University of Louisville
ThinkIR: The University of Louisville's Institutional Repository

Electronic Theses and Dissertations

12-2023

Investigation of heterocyclic amines and N-acetyltransferase 2
genetic polymorphism in the dysregulation of hepatic energy
homeostasis: A gene-environment approach.

Kennedy M Walls
University of Louisville

Follow this and additional works at: https://ir.library.louisville.edu/etd

6‘ Part of the Biochemical Phenomena, Metabolism, and Nutrition Commons, Medical Genetics

Commons, and the Medical Toxicology Commons

Recommended Citation

Walls, Kennedy M, "Investigation of heterocyclic amines and N-acetyltransferase 2 genetic polymorphism
in the dysregulation of hepatic energy homeostasis: A gene-environment approach.” (2023). Electronic
Theses and Dissertations. Paper 4224.

https://doi.org/10.18297/etd/4224

This Doctoral Dissertation is brought to you for free and open access by ThinkIR: The University of Louisville's
Institutional Repository. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized
administrator of ThinkIR: The University of Louisville's Institutional Repository. This title appears here courtesy of
the author, who has retained all other copyrights. For more information, please contact thinkir@louisville.edu.


https://ir.library.louisville.edu/
https://ir.library.louisville.edu/etd
https://ir.library.louisville.edu/etd?utm_source=ir.library.louisville.edu%2Fetd%2F4224&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1012?utm_source=ir.library.louisville.edu%2Fetd%2F4224&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/670?utm_source=ir.library.louisville.edu%2Fetd%2F4224&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/670?utm_source=ir.library.louisville.edu%2Fetd%2F4224&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/678?utm_source=ir.library.louisville.edu%2Fetd%2F4224&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.18297/etd/4224
mailto:thinkir@louisville.edu

INVESTIGATION OF HETEROCYCLIC AMINES AND N-
ACETYLTRANSFERASE 2 GENETIC POLYMORPHISM IN THE
DYSREGULATION OF HEPATIC ENERGY HOMEOSTASIS: A GENE-

ENVIRONMENT APPROACH

By
Kennedy M. Wallls
B.S. Chemistry, track in biochemistry, University of Louisville, 2019

M.S. Pharmacology and Toxicology, University of Louisville, 2021

A Dissertation submitted to the Faculty of the School of Medicine of the

University of Louisville in partial fulfilment of the requirements for the degree of

Doctor of Philosophy in Pharmacology and Toxicology

Department of Pharmacology and Toxicology

University of Louisville

Louisville, Kentucky

December 2023



Copyright 2023 by Kennedy M. Walls

All rights reserved






INVESTIGATION OF HETEROCYCLIC AMINES AND N-
ACETYLTRANSFERASE 2 GENETIC POLYMORPHISM IN THE
DYSREGULATION OF HEPATIC ENERGY HOMEOSTASIS: A GENE-
ENVIRONMENT APPROACH

By

Kennedy M. Walls
B.S. Chemistry, track in Biochemistry, University of Louisville, 2019
M.S. Pharmacology and Toxicology, University of Louisville, 2021

A Dissertation approved on

November 16, 2023

By the following Dissertation committee:

David Hein, Ph.D.

Kyung Hong, Ph.D.

Daniel Conklin, Ph.D.

Bradford Hill, Ph.D.

Joshua Hood, Ph.D.



DEDICATION

| dedicate this dissertation to the educators who inspired me to pursue science,

and to my friends and family that supported and motivated me.



ACKNOWLEDGEMENTS

I'd like to thank my current and former lab members, Mariam Haubil,
Madeline Martinez, Jonathan Joh, Dr. Raul Salazar-Gonzalez, Dr. James Wise,
and Mark Doll for their help and guidance with my work. I'd also like to thank my
mentors, Drs. Kyung Hong and David Hein, for their continued support. | offer
special thanks to my committee members, Dr. Joshua Hood, Dr. Bradford Hill,
and Dr. Daniel Conklin, for their insight and assistance with my project. Lastly, I'd
like to express gratitude to my family and friends who have supported me

throughout my academic career and aided in my success.



ABSTRACT

INVESTIGATION OF HETEROCYCLIC AMINES AND N-
ACETYLTRANSFERASE 2 GENETIC POLYMORPHISM IN THE
DYSREGULATION OF HEPATIC ENERGY HOMEOSTASIS: A GENE-
ENVIRONMENT APPROACH

Kennedy M. Walls
November 16, 2023

Heterocyclic amines (HCASs) are mutagens generated when cooking meat
for prolonged periods of time or until well-done. Recent epidemiological studies
reported significant associations between dietary HCA exposure and insulin
resistance and type Il diabetes. However, no previous studies have examined if
HCAs, independent of meat consumption, contributes to pathogenesis of insulin
resistance or metabolic disease. It is well known that HCASs require hepatic
bioactivation by cytochrome P450 1A2 (CYP1A2) and N-acetyltransferase 2
(NAT2). NAT2 expresses a well-defined genetic polymorphism in humans that,
depending on the combination of NAT2 alleles, correlate to rapid, intermediate,
or slow acetylator phenotypes that exhibit differential metabolism of aromatic
amines and HCAs. We hypothesize that HCAs will induce insulin resistance and
disrupt energy homeostasis in human hepatocytes, and that the effect will be
dependent on NAT2 genetic polymorphism. HCA treatment on human
hepatocytes induced insulin resistance, glucose production, and expression of

several key genes involved in gluconeogenesis, and these effects were more



apparent in rapid NAT2 acetylator hepatocytes than in slow. Additionally, HCAs
lead to neutral lipid accumulation and increased levels of triglycerides,
cholesterol, and free fatty acids, in addition to dysregulated expression of genes
involved in lipid homeostasis. Potential mechanisms of HCA-induced insulin
resistance and disrupted energy homeostasis were also explored. HCAs
increased JNK activity, a well-known mechanism of hepatic insulin resistance,
and blocking JNK activity restored insulin signaling in HCA-treated hepatocytes.
Additionally, HCAs led to increased reactive oxygen species and induction of
TNF, indicating oxidative stress and inflammation as potential mechanisms of
insulin resistance. An RNA-sequencing study also indicated endoplasmic
reticulum stress as a potential mechanism. Taken together, the findings
presented here indicate that HCAs lead to insulin resistance and dysregulation of
energy homeostasis in human hepatocytes, and that these outcomes are
differentially affected by NAT2 genetic polymorphism. These studies provide
insight into the novel role of HCAs in the development of conditions associated
with metabolic syndrome and fatty liver, and elucidate the crucial need to
consider the gene-environmental interactions when investigating these

conditions.
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CHAPTER 1: INTRODUCTION

1.1. Metabolic Syndrome and Insulin Resistance

Metabolic syndrome is characterized by a cluster of adverse health
conditions including insulin resistance and hyperglycemia, in addition to
hypertension, central obesity, and abnormal cholesterol or triglyceride levels [1].
In the United States, the prevalence of obesity, hypertension, and type I
diabetes has steadily increased over the past three decades, and it is estimated
that more than one third of the U.S. adult population has metabolic syndrome [2],
[3]. These individuals are at an increased risk of health complications including
type 1l diabetes mellitus, heart attack, fatty liver, and stroke [4]. Some have
argued that insulin resistance may be the underlying etiology of metabolic

syndrome [5].

Insulin is an endocrine peptide hormone that elicits an anabolic response
to nutrient availability. It instructs its target organs to uptake glucose and store
excess nutrients in the form of glycogen and lipids [6]. The liver plays a crucial
role in systemic regulation of glucose and lipid metabolism, and aberrant hepatic
insulin action is considered a potential primary factor in insulin resistance [7].
Under a normal physiologic fasting state, high glucagon-to-insulin ratio
decreases glucose consumption and shifts the liver into glucose production by

consuming stored glycogen (i.e., glycogenolysis) and from glucogenic precursors



(i.e., gluconeogenesis) [8]. In pathological insulin resistance, insulin fails to
regulate hepatic metabolism, leading to altered glucose metabolism and excess
glucose production, while increased lipid synthesis continues. This condition is
known as selective hepatic insulin resistance [9] and leads to hyperglycemia and

fatty liver.

Hepatic Insulin Signaling and Lipid Metabolism

Evidence has indicated that the phosphoinositide 3-phosphate kinase
(PI3K)/Akt pathway is the primary signaling pathway that mediates insulin’s
effects on anabolic metabolism [10]. Figure 1.1 models the primary insulin
signaling pathway in hepatocytes. Following a meal, secreted insulin binds to the
insulin receptor on the surface of the liver. The receptor recruits and activates
insulin receptor substrate (IRS), which then activates phosphoinositide 3-kinase
(PI3K) [11]. PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2)
into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in a process that is opposed
by phosphatase and tensin homolog (PTEN). PIP3 activates 3-phosphoinositide-
dependent protein kinase 1 (PDK1), which phosphorylates protein kinase B
(AKT) at Thr308. mTOR complex 2 (mTORC?2) also phosphorylates AKT at

Ser473 to fully activate AKT.

Various pathways for controlling glucose and lipid homeostasis branch out
from AKT. Glycogen synthesis is induced through AKT inhibition of glycogen
synthase kinase 3 (GSK3). AKT can also promote glycogen synthesis
independent of GSK3 via activation of glycogen synthase 2 (GYS2) by glucose-

6-phosphate (G6PC). AKT inhibition of tuberous sclerosis protein (TSC) activates

2



mMmTORC1, which then activates sterol regulatory element-binding transcription
factor 1 (SREBP1c) and glucokinase (GCK), resulting in phosphorylation of
glucose to G6PC. G6PC feeds into glycolysis and glycogen synthesis.
Additionally, G6PC activates carbohydrate-responsive element-binding protein
(ChREBP), which activates lipogenesis along with SREBP1c. AKT also inhibits
forkhead box protein O1 (FOXO1), causing inhibition of gluconeogenesis by
suppressing expression of G6PC and PCK1. Free fatty acids (FFAS) can also
promote gluconeogenesis and be taken up by the liver and converted to acetyl-

CoA, which activates pyruvate carboxylase and contributes to insulin resistance

[7]
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Figure 1.1. PI3K/AKT signaling in hepatocytes. Adapted from [7].
Underlying molecular mechanisms of insulin resistance

A variety of mechanisms, acting individually or synergistically, have been
known to cause insulin resistance [6], [10], [12]. First, insulin signaling may be
altered by decreased expression (or increased degradation) of any one of the
components of the insulin signaling cascade. Additionally, increased protein

expression can also act as negative feedback signals. Second, insulin signaling



proteins may undergo post-translational modifications, changing their activity.
Specifically, inhibitory serine phosphorylation of IRS1/2 alters the ability of the
protein to engage in insulin-receptor signaling [11]. Among the IRS-modifying
enzymes, activation of stress-activated protein kinase JNK, inhibitory kappa B
kinase beta (IKKB), and protein kinase C (PKC) is central to mediating insulin
resistance in response to stress factors like lipid metabolites, pro-inflammatory
cytokines, oxidative stress, and stress of the endoplasmic reticulum (ER stress)
[13]. In fact, pathological features that are commonly associated with cellular
insulin resistance include inflammation [14], mitochondrial dysfunction [15], ER
stress [16], and lipotoxicity [17]. One of the common underlying attributes of
these features is increased reactive oxygen species (ROS) [6] and ROS have

been shown to play a causal role in different forms of insulin resistance [18].

Oxidative Stress

Oxidative stress is associated with hepatic steatosis, a condition closely
linked with insulin resistance. The precise origin of this oxidative stress is
debated, but it is theorized that increased activity of CYP2E1 or CYP4As may
contribute to the production of reactive oxygen species, leading to the induction
of a stress response via JNK and NF-kB [19], [20]. In fact, over-expression of
CYP2EL1 in hepatic cell lines induces insulin resistance by decreasing tyrosine
phosphorylation and increasing serine phosphorylation of IRS1/2 in response to
insulin [21]. Additional studies are required to understand the precise link

between oxidative stress and insulin resistance.

Fatty acids



The role of fatty acids and their metabolites in inducing hepatic insulin
resistance has been explored. Recent experiments have proposed mechanistic
links between intrahepatic lipids and insulin resistance. Mice in which liver-
lipoprotein lipase (LPL) was over-expressed primarily in the liver resulted in
severe alterations in hepatic insulin signaling, including absence of tyrosine
phosphorylation of IRS2 and downstream activation of PKB/Akt [22]. Similarly,
rats subjected to a 3-day high fat diet to stimulate hepatic fat accumulation failed
to inhibit hepatic glucose output following insulin infusion, demonstrating hepatic
insulin resistance [23]. Thus, hepatic fat accumulation serves a novel role in
development of hepatic insulin resistance and requires additional investigation to
understand the link between fat accumulation and other conditions resulting from

and leading to insulin resistant states.

1.2. Heterocyclic Amines (HCAS)

Heterocyclic amines (HCAs) are known mutagens and carcinogens [24].
The main source of human exposure to HCAs is through cooked meat [25], [26].
They are primarily formed in muscle foods including meats and fish, which
provide precursors, such as creatinine, amino acids, and aldehydes, required for
the formation reaction [27]-[29]. Cooking meat at high temperatures or for long
periods of time favors HCA formation, and certain cooking methods, such as

frying, grilling, and roasting, substantially enhance their formation [28].

HCA Structures and Classifications



Thus far, more than 25 different HCAs have been isolated from food
samples [30]. All HCAs contain at least one aromatic structure and one
heterocyclic structure, and most of them contain an exocyclic amino group. The
amino-carboline HCAs contain a five-membered heterocyclic aromatic ring
wedged between two six-membered aromatic rings. In contrast, the
aminoimidazo-azaarene (AIA) HCAs have an N-attached methyl group at the
imidazole ring. Amino-carbolines, instead, either lack a methyl group entirely, or

the methyl group is attached to a six-membered ring.

Classification of mutagens from proteinaceous foods is determined by the
critical heating temperature of 300 degrees Celsius. Protein pyrolysates,
including amino-carbolines, form above 300 degrees Celsius. Those formed
below 300 degrees Celsius are considered 2-amino-imidazole-type mutagens,
also known as aminoimidazo-azaarenes (AlAs) [31], [32]. The most abundant
HCAs found in cooked meat include PhIP (2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine), MelQx (2-amino-3,8-dimethylimidazo[4,5-
flquinoxaline) and MelQ (2-amino-3,4-dimethylimidazo[4,5-f]quinoline) (Fig. 1.2).
Each these HCAs share a common imidazole-ring structure with an exocyclic
amino group and, therefore, are classified as AlAs. These HCAs have been

detected in different types of cooked meat at levels ranging up to 150 ng/g [33].



CH;
N/
7 N
| />—NH2 |
\N N N/
PhIP MelQ MelQx

Figure 1.2. Structures of common HCAs.

HCA formation

Formation of HCASs is a series of complex chemical reactions. The
browning reaction was proposed by Maillard to account for the brown pigments
and polymers produced from the reaction of the amino group of an amino acid
and the carbonyl group of a sugar. The Maillard reaction encompasses a network
of reactions, including the formation of pyrazines, quinoxalines, and pyrido[3,4-

d]imidazoles, which are involved in the formation of HCAs [34], [35].

Amino acids or proteins are the precursors of amino-carbolines, and
creatinine is not required for their formation. However, creatinine may function as
an additional source of structural fragments. Free radical reactions occurring at
high temperatures is the suggested pathway for producing reactive fragments in
amino-carbolines [32]. However, this hypothesis has yet to be fully investigated
due to difficult manipulation of high temperatures required for experimental

setups.



AlAs are responsible for most of the mutagenic activity in cooked foods,
especially in Western diets [36]. IQ- and 1Qx-type HCAs (Fig. 1.2) and their
methylated forms are likely formed from creatinine, sugars, free amino acids, and
dipeptides through Maillard reaction and Strecker degradation upon heating [34],
[35]. Creatinine was determined to be important for AlA-type HCA formation
because HCA yield was increased with the addition of creatinine to the surface of
meat prior to frying it [32]. It was demonstrated that cyclization and water
elimination of creatinine formed the amino-imidazo structure of 1Q and IQx, and
the Maillard reaction between amino acids and hexose formed the Strecker
degradation products like pyridines or pyrazines, which formed the remainder of
the molecule, likely by aldol condensation [37]. While the reaction is favored at
temperature above 100 °C, pyrazine and pyridine yield from Maillard reaction and
Strecker degradation is still low. This phenomenon was considered a factor for
low HCA yield in foods and common model systems, making it difficult to

investigate AlAs [38].

HCA mutagenesis and carcinogenesis

Meat consumption has been associated with increased risk of many
common cancers, including prostate, lung, breast, and colon cancer [39]-[41].
Genetic variations in the NAT2 gene have been suggested to modify the
association of meat intake with some cancers through its influence on
metabolism of HCAs. Thus, epidemiological studies have reported inconsistent
associations between dietary HCA intake via meat consumption and increased

cancer risk, as NAT2 allelic variations occur naturally in the sampled human



population [42], which will be discussed further in section 1.3. Despite
inconsistent epidemiological reports, HCAs are highly mutagenic in vitro and in
vivo. However, bioactivation by CYP1A2 and NAT2 are required to generate the
metabolite responsible for mutagenic effects, and so consideration of HCA

metabolism is crucial when evaluating their proposed hazards to human health.

HCAs and insulin resistance/fatty liver epidemiology

Recent epidemiological studies have suggested a novel link between
HCAs and insulin resistance and fatty liver. Zelber-Sagi and colleagues reported
that consumption of meat cooked via “unhealthy” methods (e.g., grilling or
broiling to well-done level or frying) is related to insulin resistance and found that
there is a significant association between estimated HCA consumption via
cooked meat and insulin resistance, among both general population and patients
with non-alcoholic fatty liver disease (odds ratio [OR] = 1.92; 95% confidence
interval [Cl] = 1.12-3.30) [43]. Importantly, after multivariate adjustment, the
association was independent of cholesterol and saturated fat intake. A higher
frequency of unhealthy cooking methods, such as broiling, barbequing, and
roasting, was each independently associated with a higher risk of type Il
diabetes. In contrast, the frequency of stewing or boiling red meats was not
associated with type Il diabetes risk [44]. These studies imply that unhealthy
cooking methods, which favor production of HCAs, significantly increase the risk
of developing insulin resistance or type Il diabetes. Accordingly, the authors
suggested exposure to polyaromatic hydrocarbons and HCAs commonly present

in cooked meat as a potential underlying, biological mechanism for this

10



phenomenon [45]. In the follow-up study of three prospective cohorts, the authors
reported that open-flame and/or high-temperature cooking >15 times/month,
compared with <4 times/month, the hazard ratio and 95% CI of type Il diabetes
was 1.28 and 1.18-1.39, respectively [44]. In addition, estimated intake of HCAs
was also associated with an increased type Il diabetes risk, and this was the first
study linking higher estimated dietary HCA intake with an increased risk of type Il
diabetes [44]. These epidemiological studies provide the basis for investigating a

potential link between HCA exposure and insulin resistance.

1.3. Arylamine N-acetyltransferase 2 (NAT2)

Arylamine N-acetyltransferases (NATSs) are phase Il metabolic enzymes
that detoxify or bioactivate xenobiotics and drugs [46]. Two NAT genes (NAT1
and NAT2) have been identified and characterized in humans. NAT1 and NAT2
are similar in structure, but they differ in substrate selectivity and physiological
function [47]. NATL1 is expressed ubiquitously, while NAT2 expression is
restricted to the liver and gastrointestinal tract [48]. The importance of substrate
selectivity and organ-specific expression of NAT2 will be discussed in later

sections.

NAT2 functions as catalysts for either N-acetylation or O-acetylation of
drugs and aromatic amines. NAT2 catalyzes N-acetylation of drugs like
sulfamethazine, hydralazine and dapsone, and this is primarily a detoxification
pathway [49]. In contrast, many HCAs, including PhIP, MelQx, and MelQ are
bioactivated by NAT2-mediated O-acetylation following hydroxylation by

cytochrome P450 (CYP450), mainly isozyme 1A2 [50], [51] (Fig. 1.3). Some

11
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compounds like aminobiphenyl can either be detoxified or bioactivated by NATs

depending on substrate availability and enzymatic activity.
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Figure 1.3. Bioactivation of PhIP.

NAT2 genetic polymorphism

NAT2 expresses a well-defined genetic polymorphism in humans [52].
Single nucleotide polymorphisms (SNPs) occur when a DNA sequence variation
occurs due to a single nucleotide substitution, producing varying alleles within a
locus. For any given SNP, the SNP can (1) occur in a coding region but not result
in a change in amino acid; (2) occur in a coding region and result in an amino
acid change; (3) occur in a regulatory region resulting in a change in gene
expression; or (4) occur in a region between genes [53]. NAT2 SNPs occur in the
coding region of the gene, resulting in amino acid changes and thus generating
different alleles that produce slow, intermediate, or rapid acetylator phenotypes.

These different acetylator phenotypes exhibit differential metabolism of drugs

12



and aromatic amines, including HCAs, and thus modify risk of toxicity after an

exposure [52].

There are 108 NAT2 alleles generated by SNPs, and allelic frequencies
differ among different populations [54]. As mentioned, these allelic variants are
associated with varying enzymatic activity and stability. NAT2*4, commonly
considered the reference allele, is associated with the rapid acetylator phenotype
[55]. NAT2*4 allele frequency is highest among Asian populations (50% in
Chinese and 70% in Japanese) [56]-[58], although NAT2*4 makes up 20 to 25%
of alleles in Caucasians and 36 to 41% in African Americans [59]. The remaining
common alleles, NAT2*5, NAT2*6, NAT2*7, and their subtypes, are typically
associated with the slow acetylator phenotype [59]. The prevalence of the slow
acetylator phenotype is highly variable among different ethnic groups. It is
estimated that 50 to 70% of Caucasians, 35 to 55% of African Americans, and 10
to 30% of Asians exhibit the slow acetylator phenotype. NAT2*5 allele is most
common among Caucasians (44%), and among the individuals of African
descent (25%). However, it is less prevalent among Asians (1.9 to 5.5%) [60].
NAT2*6 is evenly distributed across the different ethnic groups with frequency of
about 30%. NAT2*7 is the most common slow acetylator-associated allele
among Asians (10 to 12%), while NAT2*7 is less prevalent among Caucasians

(less than 2%) and Africans (3 to 6%) [61] (see Table 1.1).
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NAT2*4 36-41% 44-79% 20-25%
NAT2*5 25-27% 1.9-5.5% 44%
NAT2*6 30% 30% 30%
NAT2*7 3-6% 10-12% <2%

Table 1.1. NAT2 allelic frequencies among ethnic populations.

NAT2 and drug toxicity or cancer risk

Increased risk for drug toxicity and cancer are associated with different
NAT2 genotypes and phenotypes [46]. For example, people with the slow NAT2
phenotype have an increased risk of isoniazid-induced liver injury relative to
those with the rapid NAT2 phenotype [62]. Isoniazid is a drug used for the
treatment and prevention of tuberculosis, but treatment had frequently been
compromised by isoniazid-induced hepatotoxicity and liver failure [63]. A
previous study found that the incidence of isoniazid-induced hepatotoxicity
differed among rapid (2.9%), intermediate (9.8%), and slow (22%) NAT2
acetylators [63]. Slow acetylators are significantly more likely to experience
hepatotoxicity from isoniazid treatment for tuberculosis than rapid acetylators
because slow acetylators retain a higher plasma concentration of the drug for an

extended time [64].

Additionally, carriers of the slow acetylator genotype are correlated with
greater adverse health responses after hydralazine treatment relative to rapid
acetylators. Hydralazine is indicated in treatment of chronic hypertension, short-

term therapy of pregnancy-induced hypertension and eclampsia, and in therapy

14



of hypertensive crisis [44]. A rare side effect of hydralazine, a systemic lupus
erythematosus-like syndrome, has been observed and can have serious adverse
health consequences. Hydralazine treatment for hypertension is modified by
acetylator phenotype following oral administration [65], and there is substantial
evidence supporting a correlation between NAT2 acetylator phenotype or
genotype and urine and plasma hydralazine concentrations. Like the previously
discussed drug isoniazid, slow acetylators are more likely to experience adverse
effects of hydralazine because they maintain higher plasma concentrations of the
drug for a longer period, and thus NAT2 genotype should be considered when

dosing hydralazine.

In addition to alterations in drug toxicity, both rapid and slow NAT2
acetylator phenotypes have been associated with increased risk of cancer in
different target organs following arylamine exposure [66]. Rapid acetylators
detoxify aromatic amines to a greater extent than slow acetylators via N-
acetylation so they may be excreted from the body more quickly. However,
following N-hydroxylation, the metabolites can undergo bioactivation via the O-
acetylation pathway. The O-acetylation pathway often leads to formation of aryl-
nitrenium ions and DNA adducts, then carcinogenesis if DNA cannot be repaired.
For this reason, slow NAT2 acetylation has been associated with higher risk of
developing urinary bladder cancer due to decreased ability to detoxify aromatic

amines by N-acetylation [67], [68].

In contrast to urinary bladder cancer, the risk of colorectal cancer from

well-done cooked meat was higher among rapid NAT2 acetylators compared to
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slow acetylators resulting from increased rate of metabolism of HCAS [69]-[71].
Additionally, rapid acetylators are more prone to liver cancers following exposure
to carcinogenic aromatic amines [72]—[74]. To elaborate on this paradoxical
phenomenon, as mentioned previously, CYP450 mediates N-hydroxylation
followed by NAT2 O-acetylation of aromatic amines, resulting in a carcinogenic
metabolite. Since this metabolic bioactivation process occurs in the liver, rapid
acetylators are at greater risk of developing liver cancers [75]. However, in the
case of urinary bladder cancer, aromatic amines exit the liver, unaltered by slow
NAT2 acetylation, and reach the bladder, where DNA adducts are formed
following an acid-catalyzed reaction with urothelial DNA [76]. Therefore, rapid
NAT2 acetylation increases risk of liver cancer, while slow NAT2 acetylation
increases risk of urinary bladder cancer. These data indicate the association of

cancer risk with NAT2 phenotype may be exposure and organ specific.

NAT2 and insulin resistance

Recently, certain genetic variants/polymorphisms of NAT2 have been
linked to insulin resistance, high serum triglyceride, and coronary artery disease
as well as high fasting plasma glucose levels [77]-[80]. Analysis of Nat1-
knockout (homolog of human NAT?2) mice revealed that Natl deficiency leads to
development of insulin resistance and metabolic defects at the systemic level,
supporting the previously unrecognized role of NAT2 in regulating metabolism
and insulin sensitivity [81], [82]. However, it is currently unknown how NAT?2

influences cellular metabolism and insulin sensitivity.

Application to Toxicogenomics
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The study of genetics has been broadly applied in precision medicine, and
one of the emerging applications is pharmacogenomics-informed
pharmacotherapy, tailoring drug selection and dosing to the patient’s genetic
features [83]. A similar approach can be applied to toxicants when evaluating risk
of toxicity after an exposure, specifically if the toxicant is known to be
metabolized by a gene exhibiting variations among the human population. A
primary example of this includes metabolism of HCAs by NAT2. In the present
studies we will show that HCAs induce insulin resistance and metabolic
dysregulation in human hepatocytes, and that this effect is dependent on
metabolism by NAT2. Thus, our studies indicate a crucial need for considering
both genetic and environmental factors when evaluating risk of developing type Il
diabetes or metabolic syndrome following consumption of cooked meat and

exposure to HCAs.
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OVERALL GOALS AND SPECIFIC AIMS

This dissertation project encompasses two specific aims. Listed are the
specific aims and the hypotheses. The following chapters describe the
experiments performed to test these hypotheses, the analyses of the results, and

major conclusions.

Aim 1. Determine the effects of HCA exposure on insulin sensitivity and energy

homeostasis in human hepatocytes.

We hypothesize that HCA treatment on human hepatocytes will lead to insulin

resistance and increased and sustained glucose and lipids.

Aim 2. Investigate the role of NAT2-mediated metabolism of HCAs on
dysregulation of energy homeostasis and potential mechanisms of HCA-induced

insulin resistance in human hepatocytes.

We hypothesize that metabolism by NAT2 will enhance HCA-mediated metabolic
dysregulation in human hepatocytes, and that lipotoxicity and ER stress are

potential mechanisms of HCA-induced insulin resistance.

Please note that several of the following chapters are published or will be
submitted for publication as separate papers, and so there will be repetition of

content in the introductions and methods sections.
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CHAPTER 2
HETEROCYCLIC AMINES REDUCE INSULIN-INDUCED AKT

PHOSPHORYLATION AND INDUCE GLUCONEOGENIC GENE EXPRESSION

IN HUMAN HEPATOCYTES

INTRODUCTION

Heterocyclic amines (HCAs) are known mutagens and carcinogens [24],
[84]. The main source of human exposure to HCAs is through cooked meat,
although they are also found in other products including cigarette smoke [25],
[26]. They are primarily formed in muscle foods including meats and fish, which
provide precursors, such as creatinine, amino acids, and aldehydes, required for
the formation reaction [27]-[29]. Cooking meat at high temperatures or for long
periods of time favors HCA formation, and certain cooking methods, such as
frying, grilling, and roasting, substantially enhance their formation [28]. Thus far,
more than 25 different HCAs have been isolated from food samples [30]. The
most abundant HCAs found in cooked meat include PhIP (2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine), MelQx (2-amino-3,8-dimethylimidazo[4,5-
flquinoxaline) and MelQ (2-amino-3,4-dimethylimidazo[4,5-f]quinoline) (Fig. 1A).
These HCAs have been detected in different types of cooked meat at levels

ranging up to 150 ng/g [33]. Many HCAs require hepatic
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bioactivation to yield mutagenic and carcinogenic effects [72], [73]. The initial
step of HCA metabolism is the generation of N-hydroxy-HCA derivatives, which
is catalyzed by cytochrome P450, mainly isoenzyme CYP1A2 [72]. Further
metabolism and activation are carried out by arylamine N-acetyltransferase 2
(NAT2) and sulfotransferases, which result in esterification and formation of
nitrenium ions. These products are highly genotoxic and capable of direct
interaction with DNA by adduct formation. The resulting HCA-DNA adducts can
cause errors in DNA replication and result in mutations, which contribute to

carcinogenesis [72], [85].

Existing studies of HCAs have examined primarily their mutagenicity and
carcinogenicity. However, a recent epidemiological study has linked HCA
exposure via cooked meat to development of insulin resistance [43]. This was a
cross-sectional study evaluating non-alcoholic fatty liver disease and insulin
resistance. Dietary HCA intake was estimated based on by questionnaires on
meat type and cooking methods. The authors observed a significant association
between HCA consumption and insulin resistance (odds ratio [OR] = 1.92; 95%
confidence interval [Cl] = 1.12-3.30) even after multivariate analyses adjusted for
1) age, gender, energy intake per day and BMI and 2) weekly hours of physical
activity, smoking status, weekly alcohol portions, saturated fat and cholesterol
intake. This study suggests that exposure to HCAs via consumption of cooked

meat may contribute to development of insulin resistance.

Insulin is an endocrine peptide hormone that elicits an anabolic response

to nutrient availability. It instructs its target organs to uptake glucose and store
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excess nutrients in the form of glycogen and lipids [6]. The liver plays a crucial
role in systemic regulation of glucose and lipid metabolism, and aberrant hepatic
insulin action is considered a potential primary factor in insulin resistance [7].
Under a normal physiologic fasting state, high glucagon-to-insulin ratio
decreases glucose consumption and shifts the liver into glucose production by
consuming stored glycogen (i.e., glycogenolysis) and from glucogenic precursors
(i.e., gluconeogenesis) [8]. In pathological insulin resistance, insulin fails to
regulate hepatic metabolism, leading to altered glucose metabolism and excess
glucose production, while increased lipid synthesis continues. This condition is
known as selective hepatic insulin resistance [9] and leads to hyperglycemia and
fatty liver. Importantly, risk factors represented by metabolic syndrome include
insulin resistance and hyperglycemia, in addition to hypertension, central obesity,
and abnormal cholesterol or triglyceride levels [1]. An individual with metabolic
syndrome is at an increased risk of serious health complications, including
atherosclerosis, type Il diabetes mellitus, heart attack, kidney disease, fatty liver,
vascular disease, and stroke [1]. Some have argued that insulin resistance may
be the underlying etiology of metabolic syndrome [5]. Nearly one-third of adults in
the United States have metabolic syndrome, and 30.2 million adults (12.2% of
US adults) have type Il diabetes, and these numbers are growing [1]. Thus,
understanding environmental factors that contribute to pathogenesis of insulin

resistance and metabolic syndrome is necessary to combat this problem.

The aforementioned epidemiological study [43] suggested a causal link

between HCA consumption and insulin resistance. However, no studies have
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examined the effect of HCA exposure on insulin sensitivity or glucose
homeostasis. In the present study, we investigated the effects of MelQ, MelQXx,
and PhIP, three common HCAs generated when cooking meat, on insulin
signaling and glucose production in a hepatocellular carcinoma cell line, HepG2,

and cryopreserved human hepatocytes.

MATERIALS AND METHODS

Heterocyclic amines (HCAS)

PhIP, MelQx, and MelQ were purchased from Toronto Research Chemicals.
They were prepared into a solution with dimethyl sulfoxide (DMSO) at a stock
concentration of 10 mM. The media containing the indicated concentrations of
HCAs used for experiments was prepared freshly using the stock solution at the

time of experiment.

Cell culture

Cryopreserved human hepatocytes were purchased from BiolVT and stored in
liquid nitrogen until use. Hepatocyte samples were collected from consenting
donors under IRB approved protocols at the FDA licensed donor center at BiolVT

(http://www.bioivt.com/). Hepatocytes were prepared from fresh human tissue

and were isolated and frozen within 24 hours of organ removal by BiolVT. The
hepatocytes are from human transplant rejected livers and tested negative for
hepatitis B and C and HIV1 and 2. Hepatocytes were thawed according to the
manufacturer’s instructions by warming a vial of the hepatocytes at 37 °C for 90

seconds and suspending them in InVitroGRO HT medium (BiolVT) containing 1
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mL TORPEDO™ Antibiotic Mix (BiolVT) per 45 mL media. Hepatocytes were
then plated on Biocoat® collagen-coated plates (Corning) and remained in an
incubator with a humidified air (95%) and carbon dioxide (COz2, 5%) condition at
37 °C. HepG2 hepatocellular carcinoma cells were purchased from American
Type Culture Collection (ATCC, HB-8065™). The HepG2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 10% fetal
bovine serum (FBS, Gibco BRL), 5.5 mM D-glucose, 1 mM pyruvate, 4 mM L-
glutamine, and penicillin-streptomycin were kept in an incubator with a humidified

air (95%) and carbon dioxide (COz2, 5%) condition at 37 °C.

Western blot

HepG2 cells or cryopreserved human hepatocytes were plated the day before
the treatment on 24-well plates. Cells were incubated for 2 days with complete
DMEM containing indicated HCAs (PhIP, MelQ, or MelQXx) at varying
concentrations (0, 10, 25, and 50 yM), then incubated overnight with serum-free
DMEM containing indicated HCA treatment conditions. Prior to lysis, cells were
treated with insulin (Sigma-Aldrich) at 100 nM (freshly prepared in PBS) for 10
minutes. The cells were lysed immediately in Laemmli buffer (50 mM Tris-Cl [pH
6.8], 2% sodium dodecyl sulfate [SDS; w/v], 0.1% bromophenol blue, 10% [v/v]
glycerol) and boiled for 10 minutes. Protein concentrations were determined
using Pierce BCA Assay kit (Thermo Scientific) per manufacturer’s instructions.
One to two pL of 2-mercaptoethanol was added to each sample and boiled again
for 5 minutes. Twenty-five to fifty ug of protein per sample was loaded and

separated on 4-12% gradient Bis-Tris Plus polyacrylamide gels (Invitrogen). The

23



gel was transferred to a PVDF membrane and blocked in 5% (w/v) skim milk in
tris-buffered saline containing 0.1% Tween 20 (TBST) for 30 minutes.
Membranes were incubated with primary antibodies (1:3,000) overnight at 4°C.
Membranes were washed 3 times for 5 minutes each with TBST. Membranes
were incubated for 1 hour at room temperature with an HRP-conjugated
secondary antibody (1:5,000). Membranes were washed with TBST 3 times and
then protein-antibody complex was detected with chemiluminescent substrate
(Thermo Scientific). Densitometry was performed using Image J analysis
software (NIH). Insulin-stimulated phospho-AKT (p-AKT) (Ser473) protein band
was quantified and normalized to total AKT. Values presented represent the p-
AKT/total-AKT ratio in response to insulin following treatment with indicated
HCAs, relative to the vehicle-treated control group. Phospho-
FOXO1/FOX0O3a/FOXO4 protein band was quantified relative to total FOXO1
protein and normalized to GAPDH. The following antibodies were purchased
from Cell Signaling Technology: phosphorylated protein kinase B (p-AKT Ser473;
Cat. No. 4060); and protein kinase B (AKT) (Cat. No. 4091); and anti-rabbit IgG,
HRP-linked (Cat. No. 7074); and phosphorylated FOXO1 (T24)/FOX0O3a
(T32)/[FOXO4 (T28) (Cat. No. 42022); and FOXO1 (Cat. No. 2880); and GAPDH
(Cat. No. 2118). Each experiment was conducted three times with three
biological replicates per experiment. For experiments using cryopreserved
human hepatocytes, three different donor batches were used with three

biological replicates from each batch.

Gene expression analysis by RT-gPCR
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HepG2 cells or cryopreserved human hepatocytes were plated the day before
the treatment on 12-well plates. Cells were incubated for 3 days with complete
media containing indicated HCAs (PhIP, MelQ, or MelQx) at varying
concentrations (0, 10, 25, and 50 uM). RNA was isolated from the treated cells
using E.Z.N.A. Total RNA Kit 1 (Omegabiotek) per manufacturer’s protocol.
cDNA was synthesized using High Capacity cDNA Reverse Transcriptase PCR
(Thermo Scientific) per manufacturer’s instructions. Gene-specific cDNA was
amplified and detected using iTag Universal SYBR Green Supermix (Bio-Rad)
and gene-specific primers and StepOne real-time PCR system (Applied
Biosystems). The following primers were used: G6PC, forward 5’-
ACGAATCTACCTTGCTGCTCA-3’; reverse 5-AAAATCCGATGGCGAAGCTG3..
PCK1 or PEPCK, forward 5-TGATGAGCCGCTAGCTTCAG-3’; reverse 5'-
GCCTTTATGTTCTGCAGCCG-3'. FOXO1, forward 5’-
AGTGGATGGTCAAGAGCGTG-3, reverse 5-TTTGAGCTAGTTCGAGGGCG-
3. PPARaq, forward 5-GATTTCGCAATCCATCGGCG-3', reverse 5'-
AAACGAATCGCGTTGTGTGAC-3'. PGC1a, forward 5'-
CACGGACAGAACTGAGGGAC-3, reverse 5-TTCGTTTGACCTGCGCAAAG-3'.
18S rRNA, forward 5-GGAAGGGCACCACCAGGAGT-3’; reverse 5'-
TGCAGCCCCGGACATCTAAG-3'. GAPDH, forward 5'-
GGTGAAGCAGGCGTCGGAGG-3’; reverse 5-GAGGGCAATGCCAGCCCCAG-
3’. Results in HepG2 cells were normalized to 18S rRNA, and results in
cryopreserved human hepatocytes were normalized to GAPDH. The relative fold

change was calculated using the delta-delta Ct (2-22¢%) method with StepOne

25



software (Applied Biosystems). Each experiment was conducted three times with
three biological replicates per experiment. For experiments using cryopreserved
human hepatocytes, three different donor batches were used with three

biological replicates from each batch.

Extracellular glucose measurements

Twenty-four hours after plating, hepatocytes were incubated for 2 days with
media containing the indicated HCA at varying concentrations. Then,
hepatocytes were incubated for 6 hours with serum-free, glucose-free DMEM
containing varying concentrations of indicated HCAs. Hepatocytes were then
incubated for 24 hours with serum-free, glucose-free DMEM containing
gluconeogenic substrates (2 mM pyruvate, 20 mM lactate, 0.5 mM L-lysine, and
5 mM glycerol) in addition to the indicated HCAs. Media was collected from
individual wells following HCA treatment for extracellular measurement of
glucose. Glucose levels from the collected media were measured using a
colorimetric glucose oxidase assay kit (Sigma-Aldrich, GAGO-20). Three different
donor batches of hepatocytes were used with three biological replicates from
each batch. At the end of treatment, cells were washed twice with PBS, fixed with
3.7% formaldehyde (in PBS) for 10 minutes at room temperature, permeabilized
with 0.25% Triton X-100 in PBS for 10 minutes at room temperature, and stained
with 1 ug/mL DAPI (4',6-diamidino-2-phenylindole) solution for 5 minutes at room
temperature. Cells were observed under a fluorescence microscope (BioTek
Cytation 5) using the DAPI channel to measure the total number of cells per well.

Glucose measurements were normalized to the total number of cells.
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Statistical analysis

Differences in relative gene expression, glucose production, and p-AKT/total AKT
ratio between the treatment groups vs. control groups were tested for
significance by one-way ANOVA followed by Dunnett’'s Comparison Test. Dose-
response linear trend was tested for significance by the post test for linear trend
using a linear regression model. All statistical analyses were performed using
GraphPad Prism v8.2.1 (GraphPad Software). The results are expressed as the
mean = the standard error of the mean (SEM). Statistical significance was
determined per the following p-values: * indicates p < 0.05, ** indicates p < 0.01,

*** indicates p < 0.001, **** indicates p < 0.0001.

RESULTS

Measuring cytotoxicity and determining treatment concentrations of HCAs.
We first determined optimal concentrations for HCA treatment by treating HepG2
cells or cryopreserved human hepatocytes with varying concentrations (0 — 50
KM) of MelQ, MelQx, or PhIP (Fig. 2.1A). We selected these concentrations
initially, for we and others have previously used similar concentrations for in vitro
experiments with HCAs [86]. Following 3 days of treatment, there was no
significant cell death at any of the concentrations tested in both HepG2 and
cryopreserved human hepatocytes (Fig. 2.1B and C). Thus, we proceeded with a

dosing regimen of 0 — 50 uM of HCAs for following experiments.
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Figure 2.1. Chemical structures of HCAs and relative cell viability of HepG2
and cryopreserved human hepatocytes following HCA treatment. A,
Chemical structures of the HCAs (MelQ, MelQx, and PhIP) used in the present
study. B and C, Relative cell viability after 3-day treatment with HCAs. HepG2
cells (panel B) or cryopreserved human hepatocytes (panel C) were treated with
varying concentrations of the indicated HCA for 3 days. Cells were fixed and
stained with DAPI solution, and the total cell count was obtained using
fluorescence imaging. Each cell count was presented as a percentage of the
value in the vehicle-control group. Data points represent mean = SEM.

28



HCAs decrease insulin signaling in HepG2 cells. Decreased insulin signaling
is one of the key features of insulin resistance and type Il diabetes [6]. Insulin-
insulin receptor interaction activates an intrinsic tyrosine protein kinase, which
auto-phosphorylates the receptor and downstream substrates [6]. AKT (protein
kinase B) is a major downstream effector of insulin signaling and regulates a
variety of insulin-mediated responses downstream (e.g., suppression of
gluconeogenesis and promotion of lipid synthesis) [6], [87]. For this reason, the
level of insulin-induced AKT phosphorylation is often used as an index of insulin
sensitivity [87]. Insulin signaling leads to AKT phosphorylation at Thr308 and
Ser473. The Thr308 site is phosphorylated first by upstream kinases, and then

the Ser473 site is phosphorylated to fully activate the AKT protein [88], [89].

To evaluate the effects of HCAs on insulin sensitivity, we assessed insulin-
induced phosphorylation of AKT at Ser473 following HCA treatment in HepG2
cells. HepG2 cells have been used to study hepatic insulin signaling [90], [91],
and so we conducted initial experiments using this model and later confirmed
these findings in cryopreserved human hepatocytes. HepG2 cells were treated
with varying concentrations with MelQ, MelQx, or PhIP for 3 days prior to the
insulin treatment. Phosphorylated AKT (at Ser473) and total AKT levels were
measured using Western blot. HepG2 cells treated with MelQ and MelQx
showed a concentration-dependent decrease in phosphorylated AKT to total AKT
ratio (p-AKT/AKT) in response to insulin, compared to vehicle-control group (Fig.
2.2). There was a 25.0% (p < 0.01), 32.0% (p < 0.01), and 56.5% (p < 0.001)

significant reduction in insulin-stimulated p-AKT/AKT following treatment with
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MelQ at 10 uM, 25 uM and 50 pM, respectively (Fig. 2.2A). MelQx treatment
caused a dose-dependent reduction (linear trend, p = 0.0002) in insulin-
stimulated p-AKT/AKT, with a 27.7% (p < 0.05), 45% (p < 0.01), and 51.3% (p <
0.001) significant reduction at 10 uM, 25 uM, and 50 pM, respectively (Fig. 2.2B).
PhIP treatment at 10 uM caused a 19% (p < 0.05) significant reduction in insulin-
stimulated AKT activation, but this reduction was not observed at higher

concentrations of PhIP (Fig. 2.2C).
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Figure 2.2. Insulin-induced AKT phosphorylation following HCA treatment

in HepG2 cells. HepG2 cells were cultured with the indicated concentration of

MelQ (panel A), MelQx (panel B), and PhIP (panel C) for 2 days, followed by a

serum-starvation overnight. Prior to harvest, cells were treated with 100 nM

insulin for 10 minutes. The relative levels of phospho-AKT (p-AKT) (Ser473) and

total AKT (AKT) were measured using Western blot. The insulin-stimulated p-

AKT/AKT ratio was expressed as a percentage of the vehicle-treated control

cells. Data points represent mean + SEM. Significance of linear trend was

determined using the post test for linear trend (linear regression model). *, p <

0.05; **, p < 0.01; ***, p < 0.001.
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HCAs decrease insulin signaling in cryopreserved human hepatocytes.
Next, we sought to confirm the findings in HepG2 cells using cryopreserved
human hepatocytes. We repeated the study using pooled cryopreserved human
hepatocytes which represented a mixture of hepatocytes from 10 or 20 donors.
Cryopreserved human hepatocytes were treated with 25 uM MelQ, MelQx, or

PhIP for 3 days prior to the insulin treatment.

Phosphorylated AKT (at Ser473) and total AKT levels were measured
using Western blot. Cryopreserved human hepatocytes treated with MelQ and
MelQx showed a significant decrease in phosphorylated AKT to total AKT ratio
(p-AKT/AKT) in response to insulin, compared to vehicle-control group (Fig. 2.3).
There was a 53.5% (p < 0.05), 58.5% (p < 0.01), and 13.5% reduction in insulin-
stimulated p-AKT/AKT following treatment with MelQ, MelQx, or PhIP
respectively (Fig. 2.3), although the reduction in PhIP-treated cells was not
statistically significant, likely because PhIP treatment alone induced p-AKT even
in the absence of insulin. These findings are consistent with observations made

in HCA-treated HepG2 cells.
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Figure 2.3. Insulin-induced AKT phosphorylation following HCA treatment
in cryopreserved human hepatocytes. Cryopreserved human hepatocytes
were cultured with 25 uM of MelQ, MelQXx, or PhIP for 2 days, followed by a
serum-starvation overnight. Prior to harvest, cells were treated with 100 nM
insulin for 10 minutes. The relative levels of phospho-AKT (p-AKT) at Ser473 and
total AKT (AKT) were measured using Western blot. The insulin-stimulated p-
AKT/AKT ratio was expressed as a percentage of the vehicle-treated control

cells. Data points represent mean + SEM. *, p < 0.05; **, p < 0.01.
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HCAs induce expression of gluconeogenic genes in HepG2 cells. The liver
plays a key role in regulation of glucose homeostasis by controlling various
pathways of glucose metabolism, including glycogenolysis, glycolysis and
gluconeogenesis [92]. Regulation of enzymes involved in these pathways is
required to maintain proper glucose homeostasis. The gluconeogenesis
metabolic pathway generates glucose from non-carbohydrate carbon substrates.
Key regulatory enzymes in this pathway are induced under fasting conditions [92]
and include glucose 6-phosphatase (G6PC) and phosphoenolpyruvate
carboxykinase (PCK1; PEPCK). In insulin resistance, insulin fails to properly
phosphorylate AKT, which can lead to dysregulation of gluconeogenic enzymes
like G6PC and PCK1, ultimately causing sustained glucose production, despite

insulin secretion [7], [87].

To investigate the effects of HCAs on glucose homeostasis, we examined
if HCA treatment altered expression of gluconeogenic, insulin receptor-target
genes, G6PC and PCK1, in HepG2 cells. G6PC catalyzes the final step of
gluconeogenesis, hydrolyzing glucose-6-phosphate to generate free glucose and
inorganic phosphate [93]. PCK1 is the first rate-limiting enzyme of
gluconeogenesis that converts oxaloacetate and GTP into phosphoenolpyruvate
(PEP) and CO:2 [93]. Treatment of HepG2 cells with MelQ, MelQx, or PhIP
resulted in an increase in G6PC gene transcripts (Fig. 2.4A-C). Each of the
HCAs showed a statistically significant increase in G6PC gene transcript levels at
the 50 uM concentration, compared to vehicle-control (MelQ, p < 0.05; MelQXx, p

< 0.0001; PhIP, p < 0.0001). In particular, MelQx treatment at 50 uM resulted in a
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nearly 10-fold increase in G6PC mRNA compared to the vehicle-control (Fig.
2.4B) and exhibited a dose-response (linear trend, p = 0.0003). Similarly, PhIP
exhibited a dose-dependent (linear trend, p < 0.0001) increase in GGPC mRNA
(Fig. 2.4C). Additionally, treatment with MelQ, MelQx, or PhIP resulted in a
significant increase (p < 0.05) in PCK1 gene transcripts in HepG2 cells at the 50
MM concentration, and MelQx and PhIP both exhibited significant concentration-
dependent increases in PCK1 mRNA (MelQx, p = 0.0022; PhIP, p = 0.0152) (Fig.

2.4A-C).

HCAs induce expression of gluconeogenic genes in cryopreserved human
hepatocytes. Next, we determined if HCAs altered expression of gluconeogenic,
insulin receptor-target genes, G6PC and PCK1, in cryopreserved human
hepatocytes as well. Similar to our findings in HepG2 cells, we observed
significant increases in G6PC and PCK1 mRNA levels following MelQ, MelQx or
PhIP treatment in cryopreserved human hepatocytes (Fig. 2.4D-F). MelQ,
MelQx, or PhIP treatment each exhibited statistically significant linear dose-
response trend in G6PC gene transcript levels (MelQ, p = 0.0002; MelQx, p <
0.0001; PhIP, p = 0.0066), and MelQ or MelQx treatment each exhibited a
statistically significant linear dose-response trend in PCK1 gene transcript levels
(MelQ, p = 0.0005; MelQx, p = 0.0002). These results agreed with the

observations made in HepG2 cells.
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Figure 2.4. Increases in insulin receptor-target genes involved in

gluconeogenesis following HCA treatment. HepG2 cells (panels A-C) and

cryopreserved human hepatocytes (panels D-F) were cultured with varying

concentrations of the indicated HCA (MelQ, MelQx, or PhIP) for 3 days. The

relative mRNA level of G6PC or PCK1 was measured by RT-qPCR using 18S

ribosomal RNA as an internal control for HepG2 cells and using GAPDH as an

internal control for hepatocytes. The mMRNA levels were expressed as changes

relative to that in the vehicle-control. Data points represent mean + SEM.

Significance of linear trend was determined using the post test for linear trend

(linear regression model). *, p < 0.05; **, p < 0.01; ***, p < 0.001; *** p < 0.0001.
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HCAs alter expression of genes that regulate gluconeogenesis in
cryopreserved human hepatocytes. Since HCA treatment induced expression
of G6PC and PCK1, in cryopreserved human hepatocytes, we investigated if
HCAs altered the expression of additional genes that regulate gluconeogenesis,
including FOXO1, PPARa and PGCla. Forkhead box O1 (FOXO1) gene
encodes a transcription factor protein that regulates metabolic homeostasis and
insulin signaling [94]. FOXO1 regulates expression of gluconeogenic genes,
G6PC and PCK1, and increased expression of FOXOL1 correlates with increased
expression of G6PC and PCK1 [95]. Our study also showed an increased
FOXO1 expression following treatment with HCAs in hepatocytes (Fig. 2.5 A-C).
Cryopreserved human hepatocytes treated with MelQx showed a statistically
significant increase (p < 0.05) in FOXO1 mRNA levels, and hepatocytes treated
with MelQ showed a slight increase in FOXO1 mRNA, though not statistically
significant, while PhiP-treated hepatocytes did not show a change in FOXO1

levels.

Furthermore, peroxisome proliferator activated receptor alpha (PPARQ)
regulates expression of genes involved in glucose and lipid metabolism and
transport [96]. Although hepatocytes treated with MelQ showed only a marginal
increase in PPARa mRNA levels that was not statistically significant, hepatocytes
treated with MelQx and PhIP showed a significant increase (p < 0.01, p < 0.0001,
respectively) in PPARa mRNA levels (Fig. 2.5 A-C). These results indicate that
HCA treatment of hepatocytes lead to changes in gene expression of some of

the key regulators of gluconeogenesis.
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PPARG Coactivator 1 Alpha (PGC1a) is a transcriptional co-activator that
regulates expression of genes involved in glucose and fatty acid metabolism and
is a known regulator of hepatic gluconeogenesis [97], [98]. Cryopreserved human
hepatocytes treated with MelQ, MelQx, or PhIP expressed a significant decrease
(p <0.001) in PGC1a mRNA levels (Fig. 2.5 A-C). These results contradict what
was expected since a reduction in gene expression of this co-activator of
gluconeogenic genes does not correlate with increased expression of G6PC and
PKC1 genes observed after exposure to HCAs. However, PGC1a is not the sole
regulator of these genes. Additionally, type 2 diabetic patient livers have been
shown to have decreased PGC1a levels [99]-[101], and mice with low hepatic
PGC1a accumulate excess lipids in their livers [102]-[104], which is a hallmark of
insulin resistance. Thus, decreased PGC17a expression may be associated with
the metabolic changes observed after HCA treatment, and this association and

its mechanism need to be explored further.

To further investigate the mechanism by which HCAs lead to increased
gluconeogenic gene expression in hepatocytes, we investigated changes in
FOXO1, a transcription factor for gluconeogenic genes, at the protein level.
FOXOL1 is transcriptionally active only in its non-phosphorylated form [93].
FOXOL1 protein is phosphorylated by AKT, which alters DNA binding activity and
thus halts transcription of gluconeogenic genes [93]. Failure to phosphorylate
FOXOL1 renders the protein active and thus induces gluconeogenesis [105].
Cryopreserved human hepatocytes treated with MelQ, MelQx, or PhIP showed a

statistically significant decrease in phospho-FOXO1 (Thr24) relative to total
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FOXOL1 protein when compared to the vehicle-treated control (MelQ, p < 0.001;
MelQx, p < 0.01; PhIP, p <0.001) (Fig. 2.5 D-E). This indicates that increased
FOXOL1 activity may be partially responsible for increased gluconeogenic gene

expression in HCA-treated hepatocytes.
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Figure 2.5. Changes in expression of genes and protein that regulate
gluconeogenesis following HCA treatment in cryopreserved human
hepatocytes. Cryopreserved human hepatocytes were cultured with 25 uM of
the indicated HCA (MelQ, MelQx, or PhIP) for 3 days. The relative mRNA level of
the indicated gene was measured by RT-qPCR using GAPDH as an internal
control (panels A-C). The mRNA levels were expressed as changes relative to
that in the vehicle-control. Relative levels of phospho-FOXO1 (p-FOXO1) at
Thr24, FOXO1, and GAPDH were measured using Western blot (panel D). The
p-FOXOL1 protein level was measured relative to total FOXO1 protein level and
normalized to GAPDH protein level, then presented as relative change compared
to the vehicle-control (panel E). Bars represent mean = SEM. *, p < 0.05; **, p <

0.01; ***, p < 0.001; **** p < 0.0001.
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HCAs increase glucose production in cryopreserved human hepatocytes.
Development of insulin resistance leads to altered glucose homeostasis, and as
a result, increased and sustained glucose production is a hallmark of insulin
resistance and type Il diabetes [6]. Since HCA treatment on HepG2 cells and
hepatocytes lead to an increase in expression of gluconeogenic, insulin receptor-
target genes, G6PC and PCK1, we tested if HCA treatment leads to increased
glucose production in cryopreserved human hepatocytes. During the HCA
treatment, hepatocytes were serum- and glucose-starved before being provided
with gluconeogenic substrate media containing pyruvate, lactate, L-lysine, and
glycerol. The level of extracellular glucose in the media was measured using a
glucose oxidase-based assay and then normalized to total cell count. The HCA
treatments resulted in an increase in extracellular glucose in cryopreserved
human hepatocytes, suggestive of an increase in glucose production (Fig. 2.6).
Although the differences in the extracellular glucose level between the control
group and individual MelQ treatment groups were not found statistically
significant, there was a statistically significant linear trend (i.e., concentration-
dependent increase, p = 0.0032) (Fig. 2.6A). There was a similar concentration-
dependent effect (p = 0.0228) by MelQx, and the highest concentration of MelQx
caused nearly a 2-fold increase in extracellular glucose, compared to the vehicle-
control (Fig. 2.6B). PhIP treatment also caused an averaged 34% increase in

extracellular glucose although there was no dose-response observed (Fig. 2.6C).
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These results suggest that HCAs can induce glucose production in human

hepatocytes at variable levels.
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Figure 2.6. Increases in glucose production following HCA treatment in
cryopreserved human hepatocytes. Cryopreserved human hepatocytes were
cultured with varying concentrations of the indicated HCA MelQ (panel A), MelQx
(panel B), or PhIP (panel C) for 2 days, and glucose- and serum-starved
overnight. The cells were then incubated in a gluconeogenic media containing 2
mM py ruvate, 0.5 mM lysine, 20 mM lactate, and 5 mM glycerol for 24 hours.
Media was collected, and extracellular glucose was measured using a glucose
oxidase-based assay. Glucose concentration was normalized to total cell count
and expressed as a percentage of the value found in the vehicle-control cells.
Data points represent mean + SEM. Significance of linear trend was determined

using the post test for linear trend (linear regression model).
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DISCUSSION

The current study demonstrated, for the first time, that common HCAs
found in cooked meat can cause insulin resistance and increases in glucose
production and gluconeogenic gene expression in human hepatocytes. Notably,
three different HCAs commonly found in cooked meats (i.e., MelQ, MelQx, and
PhIP) and two different cell model systems (i.e., HepG2 and cryopreserved
human hepatocytes) were used to establish these findings, indicating that they

are not unique to a particular HCA or exclusive to one type of cell population.

The present findings imply that exposure to HCAs via consumption of cooked
meat could potentially lead or contribute to development of insulin resistance and
hyperglycemia, which are key hallmarks of type Il diabetes and metabolic
syndrome. This is supported by several epidemiological studies. As previously
mentioned, Zelber-Sagi and colleagues reported that consumption of meat
cooked via “unhealthy” methods (e.g., grilling or broiling to well-done level or
frying) is related to insulin resistance and found that there is a significant
association between estimated HCA consumption via cooked meat and insulin
resistance, among both general population and patients with non-alcoholic fatty
liver disease (odds ratio [OR] = 1.92; 95% confidence interval [Cl] = 1.12-3.30)
[43]. Importantly, after multivariate adjustment, the association was independent
of cholesterol and saturated fat intake. A higher frequency of unhealthy cooking
methods, such as broiling, barbequing, and roasting, was each independently
associated with a higher risk of type Il diabetes. In contrast, the frequency of

stewing or boiling red meats was not associated with type Il diabetes risk [44].
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These studies suggest that unhealthy cooking methods, which favor production
of HCAs, significantly increase the risk of developing insulin resistance or type Il
diabetes. Accordingly, the authors suggested exposure to polyaromatic
hydrocarbons and HCAs commonly present in cooked meat as a potential
underlying, biological mechanism for this phenomenon [45]. In the follow-up
study of three prospective cohorts, the authors reported that open-flame and/or
high-temperature cooking >15 times/month, compared with <4 times/month, the
hazard ratio and 95% CI of type Il diabetes was 1.28 and 1.18-1.39, respectively
[44]. In addition, estimated intake of HCAs was also associated with an increased
type Il diabetes risk, and this was the first study linking higher estimated dietary
HCA intake with an increased risk of type Il diabetes [44]. Taken together, these
previous and our present findings support the hypothesis that exposure to HCAs
produced during unhealthy cooking of meat contributes to pathogenesis of insulin

resistance and type Il diabetes.

The mechanism by which HCAs induce insulin resistance in hepatocytes
is unknown. Pathological features that are commonly associated with cellular
insulin resistance include inflammation [14], mitochondrial dysfunction [15], ER
stress [16], and lipotoxicity [17]. One of the common underlying attributes of
these features is increased reactive oxygen species (ROS) [6] and ROS have
been shown to play a causal role in different forms of insulin resistance [18].
Multiple mechanisms by which elevated ROS may induce or contribute to insulin
resistance have been proposed. For example, ROS are known to activate JNK

and IKK[1 [106], [107] which are considered key contributors to the development
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of insulin resistance in obesity and diabetes [108]. JNK and IKK can inhibit insulin
receptor signaling by phosphorylating insulin receptor substrate 1 (IRS1) at
serines. Serine-phosphorylation of IRS1 inhibits its association with the insulin
receptors, promotes its degradation and suppresses binding of PI3K [6], [108],
thus, blunting the effects of downstream insulin signaling. Likewise, a mechanism
by which HCAs induces insulin resistance in hepatocytes may be contributed by
increased ROS. In fact, consumption of HCA from cooked meat has been
associated with increased systemic level of oxidative stress. A study of 561
adults in Brazil found that estimated intake of HCAs from meat is associated with
the level of oxidative stress, estimated by malondialdehyde concentration in the
plasma (OR 1.17; 95% CI 1.01-1.38) [109]. In support, we have observed that
HCAs, including PhIP and MelQx, cause increases in DNA damage and ROS
level in Chinese hamster ovary (CHO) cells that express human CYP1A2 and
NAT2 [110], [111]. Moreover, the level of DNA damage and ROS production was
higher in cells expressing a rapid allele of NAT2 (NAT2*4), compared to a slow
allele, NAT2*5B [110]. This data indicates that HCAs induce cellular ROS levels,
and this effect is dependent on their metabolism by CYP1A2 and NAT2. Based
on this, we speculate that a potential mechanism for HCA-induced insulin
resistance may be related to the formation of ROS during or following HCA
metabolism. It is well-known that mutagenicity of HCAs requires metabolism.
Metabolic activation of HCAs occurs primarily in the liver by CYP1A2-mediated
N-oxidation of the exocyclic amine groups to form the N-hydroxy-HCA derivatives

[50], [51]. The N-hydroxy-HCA metabolites can undergo phase Il conjugation
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reactions to form highly reactive esters. These esters may undergo heterolytic
cleavage to generate reactive nitrenium ions, which are the ultimate carcinogenic
metabolite [112]. NATZ2 is one of the primary enzymes responsible for catalyzing
this phase Il metabolism. NAT2 expresses a well-defined genetic polymorphism
in humans [113]. Depending on the combination of NAT2 alleles they carry,
individuals can be categorized into rapid, intermediate, or slow acetylators who
exhibit differential metabolism of aromatic amines, including HCAs [113].
However, it is currently unknown if metabolism of HCAs is also required for their
effects on hepatic insulin resistance and glucose production. Additionally, our lab
has reported that human NAT?2 is transcriptionally regulated by glucose and
insulin in liver cancer cell lines, including HepG2 cells [114]. We speculate that
NAT2-mediated metabolism of HCAs is an important determinant of their
metabolic effects in hepatocytes. A further investigation is required to assess the
contribution of HCA metabolism to their effects on insulin sensitivity and glucose

production.

A notable observation from the current study is that MelQ and MelQx
caused a dose-dependent reduction in insulin sensitivity and a dose-dependent
increase in glucose production, while the effects of PhIP were either not dose-
dependent or absent. Although PhIP did, however, lead to a significant decrease
(p < 0.05) in insulin sensitivity at 10 uM in HepG2 cells, it failed to produce a
similar response in cryopreserved hepatocytes and its ability to induce glucose
production was marginal. The differences in structure of these HCAs (Fig. 2.1A)

and their metabolism are potentially responsible for this observation. The
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structure of PhIP is notably different from other compounds in its classification.
Most HCAs, including MelQ and MelQx, have fully planar aromatic structures
with no bulky out-of-plane functionalities [24]. PhIP, in contrast, possesses a
phenyl moiety that is not necessarily co-planar with the main bicyclic
imidazopyridine, and so the metabolism of PhIP is different from other HCAs.
CYP1A2 primarily catalyzes the detoxification of MelQx by oxidation of the 8-
methyl group, whereas it catalyzes the bioactivation of PhIP by oxidation of the
exocyclic amine group [115], [116], and so it is speculated that alternative
enzymes may be involved in PhIP-induced toxicity. In the neonatal mouse model,
higher incidences of lymphoma and hepatocellular adenoma occurred in female
P4501A2-knockout mice than in wild-type mice exposed to high doses of PhIP
(11 or 22 mg/kg), indicating that PhIP-induced carcinogenesis is independent of
P450 1A2 expression [117]. It was also observed that PhIP-DNA adduct
formation was independent of NAT2 acetylator activity in adult female congenic
rapid and slow rats, while MelQx-DNA adducts, particularly in the liver, were
significantly lower in slow acetylators [118]. The structural and metabolic
differences responsible for discrepancies in HCA-induced genotoxicity and
carcinogenicity could also potentially be responsible for the discrepancies
reported here (i.e., PhIP not exhibiting a linear dose-response in the results

reported).

In summary, HCAs commonly found in cooked meat caused insulin
resistance and increased glucose production in HepG2 and human hepatocytes.

We have also shown that insulin receptor-target genes involved in
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gluconeogenesis are upregulated in human hepatocytes following exposure to
HCAs, indicating that upregulation in gluconeogenesis may, at least in part,
contribute to HCA-induced increase in glucose production. Taken together, the
current findings imply that, independent of meat consumption, dietary exposure
to HCAs contribute to pathogenesis of insulin resistance and hyperglycemia.
Additional studies are required to determine the precise mechanism by which
HCAs elicit the responses reported here. Future studies should also explore the
role of metabolism of HCAs as well as NAT2 genetic polymorphisms on

metabolic effects of HCAs.
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CHAPTER 3

INDUCTION OF GLUCOSE PRODUCTION BY HETEROCYCLIC AMINES IS
DEPENDENT ON N-ACETYLTRANSFERASE 2 GENETIC POLYMORPHISM IN

HUMAN HEPATOCYTES

INTRODUCTION

Metabolic syndrome is characterized by a cluster of adverse health
conditions, including insulin resistance and hyperglycemia, in addition to
hypertension, central obesity, and abnormal cholesterol or triglyceride levels [1].
In the United States, it is estimated that more than one third of the U.S. adult
population has metabolic syndrome [2], [3]. These individuals are at an increased
risk of health complications including, heart attack, fatty liver, and stroke [4]. Poor
diet, lack of exercise, exposure to environmental pollutants, and genetic variants
involved in glucose and lipid metabolism have been identified as some of the risk
factors for insulin resistance, type Il diabetes, and metabolic syndrome [1], [119]-

[122].
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Heterocyclic amines (HCAs) are known mutagens and carcinogens [24],
[84] primarily found in cooked meat. While most existing studies of HCAs have
assessed their mutagenicity and carcinogenicity, a recent epidemiological study
has linked dietary HCA exposure via cooked meat to the development of insulin
resistance [43]. In support of this finding, we have recently reported that HCAs
induce insulin resistance and promote glucose production in human hepatocytes
[122], suggesting that exposure to HCAs may contribute to the development of

metabolic syndrome or type Il diabetes.

Many HCAs require hepatic bioactivation to yield mutagenic and
carcinogenic effects [72], [73], and, for this reason, the extent of metabolism of
HCAs is known to impact their mutagenicity and carcinogenicity [110], [123]—
[125]. In general, following N-hydroxylation mediated by CYP1A2 [72], HCAs are
often O-acetylated by arylamine N-acetyltransferase 2 (NAT2). NAT2 expresses
a well-defined genetic polymorphism in humans [113]. Depending on the
combination of NAT2 alleles they carry, individuals can be categorized into rapid,
intermediate, or slow acetylators who exhibit differential metabolism of aromatic
amines and HCAs [113]. However, it is currently unknown if metabolism of HCAs
alters their effects on hepatic insulin sensitivity and glucose production. In the
present study, we investigated the contribution of NAT2 genetic polymorphism to

increased glucose production in hepatocytes following exposure to HCAs.

51



MATERIALS AND METHODS

Heterocyclic amines (HCAS)

All HCAs were purchased from Toronto Research Chemicals. Stock
concentrations of 10 mM were prepared into solution with dimethyl sulfoxide
(DMSO). Stock solutions were used to freshly prepare media containing the
indicated working concentrations (10, 25, or 50 uM) of HCAs at the time of

experiment.

Cell culture

Cryopreserved human hepatocytes were purchased from BiolVT and stored in
liquid nitrogen until use. Hepatocyte samples were collected from consenting
donors under IRB approved protocols at the FDA licensed donor center at BiolVT
(http://www.bioivt.com/). Hepatocytes were prepared from fresh human tissue
and were isolated and frozen within 24 hours of organ removal by BiolVT. The
hepatocytes are from human transplant rejected livers and tested negative for
hepatitis B and C and HIV1 and 2. Hepatocytes were thawed and plated

according to the manufacturer’s instructions as previously reported [122].

Determination of NAT2 genotype and phenotype

Genomic DNA was isolated from pelleted cells prepared from cryopreserved
human hepatocyte samples using the QIAamp DNA Mini Kit (QIAGEN, Valencia,
CA) per manufacturer’s instructions, and NAT2 genotypes and deduced
phenotypes were determined as previously described [126]. Individuals
possessing two NAT?2 alleles associated with rapid acetylation activity (NAT2*4)
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were classified as rapid acetylators; individuals possessing one of these alleles
and one allele associated with slow acetylation activity (NAT2*5B, NAT2*6A, and
NAT2*7B) were classified as intermediate acetylators, and those individuals

possessing two slow acetylation alleles were classified as slow acetylators.

Extracellular glucose measurements

To measure glucose production, twenty-four hours after plating, hepatocytes
were incubated for 2 days with media containing the indicated HCA. Then,
hepatocytes were incubated for 6 hours with serum-free, glucose-free DMEM
containing indicated HCAs. Hepatocytes were then incubated for 24 hours with
serum-free, glucose-free DMEM containing gluconeogenic substrates (2 mM
pyruvate, 20 mM lactate, 0.5 mM L-lysine, and 5 mM glycerol) in addition to the
indicated HCAs. Glucose levels from the media were measured using a
colorimetric glucose oxidase assay kit (Sigma-Aldrich, GAGO-20), and data was

normalized to total number of cells, as previously reported [122].

Statistical analysis

Changes in glucose production are presented relative to the control group and
were tested for significance by one-way ANOVA followed by Dunnett’s
Comparison Test. Dose-response linear trend was tested for significance by the
post test for linear trend using a linear regression model. The results are
expressed as the mean + the standard error of the mean (SEM). Statistical
significance was determined per the following p-values: * indicates p < 0.05, **

indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.
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RESULTS

Changes in glucose production following HCA exposure in human
hepatocytes is dependent on NAT2 acetylator phenotype. To investigate if
the rate of HCA metabolism by NAT2 affects HCA-induced alteration in glucose
homeostasis in hepatocytes, we treated cryopreserved human hepatocytes
categorized according to NAT2 acetylator phenotype (i.e., slow, intermediate, or
rapid) with HCAs and measured extracellular glucose level using a glucose
oxidase-based assay (see Materials and Methods). In slow NAT2 acetylator
human hepatocytes, we found no difference in glucose production between the
control group and HCA-treated groups for any HCA at any concentration (Fig.
3.1A, Fig. 3.2A, Fig. 3.3A). In intermediate NAT2 acetylator human hepatocytes,
we found a statistically significant increase (p < 0.01) in glucose production
among hepatocytes treated with 25 and 50 uM MelQ (Fig. 3.1B). There was also
a statistically significant, dose-dependent linear increase in glucose production
among intermediate NAT2 acetylator hepatocytes treated with MelQ or MelQx
(MelQ, p =0.0007; MelQx, p = 0.0245) (Fig. 3.1B, Fig. 3.2B). No significant (p >
0.05) changes in glucose production were observed in PhiP-treated hepatocytes
that were either slow or intermediate NAT2 acetylators (Fig. 3.3A and B), and the
changes in glucose production with MelQ and MelQx treatment in slow and
intermediate NAT2 acetylators were modest in comparison to rapid NAT2
acetylators. In contrast, rapid NAT2 acetylator human hepatocytes showed a
significant increase in glucose production at nearly every concentration with all 3

HCAs tested (Fig. 3.1C, Fig. 3.2C, Fig. 3.3C). Additionally, rapid NAT2 acetylator
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human hepatocytes showed a statistically significant, dose-dependent linear
increase in glucose production after exposure to MelQ (p = 0.0023), MelQx (p <

0.0001), and PhIP (p = 0.0049).
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Figure 3.1. Glucose production in slow, intermediate, and rapid NAT2
acetylator cryopreserved human hepatocytes following MelQ treatment.
Slow (panel A), intermediate (panel B), or rapid (panel C) cryopreserved human
hepatocytes were cultured with varying concentrations of MelQ for 2 days, and
glucose- and serum-starved overnight. The cells were then incubated in a
gluconeogenic media containing 2 mM pyruvate, 0.5 mM lysine, 20 mM lactate,
and 5 mM glycerol for 24 hours. Media was collected, and extracellular glucose
was measured using a glucose oxidase-based assay. Glucose concentration was
normalized to total cell count and expressed as a percentage of the value found
in the vehicle-control cells. Bars represent mean + SEM. Statistical significance
was determined by one-way ANOVA followed by Dunnett's Comparison Test.
Significance of linear trend was determined using the post test for linear trend

(linear regression model). *, p < 0.05; **, p < 0.01.
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Figure 3.2. Glucose production in slow, intermediate, and rapid NAT2
acetylator cryopreserved human hepatocytes following MelQx treatment.
Slow (panel A), intermediate (panel B), or rapid (panel C) cryopreserved human
hepatocytes were cultured with varying concentrations of MelQx for 2 days, and
glucose- and serum-starved overnight. The cells were then incubated in a
gluconeogenic media containing 2 mM pyruvate, 0.5 mM lysine, 20 mM lactate,
and 5 mM glycerol for 24 hours. Media was collected, and extracellular glucose
was measured using a glucose oxidase-based assay. Glucose concentration was
normalized to total cell count and expressed as a percentage of the value found
in the vehicle-control cells. Bars represent mean + SEM. Statistical significance
was determined by one-way ANOVA followed by Dunnett's Comparison Test.
Significance of linear trend was determined using the post test for linear trend

(linear regression model). *** p < 0.001; **** p < 0.0001.
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Figure 3.3. Glucose production in slow, intermediate, and rapid NAT2
acetylator cryopreserved human hepatocytes following PhIP treatment.
Slow (panel A), intermediate (panel B), or rapid (panel C) cryopreserved human
hepatocytes were cultured with varying concentrations of PhIP for 2 days, and
glucose- and serum-starved overnight. The cells were then incubated in a
gluconeogenic media containing 2 mM pyruvate, 0.5 mM lysine, 20 mM lactate,
and 5 mM glycerol for 24 hours. Media was collected, and extracellular glucose
was measured using a glucose oxidase-based assay. Glucose concentration was
normalized to total cell count and expressed as a percentage of the value found
in the vehicle-control cells. Bars represent mean + SEM. Statistical significance
was determined by one-way ANOVA followed by Dunnett's Comparison Test.
Significance of linear trend was determined using the post test for linear trend

(linear regression model). *, p < 0.05; **, p < 0.01.
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DISCUSSION

Insulin resistance leads to defective glucose homeostasis, and
subsequently, increased and sustained glucose production, which is a hallmark
of type Il diabetes [6]. We previously reported that HCAs cause increased
glucose production in cryopreserved human hepatocytes [122]. In the current
study, we investigated the role of hepatic metabolism on HCA-induced glucose
production. It is well-known that mutagenicity of HCAs requires metabolism [72],
but little is known about the role of HCA metabolism in the context of HCA-
mediated insulin resistance and disruption of glucose homeostasis. Many HCAs
are bioactivated by the phase Il metabolic enzyme, NAT2, following N-
hydroxylation by CYP1A2 [72]. As previously mentioned, NAT2 expresses a well-
defined genetic polymorphism in humans, and the varying genotypes are highly
correlated to categorized phenotypes, including rapid, intermediate, and slow
acetylators who exhibit differential metabolism of aromatic amines and HCAs
[113]. We measured glucose production in slow, intermediate, and rapid NAT2
acetylator cryopreserved human hepatocytes following HCA exposure and found
that HCAs cause significant and most robust increases in glucose production in
rapid NAT2 acetylators. In contrast, only marginal increases in glucose
production occurred in intermediate NAT2 acetylators, and no change was
observed in slow NAT2 acetylators. This indicates that, similar to metabolic
biotransformation that leads to mutagenicity, HCA-mediated disruption of glucose
homeostasis requires bioactivation by NAT2 that is modified by its genetic

polymorphism.
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Our previous report that HCAs cause a dose-dependent trend of
increased glucose production but no statistical differences between control vs.
treatment groups [122] can be explained by the findings presented here.
Previous experiments utilized pooled cryopreserved human hepatocytes, which
include a mixture of hepatocytes from 10 or 20 donors. It is likely that pooled
vials of hepatocytes include a mixture of NAT2 acetylator phenotypes among
donors, and thus the increased glucose production only apparent from rapid
NAT?2 acetylators was likely diminished by slow and intermediate NAT2

acetylators within the same vial of donors.

In summary, based on our findings, it is abundantly clear that metabolism
of HCAs by NAT2 is required for their effects on glucose homeostasis.
Accordingly, dysregulation of glucose homeostasis by HCAs was most robust in
rapid NAT2 acetylators. These findings suggest that individuals with rapid NAT2
acetylator phenotypes may be at a greater risk of developing hyperglycemia and
insulin resistance following dietary exposure to HCAs. Additional studies are
needed to elucidate the precise mechanism by which HCAs and their metabolites

lead to increased glucose production in hepatocytes.
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CHAPTER 4

METABOLIC EFFECTS OF HETEROCYCLIC AMINES IS DEPENDENT ON N-
ACETYLTRANSFERASE 2 GENETIC POLYMORPHISM IN HUMAN

HEPATOCYTES

INTRODUCTION

Metabolic syndrome, commonly known as syndrome X, is characterized
by a cluster of adverse health conditions that lead to increased risk of
cardiovascular disease and other related health complications, including stroke,
heart attack, and fatty liver [4]. Some of the medical conditions that constitute
metabolic syndrome include insulin resistance and hyperglycemia, in addition to
hypertension, central obesity, and abnormal cholesterol or triglyceride levels [1].
In the United States, it is estimated that more than one third of the U.S. adult
population has metabolic syndrome, and cases of metabolic syndrome have
been growing nationally and globally over the last several decades [2], [3]. Poor
diet, lack of exercise, exposure to environmental pollutants, and genetic variants
involved in glucose and lipid metabolism have been identified as some of the risk

factors
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for insulin resistance, type Il diabetes, and metabolic syndrome [1], [119]-[121],

[127].

Heterocyclic amines (HCAS) are mutagens and carcinogens [24], [84]
primarily found in cooked meat, although they have also been identified in other
products including cigarette smoke [25], [26]. Some of the most common HCAs
found in cooked meat includes MelQ (2-amino-3,4-dimethylimidazo[4,5-
flquinoline), MelQx (2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline), and PhIP (2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) [112]. Thus far, most studies of
HCAs have assessed their mutagenicity and carcinogenicity [24], [33], [37], [112].
However, a recent epidemiological study has linked dietary HCA exposure via
cooked meat to the development of insulin resistance [43]. Furthermore, we have
recently reported that HCAs induce insulin resistance and promote glucose
production in human hepatocytes [127], suggesting that exposure to HCAs may
contribute to the development of conditions associated with metabolic syndrome

or type Il diabetes.

Many HCAs require hepatic bioactivation to yield mutagenic and
carcinogenic effects [72], [73], and the metabolic pathways of HCAs has been
well characterized [110], [123]-[125]. In general, following N-hydroxylation
mediated by Cytochrome P450 1A2 (CYP1A2) [72], HCAs are often O-acetylated
by arylamine N-acetyltransferase 2 (NAT2). NAT2 is a xenobiotic- and drug-
metabolizing enzyme that expresses a well-defined genetic polymorphism in
humans [113]. Depending on the combination of NAT2 alleles they carry,

individuals can be categorized into rapid, intermediate, or slow acetylators who
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exhibit differential metabolism of aromatic amines and HCAs [113]. We recently
reported that induction of glucose production by HCAs is dependent on NAT2
genetic polymorphism in human hepatocytes [128]. However, it is currently
unknown if NAT2 acetylator phenotype also alters the effects of HCAs on hepatic
insulin sensitivity and gluconeogenic gene expression. In the present study, we
investigated the contribution of NAT2 genetic polymorphism to altered insulin

sensitivity following exposure to HCAs in human hepatocytes.

MATERIALS AND METHODS

Heterocyclic amines (HCAS)

All HCAs were purchased from Toronto Research Chemicals. They were
prepared into a solution with dimethyl sulfoxide (DMSO) at a stock concentration
of 10 mM. The media containing the indicated concentration of HCAs used for
experiments was prepared freshly using the stock solution at the time of

experiment.

Cell culture

Cryopreserved human hepatocytes were purchased from BiolVT and stored in
liquid nitrogen until use. Hepatocyte samples were collected from consenting
donors under IRB approved protocols at the FDA licensed donor center at BiolVT
(http://www.bioivt.com/). Hepatocytes were prepared from fresh human tissue
and were isolated and frozen within 24 hours of organ removal by BiolVT. The
hepatocytes are from human transplant rejected livers and tested negative for

hepatitis B and C and HIV1 and 2. Hepatocytes were thawed according to the
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manufacturer’s instructions as previously reported [127]. Briefly, cells were
thawed by warming a vial of the hepatocytes at 37 °C for 90 seconds and
suspending them in InVitroGRO HT medium (BiolVT) containing 1 mL
TORPEDO™ Antibiotic Mix (BiolVT) per 45 mL media, then plated on Biocoat®
collagen-coated plates (Corning) and remained in an incubator with a humidified

air (95%) and carbon dioxide (COz2, 5%) condition at 37 °C.

Determination of NAT2 genotype and phenotype

Genomic DNA was isolated from cryopreserved human hepatocytes using the
QIAamp DNA Mini Kit (QIAGEN) per manufacturer’s instructions, and NAT2
genotypes and deduced phenotypes were determined as previously described
[126]. Individuals possessing two NAT2 alleles associated with rapid acetylation
activity (NAT2*4) were classified as rapid acetylators, and individuals possessing
two NAT?2 alleles associated with slow acetylation activity (NAT2*5B) were

classified as slow acetylators.

Western blot

Cryopreserved human hepatocytes were plated the day before the treatment and
allowed to attach. Cells were incubated for 2 days with media containing
indicated HCAs (PhIP, MelQ, or MelQx) at a concentration of 25 yM, then
incubated overnight with serum-free DMEM containing indicated HCA treatment
conditions. Prior to lysis, cells were treated with insulin (Sigma-Aldrich) at 100 nM
(freshly prepared in PBS) for 10 minutes. The cells were lysed immediately in

Laemmli buffer (50 mM Tris-Cl [pH 6.8], 2% sodium dodecyl sulfate [SDS; wi/v],
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0.1% bromophenol blue, 10% [v/v] glycerol) and boiled for 10 minutes. Protein
concentrations were determined using Pierce BCA Assay kit (Thermo Scientific)
per manufacturer’s instructions. One to two pL of 2-mercaptoethanol was added
to each sample and boiled again for 5 minutes. Twenty-five pug of protein per
sample was loaded and separated on 4-12% gradient Bis-Tris Plus
polyacrylamide gels (Invitrogen). The gel was transferred to a PVDF membrane
and blocked in 5% (w/v) skim milk in tris-buffered saline containing 0.1% Tween
20 (TBST) for 30 minutes. Membranes were incubated with primary antibodies
(1:2,000) overnight at 4°C, then washed 3 times for 5 minutes each with TBST.
Membranes were incubated for 1 hour at room temperature with an HRP-
conjugated secondary antibody (1:5,000), then washed with TBST 3 times. The
protein-antibody complex was detected with chemiluminescent substrate
(Thermo Scientific). Densitometry was performed using Image J analysis
software (NIH). Insulin-stimulated phospho-AKT (p-AKT) (Ser473) protein band
was quantified and normalized to total AKT. Values presented represent the p-
AKT/total-AKT ratio in response to insulin following treatment with indicated
HCAs, relative to the vehicle-treated control group. The following antibodies were
purchased from Cell Signaling Technology: phosphorylated protein kinase B (p-
AKT Ser473; Cat. No. 4060); and protein kinase B (AKT) (Cat. No. 4091); and
anti-rabbit IgG, HRP-linked (Cat. No. 7074). Each experiment was conducted

three times using three different donor batches.

Gene expression analysis by RT-gPCR
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Cryopreserved human hepatocytes were plated the day before the treatment and
allowed to attach. Cells were incubated for 3 days with media containing
indicated HCAs (MelQ, MelQx, or PhIP) at a concentration of 25 yM. RNA was
isolated from the treated cells using E.Z.N.A. Total RNA Kit 1 (Omegabiotek) per
manufacturer’s protocol. cDNA was synthesized using High-Capacity cDNA
Reverse Transcriptase PCR (Thermo Scientific) per manufacturer’s instructions.
Gene-specific cDNA was amplified and detected using iTaq Universal SYBR
Green Supermix (Bio-Rad), gene-specific primers, and StepOne real-time PCR
system (Applied Biosystems). The following primers were used: G6PC, forward
5- ACGAATCTACCTTGCTGCTCA-3’; reverse 5'-
AAAATCCGATGGCGAAGCTG3'. PCK1 or PEPCK, forward 5'-
TGATGAGCCGCTAGCTTCAG-3’; reverse 5-GCCTTTATGTTCTGCAGCCG-3..
FOXO1, forward 5-AGTGGATGGTCAAGAGCGTG-3', reverse 5'-
TTTGAGCTAGTTCGAGGGCG-3'. PPARa (PPARA), forward 5’-
GATTTCGCAATCCATCGGCG-3, reverse 5-AAACGAATCGCGTTGTGTGAC-
3. PGC1a (PPARGC1A), forward 5-CACGGACAGAACTGAGGGAC-3, reverse
5-TTCGTTTGACCTGCGCAAAG-3'. 18S rRNA, forward 5'-
GGAAGGGCACCACCAGGAGT-3’; reverse 5-TGCAGCCCCGGACATCTAAG-
3. GAPDH, forward 5-GGTGAAGCAGGCGTCGGAGG-3’; reverse 5'-
GAGGGCAATGCCAGCCCCAG-3'. Results were normalized to GAPDH. The
relative fold change was calculated using the delta-delta Ct (2-2Ct) method with

StepOne software (Applied Biosystems).

Statistical analysis
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Differences in p-AKT/total AKT ratio between the treatment groups vs. control
groups were tested for significance by one-way ANOVA followed by Dunnett’s
Comparison Test. Differences between relative gene expression of treatment
groups vs. control groups were tested for significance by student’s t-test. All
statistical analyses were performed using GraphPad Prism v8.2.1 (GraphPad
Software). The results are expressed as the mean * the standard error of the
mean (SEM). Statistical significance was determined per the following p-values: *
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p <

0.0001.

RESULTS

Decreased insulin signaling following HCA treatment in human
hepatocytes is dependent on NAT2 acetylator phenotype. Decreased insulin
signaling is a fundamental characteristic of insulin resistance and type Il diabetes
[6]. AKT (protein kinase B) is a major downstream effector of insulin signaling
and regulates many insulin-mediated responses, including suppression of
gluconeogenesis and promotion of lipid synthesis [6], [87]. Therefore, the level of
insulin-induced AKT phosphorylation is often used as an indicator of insulin
sensitivity [87]. We previously reported that HCAs reduce AKT phosphorylation in
HepG2 cells and pooled cryopreserved human hepatocytes, which contain
hepatocytes from 10 to 20 donors [127]. Additionally, we reported that HCAs
induce glucose production in human hepatocytes, and that this effect is
dependent on NAT2 genetic polymorphism [127], [128]. We found that HCA-

induced glucose production was significantly greater in rapid NAT2 acetylator
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hepatocytes than in intermediate or slow NAT2 acetylators. However, it remains
unknown if HCA-induced reduction of AKT phosphorylation is also dependent on

NAT2 genetic polymorphism.

To investigate if the rate of HCA metabolism by NAT2 alters the effects of
HCAs on insulin sensitivity, we assessed insulin-induced phosphorylation of AKT
at Ser473 following HCA treatment in cryopreserved human hepatocytes
categorized according to NAT2 acetylator phenotype (i.e., slow or rapid). For all
experiments reported in this study, rapid NAT2 acetylator hepatocytes possess
two NAT2*4 alleles, which are associated with rapid NAT2 activity, and slow
NAT?2 acetylator hepatocytes possess two NAT2*5B alleles, which are
associated with slow NAT2 activity. Hepatocytes were treated with 25 uM of
MelQ, MelQx, or PhIP for 3 days prior to the insulin treatment. This HCA
concentration was selected because it falls in the middle of our previously
established dose-response, which ranged from 0 to 50 uM, and is comparable to
and often lower than concentrations of HCAs used to assess genotoxicity [128]—
[131]. Phosphorylated AKT (at Ser473) and total AKT levels were measured
using Western blot. In slow NAT2 acetylator human hepatocytes treated with
MelQ, there was no change in phosphorylated AKT to total AKT ratio (p-
AKT/AKT) in response to insulin, compared to vehicle-control group (Fig. 4.1A).
Similarly, there was no change in phosphorylated AKT to total AKT ratio (p-
AKT/AKT) in response to insulin, compared to vehicle-control group, in slow
NAT?2 acetylator human hepatocytes treated with MelQx (Fig. 4.1A). PhIP

treatment on slow NAT2 acetylator human hepatocytes caused a marginal
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decrease (p < 0.05) of 19% in phosphorylated AKT to total AKT ratio (p-

AKT/AKT) in response to insulin, compared to vehicle-control group.

In contrast, each of the HCAs tested caused a statistically significant
decrease in phosphorylated AKT to total AKT ratio (p-AKT/AKT) in response to
insulin, compared to vehicle-control group, in rapid NAT2 acetylator human
hepatocytes (Fig. 4.1B). There was a 27% (p < 0.05), 46.3% (p < 0.01), and
35.3% (p < 0.01) reduction in insulin-stimulated p-AKT/AKT following treatment
with MelQ, MelQx, or PhIP, respectively (Fig. 4.1B). These results suggest that
NAT2-mediated metabolism of HCAs is necessary for HCA-induced insulin

resistance.
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Figure 4.1. Insulin-induced AKT phosphorylation following HCA treatment

in slow and rapid NAT2 acetylator cryopreserved human hepatocytes. Slow

(panel A) and rapid (panel B) NAT2 acetylator cryopreserved human hepatocytes

were cultured with DMSO or 25 uM of MelQ, MelQx, or PhIP for 2 days, followed

by a serum-starvation overnight. Prior to harvest, cells were treated with 100 nM

insulin for 10 minutes. The relative levels of phospho-AKT (p-AKT) at Ser473 and

total AKT (AKT) were measured using Western blot. The insulin-stimulated p-

AKT/AKT ratio was expressed as a percentage of the DMSO-treated control

cells. Statistical significance was determined by one-way ANOVA followed by

Dunnett’'s Comparison Test. Data points represent results from three

independent experiments, and the line and error bars represent mean + SEM. *,

p <0.05; **, p<0.01.
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Changes in expression of insulin receptor-target genes involved in
gluconeogenesis following HCA treatment in hepatocytes is dependent on
NAT2 acetylator phenotype. The liver facilitates regulation of glucose
homeostasis by controlling many pathways involved in glucose metabolism,
including glycogenolysis, glycolysis and gluconeogenesis [92]. Regulation of
enzymes involved in these pathways is essential to maintain glucose
homeostasis. The gluconeogenesis metabolic pathway produces glucose from
non-carbohydrate carbon substrates, and the key regulatory enzymes in this
pathway are glucose 6-phosphatase (G6PC) and phosphoenolpyruvate
carboxykinase (PCK1; PEPCK) [92]. When insulin fails to properly phosphorylate
AKT due to insulin resistance, dysregulation of gluconeogenic enzymes like
G6PC and PCK1 often occurs [7], [87]. We previously reported that HCAs cause
increased expression of G6PC and PCK1 in HepG2 cells and pooled
cryopreserved human hepatocytes [127]. However, it remains unknown if NAT2-

mediated metabolism of HCASs alters this effect.

To investigate if the rate of HCA metabolism by NAT2 alters the effects of
HCAs on expression of insulin receptor-target genes involved in
gluconeogenesis, we measured expression of G6PC and PCK1 following HCA
treatment in cryopreserved human hepatocytes categorized according to NAT2
acetylator phenotype (i.e., slow or rapid). In slow NAT2 acetylator human
hepatocytes, there were no changes in G6PC nor PCK1 gene transcript levels

following treatment with MelQ (Fig. 4.2A-B). Similarly, no changes in G6PC or
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PCK1 gene transcripts were observed in MelQx- or PhiIP-treated (Fig. 4.2A-B)

slow NAT2 acetylator human hepatocytes.

In contrast, each of the HCAs tested caused a statistically significant
increase in G6PC gene transcript levels, compared to the vehicle-control, in rapid
NAT?2 acetylator human hepatocytes (MelQ, p < 0.01; MelQx, p < 0.001; PhIP, p
< 0.01) (Fig. 4.2A). Furthermore, each of the HCAs tested also caused a
statistically significant increase in PCK1 gene transcript levels, compared to the
vehicle-control, in rapid NAT2 acetylator human hepatocytes (MelQ, p < 0.05;
MelQx, p < 0.01; PhIP, p < 0.05) (Fig. 4.2B). These results suggest that, similarly
to glucose production and insulin resistance, NAT2-mediated metabolism of
HCAs is necessary for HCA-induced expression of insulin-target genes involved

in gluconeogenesis.
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Figure 4.2. Changes in expression of insulin receptor-target genes involved
in gluconeogenesis following HCA treatment in slow and rapid NAT2
acetylator cryopreserved human hepatocytes. Slow and rapid NAT2
acetylator cryopreserved human hepatocytes were cultured with DMSO or 25 uM
of the indicated HCA (MelQ, MelQx, or PhIP) for 3 days. The relative mRNA level
of the indicated gene G6PC (panel A) or PCK1 (panel B) was measured by RT-
gPCR using GAPDH as an internal control. The mRNA levels were expressed as
changes relative to that in the DMSO-control. Statistical significance was
determined by Student’s t-test. Data points represent the average from three
independent experiments, and the line and error bars represent mean £ SEM. *,

p < 0.05; **, p < 0.01; *** p < 0.001.
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Changes in expression of genes involved in regulation of gluconeogenesis
following HCA treatment in hepatocytes is dependent on NAT2 acetylator
phenotype. We previously reported that, in addition to induced expression of
G6PC and PCK1 in cryopreserved human hepatocytes, HCAs also altered the
expression of additional genes that regulate gluconeogenesis, including forkhead
box O1 (FOXO1), peroxisome proliferator activated receptor alpha (PPARa;
PPARA), and PPARG coactivator 1 alpha (PGCla; PPARGC1A) [127]. However,
the effect of NAT2-mediated metabolism on these changes has yet to be

investigated.

Forkhead box O1 (FOXO1) gene encodes a transcription factor protein
that regulates metabolic homeostasis and insulin signaling [94]. Moreover,
FOXOL1 regulates expression of gluconeogenic genes, G6PC and PCK1, and
increased expression of FOXO1 correlates with increased expression of G6PC
and PCK1 [95]. In slow NAT2 acetylator human hepatocytes, there was no
change in FOXO1 gene transcript levels following treatment with any of the
HCAs tested (Fig. 4.3A). However, in rapid NAT2 acetylator human hepatocytes,
there was a statistically significant increase (p < 0.05) in FOXO1 gene transcript
levels following treatment with MelQ or MelQx, although there was no change

following treatment with PhiP.
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Figure 4.3. Changes in expression of the insulin receptor-target gene
FOXO1, which regulates gluconeogenesis, following HCA treatment in slow
and rapid NAT2 acetylator cryopreserved human hepatocytes. Slow and
rapid NAT2 acetylator cryopreserved human hepatocytes were cultured with
DMSO or 25 uM of the indicated HCA (MelQ, MelQx, or PhIP) for 3 days. The
relative mRNA level of the indicated gene FOXOL1 (panel A) was measured by
RT-gPCR using GAPDH as an internal control. The mRNA levels were
expressed as changes relative to that in the DMSO-control. Statistical
significance was determined by Student’s t-test. Data points represent the
average from three independent experiments, and the line and error bars

represent mean = SEM. *, p < 0.05.
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Furthermore, peroxisome proliferator activated receptor alpha (PPARQ)
regulates expression of genes involved in glucose and lipid metabolism and
transport [96]. Like FOXO1, there was no change in PPARa gene transcript
levels following HCA treatment in slow NAT2 acetylator human hepatocytes (Fig.
4.4A). In rapid NAT2 acetylator human hepatocytes, however, there was a
statistically significant increase (p < 0.05) in PPARa gene transcript levels
following treatment with MelQ and PhIP, while there was no change following

MelQx treatment.

PPARG Coactivator 1 Alpha (PGC1a) is a transcriptional co-activator that
regulates expression of genes involved in glucose and fatty acid metabolism and
is a known regulator of hepatic gluconeogenesis [97], [98]. Like FOXO1 and
PPARAa, there was no change in PGC17a gene transcript levels following HCA
treatment in slow NAT2 acetylator human hepatocytes (Fig. 4.4B). However,
there was a statistically significant decrease (p < 0.05) in PGC1a gene transcript
levels following MelQ or MelQx treatment in rapid NAT2 acetylator human
hepatocytes, while there was still no change after PhIP treatment (Fig. 4.4B).
Taken together, these results indicate that, similar to our findings reported in
Figure 4.3, metabolism of HCAs by NAT2 is necessary for HCA-mediated

changes in expression of genes that regulate gluconeogenesis.
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Figure 4.4. Changes in expression of additional genes that regulate
gluconeogenesis following HCA treatment in slow and rapid NAT2
acetylator cryopreserved human hepatocytes. Slow and rapid NAT2
acetylator cryopreserved human hepatocytes were cultured with DMSO or 25 uM
of the indicated HCA (MelQ, MelQx, or PhIP) for 3 days. The relative mRNA level
of the indicated gene PPARA (panel A), or PPARGC1A (panel B) was measured
by RT-gPCR using GAPDH as an internal control. The mRNA levels were
expressed as changes relative to that in the DMSO-control. Statistical
significance was determined by Student’s t-test. Data points represent the
average from three independent experiments, and the line and error bars

represent mean = SEM. *, p < 0.05.
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DISCUSSION

Insulin resistance causes defective glucose homeostasis, and
subsequently, increased and sustained glucose production, which is a hallmark
of type Il diabetes and metabolic syndrome [6]. These conditions significantly
increase an individual’s risk of other health complications like cardiovascular
disease and fatty liver. We previously reported that HCAs cause insulin
resistance, increased gluconeogenic gene expression, and increased glucose
production in cryopreserved human hepatocytes [127], suggesting that exposure
to HCAs via consumption of cooked meat can lead to development of hepatic
metabolic dysregulation. In a follow-up study, we reported that induction of
glucose production by HCAs is dependent on NAT2 genetic polymorphism in
cryopreserved human hepatocytes [128]. In the current study, we investigated
the role of NAT2- mediated hepatic metabolism on HCA-induced insulin

resistance and gluconeogenic gene expression.

It is well-known that mutagenicity and carcinogenicity of HCAs requires
bioactivation [72], but little is known about the role of HCA metabolism in the
context of HCA-mediated insulin resistance and disruption of hepatic glucose
homeostasis. Many HCAs are bioactivated by the phase Il metabolic enzyme,
NAT2, following N-hydroxylation by CYP1A2 [72]. As previously mentioned,
NAT2 expresses a well-defined genetic polymorphism in humans, and the
subsequent genotypes are highly correlated to categorized phenotypes, including
rapid, intermediate, and slow acetylators who exhibit differential metabolism of

aromatic amines and HCAs [113]. In the present study, we measured insulin
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signaling and expression of genes relating to gluconeogenesis in slow and rapid
NAT2 acetylator cryopreserved human hepatocytes exposed to HCAs. We found
that HCAs cause a significant reduction in insulin signaling and significant
increase in expression of gluconeogenic genes in rapid NAT2 acetylator human
hepatocytes, while little to no changes in insulin signaling or gene expression
were detected in slow NAT2 acetylator human hepatocytes. Moreover, changes
in expression of genes that regulate gluconeogenesis were observed in rapid
NAT2 acetylators, while, again, no changes were seen in the slow NAT2
acetylators. This indicates that, like metabolic biotransformation that leads to
mutagenicity, HCA-mediated disruption of insulin signaling and glucose
homeostasis requires bioactivation by NAT2 that is modified by its genetic

polymorphism.

The results presented here suggest that individuals with rapid NAT2
acetylator phenotype are at greater risk of developing insulin resistance and
increased hepatic glucose production following exposure to HCAs. The allele
associated with rapid NAT2 activity, NAT2*4, has highest frequency among
Asian populations, accounting for roughly 50% of all NAT2 allelic variations,
although it is estimated that NAT*4 makes up roughly 25% of alleles in
Caucasians and 40% in African Americans [56]-[59]. Thus, the findings reported
here are applicable to millions of people globally and provide greater insight into
understanding an individual's risk of developing hepatic metabolic dysregulation
after exposure to HCAs via consumption of cooked meat. The current study

demonstrated the crucial need to consider the role of polymorphisms in genes
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involved in metabolism when evaluating risk following exposure to toxicants.
Additional studies should explore the mechanisms by which HCAs and their

metabolites elicit changes to hepatic insulin signaling and glucose homeostasis.
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CHAPTER 5
ACTIVATION OF C-JUN N-TERMINAL KINASE PROMOTES HETEROCYCLIC

AMINE-INDUCED INSULIN RESISTANCE IN HUMAN HEPATOCYTES

INTRODUCTION

Metabolic dysfunction-associated steatohepatitis (MASH), previously
termed NAFLD, is the liver manifestation of metabolic syndrome, a condition in
which an individual possesses a combination of health risk factors, including
insulin resistance, hyperglycemia, hypertension, central obesity, and abnormal
cholesterol or triglyceride levels [1], [132], [133]. In the United States, it is
estimated that more than one third of the adult population has metabolic
syndrome [2], [3], and these individuals are at an increased risk of severe health
complications including, heart attack, fatty liver, and stroke [4]. Some have
argued that insulin resistance may be the underlying etiology of metabolic
syndrome [5]. Lifestyle choices like lack of exercise and poor diet are known to
cause metabolic syndrome, but recently, additional precursors to developing

conditions associated with metabolic syndrome have been identified, including
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exposure to environmental pollutants and genetic variants involved in glucose

and lipid metabolism [1], [119]-[122].

We recently reported that exposure to heterocyclic amines (HCAs)
induced insulin resistance, gluconeogenic gene expression, and glucose
production in human hepatocytes, identifying exposure to HCAs as a novel
environmental risk factor for conditions associated with metabolic syndrome
[127]. HCAs are mutagens and carcinogens formed from the high-temperature
cooking of muscle meats, including poultry, beef, pork, and fish [112], although
additional sources of HCAs include cigarette smoke and fumes generated from
cooking oils [25], [26], [134]. While previous studies of HCAs have primarily
assessed their mutagenic and carcinogenic properties, recent epidemiological
studies have linked unhealthy cooking methods like grilling and frying, which
favor production of HCAs, and dietary exposure to HCAs via cooked meat to the
development of insulin resistance, type Il diabetes, and MASLD/MASH [43], [44],
[135]. Moreover, we recently reported that HCAs induce insulin resistance and
glucose production [127] and lead to increased neutral lipids in human
hepatocytes, further suggesting that HCA exposure may be an environmental risk
factor contributing to the development of metabolic syndrome and underlying
conditions associated with MASLD/MASH [127]. However, the mechanism by
which HCAs lead to insulin resistance and disrupted energy homeostasis

remains unknown.

cJun-N-terminal kinase (JNK) is a mitogen-activated protein kinase that is

potently induced by cellular stress [136] and is one of the most investigated
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molecules in obesity models of insulin resistance [137], [138]. JNK activity is
known to disrupt insulin signaling by phosphorylating insulin receptor substrate 1
(IRS1) at Ser307, inhibiting phosphorylation of the tyrosine site and thus
preventing downstream signaling [139], [140]. Reactive oxygen species (ROS),
inflammation, endoplasmic reticulum stress (ER stress), and lipotoxicity are
known to induce JNK activity, and each of these are also associated with insulin
resistance [141]. In the present study, we investigated activation of JNK as a

mechanism by which HCAs cause insulin resistance in human hepatocytes.

MATERIALS AND METHODS

Heterocyclic amines (HCAs)

MelQ, MelQx and PhIP were purchased from Toronto Research Chemicals and
prepared into a solution with dimethyl sulfoxide (DMSO) at a stock concentration
of 10 mM. MelQx and PhIP were diluted to 25 pM working stock solutions
prepared freshly in the cell culture media at the time of each experiment, as

previously described.

Cell culture

Cryopreserved human hepatocytes were purchased from BiolVT and stored in
liquid nitrogen. Hepatocyte samples were collected from consenting donors
under IRB approved protocols at the FDA licensed donor center at BiolVT
(http://www.bioivt.com/). Hepatocytes were prepared from fresh human tissue
and were isolated and frozen within 24 hours of organ removal by BiolVT. The

hepatocytes are from human transplant rejected livers and tested negative for
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hepatitis B and C and HIV1 and 2. Hepatocytes were thawed according to the
manufacturer’s instructions as previously reported [127]. Briefly, cells were
thawed by warming a vial of the hepatocytes at 37 °C for 90 seconds and
suspending them in InVitroGRO HT medium (BiolVT) containing 1 mL
TORPEDO™ Antibiotic Mix (BiolVT) per 45 mL media, then plated on Biocoat®
collagen-coated plates (Corning) and remained in an incubator with a humidified

air (95%) and carbon dioxide (CO2, 5%) condition at 37 °C.

Western blot

Cryopreserved human hepatocytes were plated and allowed to attach for 4
hours. For experiments including JNK inhibitor, cells were pre-treated for 2 hours
with 20 uM SP600125 (abcam). Cells were incubated for 24 hours with complete
DMEM containing 25 uM of the indicated HCAs (MelQ, MelQx, or PhIP). For
experiments containing insulin treatment, prior to lysis, cells were treated with
insulin (Sigma-Aldrich) at 100 nM (freshly prepared in PBS) for 15 minutes. The
cells were lysed immediately in Laemmli buffer (50 mM Tris-Cl [pH 6.8], 2%
sodium dodecyl sulfate [SDS; w/v], 0.1% bromophenol blue, 10% [v/v] glycerol)
and boiled for 10 minutes. Protein concentrations were determined using Pierce
BCA Assay kit (Thermo Scientific) per manufacturer’s instructions. One to two pL
of 2-mercaptoethanol was added to each sample and boiled again for 5 minutes.
Twenty-five to fifty ug of protein per sample was loaded and separated on 4-12%
gradient Bis-Tris Plus polyacrylamide gels (Invitrogen) for JNK and AKT and 3-
8% NuPAGE Tris-Acetate protein gels (Invitrogen) for IRS1. The gel was

transferred to a PVDF membrane and blocked in 5% (w/v) skim milk in tris-
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buffered saline containing 0.1% Tween 20 (TBST) for 30 minutes. Membranes
were incubated with primary antibodies (1:2,000) overnight at 4°C. Membranes
were washed 3 times for 5 minutes each with TBST. Membranes were incubated
for 1 hour at room temperature with an HRP-conjugated secondary antibody
(1:5,000) and washed with TBST 3 additional times, then protein-antibody
complex was detected with chemiluminescent substrate (Thermo Scientific).
Densitometry was performed using Image J analysis software (NIH). Phospho-
JNK (p-JNK) (Thr183/Tyr185) protein band was quantified and normalized to total
JNK. Insulin-stimulated phospho-IRS1 (p-IRS1) (Ser307) and phospho-AKT (p-
AKT) (Serd73) protein band was quantified and normalized to total IRS1 and
AKT, respectively. Values presented represent the p-IRS1/total-IRS1 and p-
AKT/total-AKT ratio in response to insulin following treatment with indicated
HCAs, relative to the vehicle-treated control group. The following antibodies were
purchased from Cell Signaling Technology: phosphorylated JNK (Thr183/Tyr185)
(Cat. No. 4668); and JNK (Cat. No. 9252); and phosphorylated IRS1 (Ser307)
(Cat. No. 2381); and IRS1 (Cat. No. 2382); and phosphorylated protein kinase B
(p-AKT Ser473; Cat. No. 4060); and protein kinase B (AKT) (Cat. No. 4091); and

anti-rabbit IgG, HRP-linked (Cat. No. 7074).

Gene expression analysis by RT-qPCR

Cryopreserved human hepatocytes were plated and allowed to attach for 4
hours. Cells were incubated for 24 hours with media containing MelQx or PhIP at
a concentration of 25 yM. RNA was isolated from the treated cells using E.Z.N.A.

Total RNA Kit 1 (Omegabiotek) per manufacturer’s protocol. cDNA was
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synthesized using High-Capacity cDNA Reverse Transcriptase PCR (Thermo
Scientific) per manufacturer’s instructions. Gene-specific cDNA was amplified
and detected using iTag Universal SYBR Green Supermix (Bio-Rad), gene-
specific primers, and StepOne real-time PCR system (Applied Biosystems). The
following predesigned primer was used: (Life Technologies, Grand Island, NY)
Tumor necrosis factor alpha [Tnfa (Mm00443258 m1)]. Results were normalized
to GAPDH, forward 5-GGTGAAGCAGGCGTCGGAGG-3’; reverse 5'-
GAGGGCAATGCCAGCCCCAG-3'.The relative fold change was calculated using

the delta-delta Ct (2—AACt) method with StepOne software (Applied Biosystems).

Reactive Oxygen Species

Cryopreserved human hepatocytes were plated and allowed to attach for 4
hours, then pre-treated with 20 uM CM-H2DCFDA for 45 minutes according to
manufacturer’s protocol and then treated with DMSO or 25 or 50 uM of the
indicated HCA for 24 hours. Fluorescence intensity was measured at

Ex/Em =485/528 nm using a microplate reader. The relative ROS generation is

expressed as a percentage relative to the control.

Neutral lipid measurements via BODIPY 493/503

Cryopreserved human hepatocytes were plated and treated as described above.
At the completion of HCA treatment, cells were fixed with 3.7% formaldehyde for
an incubation period of 10 minutes, washed twice with PBS, and stained with 2
UM BODIPY 493/503 for 30 minutes. Cells were then washed twice with PBS,

permeabilized with 0.25% Triton-X 100 for 5 minutes, washed 2 additional times
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with PBS, counterstained with 300 nM DAPI solution for 5 minutes, and washed
a final time with PBS. Cells were protected from light until imaged under
fluorescent microscopy. FITC and DAPI channels using two fluorescence
channels at 519 nm and 461 nm were used to capture BODIPY stained lipid
droplets and DAPI stained nuclei, respectively. A subset of representative images
was used for quantification according to the protocol described by Adomshick,
Pu, and Veiga-Lopez [142]. Neutral lipid droplet measurements were normalized
relative to cell count as determined by DAPI counterstain and expressed as a

percentage relative to DMSO-treated control.

RNA-Seq library preparation & sequencing and downstream computation

analysis

Hepatocytes were thawed and plated according to the manufacturer’s
instructions as previously reported [122]. After attachment, hepatocytes were
treated with DMSO or 25 uM of MelQx or PhIP for 24 hours. RNA was isolated
from the treated cells using E.Z.N.A. Total RNA Kit 1 (Omegabiotek) per
manufacturer’s protocol. RNA-Seq libraries were prepared according to
manufacturer’s protocols using lllumina’s TruSeq Stranded reference guide
(document: 100000040498 v0O; Illlumina; San Diego, CA). Each sample
consisted of 300 ng of RNA that was used for poly-A enrichment. First and
second strand cDNA synthesis was completed followed by adapter and index
ligation. mMRNA libraries were prepared with lllumina’s stranded mRNA prep
ligation for 12 samples (catalog: 20040534; lllumina; San Diego, CA).

Amplification of cDNA was performed according to manufacturer's protocol.
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Library concentrations were assessed using a Qubit 4 fluorometer with dsRNA
high sensitivity kit (catalog: Q33231; ThermoFisher; Madison, MI). Library size
and fragment analysis was assessed on Agilent 4159 Tapestation System on a
D5000 screen tape (catalog: 5067-5588; Agilent; Santa Clara, CA). Individual
samples were then normalized to 10 nM prior to pooling and then quantified by
Qubit analysis. Sequencing was performed on lllumina’s NextSeq 2000 platform
using a P3 100 cycle reagent kit and P3 flow cell. Libraries were then sequenced
with a single 101 cycle read length with 2 indexes of 8bp each. FASTQ files were
generated with BaseSpace DRAGEN analysis (v1.2.1). Raw gene counts were
determined using HTSEQ-count (v0.10.0) using the Ensembl GRCm39 (v106)

gene annotations.

Computational Downstream Analyses

Levels of differentially expressed genes in HCA-treated cells were transformed to
logz fold change relative to those in DMSO-treated control cells. RNA-Seq
datasets were uploaded to MetaCore — Integrated pathway analysis for multi-
Omics data software (Clarivate; St. Helier, Jersey, United Kingdom). Data was
analyzed with MetaCore for network building and pathway analysis where only
processes with a false discovery rate (FDR) <0.05 were accepted. Additionally,
we analyzed our data through PANTHER Classification System and Gonet.
These online algorithms provide gene function, ontology, pathways and statistical

analysis tools.

Statistical analysis
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Differences in relative gene expression, protein levels, ROS, and neutral
lipid measurements between the treatment groups vs. control groups were tested
for significance by one-way ANOVA followed by Dunnett’'s Comparison Test. All
statistical analyses were performed using GraphPad Prism v8.2.1 (GraphPad
Software). The results are expressed as the mean + the standard error of the
mean (SEM). Statistical significance was determined per the following p-values: *

indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p <

0.0001.

RESULTS

HCA treatment induces phosphorylation of JNK in cryopreserved
human hepatocytes. cJun-N-terminal kinase (JNK) is a mitogen-activated
protein kinase that is potently induced by cellular stress [136]. It has been
demonstrated that JNK activity leads to insulin resistance in hepatocytes by
phosphorylating the serine-307 site of insulin receptor substrate 1 (IRS1),
thereby blocking phosphorylation of the tyrosine site and preventing downstream
signaling [139], [140]. We previously reported that HCAs induce insulin
resistance in cryopreserved human hepatocytes [127], but the precise
mechanism has not yet been investigated. To elucidate the mechanism by which
HCAs induce insulin resistance in human hepatocytes, we interrogated the JNK-

IRS1 pathway.

To investigate if HCAs lead to increased JNK activation, we treated
cryopreserved human hepatocytes with DMSO or 25 uM of the indicated HCA for

24 hours, then measured phosphorylated JNK (Thr183/Tyr185) and total JNK via
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Western blot. JNK is phosphorylated sequentially at threonine and tyrosine
residues within the activation loop, creating a functional active site by realigning
the N- and C-terminal domains [143], [144], thus phosphorylation of JNK protein
indicates increased JNK activity. We found that HCA treatment on human
hepatocytes led to increased JNK phosphorylation, compared to the DMSO-
treated control (Fig. 5.1). MelQ treatment led to an average 6.4-fold significant
increase (p < 0.001), and MelQx treatment led to an average 8.6-fold significant
increase (p < 0.001), compared to DMSO-treated control (Fig. 5.1). PhIP
treatment caused an average 15.1-fold significant increase (p < 0.0001) in JNK
phosphorylation (Fig. 5.1). These results indicate that HCA treatment on human

hepatocytes leads to increased JNK activity.

90



p-JNK/JNK

N
e

DMSO MelQ MelQx PhIP ok

-
o
1

p-JNK
(Thr183/Tyr185) — - e

p-JNK/JNK
relative to control
a3

NK - -
. -— e .

o-
DMSO MelQ MelQx PhIP
HCA [25 pM]

Figure 5.1. HCA treatment induces phosphorylation of JNK in
cryopreserved human hepatocytes. Cryopreserved human hepatocytes were
treated with DMSO or 25 uM of the indicated HCA for 24 hours. The relative
levels of phospho-JNK (p-JNK) (Thr183/Tyr185) and total JNK (JNK) were
measured using Western blot. The p-JNK/JNK ratio was expressed as a
percentage of the DMSO-treated control cells. Bars represent mean + SEM.
Statistical significance was determined using One-Way ANOVA followed by

Dunnett's Comparisons Test. ***, p < 0.001; ****, p < 0.0001.
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HCA treatment interferes with insulin signaling at IRS1 and AKT, but
inhibiting JNK with SP600125 restores insulin signaling at both IRS1 and
AKT in cryopreserved human hepatocytes. As previously mentioned, JNK
activity leads to insulin resistance in hepatocytes by phosphorylating the serine-
307 site of IRS1, thereby blocking phosphorylation of the tyrosine site and
preventing downstream signaling [139], [140]. Since we found that HCAs caused
increased JNK activity in hepatocytes, and JNK is known to disrupt IRS1
signaling, we investigated if HCAs disrupt insulin signaling at IRS1. Additionally,
we used the JNK inhibitor SP600125 to investigate if blocking JNK activation

affected IRS1 activity.

Cryopreserved human hepatocytes were pre-treated with DMSO or the
JNK inhibitor SP600125 for 2 hours, then treated with DMSO or 25 uM of the
indicated HCA for 24 hours and stimulated with 100 nM insulin for 15 minutes
prior to protein harvest for Western blot. We measured insulin-stimulated
phosphorylation of IRS1 at Ser307 and total IRS1 protein, and results are
presented as a phospho-IRS1/total-IRS1 ratio. HCA treatment led to significantly
increased insulin-stimulated IRS1 phosphorylation at Ser307, compared to
DMSO-treated control (MelQx, p < 0.05; PhIP, p < 0.001) (Fig. 5.2A). However,
inhibiting JNK activity with SP600125 led to decreased insulin-stimulated IRS1
phosphorylation (MelQx, p < 0.05; PhIP, p < 0.05) (Fig. 5.2A), suggesting that
JNK activity induced by HCA treatment is responsible for HCA-induced disruption

of IRS1 signaling.
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AKT (protein kinase B) is a major downstream effector of IRS1 in insulin
signaling and regulates many insulin-mediated responses [6], and so insulin-
induced AKT phosphorylation is often used as an indicator of insulin sensitivity
[87]. We previously reported that HCAs induce insulin resistance in hepatocytes
by reducing levels of insulin-induced AKT phosphorylation [127]. To investigate if
increased JNK activity is responsible for HCA-induced disruption of AKT
signaling, we treated hepatocytes as previously described and measured
phosphorylated AKT (Ser473) and total AKT via Western blot. Consistent with
previous findings, HCA treatment significantly decreased insulin-stimulated p-
AKT/total AKT ratio (MelQx, p < 0.01; PhIP, p < 0.01) (Fig. 5.2B). However,
inhibition of JNK with SP600125 restored AKT activity. There was no significant
difference in insulin-stimulated p-AKT/total AKT ratio in HCA-treated hepatocytes,
compared to DMSO-treated control (Fig. 5.2B). These results indicate that,
similar to IRS1, defective insulin signaling at AKT following HCA treatment is due

to increased JNK activity.
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Figure 5.2. HCA treatment interferes with insulin signaling at IRS1 and AKT,
but inhibiting JNK with SP600125 restores insulin signaling at both IRS1
and AKT in cryopreserved human hepatocytes. Cryopreserved human
hepatocytes were treated with DMSO or 25 uM of the indicated HCA for 24
hours. Prior to harvesting cells for protein, hepatocytes were treated with 100 nM
insulin for 15 minutes. The relative levels of phospho-IRS1 (p-IRS1) (Ser307) and
total IRS1 (panel A) and phospho-AKT (p-AKT) (Ser473) and total AKT (panel B)
were measured using Western blot. The insulin-stimulated p-IRS1/IRS and p-
AKT/AKT ratios were expressed as a percentage of the DMSO-treated control
cells. Bars represent mean + SEM. Statistical significance was determined using
Two-Way ANOVA followed by Tukey’s Comparisons Test. *, p < 0.05; **, p < 0.01;

=% b <0.001.
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HCA treatment leads to increased levels of ROS and increased expression
of TNF in cryopreserved human hepatocytes. Since HCA treatment led to
increased JNK activity in hepatocytes, and this increased JNK activity was
responsible for disrupted insulin signaling following HCA treatment, we next
investigated potential causes of HCA-induced JNK activation. Reactive oxygen
species (ROS), inflammation, ER stress, and excess free fatty acids have been
reported to induce JNK [145]. HCAs have been shown to cause ROS in Chinese
hamster ovary cells [111]. To investigate if ROS is a potential cause of HCA-
induced hepatic JNK activation and subsequent insulin resistance, we pre-
treated cryopreserved human hepatocytes for 45 minutes with CM-H2DCFDA
and then treated the cells for 24 hours with DMSO or 25 uM or 50 uM of the
indicated HCA. ROS was quantified by measuring fluorescence intensity at
Ex/Em =485/528 nm using a microplate reader. MelQx treatment increased ROS
levels significantly (p < 0.05) by an average 217% and 267% at 25 yM and 50
MM, respectively (Fig. 5.3A). PhIP treatment also significantly increased ROS
levels, compared to DMSO-treated control, by an average 250% (p < 0.05) at 25
MM and 333% (p < 0.01) at 50 uM (Fig. 5.3A). These results indicate that HCA
treatment led to increased overall ROS levels in hepatocytes, suggesting that

ROS may contribute to HCA-induced JNK activation.

Oxidative stress caused by ROS is often linked to inflammation [146]. The
proinflammatory cytokine TNF is commonly used an indicator of inflammation in
hepatocytes [147]. To investigate if HCAs cause inflammation, we treated

cryopreserved human hepatocytes with DMSO or 25 uM of the indicated HCA for
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24 hours and measured gene expression of TNF via qRT-PCR. Both MelQx and
PhIP signficantly increased relative TNF gene expression levels (MelQx, p <
0.01; PhIP, p < 0.001) (Fig. 5.3B). These results indicate that HCAs may lead to
inflammation in hepatocytes, although other markers of inflammation should be
investigated further. Taken together, it is likely that ROS and inflammation are

involved in HCA-induced JNK activation in human hepatocytes.
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Figure 5.3. HCA treatment leads to increased levels of ROS and increased
expression of TNF in cryopreserved human hepatocytes. For ROS
measurements (panel A), hepatocytes were pre-treated with 20 yM CM-
H2DCFDA for 45 minutes, then treated with DMSO or 25 or 50 yM of the
indicated HCA for 24 hours. Fluorescence intensity was measured at

Ex/Em =485/528 nm using a microplate reader. The relative ROS generation is
expressed as a percentage relative to the control. For relative mRNA levels of
TNF (panel B), hepatocytes were treated with DMSO or 25 yM of the indicated
HCA for 24 hours, and mRNA levels were measured via gRT-PCR. The relative
mMRNA levels are normalized to GAPDH and expressed relative to the DMSO-
control. Data points (panel A) or bars (panel B) represent mean + SEM.
Statistical significance was determined using One-Way ANOVA followed by

Dunnett's Comparisons Test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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HCA treatment leads to neutral lipid accumulation in cryopreserved human
hepatocytes. As previously mentioned, in addition to ROS, and inflammation,
excess free fatty acids and lipotoxicity have been reported to induce JNK [148],
[149]. To investigate if HCAs lead to lipid accumulation, cryopreserved human
hepatocytes were treated with DMSO or 25 uM of the indicated HCA, then fixed,
permeabilized, and stained with BODIPY 493/503 and counterstained with DAPI.
We automatically analyzed fluorescence via the Cytation5 imager. MelQx
treatment on hepatocytes significantly (p < 0.05) increased neutral lipids,
compared to DMSO-treated control, by an average 230% (Fig. 5.4). PhIP
treatment on hepatocytes also significantly (p < 0.01) increased neutral lipids by
an average 245%, compared to DMSO-treated control (Fig. 5.4). These findings
confirm that HCAs lead to neutral lipid accumulation in hepatocytes, suggesting
that lipotoxicity may be an additional factor contributing to HCA-induced JNK

activation.
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Figure 5.4. HCA treatment leads to neutral lipid accumulation in

cryopreserved human hepatocytes. Hepatocytes were treated with DMSO or

25 uM of the indicated HCA for 24 hours. Cells were then fixed, permeabilized,

and stained with BODIPY 493/503 and DAPI. Cells were imaged under

microscopy (panel A) and quantified using CellProfiler 4.2.5 (panel B). Neutral

lipid droplet measurements were normalized relative to cell count as determined

by DAPI counterstain and expressed as a percentage relative to DMSO-treated

control. Statistical significance was determined by One-Way ANOVA followed by

Dunnett’'s Comparisons Test. Bars represent mean + SEM. *, p < 0.05; **, p <

0.01.
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Gene Ontology (GO) biological processes, molecular functions, and
cellular components significantly enriched among genes upregulated by
PhIP treatment in cryopreserved human hepatocytes include indicators of
endoplasmic reticulum stress. To better explore the mechanisms by which
HCAs disrupt insulin signaling and energy homeostasis in hepatocytes, we
conducted an unbiased analysis and comparison of genomes of hepatocytes
treated with MelQx or PhIP. The enrichment analysis of genes upregulated by
PhIP treatment identified the gene ontology biological process “response to
endoplasmic reticulum stress” (GO:0034976) and multiple related pathways
involved in this category (Fig. 5.5A). Among them includes “regulation of
response to endoplasmic reticulum stress” (GO:1905897), “ERAD pathway”
(G0O:0036503), “response to topologically incorrect protein” (GO:0035966),
“response to unfolded protein” (GO:006986), and “de novo’ protein folding
(GO:006458). Moreover, enrichment analysis of genes upregulated by PhIP
treatment identified the following gene ontology cellular component terms: ER
subcompartment (G0O:0098827), ER membrane (GO:0005789), nuclear outer
membrane-ER membrane network (GO:0042175), ER protein-containing
complex (GO:0140534), and ER chaperone complex (G0O:0034663) (Fig. 5.5B).
Endoplasmic reticulum (ER) stress is caused by proteotoxicity, lipotoxicity, and
glucotoxicity and is known to cause cellular dysfunction [150]. ER stress can lead
to insulin resistance via JNK activation and is associated with obesity and
diabetes [151]. Interestingly, the ER-stress mediated JNK activation pathway of

insulin resistance involves IRE1a, and the enrichment analysis identified the
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reactome pathway “IRE1alpha activates chaperones” (R-HSA-381070), in
addition to pathways relating to oxidative stress and unfolded protein response
(Fig. 5.6A). Figure 5.6B depicts a proposed potential mechanism by which HCAs
induce insulin resistance, including ER stress mediated JNK activation. This
novel proposal requires further interrogation of the ER stress response following

HCA treatment and validation of gene expression by gRT-PCR.
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Figure 5.5. Gene Ontology (GO) biological processes, cellular components,
and molecular functions significantly enriched among genes upregulated
by PhIP treatment in cryopreserved human hepatocytes include indicators
of endoplasmic reticulum stress. Panels A, B, and C show fold enrichment for
selected GO biological processes, cellular component, and molecular function

terms enriched among the upregulated genes, respectively.
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upregulated by PhIP treatment in cryopreserved human hepatocytes. Panel
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DISCUSSION

The current study demonstrated, for the first time, that common HCAs
found in cooked meat led to increased JNK protein activation. Moreover,
inhibition of JINK activation with SP600125 restored insulin signaling at IRS1 and
AKT in HCA-treated hepatocytes. Additionally, we showed that HCAs cause
increased ROS, lipids, and expression of the inflammatory gene TNF. Lastly, an
RNA-sequencing study showed that the GO biological processes, molecular
functions, and cellular components enriched by genes upregulated by PhIP
treatment in hepatocytes related to ER stress and the unfolded protein response.
Taken together, these data provide insight into the potential mechanisms by

which HCAs lead to insulin resistance and dysregulation of metabolism.

One well documented molecular mechanism of insulin resistance in
hepatocytes includes ER stress resulting from proteotoxicity, lipotoxicity, and
glucotoxicity. Downstream of ER stress, JNK activation disrupts insulin signaling
at IRS1 by phosphorylation at the Ser307 site, disrupting downstream signaling
and leading to insulin resistance [139], [140]. We've shown that HCA treatment
on human hepatocytes reduces AKT phosphorylation at Ser473 and increases
IRS1 phosphorylation at Ser307, indicating that HCAs cause insulin resistance.
However, blocking JNK activation with SP600125 in HCA-treated hepatocytes
restored insulin signaling at both IRS1 and AKT. These findings indicate clearly
that activation of JNK is responsible for decreased insulin sensitivity in

hepatocytes exposed to HCAs.
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ROS are prominent molecules involved in cell signaling, and it is well
known that increased ROS in the cell results in ER stress and UPR activation.
However, it is important to note that many downstream activities of the UPR
signal transducers generate ROS [152]. Increased cytosolic concentration of
Ca?*induces ROS production [153]. We showed that HCAs lead to increased
ROS, and although not addressed in the confines of this study, our RNA-
sequencing experiment indicated alterations in calcium storage. Although we’ve
demonstrated that HCA treatment ultimately led to increased ROS, additional
studies are needed to determine if ROS is the source or product of ER stress.
Future studies should also investigate the potential role of calcium transport and

storage in ER stress activation following HCA treatment.

In addition to ROS, ER stress-mediated IRE1 signaling can generate a
key inflammatory signaling pathway via JNK activation or other pathways, which
can activate inflammatory genes, ultimately disrupting metabolic function [154].
We showed that HCAs increased expression of the key inflammatory gene TNF,
suggesting inflammation may be involved in HCA-induced insulin resistance.
Additional cytokines and chemokines should be investigated to corroborate
inflammation from HCAs. Moreover, The IRE1a/XBP1 pathway contributes
significantly to lipogenesis, and we’ve shown that HCAs lead to increased neutral
lipids in human hepatocytes and that this pathway was identified by enrichment
of genes upregulated by PhIP treatment. This suggests that lipotoxicity may also
be a source or product of ER stress, and thus, the role of disrupted lipid

homeostasis from HCAs should be interrogated further.
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In summary, HCAs commonly found in cooked meat increase JNK
activation in human hepatocytes, and blocking JNK activation restores HCA-
induced insulin resistance. ROS, inflammation, and lipotoxicity have been
proposed as potentially involved in HCA-mediated disruption of energy
homeostasis, and an RNA-sequencing experiment implicated ER stress and the
UPR pathway. Taken together, these results provide insight into some of the first
ever proposed mechanisms for HCA-induced insulin resistance and metabolic

diseases.
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CHAPTER 6

HETEROCYCLIC AMINES DISRUPT LIPID HOMEOSTASIS IN HUMAN

HEPATOCYTES

INTRODUCTION

Metabolic dysfunction associated steatotic liver disease
(MASLD)/metabolic dysfunction-associated steatohepatitis (MASH) previously
termed NAFLD is a spectrum of conditions that are characterized by evidence of
hepatic steatosis in the absence of excess alcohol consumption [133], and it is
estimated that it is present in 20 to 30% of individuals in western countries [155].
MASH is the liver manifestation of metabolic syndrome, a term used to describe
a condition where an individual possesses a combination of health risk factors,
including insulin resistance, hyperglycemia, hypertension, dyslipidemia, and
obesity [132]. Metabolic syndrome is a growing epidemic in the United States
and worldwide, affecting an estimated 20 to 25% of the adult population [1],
[156]. While it was historically believed that lifestyle choices like poor diet and
lack of exercise were the primary precursors to developing conditions associated

with metabolic syndrome, genetic and environmental risk factors have recently
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been identified, including environmental pollutant exposure and genetic variants
involved in glucose and lipid metabolism [1], [119]-[121], [127], [128]. We
recently reported that exposure to heterocyclic amines (HCASs) induced insulin
resistance, gluconeogenic gene expression, and glucose production in human
hepatocytes, identifying exposure to HCAs as a novel environmental risk factor

for conditions associated with metabolic syndrome [127].

HCAs are primarily formed from the high-temperature cooking of muscle
meats, including poultry, beef, pork, and fish [112], although other sources
include cigarette smoke and fumes generated from cooking oils. [25], [26], [134].
MelQx (2-amino-3,8-dimethylimidazo[4,5-flquinoxaline) and PhIP (2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine) are the most abundant HCAs formed in
grilled beef, poultry, fish, and bacon [37], and these HCAs are highly mutagenic
and carcinogenic [24], [33], [37], [112]. Cooking meat at high temperatures or for
a prolonged period of time favors HCA formation, so grilling, broiling, or frying
cooking methods enhance exposure to HCAs [112]. Previous studies of HCAs
have primarily assessed their mutagenic and carcinogenic properties. However,
recent epidemiological studies have linked unhealthy cooking methods like
grilling and frying, which favor production of HCAs, and dietary exposure to
HCAs via cooked meat to the development of insulin resistance, type 1l diabetes,
and MASLD/MASH [43], [44], [135]. Moreover, we recently reported that HCAs
induce insulin resistance and glucose production in human hepatocytes, further

suggesting that HCA exposure may be an environmental risk factor contributing
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to the development of metabolic syndrome and underlying conditions associated

with MASLD/MASH [127].

In addition to insulin resistance and hyperglycemia, abnormal cholesterol
and triglyceride levels are some of the medical conditions associated with
metabolic syndrome [1], [132]. In fact, it has been reported that hyperglycemia
and lipid abnormalities, mainly hypertriglyceridemia, develop as a result of
impaired sensitivity to insulin [157]. Although we have reported that HCAs cause
insulin resistance and increased glucose production in hepatocytes, the effects of
HCAs on lipid homeostasis have yet to be investigated. In the current study, we
examined neutral lipid accumulation, triglycerides, cholesterol, free fatty acids,
and expression of genes involved in lipid metabolism and transport in human
hepatocytes exposed to HCAs to assess the effects of HCAs on hepatic lipid

homeostasis.

MATERIALS AND METHODS

Heterocyclic amines (HCAS)

MelQx and PhIP were purchased from Toronto Research Chemicals and
prepared into a solution with dimethyl sulfoxide (DMSO) at a stock concentration
of 10 mM. MelQx and PhIP were diluted to 25 uM working stock solutions

prepared freshly in the cell culture media at the time of each experiment.

Cell culture

Cryopreserved human hepatocytes were purchased from BiolVT and stored in
liquid nitrogen. Hepatocyte samples were collected from consenting donors
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under IRB approved protocols at the FDA licensed donor center at BiolVT
(http://www.bioivt.com/). Hepatocytes were prepared from fresh human tissue
and were isolated and frozen within 24 hours of organ removal by BiolVT. The
hepatocytes are from human transplant rejected livers and tested negative for
hepatitis B and C and HIV1 and 2. Hepatocytes were thawed according to the
manufacturer’s instructions as previously reported [127]. Briefly, cells were
thawed by warming a vial of the hepatocytes at 37 °C for 90 seconds and
suspending them in InVitroGRO HT medium (BiolVT) containing 1 mL
TORPEDO™ Antibiotic Mix (BiolVT) per 45 mL media, then plated on Biocoat®
collagen-coated plates (Corning) and remained in an incubator with a humidified

air (95%) and carbon dioxide (CO2, 5%) condition at 37 °C.

Gene expression analysis by RT-qPCR

Cryopreserved human hepatocytes were plated and allowed to attach for 4
hours. Cells were incubated for 24 hours with media containing MelQx or PhIP at
a concentration of 25 yM. RNA was isolated from the treated cells using E.Z.N.A.
Total RNA Kit 1 (Omegabiotek) per manufacturer’s protocol. cDNA was
synthesized using High-Capacity cDNA Reverse Transcriptase PCR (Thermo
Scientific) per manufacturer’s instructions. Gene-specific cDNA was amplified
and detected using iTaq Universal SYBR Green Supermix (Bio-Rad), gene-
specific primers, and StepOne real-time PCR system (Applied Biosystems). The
following primers were used: PNPLA3, forward 5’-
TCTGGATTCTTCCCCGGAGT-3’; reverse 5-CTGGAAGCCATGTCACCAGT-3'.

HSD17B13, forward 5-AATTTGCCGCTGTTGGCTTT-3’; reverse 5'-
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ATTTTGTGGCCAACCACTGC-3'. PLINZ2, forward 5'-
AGTCTTGGGGAGTCGGATGA-3’; reverse 5-CACGGGAGTGAAGCTTGGTA-
3. PON1, forward 5-GACCATGGCGAAGCTGATTG-3’; reverse 5'-
CCAGGACTGTTGGGGTTGAA-3'. DGAT1, forward 5'-
GTATGGCCACACCCACAAGG-3’; reverse 5-TGCCCAGGTTCCAAGTGAAG-
3’. DGAT2, forward 5-TGTCTGGAGGTATCTGCCCT-3’; reverse 5'-
ACAACAGTGGTGATGGGCTT-3'. CD36, forward 5'-
TGATGTGCAAAATCCACAGGAA-3’; reverse 5'-
ACCATTGGGCTGCAGGAAAG-3'. FASN, forward 5'-
CCGCTTCCGAGATTCCATCC-3’; reverse 5-TGGCAAACACACCCTCCTTC-3".
CPT1A, forward 5-GATGAGTCGTGCCACCAAGA-3’; reverse 5'-
GCTCTTGCTGCCTGAATGTG-3'. SCD1, forward 5'-
GCAGCCGAGCTTTGTAAGAG-3’; reverse 5-GTTCTACACCTGGCTTTGGG-3'.
GAPDH, forward 5-GGTGAAGCAGGCGTCGGAGG-3’; reverse 5'-
GAGGGCAATGCCAGCCCCAG-3'. Results were normalized to GAPDH. The
relative fold change was calculated using the delta-delta Ct (2—AACt) method

with StepOne software (Applied Biosystems).

Neutral lipid measurements via BODIPY 493/503

Cryopreserved human hepatocytes were plated and treated as described in
section 2.3. At the completion of HCA treatment, cells were fixed with 3.7%
formaldehyde for an incubation period of 10 minutes, washed twice with PBS,
and stained with 2 uM BODIPY 493/503 for 30 minutes. Cells were then washed

twice with PBS, permeabilized with 0.25% Triton-X 100 for 5 minutes, washed 2
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additional times with PBS, counterstained with 300 nM DAPI solution for 5
minutes, and washed a final time with PBS. Cells were protected from light until
imaged under fluorescent microscopy. FITC and DAPI channels using two
fluorescence channels at 519 nm and 461 nm were used to capture BODIPY
stained lipid droplets and DAPI stained nuclei, respectively. A subset of
representative images was used for quantification according to the protocol
described by Adomshick, Pu, and Veiga-Lopez [142]. Neutral lipid droplet
measurements were normalized relative to cell count as determined by DAPI

counterstain and expressed as a percentage relative to DMSO-treated control.

Neutral lipid measurements via Oil Red O

Cryopreserved human hepatocytes were plated and treated as described in
section 2.3. At the completion of HCA treatment, cells were fixed with 3.7%
formaldehyde as described in section 2.4. and stained with freshly filtered 0.2%
Oil Red O for 30 minutes. Cells were washed 5 times with distilled water, and the
dye was eluted with 100% 2-propanol after a 10-minute incubation. The eluate
was transferred to a 96-well plate in duplicate, and absorption was read at 510
nm using a microplate reader. The cells on the original plate were permeabilized
and counterstained with DAPI solution as described in section 2.4. The
absorbance readings were averaged and normalized relative to cell count as
determined by DAPI counterstain. Results are expressed as a percentage

relative to the DMSO-treated control.

Cholesterol measurements
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Cryopreserved human hepatocytes were plated and treated as described in
section 2.3. Following treatment, cells were fixed, stained, and analyzed using a

total cholesterol assay kit (Abcam) according to manufacturer’s instructions.

Triglyceride and free fatty acid measurements

Cryopreserved human hepatocytes were plated and treated as described in
section 2.3. For endogenous triglycerides, after treatment, cells were harvested,
homogenized, and analyzed via a fluorometric triglyceride assay kit (Abcam) per
manufacturer’s instructions. For extracellular free fatty acids, media was
collected after treatment and analyzed via a fluorometric free fatty acid kit

(Abcam) per manufacturer’s instructions.

Statistical analysis

Differences in neutral lipids, relative gene expression, cholesterol, triglycerides,
and free fatty acids between the treatment groups vs. control groups were tested
for significance by one-way ANOVA followed by Dunnett’s Comparison Test. All
statistical analyses were performed using GraphPad Prism v8.2.1 (GraphPad
Software). The results are expressed as the mean + the standard error of the
mean (SEM) and represent the averages of three independent experiments.
Statistical significance was determined per the following p-values: * indicates p <

0.05, ** indicates p < 0.01, *** indicates p < 0.001, *** indicates p < 0.0001.

RESULTS

HCAs cause neutral lipid accumulation in cryopreserved human
hepatocytes. Lipid droplets are metabolically active organelles enclosed by a
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phospholipid monolayer that contains proteins responsible for neutral lipid
synthesis or metabolism [158]. Accumulation of lipid droplets in the liver is an
adaptive response to increased free fatty acids and de novo lipogenesis in
hepatocytes, and dysregulation of lipid droplet biogenesis and degradation can
cause intracellular lipid accumulation [159]. Lipid droplet accumulation is a key
characteristic of MASLD/MASH, a condition also associated with dietary HCA

exposure [43].

To investigate if HCAs cause lipid droplet accumulation, we treated
cryopreserved human hepatocytes with DMSO or 25 uM MelQx or PhIP for 24
hours, then fixed and stained the cells for neutral lipids. Neutral lipids were
stained using BODIPY 493/503 dye or Oil Red O, and DAPI was used to
counterstain the nuclei. BODIPY 493/503 and DAPI-stained cells were imaged
under fluorescent microscopy and quantified using CellProfiler 4.2.5. Oil Red O
dye was eluted from the cells and quantified by reading absorbance at 510 nm.
Neutral lipid droplet measurements were normalized relative to cell count as
determined by DAPI counterstain and expressed as a percentage relative to
DMSO-treated control. MelQx treatment on hepatocytes caused an average
237% significant increase (p < 0.01) in neutral lipid accumulation as measured by
the BODIPY 493/503 stain, and PhIP treatment caused an average 24%
significant increase (p < 0.01) (Fig. 6.1A-B). Consistent with these findings, both
HCAs caused increased neutral lipid accumulation when measured using Oil Red
O dye. MelQx treatment caused an average 446% significant increase (p <

0.001) and PhIP treatment caused an average 600% significant increase (p <
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0.0001) in neutral lipids compared to the DMSO-treated control (Fig. 6.1C).
Moreover, hepatocytes stained with BODIPY 493/503 and DAPI were imaged
and quantified automatically using a Biotek Cytation 5 imager, and similar results
were observed (data not shown). These results indicate that HCAs lead to

neutral lipid accumulation in human hepatocytes.
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Figure 6.1. Neutral lipid accumulation following HCA treatment in
cryopreserved human hepatocytes. Cryopreserved human hepatocytes were
treated with DMSO or 25 uM of the indicated HCA for 24 hours. Cells were then
fixed, permeabilized, and stained with the indicated dye. BODIPY 493/503 and
DAPI-stained cells were imaged under microscopy (panel A) and quantified using
CellProfiler 4.2.5 (panel B). Oil Red O-stained cells were quantified by reading
absorbance at 510 nm (panel C). Neutral lipid droplet measurements were
normalized relative to cell count as determined by DAPI counterstain and
expressed as a percentage relative to DMSO-treated control. Statistical
significance was determined by one-way ANOVA followed by Dunnett’s
Comparisons Test. Data points represent the averages of three independent
experiments, and line and error bars represent mean = SEM. **, p <0.01; *** p

< 0.001; ****, p < 0.0001.
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HCAs cause increased expression of lipid droplet-associated genes in
cryopreserved human hepatocytes. To further investigate the effects of HCAs
on lipid accumulation, we measured changes in expression of genes associated
with lipid droplets in hepatocytes following treatment with HCAs. Cryopreserved
human hepatocytes were treated with DMSO or 25 uM MelQx or PhIP for 24
hours. The mRNA levels were measured via gRT-PCR and expressed relative to
the DMSO-treated control. We measured three commonly investigated genes
known to be expressed in hepatic lipid droplets, including patatin-like
phospholipase domain-containing protein 3 (PNPLA3), hydroxysteroid 17-beta

dehydrogenase 13 (HSD17B13), and perilipin 2 (PLIN2).

PNPLA3 is a lipid regulator located in the lipid droplets of hepatocytes,
hydrolyzing triglycerides and catalyzing the transfer of polyunsaturated fatty acids
from di- and tri-acylglycerols to phosphocholines [160]. Its primary function is to
remodel phospholipids of lipid droplets. High glucose and lipotoxic conditions
have been shown to induce expression of PNPLA3, and sustained increased
expression of PNPLAS is associated with fatty liver [161]. We found that PhIP
treatment on cryopreserved human hepatocytes significantly increased (p < 0.05)
expression of PNPLA3, while MelQx treatment had no effect (Fig. 6.2A). Since
there are multiple mechanisms for transcriptional regulation of PNPLA3, including
nutrient availability and genetic polymorphisms [161], it is unclear at this time the
precise mechanism by which PhIP induces expression of PNPLA3. However,

increased expression of PNPLA3 in hepatocytes is highly correlated with
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increased lipid droplets [161], and so this finding for PhIP is consistent with the

results presented in Figure 6.1.

In addition to PNPLA3, we investigated if HCA treatment on hepatocytes
affected the expression of an additional gene, HSD17B13, which is a recently
identified liver-enriched and hepatocyte-specific lipid droplet-associated gene.
HSD17B13 has been reported to be strongly associated with the development
and progression of MASLD/MASH in both mice and humans [162], [163]. Like
our findings with PNPLAS, PhIP treatment on hepatocytes significantly increased
(p < 0.05) expression of HSD17B13, while MelQx treatment had no effect (Fig.

6.2B).

The final lipid-associated gene we investigated is PLIN2, which is a
constitutive and ubiquitously expressed lipid droplet gene encoding for a protein
often used as a marker for lipid droplets [164]. PLIN2 expression levels are
known to correlate with triglyceride content and lipid droplet density [165]. Each
of the HCAs tested significantly increased the expression of PLIN2, compared to
the DMSO-treated control (MelQx, p < 0.001; PhIP, p < 0.001) (Fig. 6.2C). These
findings are consistent with the results presented in Figure 5.1, further indicating

that HCAs lead to neutral lipid droplet accumulation in human hepatocytes.
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Figure 6.2. Increases in expression of lipid droplet genes following HCA
treatment in cryopreserved human hepatocytes. Cryopreserved human
hepatocytes were treated with DMSO or 25 uM of the indicated HCA for 24
hours. The mRNA levels were measured via gRT-PCR using GAPDH as an
internal control and are expressed relative to the DMSO-treated control.
Statistical significance was determined by one-way ANOVA followed by
Dunnett’'s Comparison Test. Data points represent the averages of three

independent experiments, and line and error bars represent mean + SEM. *, p <

0.05; *** p < 0.001.
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HCAs cause increased total cholesterol and decreased expression of PON1
in cryopreserved human hepatocytes. Cholesterol homeostasis is essential to
maintain proper cellular functions, and cellular cholesterol levels reflect the
balance between biosynthesis, uptake, export and esterification [166].
Dysregulation of cholesterol homeostasis is associated with increased risk of
fatty liver diseases and cardiovascular diseases [166], [167]. In fact, excess lipids
in hepatic steatosis are primarily neutral lipids, including triglycerides and
cholesterol esters [167]. Since HCA treatment in hepatocytes caused increased
neutral lipids, we next investigated if HCAs altered cholesterol levels in
hepatocytes. Cryopreserved human hepatocytes were treated with DMSO or 25
MM MelQx or PhIP for 24 hours, then total cholesterol was measured using a
fluorometric cholesterol assay kit (Abcam). MelQx treatment significantly
increased (p < 0.05) total cholesterol levels by an average of 17.8% in
cryopreserved human hepatocytes, and PhIP treatment significantly increased (p

< 0.001) total cholesterol levels by an average of 45.3% (Fig. 6.3A).

Additionally, we investigated if HCA treatment altered the expression of
paraoxonase-1 (PON1), which is a gene encoding for a protein that stimulates
cholesterol efflux and is speculated to play a role in several conditions associated
with NAFLD and related diseases [168]. Recently, it was stated that PONL1 is
linked to a reduction in oxidative stress and inflammation [169], and
epidemiological studies have demonstrated that low PON1 activity is associated

with increased risk of cardiovascular events [170]. HCA treatment on

120



cryopreserved human hepatocytes significantly decreased the expression of

PON1 (MelQx, p < 0.0001; PhIP, p < 0.0001) (Fig. 6.3B).
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Figure 6.3. Increased cholesterol and decreased expression of PON1
following HCA treatment in cryopreserved human hepatocytes.
Cryopreserved human hepatocytes were treated with DMSO or 25 uM of the
indicated HCA for 24 hours. Cholesterol was measured using a fluorescent dye
kit (panel A), and mRNA levels were measured via gqRT-PCR (panel B) using
GAPDH as an internal control and are expressed relative to the DMSO-treated
control. Statistical significance was determined by one-way ANOVA followed by
Dunnett’'s Comparison Test. Bars represent mean + SEM (panel A). Data points
represent the averages of three independent experiments, and line and error

bars represent mean + SEM (panel B). **, p < 0.01; **** p < 0.0001.
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HCAs cause increased endogenous triglycerides and increased expression
of genes involved in triglyceride synthesis in cryopreserved human
hepatocytes. The hallmark of MASLD/MASH is triglyceride accumulation in
hepatocytes that arises from an imbalance between lipid acquisition via fatty acid
uptake and de novo lipogenesis and lipid removal by mitochondrial fatty acid
oxidation and export [171]. As mentioned in section 3.3., excess lipids in hepatic
steatosis are primarily neutral lipids, including triglycerides and cholesterol esters
[167]. Since HCA treatment on hepatocytes led to increased neutral lipids and
increased total cholesterol, we next examined if HCAs also increased
triglycerides. Cryopreserved human hepatocytes were treated with DMSO or 25
MM MelQx or PhIP for 24 hours, then endogenous triglycerides were measured
using a fluorometric triglyceride assay kit (Abcam). MelQx did not alter
triglyceride levels in hepatocytes, but PhIP significantly increased (p < 0.001)

triglycerides by an average of 54.6% (Fig. 6.4A).

To better understand the source of increased triglycerides from HCA
treatment, we next investigated if HCAs altered expression of genes involved in
triglyceride synthesis, including diacylglycerol O-acyltransferase 1 (DGAT1) and
diacylglycerol O-acyltransferase 2 (DGATZ2). The final and only committed step in
the biosynthesis of triglycerides is catalyzed by the DGAT1 and DGAT2 enzymes
[172]. While there are a variety of mechanisms by which DGAT1 and DGAT2 are
transcriptionally and post-transcriptionally regulated, it is known that both of
these enzymes are involved in energy metabolism, particularly triglyceride

homeostasis [172]. While both HCAs caused a slight increase in expression of
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DGAT1, neither were statistically significant (Fig. 6.4B). However, both MelQx
and PhIP treatment on cryopreserved human hepatocytes caused a statistically
significant increase in DGAT2 expression, compared to DMSO-treated control
(MelQx, p < 0.05; PhIP, p <0.0001) (Fig. 6.4C). These findings indicate that
HCAs cause dysregulation of triglyceride homeostasis, and that HCA-induced

triglyceride accumulation may in-part be due to increased triglyceride synthesis.
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Figure 6.4. Increased triglycerides and increased expression of genes
involved in triglyceride synthesis following HCA treatment in
cryopreserved human hepatocytes. Cryopreserved human hepatocytes were
treated with DMSO or 25 uM of the indicated HCA for 24 hours. Triglycerides
were measured using a fluorescent dye kit (panel A), and mRNA levels were
measured via qRT-PCR (panels B-C) using GAPDH as an internal control and
are expressed relative to the DMSO-treated control. Statistical significance was
determined by one-way ANOVA followed by Dunnett’'s Comparison Test. Bars
represent mean = SEM (panel A). Data points represent the averages of three
independent experiments, and line and error bars represent mean + SEM (panel

B). *, p < 0.05; **** p < 0.0001.
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HCAs cause increased extracellular free fatty acids and dysregulated
expression of genes involved in free fatty acid uptake and metabolism in
cryopreserved human hepatocytes. Hepatic lipotoxicity occurs when the liver’s
ability to use, store and export free fatty acids as triglycerides is overwhelmed by
a free fatty acid flux, often caused by increased hepatic de novo lipogenesis, a
hallmark of insulin resistance and MASLD/MASH [173]. Excess free fatty acids
leads to ER and oxidative stress, autophagy, lipoapotosis and inflammation, and
free fatty acid levels are correlated with many disease severities [174], [175].
Insulin resistance is known to cause increased circulation of free fatty acids,
which is often accompanied by increased cholesterol and triglycerides [176].
Since HCAs induce insulin resistance and increase cholesterol and triglyceride
levels in human hepatocytes, we next investigated if HCAs also alter free fatty
acids. Cryopreserved human hepatocytes were treated with DMSO or 25 pM
MelQx or PhIP for 24 hours, then extracellular long-chain free fatty acids were
measured using a fluorometric free fatty acid assay kit (Abcam). MelQx
significantly increased (p < 0.01) extracellular free fatty acid levels in hepatocytes
by an average of 69.7% compared to the DMSO-treated control group (Fig.
6.5A). PhIP also significantly increased (p < 0.05) extracellular free fatty acid
levels to approximately double that of the DMSO-treated control by an average of

a 105% increase (Fig. 6.5A).

In addition to free fatty acid levels, we also measured changes in
expression of genes involved in free fatty acid uptake and metabolism, including

cluster of differentiation 36 (CD36), fatty acid synthase (FASN), carnitine
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palmitoyltransferase 1A (CPT1A), and stearoyl-CoA desaturase (SCD1), to better
understand the mechanism by which HCAs lead to increased extracellular free
fatty acid levels in human hepatocytes. CD36 is a fatty acid translocase
responsible for fatty acid uptake and triglyceride storage and export, and this
protein has been implicated in playing a role in lipid accumulation, inflammatory
signaling, energy reprogramming, and oxidative stress [177]. There are many
mechanisms by which expression of CD36 in hepatocytes is increased, but
regardless of the mechanism, increased expression of CD36 tends to correlate
with increased lipid accumulation and development of MASLD/MASH [173],
[177]. Cryopreserved human hepatocytes treated with 25 pM PhIP for 24 hours
showed a significant increase (p < 0.01) in expression of CD36, compared to
DMSO- treated control, while MelQx-treated hepatocytes showed a slight

increase in CD36 expression, although not statistically significant (Fig. 6.5B).

Additionally, we evaluated changes in expression of FASN, which
catalyzes the last step in fatty acid biosynthesis, and thus is considered a major
determinant of the maximal hepatic capacity to generate fatty acids by de novo
lipogenesis [178]. Increased FASN expression in hepatocytes is correlated with
increased free fatty acids. We found that MelQx treatment on hepatocytescaused
a slight increase in expression of FASN, although not statistically significant,
while PhIP treatment significantly increased (p < 0.05) FASN expression (Fig.

6.5C).

Next, we examined expression of CPT1A, which is responsible for the

transport of long-chain fatty acids into the mitochondria and serves as the rate-
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limiting enzyme for B-oxidation [179]. Deficiency or abnormal regulation of
CPT1A can lead to metabolic disorders, but increasing expression of CPT1A in
patients with metabolic syndrome has been shown to drastically lower triglyceride
levels and improve other lipid metabolism abnormalities [180]. In cryopreserved
human hepatocytes treated with HCAs, there was a significant decrease (p <
0.01) in expression of CPT1A following PhIP treatment, while MelQx did not
affect CPT1A expression (Fig. 6.5D). These results suggest that increased
extracellular free fatty acids induced by PhIP exposure in hepatocytes could be
partly due to inefficient transport into the mitochondria. However, due to the
complex transcriptional, post-transcriptional, and genetic regulation of CPT1A,

this mechanism needs to be further evaluated.

Lastly, we measured changes in expression of SCD1, a key enzyme in
lipid metabolism involved in the regulation of triglyceride synthesis and fatty acid
oxidation in hepatocytes [181], [182]. Previous studies reported that SCD1
activity was increased in MASLD/MASH patients, and that deletion of SCD1
decreased liver lipid synthesis [183], [184]. MelQx treatment on hepatocytes
significantly increased (p < 0.05) expression of SCD1, while PhIP treatment did

not (Fig. 6.5E).
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Figure 6.5. Increased free fatty acids and dysregulated expression of genes
involved in free fatty acid uptake and metabolism following HCA treatment
in cryopreserved human hepatocytes. Cryopreserved human hepatocytes
were treated with DMSO or 25 uM of the indicated HCA for 24 hours.
Extracellular free fatty acids were measured using a fluorescent dye kit (panel A),
and mRNA levels were measured via qRT-PCR (panels B-E) using GAPDH as
an internal control and are expressed relative to the DMSO-treated control.
Statistical significance was determined by one-way ANOVA followed by
Dunnett’'s Comparison Test. Bars represent mean + SEM (panel A). Data points
represent the averages of three independent experiments, and line and error

bars represent mean + SEM (panel B). *, p <0.05; **, p < 0.01.
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DISCUSSION

The current study demonstrates, for the first time, that the most common
HCAs found in cooked meat can lead to dysregulation of hepatic lipid
homeostasis, a condition associated with metabolic syndrome and
MASLD/MASH. The findings presented here indicate that HCAs can lead to
increased neutral lipids and free fatty acids and dysregulation of several key
genes involved in lipid metabolism and transport in human hepatocytes. These
findings support a previous epidemiological study that documented an
association between consumption of unhealthily cooked meat, which favors HCA

formation, with MASLD/MASH [43].

One interesting observation from the current study is that PhIP displays a
greater effect than MelQx on dysregulation of lipid homeostasis. While each HCA
caused an increase in neutral lipids compared to the DMSO-control as measured
by Oil Red O staining, the increase in neutral lipids in PhlP-treated hepatocytes
was significantly greater (p = 0.0197) than in MelQx-treated hepatocytes.
Furthermore, PhIP treatment led to increased expression of several key genes
associated with lipid droplets in hepatocytes, including PNPLA3, HSD17B13, and
PLIN2, while MelQx treatment only increased expression of PLIN2. Similarly,
each HCA tested led to increased cholesterol and free fatty acids, compared to
the DMSO-treated control, but PhIP treatment exhibited an average 27.5% and
35.0% increase, respectively, greater than MelQx treatment. Furthermore, key
enzymes involved in free fatty acid uptake and metabolism, including CD36,

FASN, and CPT1A, are dysregulated by PhIP treatment but unaffected by MelQx
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treatment. Additionally, PhIP treatment increased triglyceride levels, while MelQx
treatment exhibited no effect. Although MelQx did in fact lead to dysregulation of
some components of lipid homeostasis, including increased neutral lipids and
free fatty acids, the effects of PhIP on lipid homeostasis are more apparent and
robust. Interestingly, this finding is inversely correlated to the findings previously
reported on HCA-mediated insulin resistance and dysregulated glucose
homeostasis in hepatocytes. We previously reported that MelQx caused a dose-
dependent reduction in insulin sensitivity and a dose-dependent increase in
glucose production, while the effects of PhIP were either not dose-dependent or
absent [127]. The structural differences between PhIP and MelQx and their
subsequent differences in metabolism were proposed as potential explanations
for the differences in altered insulin sensitivity and glucose production that was
reported previously, and these structural and metabolic differences may also be
responsible for the differences in dysregulation of lipid homeostasis reported
here. The potential role of HCA metabolism in dysregulation of lipid homeostasis

should be explored further.

Of note, HCAs often require hepatic bioactivation to yield mutagenic and
carcinogenic effects [56], [72], [73], [110], [115], [118], [124]. Many HCAs are
bioactivated via O-acetylation by the phase Il metabolic enzyme N-
acetyltransferase 2 (NAT2) following N-hydroxylation mediated by Cytochrome
P450 1A2 (CYP1A2) [72]. NATZ2 exhibits a genetic polymorphism in humans that
correlates to acetylation activity, and individuals can be phenotyped as slow,

intermediate, or rapid NAT2 acetylators based on their NAT2 genotype [52],
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which exhibit differential metabolism of HCAs, and subsequently, differential risk
of genotoxicity [52], [124]. In addition to genotoxicity, we recently reported that
induction of glucose production by HCAs is dependent on NAT2 genetic
polymorphism [128]. We also recently reported that NAT2 genetic polymorphism
affects HCA-induced insulin resistance and increased gluconeogenesis (in
review). Since defective insulin signaling is associated with dysregulation of both
glucose and lipid homeostasis, it is important that future studies investigate if
NAT2 genetic polymorphism plays a role in HCA-mediated dysregulation of

hepatic lipids.

In addition to the potential role of NAT2 genetic polymorphism, future
studies should include investigation of the underlying mechanisms by which
HCAs dysregulate hepatic lipid homeostasis and the subsequent downstream
manifestations of lipotoxicity. Hepatic lipid accumulation is primarily induced by
increased hepatic uptake of circulating fatty acids, increased hepatic de novo
fatty acid synthesis, decreased hepatic 3-oxidation, and decreased hepatic lipid
export [185], and some of the downstream lipotoxic consequences include ER
stress, mitochondrial dysfunction, and insulin resistance [186]. Increased fatty
acid and triglyceride uptake and synthesis and impaired B-oxidation is known to
result from elevated extracellular glucose and free fatty acids [187], and since
HCAs have been shown to increase both extracellular glucose [127] and free
fatty acids, this is one potential underlying mechanism of HCA-mediated
dysregulated lipid homeostasis and subsequent lipid accumulation. Additionally,

PhIP increased expression of CD36 and FASN, suggesting that PhIP treatment
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in hepatocytes led to increased free fatty acid uptake and synthesis, which may
be an additional partial underlying source of lipid dysregulation. Future studies
should continue to explore mechanisms of dysregulated hepatic lipids and their

subsequent lipotoxicity.

In summary, some of the most common HCAs found in cooked meat
caused dysregulation of lipid homeostasis in cryopreserved human hepatocytes,
as evident by increased neutral lipids and free fatty acids and dysregulation of
key genes involved in lipid metabolism, storage, uptake, and transport. These
findings suggest that exposure to HCAs by cooked meat consumption may lead
to fat accumulation in the liver, contributing to conditions associated with
metabolic syndrome and MASLD/MASH. Future studies should continue to
explore the underlying mechanisms that elicit the effects reported here in addition

to the role of NAT2 genetic polymorphisms.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This study provides evidence for the first time that HCAs lead to insulin
resistance and dysregulation of energy homeostasis, including increased glucose
production and lipid accumulation, in human hepatocytes, and this association is
independent of meat consumption. Moreover, this study indicates that these
outcomes are differentially affected by NAT2 genetic polymorphism. Our findings
propose potential mechanisms of HCA-mediated disruption of insulin signaling
and energy homeostasis, including ER stress, JNK activation, ROS, and

lipotoxicity.
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o 1 effect

Figure 7.1. Summary of dissertation findings.
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In Chapter 2 of this work, we provide evidence that HCAs commonly found
in cooked meat caused insulin resistance and increased glucose production in
HepG2 and human hepatocytes. We also show that insulin receptor-target genes
involved in gluconeogenesis, including G6PC and PCK1, are upregulated in
human hepatocytes following exposure to HCAs, indicating that upregulation in
gluconeogenesis may, at least in part, contribute to HCA-induced increase in
glucose production. The findings reported in Chapter 2 imply that, independent of
meat consumption, dietary exposure to HCAs contribute to pathogenesis of

insulin resistance and hyperglycemia.
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Figure 7.2. Summary of Chapter 2.
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In Chapter 3, we investigated the contribution of NAT2 genetic
polymorphism to increased glucose production in hepatocytes following exposure
to HCAs. We found that metabolism of HCAs by NAT2 is required for their effects
on glucose homeostasis, suggesting that individuals with rapid NAT2 acetylator
phenotypes may be at a greater risk of developing hyperglycemia and insulin

resistance following dietary exposure to HCAs.

Moreover, Chapter 4 explored the role of NAT2 genetic polymorphism on
additional aspects of HCA-mediated disruption of energy homeostasis, including
insulin signaling and insulin receptor-target genes involved in gluconeogenesis.
Like our findings reported in Chapter 3, we found that individuals with rapid NAT2
acetylator phenotype are at greater risk of developing insulin resistance and
increased hepatic glucose production following exposure to HCAs. This study
demonstrated the crucial need to consider the role of polymorphisms in genes

involved in metabolism when evaluating risk following exposure to toxicants.
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Figure 7.3. Summary of Chapters 3 and 4.

136



Chapter 5 explored potential mechanisms by which HCAs dysregulate
energy homeostasis. We found that HCAs lead to JNK activation and blocking
JNK restored insulin signaling in HCA-treated hepatocytes. Chapter 5 also shows
that HCAs caused ROS, inflammation, and lipid accumulation. Moreover,
enrichment analysis from an RNA-sequencing experiment where cryopreserved
human hepatocytes were treated with HCAs identified “response to endoplasmic
reticulum stress” (GO:0034976) and multiple related pathways involved in this
category, which is of particular interest since ER stress is known to lead to JNK

activation and subsequent insulin resistance. These findings implicate ER stress

and JNK protein activity in HCA-induced insulin resistance.
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Chapter 6 investigated disruption of lipid homeostasis following treatment

of HCAs in cryopreserved human hepatocytes. We found that HCAs caused

increased lipid accumulation, triglycerides, cholesterol, and free fatty acids.

Additionally, disruption of several key genes involved in lipid homeostasis was

reported. The results in Chapter 6 suggest that, in addition to changes in insulin

sensitivity and glucose homeostasis, HCAs dysregulate lipid homeostasis as

well. These findings suggest that exposure to HCAs by cooked meat

consumption may lead to fat accumulation in the liver, contributing to conditions

associated with metabolic syndrome and MASLD/MASH.
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Figure 7.5. Summary of Chapter 6.
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In total, the work described in this dissertation identifies a novel role for
HCAs in the pathogenesis of hepatic insulin resistance and increased glucose
and lipids in human hepatocytes. We've also indicated a clear role of NAT2
genetic polymorphism in the bioactivation of these compounds that is required for
them to mediate these effects. The work reported in this dissertation will aid to
elucidate risks associated with development of conditions associated with
metabolic syndrome and insulin resistance, specifically with a focus on the role of

gene-environmental interactions in the context of metabolic disorders.

STRENGTHS AND LIMITATIONS

STRENGTHS

The work presented here is, to our knowledge, the first comprehensive
experimental study of HCA-induced disruption of energy homeostasis. Previous
work in the field of HCAs has primarily focused on their genotoxic effects.
Although recent epidemiological studies have documented an association
between HCAs and insulin resistance, the work of this dissertation is the first to

investigate this potentially novel link.

The sheer novelty of the work serves as a major strength of this
dissertation. No previous studies of HCAs have investigated their impact on
energy homeostasis. This dissertation examines altered insulin signaling and
glucose and lipid homeostasis following HCA treatment. An RNA sequencing
analysis also provides insight into the mechanisms by which HCAs may mediate

these effects. Moreover, we considered the role of NAT2 genetic polymorphism,
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allowing us to investigate a gene-environmental interaction in the context of
HCA-mediated disruption of energy homeostasis. This entirely novel study also
sheds light on the newly recognized necessity of considering genetics when

investigating risk associated with metabolic diseases.

An additional major strength of these studies is the use of cryopreserved
human hepatocytes. Cryopreserved human hepatocytes are the gold standard
model for in vitro hepatic toxicology research and allowed us to also consider the
role of NAT2 metabolism in our studies, as cryopreserved human hepatocytes
express normal levels of metabolic enzymes and were genotyped and
phenotyped for NAT2 activity. The abundant use of this cell culture model affirms

the relevance of reported findings.

LIMITATIONS

Major limitations of this work include the narrow range of HCA doses and
treatment times. While it is difficult to determine precise HCA exposure levels in
the human population, future studies could include a wider range of doses. The
doses selected for these studies were based on the literature reports of HCA
doses used in genotoxicity studies. However, exposure levels needed to mediate
the effects reported here may vary. Additionally, the use of cryopreserved human
hepatocytes limits the length of time for HCA treatment. The studies here

included treatment that varied from 24 to 72 hours. Using a model that allowed
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for repeated low-dose treatments over an extended period could provide a more

realistic model of human exposure.

An additional limitation includes the lack of in vivo studies. We did not yet
utilize a mouse model for these studies because mice provide a poor model
system for investigating NAT2 metabolism. It is believed that mouse Natl is
homologous to human NAT2, so Natl KO mice have been used as a surrogate
for studying the effects of human NAT2, but this presents major limitations. As
previously reviewed [188], the mouse Natl coding sequence is only slightly more
homologous to human NAT2 than to human NAT1, and for amino acid homology,
mouse Natl is actually more homologous to human NAT1 (73%) than human
NAT2 (72%). Additionally, mouse Natl is expressed across every tissue
examined [189], whereas human NAT2 expression is largely limited to liver and
Gl tract. Additionally, the substrate profiles of mouse Natl and human NAT2 are
less similar than previously believed [190]. Therefore, it is likely that mouse Natl
and human NAT2 do not share identical roles. Despite this, in vivo studies of
HCA-mediated insulin resistance and metabolic effects could be useful.
Understanding the whole-organ and whole-body effects of HCAs on hepatic
energy homeostasis could provide greater insight into the physiological effects of
HCAs. Although overcoming the obstacle of investigating NAT2 metabolism in
mouse models may be challenging, future in vivo studies could utilize HCA
metabolites instead of parent compounds. Additionally, humanized Nat mouse

models could be used.
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FUTURE DIRECTIONS

Future directions should include experiments using lower HCA
concentrations and longer treatment times to model physiologically relevance.
Additionally, the use of animal models to characterize the novel link between
HCAs and insulin resistance should be pursued. Finally, additional potential

mechanisms of disrupted energy homeostasis by HCAs should also be explored.
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Figure Al. Increases in insulin receptor-target genes involved in
gluconeogenesis following HCA and 3-MC treatment. HepG2 cells were
cultured with varying concentrations of MelQx and 1 uM 3-MC for 3 days. The
relative mRNA level of G6PC was measured by RT-gPCR using 18S ribosomal
RNA as an internal control. The mRNA levels were expressed as changes
relative to that in the vehicle-control. Bars or data points represent mean + SEM.

*ek < 0,0001.
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Figure A2. Changes in gene expression and reactive oxygen species after
HCA mixture treatment in cryopreserved human hepatocytes. Panel A,
Cryopreserved human hepatocytes were treated with 50 uM total concentration
of the indicated HCA (MelQx, PhIP, or mixture of MelQx and PhIP) for 24 hours.
The mRNA levels were measured via qRT-PCR, and are expressed relative to
the vehicle-control. Statistical significance was determined by one-way ANOVA
followed by Dunnett’'s Multiple Comparisons Test. Bars represent mean £ SEM.
Panel B, Cryopreserved human hepatocytes were pre-treated with 20 uM CM-
H2DCFDA for 45 minutes, then treated with the indicated concentration of
MelQx, PhIP, or a combination of both MelQx and PhIP for 24 hours.
Fluorescence intensity was measured at Ex/Em =485/528 nm using a microplate
reader. The relative ROS generation is expressed as a percentage relative to the
control. Statistical significance was determined by two-way ANOVA followed by
Tukey’s Multiple Comparisons Test. Data points represent mean £ SEM. *, p <

0.05; **, p < 0.01.
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Figure A3. Changes in expression of genes involved in gluconeogenesis
and lipid droplet formation in cryopreserved human hepatocytes following
HCA treatment in combination with high glucose. Hepatocytes were treated
with a 50 uM total concentration of the indicated HCA (MelQx, PhIP, or mixture of
MelQx and PhIP) for 24 hours in media containing low (5.5 mM) or high (25 mM)
glucose. The mRNA levels were measured using gRT-PCR and are expressed
relative to the vehicle-control. Statistical significance was determined by two-way
ANOVA followed by Dunnett’s Multiple Comparisons Test. Bars represent mean

+ SEM. *, p < 0.05; **, p < 0.01; **** p < 0.0001.
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Figure A4. Changes in levels of proteins in the insulin signaling cascade
following MelQx treatment in HepG2 cells. HepG2 cells were treated with the
indicated concentration of MelQx for 2 days, followed by a serum-starvation
overnight. Prior to harvest, cells were treated with 100 nM insulin for 10 minutes.
The relative levels of the indicated proteins were measured using Western blot.
The insulin-stimulated p-AKT/AKT ratio was expressed as a percentage of the
vehicle-treated control cells (bars represent mean +/- SEM), and the remaining
proteins were expressed as insulin stimulated protein/GAPDH ratio. Bars

represent mean.
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Figure A5. Gene ontology (GO) biological processes significantly enriched
among genes upregulated or downregulated by MelQx and PhIP treatment
in cryopreserved human hepatocytes. Panel A shows fold enrichment for
selected GO biological processes (GO terms and their IDs) that are significantly
enriched among the upregulated genes by both MelQx and PhIP. Panel B shows
fold enrichment for selected GO biological processes (GO terms and their IDs)
that are significantly enriched among the downregulated genes by both MelQx

and PhIP.
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Figure A6. Gene Ontology (GO) biological processes, molecular functions,
and cellular components significantly enriched among

genes upregulated in MelQx-treated cryopreserved human hepatocytes.
Panels A, B, and C show false discovery rate (FDR)-adjusted p values

(i.e., g values) for selected GO biological processes, molecular function, and

cellular component terms enriched among the upregulated genes, respectively.
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Figure A7. Gene Ontology (GO) biological processes, molecular functions,
and cellular components significantly enriched among

genes upregulated in PhlP-treated cryopreserved human hepatocytes.
Panels A, B, and C show false discovery rate (FDR)-adjusted p values

(i.e., g values) for selected GO biological processes, molecular function, and

cellular component terms enriched among the upregulated genes, respectively.
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Figure A8. Gene Ontology (GO) biological processes, molecular functions,
and cellular components significantly enriched among

genes downregulated in MelQx-treated cryopreserved human hepatocytes.
Panels A, B, and C show false discovery rate (FDR)-adjusted p values

(i.e., g values) for selected GO biological processes, molecular function, and
cellular component terms enriched among the downregulated genes,

respectively.
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transmembrane receptor protein tyrosine kinase signaling pathway (GO:0007169)
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Figure A9. Gene Ontology (GO) biological processes, molecular functions,
and cellular components significantly enriched among

genes downregulated in PhIP-treated cryopreserved human hepatocytes.
Panels A, B, and C show false discovery rate (FDR)-adjusted p values

(i.e., g values) for selected GO biological processes, molecular function, and
cellular component terms enriched among the downregulated genes,

respectively.
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