0.78 (0.14)F
Cypdald | 1.00(0.24) 0.57 (0.08)° 0.71 (0.12) 0.27 (0.03)b= 1.00 (0.29) 0.11(0.02) 1.4 (0.20) 0.35 (0.08)b<
Cyp51 1.00 (0.23) 0.49 (0.03) 2.12 (0.15)° 1.59 (0.21)b 1.00 (0.11) 0.56 (0.19) 1.86 (0.23) 1.01 (0.19)
Dher? 1.00 (0.26) 0.55 (0.10) 1.63 (0.17) 1.46 (0.21)b 1.00 (0.12) 0.64 (0.18) L67 (0.17) 1.00 (0.21)°
Ghel 1.00 (0.11) 0.51 (0.04)° 0.60 (0.04)° 0.48 (0.06) 1.00 (0.13) 0.42 (0.06)° 0.82(0.12) 0.63 (0.08)
Gys2 1.00 (0.15) 0.49 (0.04)° 0.78 (0.10) 0.28 (0.03)b= 1.00 (0.18) 0.24 (0.04) 1.05 (0.16) 0.36 (0.08)
Hk1 1.00 (0.07) 1.10 (0.06) 0.66 (0.02)° 1.04 (0,05) 1.00 (0.08) 1.45 (0.15) 1.03 (0.24) 1.56 (0.12)
Leat 1.00 (0.31) 0.70 (0.05) 0.63 (0.04) 0.57 (0.06) 1.00 (0.11) 1.19(0.14) 1.42 (0.14) 1.48 (0.24)
Ldlr 1.00 (0.11) 0.87 (0.05) 0.97 (0.11) 1.26 (0.14) 1.00 (0.15) 0.75 (0.06) 0.95 (0.10) 0.92(0.23)
Pgm1 1.00 (0.15) 0.99 (0.05) 0.69 (0.04)° 0.93 (0.08) 1.00 (0.10) 1.17 (0.20) 0.98 (0.12) 1.50 (0.15)
Ppara 1.00 (0.20) 0.54 (0.05)° 0.63 (0.08) 0.32 (0.05)b= 1.00 (0.16) 0.44 (0.04)° 0.96 (0.11) 0.85 (0.10)F
Pygl 1.00 (0.14) 0.32 (0.03)° 0.53 (0.05)¢ 0.24 (0.02)° 1.00 (0.11) 0.37 (0.10)° 1.01(0.15) 0.39 (0.05)°
Sqle 1.00 (0.45) 0.43 (0.06) 2.95 (0.23)° 3.93(0.38) 1.00 (0.12) 0.78 (0.11) 2.09 (0.27) 1.41 (0.20)°
Ugp2 1.00 (0.14) 0.42 (0.03)° 0.71 (0.05) 0.39 (0.04)° 1.00 (0.15) 0.28 (0.07)° 0.80 (0.11) 0.30 (0.03)°
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Assessing Circulating and Hepatic Cholesterol Levels

Given the impact of TCDD, simvastatin and co-treatment on cholesterol biosynthesis
enzyme expression, we also wanted to characterize the impact of these treatments on circulating
and hepatic cholesterol levels. The levels of total cholesterol (TC), low-density lipoprotein (LDL)
and high-density lipoprotein (HDL) were quantified in serum (Table 3.2). TCDD and co-treated
males and females had significantly less TC in serum compared to vehicle control and simvastatin
treatment alone. However, TC was not significantly different between TCDD and T+S. Treatment
did not significantly impact serum LDL levels in female mice, but T+S-treated male mice had
significantly less serum LDL compared to simvastatin-treated mice. The largest TCDD-induced
reductions were seen in serum HDL. Both male and female TCDD-treated mice had almost a 50%
reduction in serum HDL levels compared to control. Co-treated male and female mice also had
significant reductions in serum HDL compared to simvastatin-alone. Interestingly, simvastatin-
treated female mice also had reductions in serum HDL compared to control that was not seen in
males. The HDL:LDL ratio in female mice fed standard chow was nearly double the ratio in

simvastatin-fed female mice (~2.1 vs. ~1.1), which was not seen in male mice.
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Table 3.2: TCDD and simvastatin-mediated changes in cholesterol levels, quantitative pathology, and serum clinical chemistry.
Results are presented as mean weights with standard error in parenthesis. In all cases, sample size (n) is 2 5 in all groups. Superscript
letters indicate significant differences (p < 0.05) as indicated by ANOVA in comparison to vehicle?, TCDD treatment® or simvastatin

treatment®. Statistical comparisons were not made across sexes.

(L;‘;fﬁmf Lipoprotein 38.1(15) | 348(L0) | 52.7(32) 35.6 (1.0} 40.4(0.7) 33.1 (0.5) 432 (0.8) 29.3 (L.6)*
High-Density Lipoprotein a a € a c
(mg/dL) 80.0(3.8) | 43.7(1L5F | s581(2.1) 37.9 (0.9) 63.2(2.3) 35.1 (1.2) 70.2 (2.1) 39.1 (2.5)
Total Cholesterol (mg/dL) [ 136.7(1.9) |120.4(15)¢ | 137.3(1.3) 1205(0.9) |15L7(L5) | 1229(L7F |170.0(L0) 133.6 (2.7)F
(}Iln"'gf;f Free Cholesterol 2.3(0.1) 3.9(0.1F 2.2(0.1) 3.2(0.2)b< 2.1(0.1) 3.2(0.1F 2.1(0.1) 2.8 (0.1
Liver Weight (g) 0.76 (0.02) | 099 (0023 | 0.80(0.02) L12(0.04) | L13(004) | 127(007) | 1.18(0.03) 1.31 (0.05)
Fn:ngIZI;Hd Liver Weight | 10 15 (0.86) | 65.89 (0.63)° | 50.83 (0.45) | 73.47 (1.83)> | 58.58(1.39) | 7127 (2.67F |5938(1.33) | 73.80 (L.69)¢
Body Weight (g) 156(0.3) | 15.1(0.3) | 15.7(0.3) 15.2 (0.3) 195 (0.3) 17.8 (0.4) 19.9 (0.2) 17.7 (0.5)°
Pathology GWAT Weight (g) 0.12(0.02) | 01(0.01) | 0.10(0.009) | 0.10(0.01) 0.23(0.01) | 022(0.01) | 025(0.005) | 0.22(0.01)
i"n‘:ﬁ;‘}j“d GWAT Weight 7.7(1.39) | 7.09(0.57) | 6.17 (0.60) 6.85(2.08) |[11.79(0.76) | 1239(0.24) |1239(024) | 12.65(0.42)
SAC‘:::%E Histologic Severity 0.8(0.2) 2.0 (0.08 0.4(0.2) 1.9 (0.1 0.4(0.2) 2.6 (0.2) 0.3(0.2) 1.5 (0.3)b<
Alanine Aminotransferase . : " b
(mg/dL) 443(2.2) | 335.1 (2107 | 34.6 (0.6) 345.6 (19.5) 340(L4) | 18445 (9158 | 942(3.1) | 3010.9 (256.9)
Free Fatty Acids (mmol/mL) | 662.7 (19.5) | 591.0 (14.4) | 470.3(26.2) |266.6 (25.6)> |437.4(8.1) | 472.9(332) |3254(206) | 397.0(32.4)
Clinical Chemistry Ketone Bodies (mg/dL) F006(101.3) [ 208.2(11.2) | 263.7(11.6) 72.2(2.0)b 856(3.2) 145.5 (3.8)° 836(24) 130.0 (5.1)
Glucose (mg/dL) 1654(2.2) |153.7(3.9) |165.2(24) 142.0 (3.3) 2237(4.1) | 158.8(27F |[221.9(34) 156.6 (3.0)°
Triglycerides (mg/dL) 99.9(1.3) | 107.5(0.7) | 99.0(1.2) 104.7 (1.8) 1156(L5) | 108.4(L2) |108.4(13) 1015 (1.3)
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To address this sex-specific difference in serum HDL, we looked at expression of genes
involved in HDL components (Apoal) and maturation (Lcat) (Table 3.1). TCDD exposure in males
and females significantly repressed expression of Apoal, but co-treatment did not alter
expression compared to TCDD alone in either sex. Interestingly, simvastatin treatment in males
had significantly higher expression of Apoal compared to TCDD alone, which was not seen in
females. Furthermore, TCDD alone and simvastatin alone exposure had a trending, but not
significant, decrease in Lcat expression in females. This decrease was not significantly different
from co-treatment and was not seen in males. These results suggest that simvastatin treatment
may be influencing HDL formation and maturation in a sex-specific manner.

Hepatic total cholesterol levels were also quantified to determine if cholesterol
biosynthesis enzyme repression and changes in cholesterol circulation caused by our treatments
also impacted the hepatic levels of cholesterol (Table 3.2). TCDD treatment significantly increased
the levels of hepatic cholesterol in males and females compared to control. Similarly, T+S
treatment had significantly greater levels of hepatic cholesterol compared to control and
simvastatin-treated mice in both males and females. We also observed that T+S-treated mice had
significantly less hepatic cholesterol than TCDD-treated mice in both sexes. Overall, our results
support the findings of previous studies that indicate TCDD exposure impacts cholesterol

homeostasis in mice.3™
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Co-Treatment Impacts Liver Injury in a Sex-Specific Manner

In assessing gross liver pathology, TCDD-treated male and female mice had significantly
larger liver weight and body weight-normalized liver weight compared to control (Table 3.2). This
same trend was also seen in co-treated mice compared to control and simvastatin treatment in
both sexes. Interestingly, female co-treated mice had larger liver weight and normalized liver
weight compared to TCDD-treated females, which was not seen in males.

Liver tissue sections were stained with Hematoxylin and Eosin (H&E) for general
assessment and to perform severity scoring (Figure 3.2A). TCDD exposure led to increased levels
of inflammation, hepatocyte necrosis and vacuolization in both sexes compared to control. This
corresponded to higher levels of serum alanine aminotransferase (ALT) levels, a marker of liver
injury (Table 3.2). Interestingly, co-treated male mice had less inflammation than TCDD-treated
male mice, but significantly higher serum ALT levels, which was not seen in females. This
corresponded to greater expression of AHR battery genes, including Cyplal, Cypla2 and Cyplbl
(Table 3.1). This result suggests that simvastatin co-treatment is exacerbating TCDD-induced liver

injury in an AHR-mediated manner in male mice.
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Figure 3.2: The Impact of TCDD and simvastatin co-treatment on hepatic lipid accumulation.
(A) Representative liver sections for Hematoxylin and Eosin (H&E) and Oil Red O (ORO) stains.
Scale bars represent 100 um for H&E and 50 um for ORO. (B) Percent area of tissue stained with
ORO quantified using QUHANT software. (C) Quantified levels of triglycerides in hepatic lipid
extracts. In all cases, n 2 5. Asterisks (*) over bars indicate statistically significant differences (p <
0.05) compared to respective control or between means indicated by brackets.
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In females, co-treatment led to significantly more vacuolization compared to females
treated with only TCDD, which was not seen in males. Hepatic Oil Red O (ORO) stain was used to
determine if this was due to changes in lipid accumulation between treatment groups (Figure
3.2A-B). As seen in previous studies, ORO quantification suggested that TCDD treatment
increased hepatic neutral lipid levels in both sexes regardless of simvastatin co-treatment (Figure
3.2B).>%° The quantification results were confirmed by measuring triglyceride content in hepatic
lipid extract (Figure 3.2C). Interestingly, T+S-treated mice in both sexes had significantly less ORO
staining compared to TCDD alone, and T+S-treated female mice had significantly less triglyceride
content compared to TCDD alone.

The increased liver weight and histological differences in T+S-treated females as
compared to TCDD alone were not due to lipid accumulation, so we sought to analyze the hepatic
glycogen levels in each group. In females, there was significantly more hepatic glycogen in the
co-treated group compared to TCDD alone (Figure 3.3A). This was confirmed using a Periodic
Acid-Schiff (PAS) stain that can detect polysaccharides such as glycogen (Figure 3.3C). TCDD
treatment did not impact hepatic glucose in females, but co-treated mice had significantly less
hepatic glucose compared to simvastatin alone (Figure 3.3B). Interestingly, in males, TCDD
treatment led to a significant drop in hepatic glycogen and hepatic glucose levels. Co-treated
males also had a significant drop in hepatic glucose compared to simvastatin-treated males. To
determine why co-treated females may have higher levels of glycogen, expression of various
genes involved in glycogen metabolism were assessed (Table 3.1). In females, genes involved in
glycogen anabolism including Gys2, Ugp2, and Gbel were significantly repressed in the liver

following TCDD treatment. Similarly, expression of Pygl, which regulates glycogen catabolism,
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was significantly repressed in TCDD-treated females. Simvastatin treatment alone in females
decreased expression of Gbel and Pygl in addition to Hk1 and Pgm1, which are involved in
glycogen anabolism. However, T+S-treated females only significantly induced further repression
of Gys2 in females compared to TCDD alone though there was trending repression in expression
in the other genes, as well. TCDD-treated males had the same significant expression pattern that
was seen in females, but simvastatin alone did not impact expression of any of the genes that
were repressed in females. Co-treatment also did not impact Gys2 expression compared to TCDD
alone in males. These results suggest that co-treatment is driving a phenotype similar to a

glycogen storage disease in female mice.

72



Figure 3.3: The Impact of TCDD and simvastatin co-treatment on hepatic glycogen. (A, B)
Inferred levels of hepatic glycogen and glucose levels. Results are reported as fold changes
relative to vehicle control (sesame oil and standard chow). In all cases, n 2 5. Asterisks (*) indicate
statistically significant differences (p < 0.05) as compared to respective control or between means
indicated by brackets. (C) Representative liver sections stained with Periodic Acid-Schiff (PAS)
stain to confirm differences in glycogen level. Scale bars represent 20 um.
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Discussion

Previous reports suggested that alterations in cholesterol homeostasis can induce NAFLD,
and TCDD exposure, via AHR activation, can impact cholesterol biosynthesis enzyme expression
and levels of circulating and hepatic cholesterol in mice.3>*%” As Hmgcr was linked to TCDD-
induced changes in body weight in Chapter 2, this study aimed to deduce if HMGCR modulation
also plays a role in TCDD-induced liver injury by treating C57BI6/J mice in the presence or absence
of TCDD and simvastatin, an HMGCR competitive inhibitor.1°

The impact of TCDD on cholesterol homeostasis in this mouse study supports previous in
vivo work.>* TCDD exposure led to trending decreases in gene expression of various enzymes
utilized in cholesterol biosynthesis including Hmgcr, Sgle, and Dhcr7 that corresponded with
significantly decreased levels of HDL and TC in both sexes (Tables 3.1, 3.2). Notably, hepatic
HMGCR protein expression was also significantly decreased in males and had a trending decrease
in females, which may play a significant role in the decreases in circulating cholesterol (Figure
3.1). Unlike previous studies, LDL levels were unaffected by TCDD treatment, which is likely due
to study design differences.3 Simvastatin treatment did not impact HMGCR protein levels nor TC
or LDL levels in serum in both sexes, but it did significantly decrease HDL levels in females. While
statin drugs primarily reduce LDL levels in humans, it has been shown that they are less effective
at doing so in mice as the predominant lipoprotein in mice is HDL.1%!? In females, simvastatin
treatment had a trending decrease in Lcat expression, which is utilized to form mature HDL (Table
3.1).13 This results suggests that simvastatin-induced repression of Lcat may lead to lower HDL
levels in females, which in turn, may impact reverse-cholesterol transport.>-%13

TCDD was also shown to increase hepatic cholesterol and lipid levels, as seen in previous
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studies (Table 3.2; Figure 3.2).3>8° Increases in hepatic cholesterol are associated with liver injury
development and steatosis is seen with early stages of liver damage.®” %% T+S co-treatment,
however, significantly lowered hepatic cholesterol and neutral lipid levels compared to TCDD
alone in both sexes. This result supports previous findings that statins may have lipid-lowering
capabilities and are protective against hepatic steatosis.'®7 It has suggested that this could be
due to statin-induced activation of PPARa, a major regulator of hepatic lipid metabolism.®7 In
males, T+S treatment led to increased expression of PPARa target genes, Cyp4a10 and Cyp4al4,
compared to TCDD alone, and simvastatin treatment had a trending increase in expression
compared to control (Table 3.1). This suggests that simvastatin-induced PPARa activation may
play a role in the decrease in AHR-mediated steatosis in males. Interestingly, simvastatin co-
treatment had the opposite effect in females, who also had decreased levels of ketone bodies
compared to TCDD-treated females, suggesting that there is less lipid mobilization to the liver
and that PPARa activation may be sex-specific (Tables 3.1, 3.2).

Interestingly, although co-treatment appears to be protective against AHR-mediated
steatosis, there also appeared to be induction of sex-specific liver injury. In females, co-treatment
led to significant increases in hepatic glycogen levels compared to TCDD alone, which is a
phenotype similar to a glycogen storage disease (Figure 3.3; Table 3.1). This may be due to
impaired glycogen catabolism as co-treatment led to a trending decrease in Pygl expression
compared to TCDD alone, which is involved in the rate-limiting step in this process.!®
Furthermore, the significant decrease in Gys2 expression in co-treatment vs. TCDD alone suggests
that glycogen synthesis is being halted in response to the greater levels of hepatic glycogen. In

males, T+S treatment had significantly higher ALT levels in serum and significantly more induction
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of AHR battery genes like Cyplal (Tables 3.1, 3.2). Previous clinical trials have shown that statins
have been associated with increased ALT levels with a small minority of patients.'® However, this
result suggests that the increase in ALT levels is associated with increased AHR activity. Given
that TCDD-induced liver injury is AHR dependent, this result suggests that simvastatin is
exacerbating AHR-mediated, TCDD-induced liver injury in males.?%?! Overall, this study
functionally characterized the sex-specific roles played by HMGCR in TCDD-elicited toxicity in the
liver. However, the results suggest that individuals who take statins may be protected from AHR-

mediated steatosis, but they may also be at greater risk of sex-specific, TCDD-induced liver injury.
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Abstract

In Chapter 3, the results indicated that HMG-CoA reductase repression plays a role in
TCDD-induced liver injury, and co-treating mice with TCDD and simvastatin impacted liver injury
in a sex-specific manner. In males, co-treatment led to induction of AHR battery genes and higher
levels of ALT suggesting that simvastatin co-treatment exacerbates AHR-mediated, TCDD-
induced liver injury. The aim of this study was to deduce a possible mechanism(s) for this
increased liver injury using single-nuclei RNA sequencing (snRNAseq) in mouse liver. We
demonstrated that co-treated mice experienced wasting and increased AHR activation compared
to TCDD alone. Furthermore, relative proportions of cell (sub)types were different between TCDD
alone and co-treated mice including important mediators of NAFLD progression. Analysis of non-
overlapping differentially expressed genes identified several pathways where simvastatin co-
treatment significantly impacted TCDD-induced changes, which may explain the differences
between treatments. Overall, these results demonstrate how simvastatin can impact the liver in

the context of toxicant-induced liver injury.
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Introduction

In the study outlined in chapter 3, we showed that HMGCR repression does play a role in
TCDD-induced liver injury.! Interestingly, we also saw that simvastatin and TCDD (T+S) co-
treatment appeared to exacerbate AHR-mediated, TCDD-induced liver injury in male mice
compared to TCDD treatment alone.! Although statin drugs have been suggested as a potential
therapy for NAFLD with their lipid-lowering and anti-inflammatory effects, this result suggested
that people who may be exposed to AHR ligands could be at risk of additional injury instead.?3
As millions of people take statins, it's important to confirm if simvastatin puts a vulnerable
population at greater risk of injury.

The goal of this study was to confirm if simvastatin does exacerbate liver injury, and if so,
how this may be occurring. A previous report showed that snRNAseq can be used to identify
TCDD-induced alterations in relative proportions of various liver cell (sub)types and changes in
cell-specific gene expression.* Therefore, snRNAseq was utilized in this study to investigate how
simvastatin co-treatment may impact distinct liver cell (sub)types differently than TCDD alone.
Male C57BI/6J mice were treated with TCDD (30 pg/kg) or simvastatin (500 mg/kg food), and liver
tissue was used for snRNAseq. The materials and methods for this study can be found in Chapter
6. The results suggested that when TCDD and T+S-treated mice were compared, there were
changes in the relative proportions of liver cell (sub)types that are important mediators of NAFLD
progression, such as hepatocytes and macrophages. Additionally, there were several treatment-
group-specific differentially expressed genes associated with NAFLD pathways. Although distinct
markers of liver injury were not significantly different, there was wasting and lethality associated

with co-treatment. These results demonstrate that simvastatin may impact liver injury severity
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in the context of toxicant-induced liver injury via decreasing the inflammatory response;

however, it also suggests that vulnerable populations may be at risk of other adverse effects.

Results
Simvastatin Co-Treatment Exacerbates TCDD-Induced Toxicity

To characterize the impact of simvastatin on TCDD-induced liver injury, mice were treated
with TCDD (30 pg/kg) every 4 days for 28 days in the presence or absence of simvastatin (~80
mg/kg body weight/day). Notably, this treatment paradigm was different from the study
conducted in Chapter 3 where mice were treated with TCDD (10 pg/kg) for 10 consecutive days.
This new treatment paradigm is a well-established model of progressive liver injury that has been
shown to induce steatohepatitis with fibrosis at this dose.*~” Also, it compensates for the half-life
differences of TCDD in humans vs. mice, the short duration of the study considering the
bioaccumulative nature of AHR ligands, and it considers the potential cumulative lifetime
exposure from diverse AHR ligands.®"1! Our previous study design resulted in a cumulative dose
of TCDD higher than what would be expected for an environmentally relevant exposure, so the
dosing schematic was altered to take that into consideration for this study.

During the course of this study, co-treated mice were more severely impacted by their
treatment compared to TCDD or simvastatin alone. Simvastatin alone did not impact weight gain
compared to control, but there was a difference seen in TCDD alone vs. T+S treatment (Figure
4.1A). TCDD reduced weight gain after 5 doses, while T+S treatment reduced weight gain after
only 3 doses with wasting after 4 doses (Figure 4.1A). Unexpectedly, co-treatment also resulted

in 2 deaths over the course of the study.
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We hypothesized that the wasting was due to increased liver injury in co-treatment
compared to TCDD alone as we saw in our previous study. Interestingly, while failure to thrive
was exacerbated by co-treatment, there was no difference in liver damage severity. Neither
serum ALT levels nor liver weights between TCDD and co-treated groups were significantly
different (Figure 4.1B- C). Notably, one mouse had much higher serum ALT compared to the other
mice in the co-treated group, and although it was not a significant outlier, the other T+S-treated
mice, on average, had significantly lower ALT levels compared to TCDD alone (Figure 4.1B).
Furthermore, histopathology between TCDD and T+S-treated mice were also comparable. TCDD
induced widespread vacuolization (score 4) with hepatocellular hypertrophy (score 4) and mild
mixed inflammatory cell infiltrate (score 2) with minimal necrosis (Figure 4.1D). Lesions were
most severe in periportal regions. Co-treatment elicited similar lesions in both character and
severity to TCDD-treated mice with the addition of mild biliary hyperplasia besides 1 mouse that
did not have biliary hyperplasia and had minimal vacuolization (score 1) and mild-moderate
necrosis (score 2-3) (Figure 4.1D). Apart from this one mouse, which was not the mouse with
higher ALT levels, all other mice had the same pathologies and severity scoring as the other mice
in their respective treatment groups. No significant histopathology lesions were observed in

control or simvastatin-treated mice.
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Figure 4.1: Simvastatin co-treatment induces wasting. (A) The average body weight of the mice in each respective group measured
every 3 days. (B) Measured alanine aminotransferase (ALT) levels (U/L) in serum for each treatment. (C) Corrected liver weight (mg of
liver/kg body weight) for each treatment. (D) Representative H&E-stained liver samples for each treatment. Scale bar = 100 um.
Asterisks indicate statistical significance compared to respective control group: * (P < 0.05), ** (P < 0.01). Pound symbol indicates
statistical significance between TCDD and T+S groups: # (P < 0.05). N > 5 mice per treatment group.
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Figure 4.1 (cont’d)
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snRNAseq Suggests Differences in Liver Cell Type Proportions Between Treatments

Although T+S-treatment elicited no significant changes in liver pathology using this
treatment paradigm compared to TCDD alone, we hypothesized that hepatic cell type and cell-
specific gene expression changes may partially explain the increased T+S-toxicity. Furthermore,
statin drugs have been suggested to be a treatment option for NAFLD, so we wanted to validate
if simvastatin may be exhibiting any lipid-lowering or anti-inflammatory gene expression changes
by evaluating how simvastatin co-treatment impacts distinct liver cell types compared to TCDD
alone.

A total of 83,229 nuclei (average per group) were analyzed using snRNAseq, and relative
proportions of liver cell nuclei clusters across treatments were identified. Simvastatin alone did
not alter cell type proportions compared to control mice (Figure 4.2A-B). TCDD alone did elicit
shifts in 7 of 10 cell types identified including an increase in macrophages (2.3% to 28.4%), B cells
(3.1% to 10.6%) and T cells (2.2% to 7.6%) (Figure 4.2B). This is consistent with previous reports
using snRNAseq data as well as F4/80 staining of TCDD-treated liver sections.*®12

T+S elicited shifts in proportions for 8 of 10 cell types identified compared to control mice,
including the same 7 cell types impacted by TCDD alone (Figure 4.2A-B). However, the
proportions of B cells, cholangiocytes, centrilobular region (central) hepatocytes and periportal
region (portal) hepatocytes differed between TCDD alone and co-treatment. Although co-treated
mice had a smaller proportion of central (7.5 to 5.9%) and portal (67.6 to 37.3%) hepatocytes
compared to control, this was increased compared to TCDD alone (3.5% and 22.9%, respectively)
(Figure 4.2B). There was a large increase in the macrophage population in co-treated mice (2.3%

to 20.2%) compared to control as well. However, the 8.2% difference between TCDD alone and
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T+S-treated mice was not significant due to one sample driving larger error in the co-treated
group. Interestingly, the proportion of liver dendritic cells only increased in the co-treated mice
(2.1%) compared to control (0.3%), statin alone (0.3%) and TCDD alone (0.8%) (Figure 4.2B).
These results indicated that simvastatin co-treatment was promoting lessimmune cell infiltration

compared to TCDD alone.
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Figure 4.2: TCDD alone and T+S co-treatment impact relative liver cell type proportions differently. (A) UMAP visualization of nuclei
isolated from livers of mice treated with vehicle control, TCDD alone, simvastatin alone or T+S, clustered based on gene expression
profile similarity. (B) Relative proportions of each cell type for each treatment group. Letters indicated statistical significance (P < 0.05)
in comparison to control (a), TCDD alone (b) or simvastatin (c). N=3 mice per treatment group.
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Figure 4.2 (cont’d)
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Comparing Changes in Portal Hepatocytes Between TCDD alone and T+S Treatment

The relative proportion of portal hepatocytes was significantly different between TCDD
treatment (22.9%) compared to T+S treatment (37.3%) (Figure 4.2B). Hepatocytes, in general,
are the first major cell type disrupted in NAFLD due to fat accumulation.'3'* However, portal
hepatocytes, or hepatocytes near the portal triad, are particularly important as TCDD exposure
initially exhibits periportal toxicity in the liver.*> Furthermore, cholesterol biosynthesis, which is
impacted by both TCDD and statin exposure, primarily takes place in portal hepatocytes.16-18
Therefore, we hypothesized that there may be alterations in differentially expressed genes
(DEGs) in portal hepatocytes between TCDD alone and co-treated mice that may influence
processes like the development of steatosis.

As expected, TCDD treatment resulted in decreased gene expression in many enzymes
involved in cholesterol biosynthesis compared to control such as Hmgcsl1, Fdftl and Cyp51
(Figure 4.3). Furthermore, TCDD treatment also decreased expression of other genes involved in
cholesterol homeostasis including genes used in cholesterol re-uptake (LdIr) and cholesterol
efflux (Abcal) (Figure 4.3). The enzymes involved in cholesterol biosynthesis were more
upregulated in co-treated mice compared to TCDD alone (Figure 4.3). In contrast, genes such as
Srebf2, which regulates cholesterol homeostasis, had significantly lower expression in co-treated

mice compared to simvastatin alone (Figure 4.3).
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Figure 4.3: Cholesterol homeostasis gene expression. Dot plot of genes involved in cholesterol
biosynthesis and homeostasis in portal hepatocytes. Colors indicate significant differences in
expression between treatment groups (P < 0.05): green (control); blue (control and TCDD alone);
yellow (control and statin alone); gray (TCDD alone and statin alone); and peach (control, TCDD
alone and statin alone). N=3 mice per treatment group.
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Although there was a difference in the relative proportion of portal hepatocytes between
TCDD alone and co-treated mice, the majority of DEGs between these two groups were the same
compared to control (Figure 4.4A). However, a large portion of these DEGs had expression levels
that were different when comparing co-treatment to TCDD alone, including transporters like
Slcola4 and enzymes involved in metabolism like Cyp4a14 (Figure 4.4B). DAVID analysis of these
DEGs with different expression levels indicated that pathways involving lipid and cholesterol
metabolism were more upregulated in T+S treatment compared to control. This is consistent with
the study outlined in Chapter 3 where T+S-treated mice had significantly reduced fat content in
the liver.!

Non-overlapping DEGs in the TCDD alone and T+S-treated mice groups were also
assessed. DAVID analysis indicated that there were unique DEGs in both treatment groups that
were involved in lipid metabolism (Figure 4.4C-D). The genes involved in this cluster in the TCDD-
treated group, such as Elovl6, were downregulated (Figure 4.4C). Notably, Hmgcs1 and Srebf2
are also represented in this cluster, which supports the importance of cholesterol homeostasis
in TCDD-induced liver injury (Figure 4.4C). In contrast, the genes involved in the lipid metabolism
cluster in co-treated mice were upregulated (Figure 4.4D). The non-overlapping genes associated
with the lipid metabolism clusters in both groups as well as the changes in expression of shared
DEGs involving lipid metabolism between treatment groups may play an important role in
differences previously seen in fat accumulation (Figure 4.4B-D).! It is possible that the
upregulation of genes involved in lipid metabolism may be protective against hepatocyte injury
(i.e. lower ALT levels) that was seen in most, but not all, of the T+S-treated mice as this could lead

to less fat accumulation like we saw in our previous study (Figure 4.1B). ?
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Figure 4.4: Simvastatin co-treatment impacts pathways involved in lipid metabolism differently than TCDD alone. (A) Venn diagram
of the statistically significant (P < 0.05) differentially expressed genes (DEGs) compared to control that are shared between treatment
groups. (B) Volcano plot representing the significant DEGs compared to control that were shared between TCDD and T+S treatments
where the fold changes for both treatments were also significantly different from each other. The plot shows the log fold change of
these DEGs for both TCDD (blue) and T+S (orange) corresponding to their respective p-values. (C) Dot plot of DEGs in the DAVID cluster
involving lipid metabolism in TCDD-treated mice. (D) Dot plot of the DEGs in the DAVID cluster involving lipid metabolism in T+S-
treated mice. Colors indicate statistical significance (P < 0.05) in expression between treatment groups: green (vehicle); blue (vehicle
and TCDD alone); gray (TCDD alone and statin alone) and peach (vehicle, TCDD alone and statin alone). N=3 mice per treatment group.

Statin 300
A. B.
250 TCDD
200
]
T 150
<
=]
;.g 100
[ Sicola4 AU
S
TCDD T+S 50 opraze
0 . - ,\‘ Ll .
3 2 1 0 1 2 3

Log2(Fold Change)

93



Figure 4.4 (cont’d)
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Comparing Changes in Immune Cell Populations Between TCDD alone and T+S Treatment

NAFLD progresses due to the presence of inflammation that is largely controlled by
macrophages.’>14 Hepatic lipid accumulation in hepatocytes can trigger immune cell infiltration
and subsequent pro-inflammatory responses.!*'* Although the relative proportion of
macrophages was not significantly different between TCDD alone (28.4%) and T+S-treated
(20.2%) mice, simvastatin tended to limit immune cell recruitment or proliferation (Figure 4.2A-
B). Due to inflammation being important for liver injury progression, we hypothesized that
changes in DEGs in macrophages may also play a role in the differences in immune cell infiltration
between treatments.

The majority of DEGs in macrophages were the same between TCDD alone and T+S-
treated mice compared to control; however, a portion of these shared DEGs had expression that
was different when comparing co-treatment to TCDD alone including genes involved in immune
signaling like Cd74 or Adk (Figure 4.5A-B). DAVID analysis of this group of genes indicated that
immune system signaling was more repressed following co-treatment compared to TCDD alone.
In contrast, unique DEGs in TCDD alone-treated mice associated with the immune response were
upregulated (Figure 4.5C). Notably, a portion of these genes were specifically associated with
activation of the NF-kB signaling pathway including Prkcb, Nfkb1 and Nirp3 (Figure 4.5C). NF-kB
signaling in macrophages may play an important role in TCDD-induced liver injury via NLRP3
inflammasome activation, which has been previously associated with the progression of steatosis

to steatohepatitis. 1°
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Figure 4.5: Simvastatin co-treatment impacts pathways involved in inflammation differently than TCDD alone. (A) Venn diagram of
the statistically significant (P < 0.05) differentially expressed genes (DEGs) shared between treatment groups in macrophages. (B)
Volcano plot representing the significant DEGs compared to control that were shared between TCDD and T+S treatments where the
fold changes for both treatments were also significantly different from each other. The plot shows the log fold change of these DEGs
for both TCDD (blue) and T+S (orange) corresponding to their respective p-values. (C) Dot plot of genes associated with NF-kB signaling
in macrophages in TCDD-treated mice. (D) Dot plot of genes in the immune pathway cluster in T+S-treated mice for liver dendritic
cells. Colors indicate statistically significant (P < 0.05) differences in expression between treatment groups: green (vehicle); gray (TCDD

alone and statin alone) and pink (TCDD alone). N=3 mice per treatment group.
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Figure 4.5 (cont’d)
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A particularly interesting result of this study was that the proportion of liver dendritic cells
significantly increased only in T+S mice (Figure 4.2B). Hepatic dendritic cells can act as a bridge
between the innate and adaptive immune process.?° They have been shown to act as either
perpetuators of inflammation in chronic inflammatory states, or interestingly, they can act as
protective cells and avoid triggering inflammatory cascades.?° DAVID analysis of non-overlapping
DEGs in liver dendritic cells indicated that immune response, particularly regarding the
complement system, was downregulated in co-treatment (Figure 4.5D). Activation of the
complement system is involved in immune cell recruitment, so repression of this pathway may
be important for the differences seen in the proportion of immune cells between TCDD alone
and co-treatment (Figures 4.2B, 4.5D). Furthermore, activation of the complement system is
associated with disease severity in humans with NAFLD, so this pathway could also be important
for NAFLD severity in rodents.?! Although liver dendritic cells are a rarer cell type in the liver

(Figure 4.2B), they may play an important role in this process.

AHR Activation and Hepatic Signatures of Muscle Wasting

Given the essential role that AHR activation plays in TCDD-induced injury, the impact of
simvastatin co-treatment on AHR activation was explored. Ahr expression is highest primarily in
hepatocytes compared to other liver cell (sub)types, and interestingly, its expression is
significantly higher in T+S treated mice compared to TCDD alone in portal hepatocytes (Figure
4.6A-B). The increase in Ahr expression also correlates with increased AHR-mediated gene
expression, such as Cyplal and Cypla2 (Figure 4.6B). This trend was also seen in macrophages,

but to a lesser degree (Figure 4.6B). Increased expression of AHR battery genes following co-
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treatment was also seen in the previous study outlined in Chapter 3. Consequently, increased

AHR activity may be involved in the worse prognosis seen in co-treated mice.
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Figure 4.6: Simvastatin co-treatment induces AHR activity. (A) UMAP visualization of Ahr
expression in all nuclei for TCDD and T+S-treated mice. (B) Dot plot of AHR and AHR target gene
expression in portal hepatocytes and macrophages. (C) Dot plot of gene expression of GH/IGF-1
axis marker genes in portal hepatocytes. Colors indicate statistical significance (P < 0.05) in
expression between treatment groups: green (vehicle); blue (vehicle and TCDD alone); and
orange (vehicle, TCDD alone and statin alone). N=3 mice per treatment group.
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Figure 4.6 (cont’d)
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Simvastatin is also linked to muscle pain and muscle damage at high doses or when taken
in combination with other drugs.?? Therefore, we investigated hepatic gene signatures for
mechanisms that link AHR activation by TCDD and perturbation by simvastatin to wasting such
as the growth hormone (GH) / insulin-like growth factor (IGF)-1 axis. Hepatic steatosis-related
alternations in the GH/IGF-1 axis is associated with decreased muscle myofibrillar protein content
and muscle strength.?® Lower IGF1 levels are reported in NAFLD patients, and the liver is the
primary organ that contributes to plasma IGF1 concentration.?3?* Igf1 expression significantly
decreased in T+S mice compared to TCDD alone in portal hepatocytes (Figure 4.6C). A decrease
in Igfl was also seen in simvastatin alone mice, which corresponds to previous reports.?
Moreover, overexpression of IGFBP1, a modulator of IGF1 action, is associated with hepatic ER
stress, hyperinsulinemia and glucose intolerance.?®%® Igfbp1 levels increased in T+S mice
compared to TCDD alone (Figure 4.6C) in portal hepatocytes. Igfbp1 expression has been shown
to be upregulated by the AHR in both humans and mice, so an increase in AHR activation in co-
treated mice may explain the difference in expression between TCDD and co-treatment.?’:28
While statins have been shown to have no effect on IGFBP-1, there was a small (P=0.04) decrease
in expression in the simvastatin alone group compared to control in our study.?> While these
changes in expression are not huge in the liver, skeletal muscle can be examined in future
experiments to determine if this possible mechanism is important for the wasting seen in co-

treatment.
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Discussion

Many studies suggest that simvastatin may be protective against NAFLD. Our study in
Chapter 3, however, suggested that simvastatin may exacerbate aspects of TCDD-induced injury.
In this study, we aimed to elucidate how simvastatin may exacerbate TCDD-induced liver injury
using snRNAseq in mouse liver tissue to determine how treatment may be impacting specific liver
cell (sub)types differently than TCDD alone. Co-treatment with simvastatin in this study impacted
gene expression in pathways involved in liver injury differently, which may explain differences in
pathology between TCDD and co-treated mice seen in Chapter 3. For example, portal hepatocyte
snRNAseq signatures suggested that differential expression of key genes encoding proteins
important for lipid homeostasis, such as the induction of PPARa target genes like Cyp4al0 only
seen in T+S-treated mice, may play a role in steatosis differences in TCDD vs. co-treated male
mice, which supports the results seen in Chapter 3.1

An important observation in this study was that co-treatment led to wasting and caused
the death of 2 mice compared to TCDD alone. However, there was not a significant increase in
liver injury with co-treatment, likely due to following a different treatment paradigm in this study
compared to our previous one. While the liver is a key organ impacted by treatment, increased
wasting and lethality in co-treated mice are likely due to systemic effects that may also involve
other tissues. Due to restrictions at the time this study was conducted, other tissue was not able
to be collected to fully address this outcome, so the hepatic snRNAseq results may not solely
explain the T+S pathology. However, co-treatment appears to impact the GH/IGF-1 axis, which
may impact the liver with subsequent effects on muscle protein and strength. Specifically,

differences in hepatic Igf1 and Igfbp1 expression between TCDD and co-treatment suggests that
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decreased IGF1 signaling may exacerbate muscle wasting, which can be explored in future studies
by looking beyond the liver. Although we were unable to examine other tissue to explain the
weight loss in co-treatment, this result does support our findings in Chapter 2 that linked HMGCR
to TCDD-induced changes in body weight.?° As simvastatin also impacts HMGCR directly, co-
treatment may exacerbate the impact on body weight changes in mice caused by TCDD exposure,
supporting that cholesterol biosynthesis plays an important role in TCDD-induced phenotypes.
Simvastatin co-treatment also exhibited differences in immune cell infiltration evidenced
by a decrease in immune cell populations and differences in pro-inflammatory pathways in
macrophages compared to TCDD alone. Notably, TCDD-induced macrophage gene expression
associated with the NF-kB pathway was not present in co-treatment. NF-kB activation plays an
important role in chronic liver injury as pro-inflammatory mediators upregulated by activation of
this pathway in macrophages can lead to additional injury to hepatocytes.3%3! Statin drugs have
been shown to lower activity of NF-kB and deactivate the NLRP3 inflammasome.? Therefore, the
ability of simvastatin to partially inhibit this TCDD-induced upregulation of NF-kB-related genes
could lead to a weaker inflammatory response in co-treatment. While immune cell infiltration
decreased with co-treatment, the liver dendritic cell population increased. An increase in
plasmacytoid dendritic cells (pDCs), for example, is associated with protection against immune-
mediated acute liver injury in humans and mice.3? Furthermore, non-overlapping DEGs in liver
dendritic cells in co-treated mice suggested that a decrease in the complement system pathway
may play a role in protection against immune-related injury. Complement components are
responsible for recruitment of inflammatory cells such as macrophages, and NAFLD severity in

patients is correlated with accumulation of several components.?>?! |t is possible that liver
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dendritic cell recruitment in co-treatment plays an important role in decreasing macrophage and
other immune cell recruitment through inhibition of the complement system.?9?! The
combination of liver dendritic cell recruitment and inhibition of TCDD-induced NF-kB pathway
activation in macrophages may explain the differences in immune cell infiltration between
treatment groups, which may ultimately influence liver injury severity.

Overall, this study provides additional support for the results of the studies outlined in
Chapter 2 and Chapter 3. The snRNAseq results provided more insight on how simvastatin co-
treatment impacts distinct liver cell populations, which may influence the severity of TCDD-
induced liver injury. This study also further supports that Hmgcr is a likely candidate for TCDD-
elicited changes in body weight as simvastatin co-treatment induced wasting. Importantly, the
results of this study provide more context in how simvastatin could work as a treatment option
for NAFLD; however, statins could put vulnerable populations at increased risk of other adverse

effects that would need to be further analyzed before recommendation.
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Overall Goal

The primary goal of this dissertation was to gain better insight on the connection between
alterations in cholesterol homeostasis, AHR-mediated signaling and TCDD-induced liver injury.
First, we identified key genes implicated in AHR-mediated injury, leading us to determine that
HMGCR is important for TCDD-induced changes in body weight. This led to us characterizing the
role that HMGCR plays in TCDD-induced liver injury, and ultimately, how simvastatin impacts

toxicant-induced liver injury.

Primary Findings and Future Directions

Specific Aim 1: Identifying Key Genes Implicated in AHR-Mediated Injury

The primary goal of this study was to use a population-based approach to identify novel
genes regulated by the AHR that may lead to specific genes or pathways that are implicated in
TCDD-induced liver injury. Additionally, it aimed to identify genes that are implicated in TCDD-
mediated changes in body weight and body fat percentage. This study examined 14 genetically
diverse Mus musculus strains that were treated with vehicle control or TCDD (100 ng/kg) for 10
consecutive days.?

This study demonstrated that there was a range of responses across diverse genetic
backgrounds that suggest factors in addition to the Ahr allele carried by a mouse play a role in
responses to AHR ligands. There was a range in the number of differentially expressed genes and
the level of hepatic TCDD burden that did not entirely correspond to the Ahr allele carried by the
mice leading to us to perform linear regression to identify which genes were associated with

hepatic TCDD burden. This study indicated 7 genes, 2 of which were novel, associated with
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hepatic TCDD burden. Furthermore, this study indicated genes that were associated with
additional TCDD-induced phenotypes. Diol was associated with TCDD-induced changes in body
fat percentage, and Hmgcr was associated with TCDD-induced changes in body weight.

While the focus of this dissertation was on characterizing HMGCR in TCDD-mediated
injury, additional studies in the future can focus on the role of the additional genes identified in
this study, especially the novel AHR-regulated genes, Nptx1 or Slc46a3. For example, Nptx1 has
been shown to play an oncogenic role in several tumors but may inhibit growth and promote
apoptosis in hepatocellular carcinoma.? Future studies can deduce the role of Nptx1 in TCDD-
induced liver injury and elucidate if it could be a good target candidate for toxicant-induced liver
injury. Furthermore, it would also be beneficial to characterize the role of Diol in TCDD-induced
liver injury similarly to how we focused on Hmgcr. Thyroid hormones play a key role in regulating
conditions involved in metabolic syndrome, such as insulin resistance and body weight, and
studies suggest that hypothyroidism is prevalent in NAFLD patients.? Thus, this could be another

likely candidate involved in TCDD-induced liver injury.

Specific Aim 2: Characterizing the Role of HMGCR Repression in TCDD-Induced Liver Injury

The primary goal of this study was to assess the potential role of Hmgcr in modulating
TCDD-mediated liver injury. This study exposed TCDD-sensitive (Ahr®l) mouse strain, C57BI6/J, to
TCDD (10 pg/kg) in the presence and absence of simvastatin, a competitive inhibitor of HMGCR
every day for 10 consecutive days.* This study was conducted in male and female mice to
determine if there were any sex-specific outcomes associated with treatment.

This study supported previous reports indicating that TCDD dysregulated cholesterol
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homeostasis and induces hepatopathologies like NAFLD in mice. Interestingly, this study
indicated that simvastatin co-treatment led to sex-specific liver injury. In both sexes, simvastatin
co-treatment led to decreased AHR-mediated steatosis. However, in females, there was
increased hepatic glycogen, and in males, there was exacerbated TCDD-induced liver injury
indicated by higher ALT levels and greater induction of AHR battery genes. These results
suggested that simvastatin may put vulnerable populations at risk of sex-specific injury.

The follow-up study in specific aim 3 only focused on the outcomes seen in male mice.
Therefore, future studies can elucidate a mechanism to determine why simvastatin co-treatment
is mimicking a glycogen storage disease in females by analyzing protein expression and activity
of enzymes involved in glycogen anabolism and catabolism. It’s also important to note that one
side effect of glycogen storage disease includes myopathy, which has been linked with statin
usage.®> Additionally, statins have been linked to causing glucose intolerance in rodent muscles.®
Therefore, future studies could also examine skeletal muscle in addition to liver tissue to
elucidate if these conditions may be connected to each other in females.

It is also valuable to indicate if any of these changes seen in co-treatment are also seen in
human models. Although supply chain issues prevented their use for the scope of this
dissertation, HepaRG cells are a robust and reliable model for toxicity studies. HepaRG cells are
more similar to primary human hepatocytes in comparison to other available human liver cell
lines when comparing gene expression levels and cytochrome P450 enzyme activity.” Using this
cell lines has many benefits that can address the human relevance of the changes seen in co-
treatment. For example, HepaRG cells can be used for Oil Red O staining allowing us to see if co-

treatment decreases steatosis compared to TCDD alone in human hepatocytes.® Furthermore,
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undifferentiated HepaRG cells can be used to make CRISPR-Cas 9 knockout cell lines. By knocking
out AHR, for example, it can be confirmed if the simvastatin-induced changes in co-treated liver
are AHR dependent as we saw greater AHR-mediated transcription compared to TCDD alone. It
would also be useful to see if different statins have the same effects as we saw with simvastatin.
While it may not be feasible to repeat these studies in mice for each statin, using HepaRG cells
would be a less costly alternative in addition to being more applicable to how different statins

may impact the human liver.

Specific Aim 3: Characterizing the Impact of Simvastatin on TCDD-Induced Liver Injury

The primary goal of this study was to elucidate a mechanism for how simvastatin
exacerbates TCDD-induced liver injury in male mice. This study treated C57BI6/J mice with TCDD
(30 ng/kg) every 4 days for 28 days in the presence and absence of simvastatin. Liver tissue was
collected from these mice and single-nuclei RNA sequencing was performed to determine how
simvastatin co-treatment impacts distinct liver cell (sub)types differently from TCDD alone, which
could impact liver injury severity.

This study indicated that simvastatin co-treatment alters the relative liver cell (sub)type
proportions compared to TCDD alone. There was a trending decrease in immune cell infiltration
with co-treatment, but the portion of liver dendritic cells only increased in co-treatment
compared to all other treatment groups. Functional annotation analysis indicated that repression
of genes involved in NF-KB signaling in macrophages and repression of genes involved in the
complement system in dendritic cells may play an important role in this process. Interestingly,

although snRNAseq results suggested that simvastatin co-treatment may be beneficial for the
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liver, it was also associated with wasting and lethality that may be due to enhanced AHR activity.

In future studies, it is important to elucidate why co-treatment would lead to wasting.
Although this result does support that Hmgcr is linked to TCDD-induced body weight changes as
indicated in specific aim 1, the snRNAseq results in the liver were not enough information to
deduce an explanation for a systemic effect. It is unclear if the wasting is a result of decreased
fat or lean muscle mass, so performing whole-body scans of the mice under these treatments
would help address where the loss in weight is coming from. Furthermore, future studies can
focus on examining other tissues in addition to the liver, such as skeletal muscle. Performing bulk-
RNA sequencing on skeletal muscle can help elucidate how treatment is impacting pathways
associated with myopathy, and it can help confirm if the GH/IGF-1 axis may be an important
pathway involved in this wasting. As this initial study was only performed in males, repeating this
study in females would also help address the results seen in Chapter 3.

It would also be important in future studies to confirm if this adverse phenotype is seen
at lower concentrations of TCDD treatment. While the dosing schematic in this study is more
environmentally relevant, we have not looked at the impact of simvastatin co-treatment at lower
doses of TCDD.® Again, further research would also be needed to confirm these results in the
human population as this data suggests that people who may take statins as a treatment for

NAFLD could be at risk of developing adverse side effects.

Overall Conclusion

While it is known that TCDD elicits injury via AHR activation, much remains unknown

about the mechanisms behind how exposure to TCDD or other AHR ligands can drive these
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adverse effects. This thesis aimed to bridge this gap by showing how dysregulating cholesterol
through HMGCR repression is connected to TCDD-induced liver injury. Also, this thesis provides
a more concrete understanding of how statin drugs impact the liver in the context of toxicant-
induced liver injury. While statins have been suggested to be a treatment for NAFLD, the findings
of this thesis showcase how statins directly impact specific liver cell types involved in the
development and progression of NAFLD. It also emphasizes that using statins as a treatment for
NAFLD requires further investigation to ensure that vulnerable populations are not at greater risk
for adverse health effects. Through further investigation of the results outlined in this thesis, we
hope that it can eventually lead to therapeutic treatment options for NAFLD. Cases of NAFLD will
continue to grow as cases of metabolic disorders continue to rise, so we hope that these results
may lead to new pharmaceutical treatments or ways to adapt existing drugs, such as statins, to

become safe options for treatment.
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Materials and Methods for Chapters 2-4

Mouse Panel Study

All animal handling was in accordance with Texas A&M University’s Institutional Animal
Care and Use Committee. Fourteen mouse strains were used: 1) C57BL/6J; 2) A/J; 3) BALB/cJ; 4)
FVB/NJ; 5) C3HeB/FeJ; 6) CBA/J; 7) DBA/1J; 8) NOD/ShiLtJ; 9) NZO/HilLtJ; 10) 129S1/SvimJ; 11)
BXD40; 12) BXD91; 13) BXD100; 14) CC019/TauUNC. Animals were obtained from The Jackson
Laboratory (Bar Harbor, Maine) and mated at 6-8 weeks of age. Females were checked daily for
vaginal plugs. Pregnancy-related endpoints were to be a focus in other studies, but the focus of
this study was only on liver-related phenotypes. If a plug was present, mice were separated,
weighed and randomly placed into a 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) dose group:
vehicle control (0), 1 or 100 ng/kg/day. TCDD was administered to mice using peanut butter as
the vehicle daily for 10 consecutive days. Maternal body weights and composition were recorded
at gestation day 1 (D1; initial dose) and D11 (euthanasia). Body composition was performed using
an EchoMRI-100H Body Composition Analyzer. Both weights and body composition results were
reported as mean = SEM. On day 11 (D11), mice were anesthetized with avertin, euthanized via
CO; asphyxiation, and tissues were snap frozen in liquid nitrogen. Pregnancy success was
assessed by the presence of absorption sites or embryos within the uterus under a dissection
microscope; only pregnant mice were included in downstream analysis. LabDiet 5058 chow and
water were provided ad libitum during mating and throughout treatment. Mice were maintained
under constant 12-h light/dark cycles, temperature (74°F * 2°F set point), and humidity (average

51%; range 39-52%) during mating and pregnancy.
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TCDD and Statin Exposure

Chapter 3: All animal experiments were approved by Michigan State University (MSU)’s
Institutional Animal Care & Use Committee and were carried out in accordance with this approval
and all relevant guidelines and regulations. Age-matched male and female C57BL/6J mice were
ordered from Charles River Laboratories (Kingston, NY) and delivered to MSU on postnatal day
25 (PND25). Mice were acclimated to the facility for 7 days prior to treatment. Mice were housed
in Innovive Innocages (Innovive, San Diego, CA) with ALPHA-Dri bedding (Shepherd Specialty
Papers, Chicago, IL) under constant 12-hour light/dark cycles, temperature and humidity. Upon
arrival, mice were randomly placed into a treatment group: A) sesame oil (vehicle control; Sigma
Aldrich) + standard mouse chow (Harlan Teklad Rodent Diet 8940); B) TCDD (10 pg/kg;
Accustandard, New Haven, CT) + standard mouse chow; C) sesame oil + chow containing
simvastatin (500 mg/kg food; Harlan Teklad Rodent Diet 8940; Sigma Aldrich, St. Louis, MO); or
D) TCDD + chow containing simvastatin. The simvastatin-laced chow was prepared at Envigo
(Huntingdon, UK). Mice were acclimated to the simvastatin-laced chow for 3 days prior to
treatment with TCDD. Chow was provided ad libitum for each treatment group. Each treatment
group had a sample size of 8 mice with the exception of the male TCDD + standard chow group
due to 1 mouse dying in-transit prior to the experiment start point. The average (mg/kg body
weight/day) and standard deviation of simvastatin exposure for females and males over the 13-
day period was 77.2 + 2.8 and 73.6 + 1.2, respectively. Although this dose range in mice
corresponds to approximately 350 mg/day in humans, simvastatin is 5-8 times less efficacious in
mice in comparison.! Therefore, the effective dose used in this study is within range of what is

relevant in humans with moderate to severe hypercholesterolemia. TCDD treatment did not
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significantly impact consumption of simvastatin-laced chow. Following the dosing regime, the
mice were sacrificed on day 11 following a 6-hour fasting period. Tissues were either frozen in

liquid nitrogen or fixed in 10% phosphate buffered formalin (Thermo Fisher, Waltham, MA).

Chapter 4: All animal experiments were approved by Michigan State University (MSU)’s
Institutional Animal Care & Use Committee and were carried out in accordance with this approval
and all relevant guidelines and regulations. Male C57BI/6 mice were ordered from Charles River
Laboratories and were delivered to Michigan State University on postnatal day 25 (PND25). Mice
were acclimated for 7 days prior to treatment. Mice were housed in Innocages (Innovive, San
Diego, CA) with ALPHA-Dri bedding (Shepherd Specialty Papers, Chicago, IL) under constant 12-
hour light/dark cycles, temperature, and humidity. Upon arrival, mice were randomly placed into
a treatment group: (A) sesame oil (vehicle control; Sigma Aldrich) with standard mouse chow
(Harlan Teklad Rodent Diet 8940); (B) TCDD (30 pg/kg/day every 4 days for 28 days for 7 total
treatments; AccuStandard, New Haven, CT) with standard mouse chow; (C) sesame oil with chow
containing simvastatin (500 mg/kg/food, Harlan Teklad Rodent Diet 8940; Sigma Aldrich, St.
Louis, MO); or (D) 30 pg/kg TCDD every 4 days for 28 days with chow containing 500 mg/kg
simvastatin. The simvastatin-laced chow was prepared at Envigo (Huntington, UK). Mice were
acclimated to the simvastatin-laced chow for 3 days prior to treatment with TCDD. Chow was
provided ad libitum for each treatment group. Each treatment group had a sample size of at least
6 mice. Group D started with 7 mice and ended up with 5 due to 2 mice dying over the course of
the study. The average dose of simvastatin (mg/kg/body weight/day) for the mice over the 32-

day period was calculated to be 76.4 + 3.1 and 85.9 * 3.5 for statin alone and co-treatment,
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respectively, estimated from the daily chow consumption per cage. TCDD did not impact
consumption of simvastatin-laced chow. Although this dose range in mice corresponds to
approximately 350 mg/day in humans, simvastatin is 5-8 times less efficacious in mice in
comparison.! Therefore, the effective dose used in this study is within range of what is relevant
in humans with moderate to severe hypercholesterolemia. On day 32, the mice were sacrificed
following a 6-hour fasting period. Tissue samples were frozen in liquid nitrogen or fixed in

formalin for histopathology.

TCDD Liver Burden Analysis

TCDD accumulation was measured in liver tissue via gas chromatography-mass
spectrometry (GC/MS) at The Dow Chemical Company. TCDD was measured in the livers of all 14
strains of the mouse panel that were assessed with 1 ng/kg/day (n=3) or 100 ng/kg/day (n=3) of
TCDD. A subset of strains (n=9) was randomly chosen to assess the level of TCDD in the vehicle
control groups. The sample extraction and purification procedures were developed at the Dow
Chemical Company (Midland, MI) based on US Environmental Protection Agency method 8290.
Briefly, 50 mL of 5% benzene in hexane solution, 10 ng of 3C-YCDD (Wellington Environmental,
lot no. MD0480912), and 30 mL of concentrated HCl (trace metal grade) were added to each
sample in sequence. Lab control spike (LCS) sample, which contains 10 ng of native TCDD
(Wellington Environmental, lot no. 90STN1013) and 0.5 g of corn oil and method blank (MB)
sample (0.5 g of corn oil) were analyzed along with each set of samples. All samples were shaken
for 1 hour on a shaking bed, vented to release pressure, and then shaken overnight. After shaking,

the organic layer was transferred to a new bottle for subsequent sample purification (column
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clean-up). Acid/base silica column and alumina column were utilized for sample purification. The
sample extracts were then purged to dryness and reconstituted with 20 pL of 13C-1,2,7,8-
tetrachlorodibenzofuran (TCDF) (Wellington Environmental, lot no. 020701), which was treated
as the injection standard to account for the recovery of the internal standard (*3C-TCDD). All
samples were quantified using either gas chromatograph/high efficiency triple-quadrupole
system (GC/MS/MS, Aligent 7000 series) or low-resolution single quadrupole GC/MS (HP
5973/6890), depending on the dosing level of TCDD. Both instruments were equipped with a 30
m x 0.25 mm DB-5 ms column and data were quantified via a isotopic dilution approach using
either chemstation (Agilent) or masshunter (Agilent) software. Results of all quality control
samples (MB and LCS) have passed method criteria indicating satisfying analytical quality. The

average level of TCDD in the vehicle control group was 2.8 ng/kg liver.

Histological Analyses

Chapter 3: All histological processing and staining was performed by the MSU
Investigative Histopathology Laboratory. Formalin-fixed liver was vacuum infiltrated with
paraffin using a Tissue-Tek VIP 2000 and embedded with the HistoCentre Ill embedding station
(Thermo Fisher, Watlham, MA). A Rechert Jung 2030 rotary microtome (Reichert, Depew, NY)
was used to section tissue at 4-5 um. Sections were then placed on slides and dried for 2-24 hrs
at 56°C. Dried liver sections were strained with hematoxylin and eoxin (H&E) for general
morphometric analysis and periodic acid-Schiff (PAS) stain to detect glycogen. Histological
severity scoring of H&E stained liver sections was performed by a certified pathologist and based

on the following scale: 0 (no lesions present); 1 (mild and random foci of inflammation); 2
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(intermediate inflammation with presence of necrotic hepatocytes) and 3 (marked inflammation
and greater presence of necrotic hepatocytes as compared to other scores). In all cases, n > 7 for
each dose group during the histological scoring. Frozen tissues were sectioned at 6 um and
stained with oil red O (ORO) to detect neutral lipids as previously described.? An Olympus Virtual
Slide System VS110 was used to digitize the slides at 20x magnification (Olympus, Center Valley,
PA). The Olympus OlyVIA software (Olympus) was used to visualize the digitized slides. The
percent area of liver tissue stained with ORO was quantified using the Quantitation Histological
Analysis Tool (QuUHANT) was previously described.® The optimal hue, saturation and value (HSV)
thresholds used for feature extraction were 0 to 50 and 225 to 250 (hue), 30 to 255 (saturation)
and 0 to 255 (value).

Chapter 4: All histological processing and staining was performed by the MSU
Investigative Histopathology Laboratory. The protocol for H&E staining was the same protocol as
outlined in Chapter 3. Histological severity scoring of H&E stained liver sections was performed
by a certified veterinary pathologist using the following criteria: 1, minimal, less than 25% of

tissue; 2, mild, 25% to less than 50%; 3, moderate, 50% to less than 75%; 4, marked, 75%-100%.

Hepatic Lipid Extraction

Hepatic lipids were extracted as previously described.* Frozen liver was homogenized in
10x volume of extraction buffer (18 mM Tris (pH 7.5), 300 mM D-Mannitol, 50 mM EGTA, 0.1 mM
phenylmethylsulfonyl fluoride) using a Mixer Mill 300 (Life Sciences, Carlsbad, CA). 500 pL of
homogenate was added to 4 mL of 2:1 chloroform:methanol and mixed end-over-end shaking

overnight at room temperature. Water (800 pL) was added and the sample was mixed by
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vortexing and the phases were separated by centrifugation (3000 x g for 5 min). 2 mL of organic
phases was transferred to a new tube and evaportated over nitrogen to dryness. Following an
incubation at 45°C for 5 min, the lipid residue was dissolved in 300 uL of isopropyl alcohol with
10% Triton X-100. Commercially available reagents were used to analyze triglycerides (Pointe
Scientific, Canton, MI) and total cholesterol (FUJIFILM Wako Diagnostics, Richmond, VA) with a
SpectraMax M2 microplate reader (Molecular Devices, San Jose, CA). The sample size (n) was 5

for each group and mice were randomly selected.

Hepatic Glycogen and Glucose Assay

The level of glycogen and free glucose were determined as previously described.> Frozen
liver (~50 mg) was homogenized in 250 pL of 6% perchloric acid using a Polytron PT21000
(Kinematica AG, Luzern, Switzerland). A portion of the homogenate was used to measure
background glucose while another portion (50 pL) was combined with 25 pL of 1M NaHCOs and
125 uL amyloglucosidase solution (2 mg/mL; Sigma Aldrich, St. Louis, MO). The mixtures were
incubated with shaking at 37°C for 2 hours. Background-corrected glucose levels in the
amylglucosidase-treated samples were used to infer hepatic glycogen levels. Glucose was
assessed using commercially available reagents (FUJIFILM Wako Diagnostics, Richmond, VA) and
a SpectraMax M2 microplate reader (Molecular Devices, San Jose, CA)> The sample size (n) was

5 for each group and mice were randomly selected.

Western Blot Analysis

Frozen liver was homogenized in radioimmunoprecipitation assay (RIPA) buffer using a
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Mixer Mill 300 (Life Sciences, Carlsbad, CA). The protein concentration in the supernatant was
determined with a Bradford Assay following a 10 min centrifugation (16,000 x g).°6 Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 60 ug of
total protein, which was subsequently transferred into a nitrocellulose membrane. The
membrane was blocked with 5% non-fat dry milk dissolved in Tris-Buffered Saline with 0.05%
Tween 20 (TBST) and probed with monoclonal anti-mouse HMGCR antibody (1:1000; Abcam,
Cambridge, MA) or a monoclonal ACTB antibody (1:3000; Santa Cruz Biotechnology, Dallas, TX)
overnight at 4°C. Following 3 x 5-min washes with TBST, the membrane was exposed to a
monoclonal mouse anti-rabbit IgG-HRP (1:1000; Santa Cruz Biotechnology, Dallas, TX) or a mouse
IgG kappa binding protein-HRP (1:3000; Santa Cruz Biotechnology, Dallas, TX) where appropriate.
Following 3 x 5-min washes with TBST, the blots were developed using the Pierce enhanced
chemiluminescence (ECL) Western Blotting Substrate (Thermo Fisher, Waltham, MA). The Image
Studio Lite software (LI-COR, Lincoln, NE) was used for the densitometry analysis. HMCGR
expression was normalized to ACTB prior to analysis. Fold changes are relative to the mean of
the vehicle control mice on standard diet. The sample size was 5 for each group and mice were

randomly selected.

Serum Clinical Chemistry

All serum clinical chemistry performed was done using commercially available reagents
following the manufacturer’s protocols. Kits used included serum total cholesterol, low-density
lipoprotein, alanine aminotransferase and glucose (FUJIFILM Wako Diagnostics, Richmond, VA)

as well as high-density lipoprotein (Crystal Chemical, Houston, TX). In all cases, a SpectraMax M2
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microplate reader was used (Molecular Devices, San Jose, CA). N > 5 for each mouse group.

Phylogenetic Analysis

Genomic and amino acid sequences were predicted using the automated Mouse Gene
and Protein Sequence Predictor.” Multiple sequence alignments were performed using Multiple
Alignment using Fast Fourier Transform (MAFFT) algorithm.® Clustal-formatted alignment and
phylogenetic tree outputs were created based on the output from MAFFT software. Phylogenetic

trees were visualized with FigTree v1.4.2.

Heritability Analysis

Heritability was assessed as previously described.® Briefly, a regression model was fit to
estimate the proportion of variance in the dependent variable (i.e., hepatic TCDD burden) that is
not attributed to variance across independent variable replication (i.e., interstrain variability).
The 95% Cls of the multiple R? value was calculated via bootstrapping (n=1000) using the bias

corrected and accelerated method implemented in the boot library in R.%°

Linear Regression

Regression was used to analyze DEGs across the 14 strains (n=932), meaning 1) at least
one strain displayed |fold change| > 1.5 and 2) at least 1 strain displayed significant change in
expression of the gene as compared with vehicle (p < 0.05). Linear, least-squared regression was
performed to scan for genes where expression associated with TCDD burden, body fat

percentage or body weight. In all cases, Python version 2.7.10 was used during regression
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analysis.!* P-values were adjusted for 5% false detection rate (FDR) using the Benjamini-

Hochberg correction.?

Quantitative Trait Loci (QTL) Analysis

QTL analysis was performed using Gene Network’s online-based WebQTL program
(www.genenetwork.org/webqtl/main.py).'® Scans for QTLs were performed using the mean
change in total body weight. The mapping was performed using the data from the 10 strains that
are members of the Mouse Diversity Panel: 1) C57BL/2J; 2) 12951/SvimJ; 3) NOD/ShilLtJ; 4) A/J;
5) NZO/HILTJ; 6) C3HeB/Fel; 7) CBA/1J; 8) DBA/1J; 9) FVB/nJ; 10) BALB/c). The whole-genome
interval mapping was performed using the default settings of 2000 bootstrap tests. The threshold
of significance was determined via permutation test (n=10,000). The log of the odds (LOD) ratio

was calculated as outlined in the WebQTL glossary of terms (i.e., LRS/4.61).

RNA Isolation in Liver Tissue

Frozen liver (approximately 50 mg) was homogenized in 1 mL of TriZOL in chrome-steel
beads using a Mixer Mill 300 (Life Sciences, Carlsbad, CA) for 4 mins. Following, total RNA was
extracted per the manufacturer’s instructions with an additional 5:1 phenol:chloroform
extraction step (Sigma Aldrich, St. Louis, MO). RNA purity (260/280 ratio) and concentration
(ng/uL) were assessed with a NanoDrop 1000 spectrophotometer. RNA quality was determined
using an Aligent 2100 Bioanalyzer for RNA samples sent for bulk-RNA sequencing. All RNA

samples sent for bulk-RNA sequencing had RNA integrity numbers > 7.
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Bulk-RNA Sequencing

Sequencing: RNA samples from the 14 strains of mice treated with either vehicle control
(n=3) or 100 ng/kg/day (n=3) were sequenced by Novogene (Sacramento, CA). RNA quality was
verified on an Agilent 2100 Bioanalyzer (Santa Clara, CA) prior to sequencing. RNA was
fragmented via sonication with a BioRuptor (Diagenode, Denville, NJ). Library preparation was
performed using a NEBNext Ultra RNA kit (New England Biolabs, Ipswich, MA). An additional
quality control step was performed to assess concentration, molarity and fragment size prior to
sequencing. The samples were sequenced using the PE150 sequencing strategy with reagents
from Illumina (San Diego, CA).

Processing: Read pair processing and analysis was performed as previously described.
Read quality was assessed using FastQC v0.11.5

(www.bioinformatics.babraham.ac.uk/projects/fastqc) and adapter trimming was performed

using Trimmomatic v0.38.%>  Strain-specific reference pseudogenomes (Build 37) and
corresponding MOD files were downloaded from

www.csbio.unc.edu/CCstatus/index.py?run=Pseudo and was used for alignment using Bowtie2

v2.3.2.1®  Alignment for reads for BXD strains (BXD30, BXD91 and BXD100) whose
pseudogenomes were not available was performed using the pseudogenomes of parental strains
C57BL/6J and DBA/2J. Coordinates of aligned reads were converted to common mm9 reference
genome coordinates using the Lapels package (github.com/shunping/lapels). Alignments made
to 2 reference genomes (eg, BXD mice) were merged using the Suspenders package
(github.com/holtkma/suspenders). Gene counts were determined using HTSeqg-count v0.6.1.%7

Differential expression was performed between treatment groups within strains using DESeq2
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v3.8.% Genes were considered differentially expressed when |fold change| > 1.5 and adjusted
p-value (FDR) < 0.05. Sequencing data is deposited in the gene expression omnibus (GEO;

GSE167328).

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

Total RNA (2 ug for liver homogenate) was converted to cDNA using oligo(dT) primers and
GoScript reverse transcriptase (Promega, Madison, WI) in the mouse panel study or using reverse
transcriptase superscript lll (Invitrogen, Waltham, MA) in the first statin study. SYBR green master
mix (Applied Biosystems, Waltham, MA) was used to analyze relative gene expression. Gene
expression was normalized to the geometric mean of 3 housekeeping genes: Hprt, Actb and Gusb.
All PCR was performed using one of 3 machines: QuantStudio 3 RT-PCR System (Thermo Fisher,
Waltham, MA), DNA Engine Opticon 2 (Bio-Rad, Hercules, CA) or QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher, Waltham, MA). The 222t method was used to calculate fold changes
and all values were relative to the mean of their respective control mice for each strain. N=3 for

each strain in the mouse panel study and n 2 7 in the first statin study.

Nuclei Isolation

Nuclei were isolated from frozen liver samples (n=3) as previously described
(https://doi.org/10.17504/protocols.io.3fkgjkw).?® Briefly, livers were diced in EZ Lysis Buffer
(Sigma-Aldrich, St. Louis, MQO), homogenized using a disposable Dounce homogenizer, and
incubated on ice for 5 minutes. The homogenate was filtered, transferred to a microcentrifuge

tube and nuclei were isolated by centrifugation (500 x g and 4° C, 5 minutes). The supernatant
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was removed and nuclei were resuspended in fresh EZ Lysis Buffer and incubated on ice (5 mins.)
ice followed by centrifugation. The nuclei pellet was washed twice with nuclei wash and
resuspend buffer (1x phosphate-buffered saline, 1% bovine serum albumin, 0.2-U/uL RNAse
inhibitor) with 5-minute incubations on ice. After washing, the pellet was resuspended in nuclei
wash and resuspend buffer containing DAPI (10 pug/mL). The nuclei were filtered (40 um) and
underwent fluorescence-activated cell sorting using a BD FAC-Saria llu (BD Biosciences, San Jose,

CA) with a 70 um nozzle at the MSU Pharmacology and Toxicology Flow Cytometry Core.

Single-Nuclei RNA Sequencing (snRNAseq)

Nuclei were immediately processed for snRNASeq, which was performed as previously
described.?® Briefly, 10x Genomics Chromium Single Cell 3’ v3 libraries were submitted for 150-
bp paired-end sequencing at a depth > 60,000 reads/cell using a NovaSeq 6000 System (lllumina,
San Diego, CA) at the MSU Research Technology Support Facility. Following sequencing quality
control, Cell Ranger v3.0.2 (10X Genomics) was used to align reads to a custom reference genome
(mouse mm10 release 93 genome build) which included introns and exons to consider pre-mRNA
and mature mRNA. Raw counts were further analyzed on Seurat v.3.1.1.2° Each sample was
filtered for genes expressed in at least 3 nuclei, nuclei that expressed at least 100 genes and <
1% mitochondrial genes. Clustering of nuclei was performed using Seurat integration tools at a
resolution of 0.05 and were annotated using a semiautomated strategy. Marker genes for
individual nuclei clusters were also manually examined to verify annotation. Raw and processed
data have been deposited in the Gene Expression Omnibus (GEO) with accession ID GSE211018

following the Minimum Information about Animal Toxicology Experiments (MIATE;
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https://doi.org/10.25504/FAIRsharing.wYScsE).

DAVID Functional Annotation Analysis

Functional annotation clustering of differentially expressed genes from individual mouse
strains was assessed using the gene functional classification tool on the Database for Annotation,
Visualization and Integrated Discovery (DAVID, v.6.8).2122 Enrichment scores of the generated

clusters > 1.3 were considered significant.

Statistical Analyses

Unless otherwise noted in their respective sections, all statistical analyses were
performed using R version 3.0.2 besides the relative cell type proportions in Chapter 5 that were
calculated using Astatsa.?® Histograms and g-q plots were used to assess distributions prior to
statistical analyses. Outliers within dose-groups were assessed with Grubb’s test; significant
outliers (P < 0.05) were removed prior to downstream analysis. Potential significant differences
across dose groups and strains were calculated with a t test or analysis of variance (ANOVA) with

a Tukey’s pair-wise posthoc test where appropriate.
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