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ABSTRACT

THE ROLE OF THE INTESTINE-LIVER AXIS IN TCDD-ELICITED NON-ALCOHOLIC FATTY
LIVER DISEASE IN MICE

By
Kelly A. Fader

Non-alcoholic fatty liver disease (NAFLD), a spectrum of liver disorders in which simple
hepatic lipid accumulation (hepatic steatosis) progresses to steatohepatitis with fibrosis, is
approaching epidemic prevalence in the United States. Often considered to be the hepatic
manifestation of metabolic syndrome (MetS), NAFLD increases the risk of developing other
complex metabolic disorders (e.g. diabetes, cardiovascular disease, hepatocellular carcinoma)
and was recently identified as the second leading cause for requiring a liver transplant. Several
factors are known to contribute to NAFLD development including genetic determinants, diet,
lifestyle choices, and age. Recently, disruptions in circadian rhythm such as shift work, jet lag,
and binge eating have also been associated with NAFLD. Moreover, accumulating evidence
demonstrates that exposure to environmental contaminants such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) and related aryl hydrocarbon receptor (AhR) agonists plays an underappreciated
role in the development of metabolic disorders. In rodent models, TCDD-elicited AhR activation
causes hepatotoxic features resembling human NAFLD including hepatic lipid accumulation,
inflammation, and fibrosis, while chronic exposure increases the incidence of hepatocellular
carcinoma. Hepatic and intestinal homeostasis are closely linked by portal and enterohepatic
circulation, and thus dysregulation of this intestine-liver axis has been associated with NAFLD
and other complex metabolic disorders. However, AhR-mediated transcriptional and functional
changes along the intestinal tract have not been thoroughly investigated.

This report evaluates the role of the intestine-liver axis in the development and progression
of AhR-mediated NAFLD in mice orally gavaged with TCDD every 4 days for 28 days. High

throughput analyses such as RNA-Sequencing, AhR chromatin immunoprecipitation (ChlIP)-



Sequencing, and metabolomics were integrated with targeted assessments including protein
measurements, serum biochemistry, microbial gene quantification, and functional assays. TCDD-
elicited segment-specific changes along the intestinal tract suggest: (i) dysregulation of dietary
iron absorption in the duodenum leads to systemic iron overloading, (ii) enhanced lipid digestion
and absorption in the jejunum contributes to hepatic lipid accumulation, (iii) increased bile acid
reabsorption in the ileum dysregulates enterohepatic circulation, and (iv) increased microbial bile
acid metabolism in the colon results in accumulation of hepatotoxic secondary bile acids. AhR
activation also increased paracellular permeability in the gastroduodenal and colonic regions,
decreased gut motility, and depleted antigen-presenting cells in the intestinal lamina propria,
which may promote hepatic inflammation. Moreover, TCDD dampened the rhythmic expression
of core hepatic clock regulators and impaired cues (e.g. heme) which entrain hepatic cycling to
nutrient availability. In turn, the rhythmicity of the hepatic transcriptome and metabolome was
abolished, decoupling hepatic metabolism from feeding/fasting cycles and reducing metabolic
efficiency. Collectively, TCDD-elicited alterations along the intestine-liver axis promote several
features of AhR-mediated NAFLD including dietary lipid accumulation, oxidative stress,
inflammation, bile acid accumulation, and metabolic reprogramming. These studies provide novel
insight into the underlying mechanisms involved in AhR-mediated NAFLD, while highlighting the

importance of intestine-liver and host-microbiota relationships in complex metabolic disorders.
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CHAPTER 1: LITERATURE REVIEW



INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of disorders in which hepatic lipid
accumulation (steatosis) progresses to chronic steatohepatitis (steatosis with inflammation) and
fibrosis [1, 2]. Recently identified as the second leading cause for requiring a liver transplantation,
NAFLD is approaching epidemic prevalence in the United States [3-5]. Accumulating evidence
suggests that the environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
related aryl hydrocarbon receptor (AhR) agonists play an underappreciated role in NAFLD
development [6-9]. In rodent models, a single bolus dose of TCDD induces hepatic steatosis [10],
with progression to steatohepatitis and fibrosis following repeated treatment [11, 12].

Hepatic and intestinal homeostasis are closely linked through portal and enterohepatic
circulation, where factors which cross the intestinal barrier (e.g. nutrients, minerals, microbial
products) are directly delivered to the liver for metabolism or detoxification. As a result,
perturbations along the intestine-liver axis, including changes in intestinal permeability and
motility, nutrient absorption, bile acid homeostasis, and the gut microbiome, promote the
development and progression of NAFLD [13-15]. Moreover, NAFLD has recently been associated
with disruptions in circadian rhythm, where hepatic metabolism becomes decoupled from
feeding/fasting cycles and nutrient availability [16-18]. To date, AhR-mediated transcriptional and
functional changes along the intestinal tract have not been thoroughly investigated. Furthermore,
little is known about the effects of AhR activation on the circadian regulation of hepatic
metabolism. Understanding the intestine’s role in AhR-mediated NAFLD will not only provide
novel insight into the molecular mechanisms of toxicity but may also identify novel targets for the

treatment of chronic liver diseases and complex metabolic disorders.

ARYL HYDROCARBON RECEPTOR SIGNALING
The AhR is a ligand-activated transcription factor best known for serving as an
environmental sensor to xenobiotics and drugs [19]. It is well established that the AhR regulates
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the expression of several xenobiotic-metabolizing enzymes including cytochrome P450s (e.g.
Cyplal, Cyplbl, and Cypla2), glutathione-S-transferases (GSTs), and UDP-
glucuronosyltransferases (UGTSs), which not only facilitates an adaptive response to a chemical
insult but may also promote the chemical’s toxicity [20]. Beyond its role as an xenobiotic sensor,
studies involving AhR-null animals demonstrate that it serves an underappreciated role in normal
physiology and organ development, regulating cell differentiation, proliferation, adhesion, and
migration [21-24].

In the canonical pathway, ligand binding to the cytoplasmic AhR causes dissociation from
heat shock protein 90 (HSP90), AhR-interacting protein (AIP; aka XAP2), and p23 chaperone
proteins, followed by translocation to the nucleus and heterodimerization with the aryl
hydrocarbon receptor nuclear translocator (ARNT). The AhR/ARNT complex binds to dioxin
response elements (DREs; 5-GCGTG-3’ core sequence) and recruits transcriptional co-
regulators, leading to differential expression of target genes (Figure 1) [25, 26]. Beyond the
canonical pathway, accumulating evidence demonstrates DRE-independent mechanisms of
differential gene expression including non-consensus xenobiotic response elements (NC-XRES),
tethering to other transcription factors, and alternative binding partners (e.g. Krippel-like factor 6
(KLF6)) [27-30]. The ‘AhR gene battery’ refers to a group of classic AhR target genes which are
differentially expressed in most tissues and species including Cyplal, Cypla2, Cyplbl, TCDD-
inducible poly(ADP-ribose) polymerase (Tiparp), NAD(P)H dehydrogenase quinone 1 (Ngol),
and Ugtla6 [31]. However, target genes from a wide range of metabolic pathways and biological
processes have been identified including lipid metabolism, gluconeogenesis, redox homeostasis,
differentiation/development, apoptosis, and immunological responses [10].

Both AhR and ARNT are members of the basic helix-loop-helix (bHLH) Per-Arnt-Sim
(PAS) family [32]. The peptide sequence of the mouse AhR contains 805 amino acids organized
into the following structural domains: (i) a bHLH domain near the amino-terminus, (ii) a PAS
domain consisting of PAS-A and PAS-B motifs, and (iii) a transactivation domain near the
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carboxy-terminus [33, 34]. The bHLH domain of AhR facilitates heterodimerization with ARNT
and is responsible for binding DNA at specific response elements [35]. The PAS-A maotif is also
involved in dimerization with ARNT [36], while PAS-B forms the ligand-binding region and enables
binding with chaperone proteins [35, 37]. The glutamine-rich transactivation domain is responsible
for recruiting transcriptional co-activators [38]. Although functionally similar to nuclear receptors
such as the estrogen (ER), thyroid hormone (THR), and retinoic acid (RAR) receptors, the AhR
does not contain the structural domains required for membership within the nuclear receptor
superfamily [39].

AhR-mediated differential gene expression elicits a broad spectrum of toxic responses in
a cell-, tissue-, species-, sex-, and ligand-specific manner [40, 41]. Suppression of the immune
system is one of the most sensitive endpoints of AhR activation, involving direct impairment of B
lymphocyte differentiation and IgM antibody secretion, as well as thymic atrophy [42-45]. Although
most AhR ligands are not directly genotoxic themselves, AhR activation promotes tumorigenesis
in several tissues (e.qg. liver, lung, skin, and thyroid) by impairing apoptosis of preneoplastic cells
and dysregulating growth-related signaling pathways [46-49]. Additionally, AhR activation elicits
dermal lesions such as chloracne [50], reproductive toxicity [51, 52], teratogenicity [53, 54], and
altered mineralization in bones and teeth [55, 56]. Furthermore, AhR activation causes
hepatotoxicity involving lipid accumulation, immune cell infiltration, and collagen deposition, which
will be the focus of this report [10, 11, 57]. Although the canonical AhR signaling pathway is well
established, the initial target genes and downstream sequence of events leading to these toxic

endpoints remain poorly understood.

TCDD AND RELATED AHR AGONISTS

The AhR can be bound and activated by a wide range of structurally diverse ligands. This
suggests that the ligand binding domain of AhR is quite promiscuous, providing the organism with
the ability to detect a broad range of chemicals [58, 59]. There are two major classes of AhR
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ligands: (i) synthetic ligands produced through anthropogenic activity, and (ii) naturally occurring
ligands formed in biological organisms (Figure 2). To date, most high affinity AhR ligands are
classified as synthetic, including planar halogenated aromatic hydrocarbons (HAHs) (e.g.
polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and biphenyls (PCBs)) and
polyaromatic hydrocarbons (PAHs) (e.g. benzo[a]pyrene (BaP), benz[a]lanthracene,
benzoflavones, and 3-methylcholanthracene (3MC)) (Figure 2) [60-62]. HAHs are more
metabolically stable and potent than PAHs, with binding affinities in the pM to nM range compared
to HAH binding affinities that typically fall in the nM to uM range [58, 63]. More recently, several
synthetic ligands have been identified with structures that differ drastically from the classical PAHs
and HAHs including thiabendazole and 1-methyl-1-phenylhydrazine, however most of these
‘nonclassical’ ligands are relatively weak inducers of Cyplal expression with low affinity for AhR
[58, 64].

The ubiquitous environmental contaminant TCDD is the most potent AhR agonist and is
classically considered to be the prototypical ligand of the AhR. The relative potency of other
synthetic AhR ligands, termed ‘toxic equivalency factors’ (TEFs), are therefore typically
determined relative to TCDD, allowing the hazard of HAH mixtures to be estimated during risk
assessment [60, 62]. TCDD was never intentionally manufactured, but rather is formed as a
contaminant during industrial processes including pulp bleaching at paper mills, waste
incineration, and organochlorine pesticide/herbicide manufacture [65, 66]. TCDD achieved
notoriety for its presence as a contaminant in the defoliant Agent Orange used during the Vietham
War during the late 1960s, exposing military personnel and Viethamese civilians to high levels of
the toxicant [67-69]. Additional incidents involving accidental exposure to high concentrations of
TCDD include: (i) the explosion of a 2,4,5-trichlorophenol reactor at a chemical plant near Seveso,
Italy in 1976 [70, 71], (ii) two separate incidents (1953 and 1988) at the Baden Aniline and Soda
Factory (BASF) chemical company in Germany, leading to acute, high-dose exposure to
employees [72, 73], (iii) spraying dirt roads in eastern Missouri (Times Beach, Quail Run Trailer
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Park) with TCDD-contaminated oil [74, 75], and (iv) the occupational exposure of employees at
herbicide and chemical manufacturing plants such as Dow Chemical and Monsanto [76, 77].
Furthermore, a few cases of intentional poisoning have been reported, including the 2004
poisoning of Viktor Yushchenko during the Ukrainian presidential election, leading to dermal
lesions termed chloracne [78].

Beyond the contribution from industrial sources, TCDD is also released into the
environment through combustion processes such as fuel burning (e.g. wood, coal, oil), forest fires,
and volcanic eruptions [65]. As a result of its lipophilic nature and high degree of chlorination,
TCDD is highly persistent in the environment, where it biomagnifies through the food chain and
bioaccumulates within the fat-depots of animals [79, 80]. Today, the primary source of TCDD
exposure for the general public is through the consumption of animal-derived foods including fish,
meat, milk, and eggs [81, 82]. Once consumed, TCDD is stable within the body due to negligible
metabolism [80]. Although levels of TCDD and related dioxin-like compounds in the environment
are decreasing, the cumulative exposure to all potential synthetic AhR ligands such as PAHs and
polybrominated HAHSs (e.g. polybrominated flame retardants) may be increasing [83-85], and thus
the adverse effects of inappropriate AhR activation remain a relevant health concern.

Naturally occurring AhR ligands consist of both natural exogenous compounds consumed
through the diet and endogenously synthesized metabolites (Figure 2). The intestinal lumen is a
rich source of natural AhR ligands including both dietary compounds and microbially-derived
products, which may exhibit agonistic or antagonistic effects on the canonical pathway [86]. The
potential for these gut-derived ligands to affect AhR signaling depends on their absorption,
metabolic stability, and plasma half-life. The majority of dietary AhR ligands originate from plant
materials such as vegetables, fruits, or teas including indole-3-carbinol (I13C) [87], curcumin [88],
carotenoids (e.g. apocarotenal) [89], and flavonoids (e.g. quercetin) (Figure 2) [90]. 13C,
generated from glucobrassicin in cruciferous vegetables, undergoes acid condensation within the
mammalian intestinal tract to yield indolo[3,2-b]carbazole (ICZ), which is the most potent natural
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AhR ligand identified to date [87]. The gut microbiome also contributes to the pool of intestine-
derived AhR ligands, where bacterial metabolism of tryptophan yields indoles capable of
stimulating AhR activity including indole-3-aldehyde and indole-3-acetate [91, 92].

Despite accumulating evidence that AhR serves a physiological role in cell differentiation
and proliferation, no high-affinity endogenous ligand has been identified to date and thus the AhR
is often classified as an ‘orphan receptor’. However, several studies have identified endogenous
chemicals capable of binding AhR with relatively low affinity and weakly activating AhR-dependent
gene expression (Figure 2), many of which are metabolized by the detoxification enzymes they
induce [58]. Several endogenous tryptophan metabolites have been shown to activate AhR
including 6-formylindolo[3,2-b]carbazole (FICZ), tryptamine, indole acetic acid, kynurenine,
indigo, and indirubin [93-96]. FICZ, which is structurally similar to diet-derived ICZ, is a photo-
oxidation product of tryptophan. It is hypothesized that FICZ may serve as a chemical messenger
of light formed in the skin of UV-irradiated mammals, relaying the periodicity of the solar cycle
[97]. Interestingly, accumulating evidence suggests that AhR may play a physiological role in
circadian regulation, while other PAS proteins such as aryl hydrocarbon receptor nuclear
translocator-like (ARNTL), circadian locomotor output cycles kaput (CLOCK), and period (PER)
are core regulators of circadian rhythm [98, 99]. Given that AhR activation is reported to disrupt
heme biosynthesis [100], it is not surprising that tetrapyrrole metabolites have been found to bind
to the AhR. For example, bilirubin, the primary product of heme degradation, induces AhR-
dependent gene expression, thereby stimulating its own detoxification through UGT1A1- and
CYP1A1/1A2-dependent metabolism [101]. Additionally, arachidonic acid metabolites including
lipoxin A4 and prostaglandin G, have been shown to bind AhR and activate DRE-dependent gene
expression [102, 103], providing further evidence that AhR plays a role in regulating eicosanoid
signaling [104]. Recently, homocysteine was identified as a hovel endogenous agonist of the AhR,
where hyperhomocysteinemia promotes hepatic lipid accumulation through induction of the Cd36
fatty acid transporter [105]. High throughput screening bioassays and virtual screening of ligand
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libraries are currently being employed to identify additional exogenous and endogenous ligands

for the AhR, providing further insight into its physiological role [106-108].

NON-ALCOHOLIC FATTY LIVER DISEASE

Fatty liver disease is a spectrum of liver disorders in which hepatic lipid accumulation
(steatosis) progresses to chronic steatohepatitis (steatosis with inflammation) and fibrosis
(collagen deposition) (Figure 3) [1, 2]. Although hepatic steatosis is benign and completely
reversible, hepatic inflammation and fibrosis are considered to be more severe as they are largely
irreversible and may lead to cirrhosis and/or hepatocellular carcinoma [109, 110]. Fatty liver
disease is typically classified as either ‘alcoholic’ (AFLD) or ‘non-alcoholic’ (NAFLD) depending
on whether or not it is linked to excessive alcohol consumption (20-40 g/day for men; 20g/day for
women), however both sub-types present similar histopathological features [111].

In 2013, NAFLD became the second leading cause for requiring a liver transplant after
hepatitis C virus, with the number of NAFLD patients awaiting a liver transplant nearly tripling
since 2004 [3]. Additionally, non-alcoholic steatohepatitis (NASH) has been identified as the most
rapidly increasing cause of hepatocellular carcinoma in Western countries [112]. Often considered
to be the hepatic manifestation of metabolic syndrome (MetS), NAFLD progression increases the
risk of developing complex systemic metabolic diseases including cardiovascular disease (CVD)
and type |l diabetes [109, 110, 113]. The prevalence of NAFLD is continuously increasing both in
the United States and worldwide [4], currently affecting approximately 27-34% of Americans [5,
114]. Elucidation of contributing factors and mechanisms involved in NAFLD development may
lead to novel therapeutic strategies, which would be of great value to public health.

Several factors are known to contribute to the development of NAFLD, including genetics,
high caloric diet, sedentary lifestyle, and age [115-117]. Recently, dysregulation of circadian
rhythm resulting from disrupted sleep/wake and feeding/fasting cycles (e.g. shift work, jet lag) has

also been associated with metabolic diseases such as NAFLD, diabetes, and cancer [16-18].
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Furthermore, accumulating evidence suggests that exposure to TCDD and other persistent AhR
agonists plays an underappreciated role in the development of NAFLD and other complex
metabolic disorders [6-9]. However, the extent to which circadian dysregulation and
environmental contaminants contribute, and the underlying mechanisms involved, have not been

fully elucidated.

ROLE OF TCDD IN FATTY LIVER DISEASE

TCDD and other AhR agonists have been shown to cause hepatotoxic features
resembling NAFLD in several animal models. In mice, a single bolus dose of TCDD elicits AhR-
dependent lipid accumulation in the liver, which is completely reversed 4 weeks later [10, 118,
119]. Progression to steatohepatitis with fibrosis has been observed following repeated TCDD
exposure in mice [11]. AhR null (Ahr-/-) mice do not exhibit lipid accumulation or immune cell
infiltration following TCDD treatment, demonstrating that TCDD-elicited NAFLD is AhR-
dependent [119]. Similarly, dioxin-like PCB126 and 3MC are also reported to cause hepatic
steatosis in mice [120, 121]. AhR-mediated hepatic lipid accumulation has also been observed in
PCB-treated rats [57, 122] and BaP-treated Killifish [123]. Furthermore, chronic TCDD exposure
over a 2-year period increases the incidence of hepatocellular carcinoma in rodents, where male
mice are more susceptible than female mice, and vice versa in rats [47, 124].

In rodent models, AhR-mediated NAFLD cannot be attributed to dysregulation of a single
target gene or metabolic pathway, but rather is a collective response to the cumulative burden of
multiple disrupted pathways and physiological processes [125]. TCDD-elicited hepatic lipid
accumulation is largely attributed to induction of transporters/receptors involved in the hepatic
uptake of fatty acids (e.g. Cd36) and chylomicron remnants (e.g. very low density lipoprotein
receptor (VIdIr)) [10, 121, 126]. Impaired assembly of lipoproteins (e.g. repression of
apolipoprotein B (Apob)), coupled with repression of enzymes involved in peroxisomal beta
oxidation (e.g. acetyl-CoA acyltransferase 1B (Acaalb) and acyl-CoA oxidase 1 (Acox1)), further
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promote hepatic lipid accumulation by reducing the export and breakdown of fatty acids [126,
127]. These accumulating lipids are highly susceptible to peroxidation as a result of AhR-mediated
oxidative stress. AhR activation stimulates reactive oxygen species (ROS) production through
several processes including induction of cytochrome P450s (e.g. Cyplal) and oxidoreductases
(e.g. xanthine dehydrogenase/xanthine oxidase (XDH/XO)), partial uncoupling of oxidative
phosphorylation, peroxisome proliferation, and the inhibition of selenium-dependent glutathione
(GSH) peroxidase [10, 127, 128]. Beyond lipid peroxidation, this oxidative stress can damage the
proteins, DNA, and membrane integrity of hepatocytes, resulting in the release of damage-
associated molecular patterns (DAMPs) and the activation of resident hepatic macrophages
(Kupffer cells). Following activation, Kupffer cells release pro-inflammatory cytokines such as
TNFa, IL-1B, and IL-6, which trigger the recruitment of immune cells (circulating monocytes,
neutrophils) to the liver [10]. Warburg-like metabolic reprogramming driven by pyruvate kinase
M2 (Pkm2)-induction helps to counteract oxidative stress by supporting nicotinamide adenine
dinucleotide phosphate (NADPH) biosynthesis and GSH recycling [127]. Hepatic inflammation
not only further propagates ROS production, but also stimulates profibrotic signaling (e.g. TGF32,
TNFa) which promotes the differentiation of hepatic stellate cells and portal fibroblasts into
collagen-producing myofibroblasts [11, 12]. Dysregulation of glycogen, ascorbic acid, and amino
acid metabolism supports remodeling of the extracellular matrix, further promoting the
development of hepatic fibrosis [12].

In humans, epidemiological studies have identified an association between accidental
exposure to AhR agonists and an increased risk of NAFLD and other complex metabolic disorders
[6-8]. For example, the Taiwanese “Yucheng” cohort which consumed PCB- and PCDF-
contaminated cooking oil in 1979 exhibited an elevated mortality rate from chronic liver disease
and cirrhosis compared to the general population [129]. Furthermore, a study involving Taiwanese
residents living near a closed pentachlorophenol (PCP) factory reported that individuals with high
serum levels of PCDDs/PCDFs and a high body mass index (BMI) exhibited a significantly

13



elevated risk of developing hepatic steatosis [130]. Analysis of the National Health and Nutrition
Examination Survey (NHANES, 2003-2004) dataset identified a dose-dependent association
between blood PCB levels and increased alanine amino transferase (ALT) levels, where elevated
ALT in the absence of viral hepatitis, ethanol, or iron was used as a surrogate biomarker for
NAFLD [9]. Additionally, Italian residents exposed to TCDD during the Seveso industrial accident
and Vietnam War veterans exposed to Agent Orange exhibited an increased incidence of both
diabetes and CVD [131, 132]. Beyond epidemiological studies, TCDD elicits in vitro lipid
accumulation in human primary hepatocytes [133] and in vitro activation of human hepatic stellate
cells [134]. Further studies are required to compare the mechanisms of AhR-mediated NAFLD

between humans and rodent models.

SEGMENT-SPECIFIC FUNCTIONS OF THE INTESTINE

The intestine of monogastric mammals such as humans and rodents is divided into two
primary sections — the small intestine and the large intestine. The small intestine is further
subdivided into three segments: (i) the duodenum, the shortest region which connects to the
stomach via the pyloric sphincter, (ii) the jejunum, and (iii) the ileum, which connects to the large
intestine via the ileocecal sphincter. Similarly, the large intestine consists of: (i) the caecum and
appendix, (ii) the colon, (iii) the rectum, and (iv) the anal canal. These intestinal sections differ in
their cellular make-up, morphology, and gene expression profiles, allowing each segment to carry
out specialized functions [135].

Following consumption of a meal, chyme from the stomach, digestive enzymes from the
pancreas, and bile from the gallbladder are secreted into the lumen of the duodenum, which
serves as an important site for the digestion of polysaccharides, proteins, and fats [136].
Additionally, the duodenum is the segment primarily responsible for the absorption of minerals
including iron, calcium, magnesium, zinc, and phosphorus [137]. Most digestion products
including monosaccharides, amino acids, and fatty acids are predominantly absorbed by the
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jejunum, with compensatory uptake by the ileum as the nutrient load increases [136, 138]. After
aiding in the emulsification and absorption of lipids within the proximal intestine, the majority of
bile acids are reabsorbed across the ileal epithelium, facilitating enterohepatic circulation [139].
The ileum is also the main site of vitamin B12 absorption [140]. The epithelium of the small
intestine is folded into finger-like projections known as villi, which extend into the intestinal lumen
and increase the absorptive surface area. Although the colon is the primary site for water
reabsorption, it contributes little to the absorption of nutrients and minerals and thus it lacks villi
[136].

The intestinal lumen hosts the gut microbiome, the densest and most diverse microbial
community of all body habitats. Chemical gradients (e.g. pH), nutrient availability, oxygen levels,
host immune activity, and mucus structure create distinctive microenvironments along the length
of the intestinal tract which determine the identity, diversity, and density of the bacterial
populations present [141, 142]. The microbial biomass of the intestinal lumen increases from 1072
colony forming units (cfu) per g in the duodenum to 10*! cfu/g in the colon and caecum. In the
small intestine, bacterial growth is limited to lower densities by high concentrations of host-derived
antimicrobial peptides and bile acids, a lower pH, more oxygen, and a faster transit time [141].
These conditions favor rapidly dividing facultative anaerobes including Proteobacteria
(particularly Enterobacteriaceae), Lactobacillaceae, and Clostridium species [143, 144]. In
contrast, the slower transit time, lower concentration of antimicrobials, and lack of a simple carbon
source within the colon promote the growth of fermentative polysaccharide-degrading anaerobes
such as Bacteroidaceae, Prevotellaceae, Ruminococcaceae, and Lachnospiraceae [141, 143].
Additionally, bacterial species capable of metabolizing primary bile acids into secondary bile acids
reside within the colon, and thus this intestinal segment plays a key role in shaping the
composition of the bile acid pool [145, 146]. Alterations in the segment-specific
microenvironments of the intestinal lumen including changes in motility, pH, nutrient availability,
and bile flow have been linked with dysbiosis of the normal gut microbiota [13].
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The proximal small intestine (duodenum and jejunum) is continuously exposed to dietary
antigens during digestion and nutrient absorption, while the ileum and colon are exposed to high
levels of microbial antigens from the gut microbiome. In order to respond to these antigenic stimuli,
the intestine is equipped with a complex network of segment-specific immunological features
consisting of both organized lymphoid structures and individual immune effector cells. Organized
structures including gut-associated lymphoid tissue (GALT; e.g. Peyer’s Patches) and draining
lymph nodes are the primary sites for adaptive responses including T cell priming and generation
of IgA-producing plasma cells [147]. Peyer’s Patches, which consist of large B cell follicles with
smaller T cell regions, increase in size and density from the jejunum to the ileum and are
particularly concentrated in the distal ileum [148, 149]. Additionally, individual effector cells
including B cells, T cells, innate immune cells (e.g. dendritic cells, macrophages, eosinophils,
mast cells), and innate lymphoid cells (ILCs) are distributed throughout the lamina propria beneath
the epithelium, where the frequency of each cell type varies along the length of the intestinal tract
[147]. Dendritic cells and macrophages within the lamina propria are key players in early innate
responses, where they are primarily responsible for antigen uptake and presentation to naive T
cells [150].

Along the entire length of the intestinal tract, a single layer of epithelial cells forms a
physical barrier to separate the carefully regulated internal environment of the body from the
continuously changing contents of the intestinal lumen. The hydrophobic plasma membrane of
the epithelial cells serves as an effective barrier to hydrophilic molecules, while the paracellular
spaces are sealed by tight junctions. These tight junctions are selectively permeable, regulating
the movement of fluids and solutes on the basis of size and charge [151]. Beyond this physical
barrier, the intestinal epithelium exhibits segment-specific strategies to protect the absorptive
epithelial cells against their microbial neighbors [147]. For example, Paneth cells, which are only
present in the small intestine, secrete antimicrobial peptides such as defensins, lysozyme, and
REGIIly [152, 153]. In contrast, the number of mucus-secreting Goblet cells increases down the

16



intestinal tract, accounting for at least 25% of the epithelial cells in the colon compared to only
10% in the proximal small intestine. As a result, the colon produces the thickest and densest
mucus layer, which not only forms a charged physical barrier, but also contains toxic mucin

glycoproteins which limit bacterial colonization within the intestinal mucosa [154].

DYSREGULATION OF THE INTESTINE-LIVER AXIS

Hepatic and intestinal homeostasis are interdependent, establishing the intestine-liver
axis. During development, the liver buds directly from the endoderm of the foregut and thus these
two organs are intrinsically linked in embryological terms [155]. More importantly, the intestine
and liver are physiologically connected by bidirectional flow involving (i) portal circulation and (ii)
enterohepatic circulation (Figure 4). Intestine-derived factors which cross the intestinal barrier are
delivered directly to the liver via portal circulation, facilitating metabolism and/or detoxification
[156]. Additionally, enterohepatic circulation involves the secretion of hepatically synthesized bile
acids from the biliary tract into the duodenal lumen. After aiding in the emulsification and
absorption of dietary lipids, most bile acids are reabsorbed by ileal enterocytes and delivered back
to the liver through portal circulation [139]. It is well established that dysregulation of the intestine-
liver axis promotes the development of several complex metabolic disorders including obesity,
diabetes, and NAFLD [13, 14, 157, 158]. Multiple mechanisms along the intestine-liver axis have
been implicated in NAFLD including alterations in: (i) intestinal absorption of nutrients and
minerals, (ii) the gut microbiome, (iii) intestinal permeability, (iv) gut motility, and (v) enterohepatic
circulation of bile acids.

Hepatic accumulation of certain diet-derived nutrients and minerals alters metabolic status
and redox homeostasis, and therefore diet composition is an important factor in determining
NAFLD susceptibility. Specifically, over-consumption of fatty acids (particularly saturated fatty
acids), cholesterol, simple carbohydrates (e.g. sucrose and fructose), and iron greatly increases
the risk of developing metabolic disorders such as NAFLD [159]. Moreover, factors which alter
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the intestine’s ability to absorb these nutrients and minerals also affect NAFLD susceptibility. For
example, mutations in the gene responsible for hemochromatosis (HFE), a disorder characterized
by iron overloading due to increased duodenal absorption, have been associated with an
increased risk of NAFLD [160, 161]. Additionally, treatment with Ezetimibe, an NPCI1L1
cholesterol transporter inhibitor which reduces intestinal absorption of dietary cholesterol, is
reported to decrease serum ALT in human clinical trials and reduce hepatic lipid accumulation in
mice [162, 163]. The absorption of cholesterol and triglycerides is also reduced by bile acid
sequestration, leading to decreased weight gain and increased fecal lipid excretion [164].

Accumulating evidence demonstrates an association between NAFLD and dysbiosis of
the gut microbiome, which may involve bacterial overgrowth, changes in the relative abundance
of specific commensal taxa, and/or increased abundance of specific pathogenic microorganisms
[13]. In general, the ratio of Bacteroidetes to Firmicutes is typically lower in obese vs. lean
individuals, with further reductions in Bacteroidetes in NASH patients vs. obese individuals without
NASH [165]. Metabolites produced by the microbiome including short chain fatty acids (SCFASs),
trimethylamine (TMA), and non-dietary ethanol can affect the metabolic phenotype of the host.
For example, anaerobic bacteria in the colon ferment complex polysaccharides to yield SCFAs
such as acetate, propionate, and butyrate, which account for 30% of the liver's energy supply.
Alterations in the gut microbiota are reported to increase colonic SCFA production, dysregulating
the hepatic metabolism of fatty acids and cholesterol [166, 167]. Furthermore, increased bacterial
conversion of choline to TMA not only depletes the host’s choline supply, but also increases
hepatic trimethylamine N-oxide (TMAO) production [168]. Given that choline is required for
hepatic very low density lipoprotein (VLDL) synthesis and lipid export, choline deficiency is
associated with hepatic steatosis [168], while TMAO promotes atherosclerosis and impairs
glucose tolerance [169, 170]. Several factors have been shown to alter the gut microbiome
including certain nutrients (e.g. dietary fat, sucrose, artificial sweeteners, caffeine), exercise,
probiotics, and alterations in circadian rhythm [13].
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Portal circulation exposes the liver to several antigenic and/or pro-inflammatory gut-
derived substances including translocated bacteria, pathogen-associated molecular patterns
(PAMPs; e.g. lipopolysaccharide (LPS), flagellin, lipoteichoic acid, peptidoglycan), and secreted
cytokines. Under normal conditions, the resident immune cells within the liver rapidly eliminate
small amounts of bacterial products. However, increases in intestinal permeability increase the
translocation of bacteria and PAMPs which enter the body, overwhelming hepatic immunological
tolerance. These PAMPSs activate pattern recognition receptors such as toll-like receptor 4 (TLR4)
on Kupffer cells and stellate cells, stimulating pro-inflammatory and pro-fibrotic pathways [171].
Not surprisingly, several rodent models and human epidemiological studies demonstrate that tight
junction dysfunction, increased permeability, and elevated serum LPS levels are associated with
NAFLD development and progression [15, 172-174]. Various factors have been found to impair
intestinal barrier function including small intestine bacterial overgrowth [175], specific bacterial
species (e.g. Helicobacter pylori) [176], both dietary and non-dietary bacterially-derived ethanol
[177], and various dietary components (gliadin from wheat, capsianoside from peppers) [178].
Beyond barrier function, alterations in gut motility and intestinal transit may also contribute to the
development of NAFLD. For example, a high-fat diet causes degeneration and loss of the enteric
neurons which control gut motility, accompanying the development of hepatic steatosis and
fibrosis [179]. Decreased gut motility is reported to facilitate small intestine bacterial overgrowth,
promote growth of specific bacterial taxa leading to dysbiosis, and alter nutrient absorption [180,
181].

Enterohepatic circulation is an important aspect of the intestine-liver axis due largely to
the reciprocal relationship between the gut microbiome and the composition of the bile acid pool
[14]. Bile acids are toxic to specific bacterial taxa due to their detergent-like properties, and thus
alterations in host bile acid metabolism and transport can shift the microbiota community structure
[182, 183]. In turn, colonic bacteria which express bile salt hydrolase (bsh) and bile acid inducible
operon (baiCD) metabolize bile acids, thereby altering the ratio of primary to secondary bile acid
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species [146]. Changes in the size and compaosition of the bile acid pool affect the activation of
nuclear receptors such as farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 1
(GPBAR1), dysregulating bile, glucose, lipid, and energy homeostasis [184]. For example,
increased levels of conjugated bile acids in antibiotic-treated mice inhibit intestinal FXR signaling,
leading to decreased hepatic triglyceride accumulation [185]. As a result, targeting the bile acid-
microbiome axis with pro- or anti-biotics has emerged as a potential therapeutic approach for

decreasing the risk of NAFLD [186].

AHR MODULATES INTESTINAL HOMEOSTASIS

Accumulating evidence demonstrates that the AhR plays a role in establishing intestinal
homeostasis, where it regulates immunological development, immunosurveillance, and the host-
microbiota relationship. AhR knockout models exhibit increased susceptibility to bacterial
infections and chemically-induced gastrointestinal diseases, while AhR activation is often
protective [86, 187-189]. A key mechanism implicated in the anti-inflammatory properties of AhR
involves promoting the differentiation of CD4* naive T cells into Th17 cells and IL-22-expressing
cells [190-193]. Upon IL-22 stimulation, intestinal epithelial cells release anti-microbials such as
defensins and Reglll, which modulate the host-microbiota relationship [194]. Indeed, AhR is
reported to regulate the community structure of the gut microbiota in mice. Specifically, AhR
knockout mice exhibit increased species diversity and alterations in the relative abundance of
certain bacterial taxa including increased ileal and caecal populations of segmented filamentous
bacteria (SFB) and Akkermansia muciniphila, respectively [195]. Additionally, TCDD-elicited AhR
activation decreases the Bacteroidetes to Firmicutes ratio of the gut microbiota [196], consistent
with shifts detected in NAFLD patients [165]. Collectively, these studies demonstrate that AhR
modulates both the intestinal inflammatory tone and the gut microbial composition, however the

impact of these intestinal changes on hepatic homeostasis has not been elucidated.
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Previous studies demonstrate that hepatic accumulation of intestine-derived factors
contributes to the development of AhR-mediated NAFLD. For example, dietary fat rather than de
novo synthesis is a primary source of lipids involved in TCDD-elicited hepatic steatosis [197].
TCDD-treated mice fed diets containing 5, 10, or 15% fat exhibited dose-dependent increases in
total fatty acids, as well as the dietary essential fatty acids linoleic acid (18:2n6) and a-linolenic
(18:3n3) acid [197]. Additionally, an iron-supplemented diet exacerbated hepatic lipid peroxidation
and oxidative stress in TCDD-treated rats, while an iron-deficient diet was protective [198].
Moreover, the intestinal tract is the first site exposed to both synthetic (PCDDs, PCDFs, PCBs)
and natural (I3C) AhR ligands consumed through the diet, as well as the AhR ligands produced
in the intestinal lumen following acid condensation (ICZ) or microbial metabolism (indole-3-acetic
acid, indole-3-aldehyde) [58]. However, AhR-mediated transcriptional and functional changes
along the intestinal tract have not been thoroughly investigated. In particular, little is known about
the effects of AhR activation on gut permeability and motility, nutrient and mineral absorption, and

bile acid homeostasis.

HEPATIC CIRCADIAN CLOCK

The circadian clock allows an organism to achieve temporal homeostasis with its
environment, whereby physiological activities such as sleeping and feeding are entrained to
specific periods with an ~24h-cycle [199]. A master pacemaker in the suprachiasmatic nucleus
(SCN) of the hypothalamus is the only level of the circadian hierarchy which is directly entrained
by light [200]. In turn, the SCN clock generates oscillations in systemic cues (e.g. endocrine
signals and neuronal connections) and behavioral cycles (e.g. feeding/fasting, activity/rest) that
synchronize a network of tissue-specific cell-autonomous peripheral clocks [201, 202]. The
circadian clock of the liver synchronizes hepatic metabolism with feeding/fasting cycles, allowing
the liver to anticipate the timing of incoming nutrients and optimize metabolic efficiency.
Specifically, the rate-limiting enzymes of several metabolic pathways are transcriptionally-
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regulated by the hepatic clock including bile acid homeostasis, gluconeogenesis and glycogen
synthesis, beta oxidation, and lipogenesis [203]. In turn, intestine-derived nutrients reset the
phase of the hepatic circadian clock, allowing adaptation with altered feeding times [204]. For
example, nutrient availability regulates expression of peroxisome proliferator-activated receptor y
coactivator 1-a (PPARGC1A, aka PGC-1a), which is responsible for activating transcription of
aminolevulinate synthase 1 (Alasl), the rate-limiting step of heme biosynthesis [205]. Heme
serves as a co-factor for several core clock regulators, allowing the hepatic clock to respond to
changes in nutrient availability [206, 207]. Hepatic circadian rhythmicity is therefore an important
mechanism for establishing cross-talk between the intestine and liver, and thus perturbations in
circadian cycling dysregulate the intestine-liver axis.

At the cellular level, the mammalian circadian clock consists of autonomous,
interdependent transcription-translation feedback loops (Figure 5) [208]. The primary feedback
loop involves the core activators CLOCK, brain and muscle ARNT-like 1 (BMAL1, aka ARNTL),
and neuronal PAS domain protein 2 (NPAS2, a CLOCK paralog), which are all members of the
bHLH-PAS protein family. A heterodimer consisting of ARNTL and either CLOCK or NPAS2 binds
to E-box response elements and induces cryptochrome (Cryl, Cry2) and period (Perl, Per2,
Per3) transcription. As PER and CRY accumulate, they dimerize and interfere with
ARNTL/CLOCK activity, leading to repression of their own transcription. A secondary feedback
loop involves the transcriptional repressors REV-ERBa (encoded by Nrldl) and REV-ERBf
(encoded by Nri1d2), which compete with the retinoic acid-related orphan receptor (ROR) a, 3,
and y activators for ROR-response elements (ROREs). The ARNTL/CLOCK complex induces
transcription of Nrld1l and Nrld2, which then repress Arntl transcription as their protein levels
accumulate. In turn, tissue-specific clock-controlled target genes (CCGs) are regulated by the
cyclic activity of these core transcription factors, where the combination of E-boxes and ROREs

within the promoter of each gene dictates the phase of expression [209].
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Accumulating evidence from human epidemiological studies and rodent models
demonstrates that disruptions in circadian behaviors such as shift work, jet lag, binge eating, and
sleep restriction, promote the development of complex metabolic disorders including obesity,
NAFLD, and cancer [18, 210-212]. Interestingly, AhR activation is reported to perturb the
expression of core clock genes not only in the SCN master clock, but also in several peripheral
tissues including the liver, ovaries, and bone marrow [213-216]. Accordingly, AhR may serve a
physiological role in circadian regulation based on its homology with other core clock regulators
(i.e. ARNTL and CLOCK), and given that photo-oxidation tryptophan metabolites (e.g. FICZ) are
endogenous AhR ligands [97, 217]. However, the impact of AhR activation on the circadian

rhythmicity of hepatic metabolism has not been thoroughly examined.

CONCLUSION

NAFLD is a complex multifactorial disease caused by interactions between genetic alleles,
diet, lifestyle choices, and age [115-117]. Accumulating evidence demonstrates that disruptions
in circadian behavior (e.g shift work, jet lag, binge eating) [16, 18, 203] and exposure to
environmental contaminants (e.g. TCDD and other AhR agonists) [6, 8, 9] are also associated
with NAFLD development. However, the extent to which these factors contribute, and the
underlying mechanisms involved, have not been elucidated. Intestinal and hepatic homeostasis
are closely linked by portal and enterohepatic circulation, creating bidirectional flow along the
intestine-liver axis. Consequently, alterations in intestinal permeability and motility, nutrient
absorption, bile acid homeostasis, the gut microbiome, and hepatic circadian rhythmicity affect
the metabolic and inflammatory status of the liver [13-15, 203]. Rodent models demonstrate AhR-
mediated NAFLD involves the hepatic accumulation of intestine-derived factors such as dietary
lipids and iron [197, 198]. To date, the segment-specific effects of AhR activation on intestinal
gene expression and function have not been examined in depth. Moreover, little is known about
the impact of AhR activation on the circadian regulation of hepatic metabolism and its contribution
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to TCDD-elicited hepatotoxicity. An improved understanding of the intestine’s role in AhR-
mediated NAFLD may lead to the development of novel preventative and therapeutic strategies,
which would be of great benefit to public health with the increasing prevalence of metabolic

disorders [4, 5].
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RATIONALE

Accumulating evidence demonstrates that exposure to environmental contaminants such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and related aryl hydrocarbon receptor (AhR)
agonists plays an underappreciated role in the development of several metabolic disorders
including obesity, diabetes, and non-alcoholic fatty liver disease (NAFLD) [1-4]. In mice, a single
bolus dose of TCDD causes hepatic lipid accumulation [5], which progresses to steatohepatitis
and fibrosis following repeated treatment [6, 7]. Moreover, chronic AhR activation is reported to
increase the incidence of hepatocellular carcinoma in both mice and rats [8, 9]. To date, the
majority of studies investigating AhR-mediated hepatotoxicity, NAFLD, and hepatocellular
carcinoma have focused on the liver in isolation. In doing so, these studies failed to consider the
interdependence of hepatic and intestinal homeostasis, where portal and enterohepatic
circulation create bidirectional flow between the organs. Circadian rhythmicity is an important
means of communication between the intestine and liver, facilitating synchronization of hepatic
metabolism with feeding/fasting cycles and nutrient availability [10, 11]. Alterations along the
intestine-liver axis, including accumulation of gut-derived factors, dysbiosis of the gut microbiome,
and perturbations in the hepatic circadian clock, have been shown to contribute to the
development of NAFLD [12-14]. However, AhR-mediated changes in intestinal gene expression
and function have not been thoroughly investigated, while little is currently known about the effects

of AhR activation on circadian-regulated hepatic metabolism.

HYPOTHESIS

TCDD-elicited changes across the intestine-liver axis promote the development and

progression of AhR-mediated NAFLD.
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SPECIFIC AIMS

Specific Aim 1:

Specific Aim 2:

Specific Aim 3:

Specific Aim 4:

Profile TCDD-elicited transcriptomic changes in the jejunal epithelium
associated with the development of hepatic steatosis and progression to

steatohepatitis with fibrosis.

Examine TCDD-elicited alterations in the enterohepatic circulation and

microbial metabolism of hepatotoxic bile acid species.

Investigate TCDD-elicited disruptions in duodenal iron absorption and systemic

iron homeostasis which promote hepatic oxidative stress.

Analyze TCDD-elicited perturbations in the circadian rhythmicity of the hepatic

transcriptome and metabolome, focusing on the metabolism of dietary

nutrients, iron/heme, and bile acids.
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ABSTRACT

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a potent aryl hydrocarbon receptor (AhR)
agonist that elicits dose-dependent hepatic fat accumulation and inflammation that can progress
to steatohepatitis. To investigate intestine — liver interactions that contribute to TCDD-elicited
steatohepatitis, we examined the dose-dependent effects of TCDD (0.01, 0.03, 0.1, 0.3, 1, 3, 10
or 30 ug/kg) on jejunal epithelial gene expression in C57BL/6 mice orally gavaged every 4 days
for 28 days. Agilent 4x44K whole genome microarray analysis of the jejunal epithelium identified
439 differentially expressed genes ([fold change| = 1.5, P1(t) = 0.999) across one or more doses,
many related to lipid metabolism and immune system processes. TCDD-elicited differentially
expressed genes were associated with lipolysis, fatty acid/cholesterol absorption and transport,
the Kennedy pathway, and retinol metabolism, consistent with increased hepatic fat accumulation.
Moreover, transcript levels of several major histocompatibility complex (MHC) class Il genes (H2-
Aa, H2-Abl, H2-DMb1, Cd74) were decreased, coincident with decreased macrophage and
dendritic cell levels in the lamina propria, suggesting migration of antigen-presenting cells out of
the intestine. In contrast, hepatic RNA-Seq analysis identified increased expression of MHC class
Il genes, as well as chemokines and chemokine receptors involved in macrophage recruitment
(Ccr1, Ccrb, Ccl5, Cx3crl), consistent with hepatic F4/80 labeling and macrophage infiltration into
the liver. Collectively, these results suggest TCDD elicits changes that support hepatic lipid

accumulation, macrophage migration, and the progression of hepatic steatosis to steatohepatitis.

INTRODUCTION

Metabolic syndrome (MetS), a constellation of disorders that includes obesity, insulin
resistance, and dyslipidemia [1, 2], is approaching pandemic levels [3, 4]. In the liver, MetS can
manifest itself as non-alcoholic fatty liver disease (NAFLD), in which benign and reversible hepatic

fat accumulation (steatosis) progresses to chronic steatohepatitis (steatosis with inflammation)
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and fibrosis (collagen deposition) [5-7]. Recent reports suggest the aryl hydrocarbon receptor
(AhR) plays an underappreciated role in the development of MetS and NAFLD [8-12].

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the prototypical ligand for a group of
structurally diverse synthetic chemicals, natural products, and endogenous metabolites that
activate the AhR [13]. Upon binding, the cytoplasmic AhR dissociates from AIP, p23 and HSP90
chaperone proteins, translocates to the nucleus, and heterodimerizes with the aryl hydrocarbon
receptor nuclear translocator (ARNT). The AhR/ARNT complex acts as a transcription factor,
altering levels of gene expression primarily through binding to dioxin response elements (DRES)
[14, 15]; however, DRE-independent mechanisms of differential gene expression have also been
reported [16-18].

In mice, a single bolus dose of TCDD induces hepatic steatosis and immune cell infiltration
[19, 20], with progression to steatohepatitis and fibrosis following repeated treatment [21]. Our
previous studies have shown that dietary fat rather than de novo synthesis is a primary source of
lipids involved in TCDD-elicited hepatic steatosis. Dose-dependent hepatic increases in essential
dietary fatty acids (i.e. 18:2n6 and 18:3n3) were reported in TCDD-treated mice fed a high-fat diet
but not a high-carbohydrate diet [22]. Furthermore, TCDD increased hepatic levels of oleate (18:1)
in Scd1-null mice incapable of desaturating stearate (18:0), while hepatic de novo fatty acid
synthesis and beta oxidation gene expression were repressed [22-24]. Based on these studies,
we hypothesize that TCDD-mediated changes in intestinal function support the development of
hepatic steatosis and its progression to steatohepatitis.

The intestine is divided into the duodenum, jejunum, ileum and colon, with each segment
differing in structure and absorptive function. Lipid absorption occurs predominantly in the
jejunum, with compensatory uptake by the ileum as the fat load increases [25]. Dietary fats such
as triglycerides (TAGSs) are hydrolyzed in the lumen by lipases and the resulting free fatty acids
are absorbed into intestinal epithelial cells (enterocytes) either by passive diffusion or active
processes involving membrane transporters. Inside enterocytes, fatty acids are reassembled into
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TAGs and packaged with cholesterol and apolipoproteins into chylomicrons for transport to the
liver via the lymphatic system [26]. During digestion and nutrient absorption, the gastrointestinal
tract is continuously exposed to foreign antigens and thus the intestine is equipped with organized
lymphoid tissue such as Peyer’'s Patches, as well as individual innate immune cells including
monocytes/macrophages, dendritic cells (DCs), and innate lymphoid cells (ILCs) scattered
throughout the epithelium and lamina propria [27, 28].

In this report, jejunal epithelial global gene expression and intestinal lamina propria
immune cell populations were examined to further investigate intestine — liver interactions that
may contribute to TCDD-elicited steatohepatitis in mice. Our results demonstrate that TCDD-
elicited differentially expressed genes (DEGs) were associated with lipolysis, fatty
acid/cholesterol absorption and transport, the Kennedy pathway, and retinol metabolism,
consistent with increased hepatic fat accumulation. Furthermore, several major histocompatibility
complex (MHC) class Il genes involved in immune cell activation and antigen presentation
exhibited reduced transcript levels, coincident with decreased populations of macrophages and
DCs in the intestinal lamina propria. In contrast, hepatic macrophage levels increased in TCDD-
treated animals, and thus we speculate that immune cells may be migrating from the intestine to
the liver. Collectively, these results are consistent with jejunum — liver interactions that contribute

to TCDD-elicited steatohepatitis.

MATERIALS & METHODS
Animal husbandry and treatment

Female C57BL/6 mice weighing within 10% of each other were obtained from Charles
River Laboratories (Portage, MI) on postnatal day 25 (PND25). Animals were housed in
polycarbonate cages containing cellulose fiber chips (Aspen Chip Laboratory Bedding,
Northeastern Products, Warrensberg, NY) in a 23°C environment with 30 — 40% humidity and a
12-hour light/dark cycle (0700 h — 1900 h). Mice were provided deionized water and Harlan Teklad
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22/5 Rodent Diet 8940 (Madison, WI) ad libitum, and were acclimated for 4 days. Animals (N = 8)
were orally gavaged with sesame oil vehicle (Sigma-Aldrich, St. Louis, MO), 0.001, 0.01, 0.03,
0.1, 0.3, 1, 3, 10, or 30 ug/kg TCDD (Dow Chemical Company, Midland, MI) every 4 days for a
total of 28 days (7 exposures; Figure 6A). For the high-dose female and male study, C57BL/6
mice (PND25) obtained from Charles River Laboratories (Kingston, NY) were housed in Innovive
Innocages® (San Diego, CA) with ALPHA-dri® bedding (Shepherd Specialty Papers, Chicago,
IL). Animals were fed ad libitum Harlan Teklad Rodent Diet 8940 and Aquavive® water (Innovive).
Beginning on PND28 — 31, animals (N = 8 — 16) were orally gavaged with either sesame oil vehicle
(Sigma) or 30 pg/kg TCDD (Dow Chemical Company) every 4 days for a total of 28 days (7
exposures; Figure 6B). All animal handling procedures were performed with the approval of the

Michigan State University All-University Committee on Animal Use and Care.

Tissue collection

On day 28, female mice from the dose-response study were weighed and blood was
collected from the submandibular vein prior to cervical dislocation. Four intestinal sections were
removed: duodenum (entire length up to the duodenojejunal flexure), jejunum (~6 cm section
proximal to the duodenum), ileum (~6 cm section proximal to the caecum), and colon (entire
length). Each section was flushed with Ca?*/Mg?*-free phosphate buffered saline (PBS; Sigma)
and cut open longitudinally. An ~0.5 cm segment was removed from each of the four sections and
fixed in 10% neutral buffered formalin (NBF; Sigma). Epithelium from the remaining sections were
individually scraped into vials containing 1.3 mL TRIzol (Invitrogen, Carlsbad, CA), frozen in liquid
nitrogen, and stored at -80°C. Liver, pancreas, and gonadal white adipose tissue (QWAT) were
removed, weighed, frozen in liquid nitrogen, and stored at -80°C. The right lobe of the liver was
sectioned and either fixed in 10% NBF (Sigma) for histological analyses or frozen in Tissue-Tek

O.C.T. compound (Sakura, Torrance, CA) for Oil Red O (ORO) staining of neutral lipids.
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FIGURE 6. CHAPTER 3 STUDY DESIGN

(A) Female C57BL/6 mice (N = 8) were orally gavaged with sesame oil vehicle or 0.001 — 30
png/kg TCDD every 4 days for 28 days. (B) Female and male C57BL/6 mice (N = 8 — 16) were
orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days for 28 days.
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Flow cytometry

On day 28, female and male mice from the high-dose study were sacrificed by cervical
dislocation and intestinal lamina propria cells were collected for flow cytometry analysis using a
modified protocol [29]. Briefly, the small intestine was removed and cut into the proximal intestine
consisting of the duodenum and jejunum, and the distal intestine consisting of the ileum. Each
section was flushed with Ca?*/Mg?*-free PBS, opened longitudinally, and cut into ~1.5 cm pieces.
The proximal and distal intestinal pieces were placed in separate conical tubes containing 10 mL
of pre-warmed (37°C) Ca?*/Mg?*-free Hank’s Balanced Salt Solution (HBSS; Sigma) with 5%
heat-inactivated fetal bovine serum (HBSS/FBS) and 2 mM EDTA. Enterocytes were dissociated
using two 20-minute rounds of horizontal shaking (~250 rpm) at 37°C, transferring the tissue to
fresh HBSS/FBS with 2 mM EDTA after the first 20 minutes. The contents of each tube were
strained, intestinal pieces minced, and tissue transferred to a conical tube containing 10 mL of
pre-warmed HBSS/FBS with 1.5 mg/mL Collagenase Type IV from Clostridium histolyticum
(Sigma) and 40 pg/mL Deoxyribonuclease | from bovine pancreas (Sigma). To digest the tissue,
the proximal and distal samples were horizontally shaken (~250 rpm) at 37°C for 10 and 15
minutes, respectively, followed by 10 seconds of vortexing. Each tube was then filtered through
a 70 um cell strainer (Falcon, Tewksbury, MA) into a conical tube containing HBSS/FBS. The
strained cells were pelleted at 1500 rpm for 5 minutes, washed twice in ice-cold HBSS/FBS and
re-suspended in ice-cold FACS buffer (Ca?/Mg?*-free HBSS with 1% bovine serum albumin
(BSA; Sigma) and 0.1% sodium azide (Sigma), pH 7.6).

Proximal and distal intestinal suspensions were quantified using the TC20 Automated Cell
Counter (Bio-Rad, Hercules, CA) with = 90% viability confirmed by visual assessment of Trypan
Blue (Life Technologies, Grand Island, NY) staining. Cells (10°) were pelleted and surface Fc
receptors blocked with anti-mouse CD16/CD32 antibody (2.4G2; BD Biosciences, San Jose, CA)
for 10 minutes on ice. Cells were then labeled for 20 minutes on ice with an antibody cocktail. The
immune cell panel cocktail consisted of fluorescently-labeled CD3e (145-2C11; BioLegend, San
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Diego, CA), CD4 (GK1.5; BioLegend), CD8a (53-6.7; BioLegend), CD19 (6D5; BioLegend), F4/80
(BM8; eBioscience, San Diego, CA) and NK1.1 (PK136; BioLegend) anti-mouse antibodies. The
DC cocktail consisted of fluorescently-labeled CD11b (M1/70), CD11c (N418) and CD103 (2E7)
BioLegend anti-mouse antibodies. Following labeling, cells were washed with ice-cold FACS
buffer, re-pelleted, fixed with Cytofix (BD Biosciences) for 15 minutes on ice, and re-suspended
in ice-cold FACS buffer for subsequent analysis. Compensation and voltage settings of
fluorescent parameters were performed using single color labeling controls. Fluorescent labeling

of the cell suspensions was analyzed using a BD FACSCanto Il flow cytometer (BD Biosciences).

TCDD tissue levels

Hepatic TCDD levels were quantified as previously described [30]. Briefly, tissues were
weighed, spiked with 3Cq,-2,3,7,8-TCDD, digested with hydrochloric acid, and subjected to
extraction and clean-up procedures. Prior to injection, *C1,-1,2,3,4-TCDD was added to the
concentrated extracts. Calibration standards containing 2,3,7,8-TCDD, *3C;,-2,3,7,8-TCDD and
13C12-1,2,3,4-TCDD were first analyzed by high-resolution gas chromatography/high-resolution
mass spectrometry (HRGC/HRMS), followed by solvent blanks and then the extracts. The
HRGC/HRMS system was a Hewlett Packard 6890N HRGC interfaced to a Waters Autospec
Ultima HRMS. Chromatographic separations were carried out in constant flow mode (Helium, 1
mL/min) on a 60 m DB5 (0.25 mm ID, 0.25 pm film thickness) column. The HRMS was operated

in El+ selective ion recording mode (SIR) at a mass resolving power of 10,000 or greater.

Clinical chemistry
Total serum cholesterol, TAGs, and glucose were determined using commercially
available kits (Pointe Scientific, Canton, MI) according to manufacturer’s protocol. All assays were

performed using an Infinite M200 plate reader (Tecan, Durham, NC).
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Histological analysis

All tissue processing for histology was performed by the Michigan State University
Investigative HistoPathology Laboratory (https://humanpathology.natsci.msu.edu). Formalin-
fixed intestinal and hepatic tissues were processed and vacuum infiltrated with paraffin using a
Tissue-Tek VIP 2000 tissue processor (Sakura) followed by embedding with the Thermo Fisher
HistoCentre Il embedding station (Thermo Fisher, Waltham, MA). Paraffin blocks were sectioned
at 4 — 5 ym with a Reichert Jung 2030 rotary microtome (Reichert, Depew, NY) and dried for 2 —
24 hr at 56°C to ensure adherence to the slides. For lipid staining, liver sections frozen in O.C.T.
compound were sectioned at 6 um, fixed in 10% NBF for 5 min, rinsed with water, and immersed
in 100% propylene glycol for 5 min.

Intestinal sections from vehicle and 30 pug/kg TCDD-treated female mice (N = 3) were
stained with hematoxylin and eosin (H&E), and macrophages in the intestinal wall were labeled
using a monoclonal anti-mouse F4/80 antibody (1:100 dilution; AbD Serotec, Raleigh, NC). Liver
sections from female mice were stained with H&E for general assessment of histological features
and identification of doses requiring further assessment using alternate staining or
immunohistochemical analyses. Lipid staining was performed by ORO as previously described
[20]. Macrophage infiltration was determined for vehicle, 3, 10, and 30 ug/kg TCDD-treated mice
using the monoclonal anti-mouse F4/80 antibody as described above. Further characterization of
the inflammatory response was achieved by labeling for eosinophils (vehicle, 3, 10, and 30 ug/kg
TCDD) using a rat anti-mouse major basic protein (MBP) antibody (1:500; Mayo Clinic,
Scottsdale, AZ) and the presence of alternatively activated macrophages (vehicle, 3, 10, and 30
Mg/kg TCDD) was assessed using a goat polyclonal anti-mouse Chitinase 3-like 3/ECF-L antibody
(Ym1; 1:1500 dilution; R&D Systems, Minneapolis, MN).

Quantitation of histological features was performed using the Quantitative Histological
Analysis Tool (QUHANT) [31]. Briefly, slides were digitized at 20x magnification using an Olympus
Virtual Slide System VS110 (Olympus, PA). Digitized slides were then sampled at 100% coverage

59



using the Visiomorph Microimager (Visiopharm, Denmark). Each image was visually inspected
for quality, and flawed images (e.g. debris, bubbles, false positives) were removed prior to
analysis. Hue, Saturation, and Value (HSV) image segmentation values for feature extraction and

background extraction were determined using ImageJ (http://rsb.info.nih.gov.ij/) and are provided

in Table 1. Volume densities were estimated as the sum of positive hits (Pposiive Staining) divided
by the total number of tissue hits (Pssue) for each section (Vv = (Ppositive Staining/Prissue) X 100).
Assessment of micro- and macro-vesicular steatosis using ORO stained liver sections was
determined using a cut-off of 176 um? estimated based on a diameter of 15 ym previously reported

to identify macro lipid vacuolization [32].

RNA isolation

Frozen intestinal epithelium scrapings stored in TRIzol were homogenized using a Mixer
Mill 300 tissue homogenizer (Retsch, Germany). Total RNA was isolated according to the
manufacturer’s protocol with an additional acid phenol:chloroform (Sigma) extraction, and re-
suspended in RNase-free RNA storage solution (Ambion Inc., Austin, TX). RNA was quantified
using a Nano-drop spectrophotometer (Thermo Scientific, Wilmington, DE) at 260 nm and purity
was assessed by calculating the Azeo/Azso ratio. Quality of the RNA was visually evaluated by

electrophoresis of 2 ug on a 1% denaturing formaldehyde-agarose gel.

Microarray analysis

Dose-dependent gene expression changes were examined using mouse 4x44K Agilent
whole-genome oligonucleotide microarrays (version 1, Agilent Technologies, Inc., Santa Clara,
CA). Hepatic RNA from treated and control samples were co-hybridized to individual arrays
according to the manufacturer's protocol (Agilent Manual: G4140-90040 v. 5.7). All hybridizations

were performed with three independent biological replicates (i.e. RNA samples were not pooled)
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TABLE 1. HUE, SATURATION, AND VALUE (HSV) IMAGE SEGMENTATION VALUES FOR
FEATURE EXTRACTION AND BACKGROUND EXTRACTION

Stain/ Feature Extraction Background Extraction
Antibody Hue Saturation Value Hue Saturation Value
F4/80 222,255 45,255 0,255 0,255 12,255 0,255
ORO 0,50 & 225,255 125,255 0,255 0,255 20,255 0,255
Ym1l 240,255 41,255 0,255 0,255 12,255 0,255
MBP 204,255 24,255 0,210 0,255 8,255 0,210
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and two independent labelings (Cy3 and Cy5 dye swaps). Microarrays were scanned at 532 nm
(Cy3) and 635 nm (Cy5) on a GenePix 4000B scanner (Molecular Devices, Union City, CA).
Images were analyzed for feature and background intensities using GenePix Pro 6.0 software
(Molecular Devices). All data passed our laboratory quality assurance protocol [33] and were
managed in TIMS dbZach data management system [34]. The complete microarray data set has
been deposited in the Gene Expression Omnibus (GEO; accession number GSE70379)
database.

Data were normalized using a semi-parametric approach [35] in SAS v9.3 (SAS Institute
Inc., Cary, NC). Posterior probability P1(t) values were calculated using an empirical Bayes
method based on a per gene and dose basis using model-based t-values [36]. For TCDD-
mediated differential gene expression, fold changes were calculated relative to vehicle controls.
Genes were considered to be differentially expressed if [fold change| = 1.5 and statistical P1(t)

value = 0.999 at one or more doses.

Dose-response modeling

Dose-response modeling was performed using the ToxResponse Modeler [34]. Median
effective dose (EDso) values for features exhibiting a sigmoidal response were reported if within
the experimental dose range (0.01 — 30 pg/kg). Estimation of benchmark dose (BMD) and BMD
lower confidence limit (BMDL) was performed using BMDEXxpress [37]. A benchmark response
(BMR) factor of 1.349 was chosen to represent a 10% change in transcript levels compared to
vehicle controls. Normalized linear microarray signal intensities for each feature were fit to Hill,
linear (1° polynomial), 2° polynomial, or power dose-response models and the best globally-fitting
model with the least complexity was selected following the criteria previously published by U.S.

EPA [38].

62



Functional annotation

DEGs were analyzed for enriched functions using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) v6.7. Only Gene Ontology (GO) Biological
Processes were considered for the enrichment analysis. Functional groups with an enrichment
score (ES) = 1.3 were considered significantly enriched, representing the -log scale geometric

mean p-value of 0.05.

Computational putative DRE identification

Putative dioxin response elements (pDRES) were previously identified [39]. Briefly, gene
regulatory regions (10 kb upstream of the transcription start site (TSS) together with 5'- and 3’-
untranslated regions (UTR)) and coding sequence obtained from the University of California,
Santa Cruz (UCSC) Genome Browser for mouse (mm9, build 37) were computationally searched
for the DRE core consensus sequences 5-GCGTG-3'. Each identified core was extended by 7
bp upstream and downstream, and the resulting 19 bp sequences were scored using a position
weight matrix (PWM) constructed from bona fide functional DREs. Matrix similarity scores (MSS)

2 0.8473 were considered to be pDREs.

Statistical analysis
All statistical analyses were performed in SAS 9.3 (SAS Institute Inc.). Unless otherwise

stated, differences between groups were considered significant when p < 0.05.

RESULTS
Gross pathology and clinical chemistry

We have previously established that a single bolus dose of 30 pg/kg TCDD elicits hepatic
fat accumulation that is almost completely reversed after 4 weeks following cessation of treatment

[40], consistent with a half-life of 8.5 — 12 days in mice [40-42] compared to 1.3 — 11.3 years in
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humans [43-46]. In order to approach steady-state TCDD levels, mice were gavaged every 4 days
for 28 days to investigate the longer-term effects of TCDD exposure. Hepatic TCDD levels
exhibited a dose-dependent increase (Table 2) that exceeded levels of a single bolus dose by ~4-
fold [19].

In this study, TCDD did not affect terminal body weight, with the exception of a negligible
increase at 0.03 ug/kg (Table 3). However, relative liver weights (RLW) displayed a 21 — 30%
dose-dependent increase at 3, 10, and 30 pg/kg TCDD, while the relative gonadal white adipose
tissue weight (RgWATW) decreased by 49% at 30 pg/kg TCDD (Table 3). No change in terminal
pancreas weight was observed (results not shown).

Serum cholesterol levels decreased from 121.5 mg/dL to 88.3 mg/dL at 30 pg/kg TCDD,
consistent with trends reported following a single bolus dose of 30 pug/kg TCDD [19, 47]. Although
TAG levels exhibited a decrease, it did not achieve statistical significance. In contrast, serum TAG
levels were elevated in fed mice following a single bolus dose of 30 ug/kg TCDD, but unchanged
in fasted mice receiving the same dose, suggesting duration of exposure and access to chow
affect the lipidemic profile [19, 47]. Glucose levels were unchanged in both the current study

(Table 3) and in mice following a single bolus dose [19].

Jejunal differential gene expression

The jejunum is the segment of the small intestine predominantly responsible for dietary fat
absorption. Dose-dependent differential gene expression in the jejunal epithelium of female mice
was evaluated using Agilent 4X44K whole genome oligonucleotide microarrays containing 41,267
probes representing ~21,308 unique genes. Empirical Bayesian analysis identified 439 DEGs
(fold change| = 1.5, P1(t) =2 0.999) across one or more doses (Figure 7A). The number of unique

DEGs at each dose reveals a bimodal distribution with the largest number differentially expressed
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TABLE 2. HEPATIC TCDD LEVELS

Dose Repeated Acute?®
(Hg/kg) (ppt) (ppt)
0 61 +59 72 +98
0.001 48 + 31 14+9
0.01 122 + 38 35+12
0.03 297 + 95* NM
0.1 1,553 + 368* 418 + 84
0.3 5,600 + 1,383* NM
1 19,533 + 5,008* 5,278 + 2,087
3 57,200 + 10,047* NM
10 165,333 + 34,818* 61,750 + 10,546
30 653,666 + 109,038* NM

NM indicates not measured
aSingle bolus dose after 24 hrs [19]

*Indicates p < 0.05 compared to vehicle control
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TABLE 3. GROSS PATHOLOGY & SERUM CLINICAL CHEMISTRY

Gross Pathology

Serum Clinical Chemistry

(Igiz) Body Weight RLW RgWATW Cholesterol Glucose TAG
(9 (%) (%) (mg/dL) (mg/dL) (mg/dL)

0 17.1+1.1 4.83+0.12 1.36 £0.12 121.5+3.0 103.2+34 112.8£8.2
0.001 17.5+0.7 4.74 £ 0.26 1.13+0.12 118.0+4.4 107.1+ 3.5 106.0 + 8.4
0.01 17.7+1.0 4.42 +0.58 0.97£0.12 117.7+ 4.6 104.1+2.8 95.6 £ 6.1
0.03 18.2 £ 1.6* 5.07 £ 0.20 0.98+0.11 119.2 £ 2.7 108.4 £ 4.3 101.8+8.3
0.1 17.1+0.7 5.10 £ 0.17 1.06 + 0.07 116.8 + 2.5 107.4 + 2.7 94.1+6.9
0.3 18.1+1.2 5.54 +0.17 1.10 £ 0.09 119.4+1.5 105.4+2.1 102.0+ 4.3
1 179+15 5.57+£0.19 1.22+0.11 1142 + 3.2 100.8+ 3.4 100.4 +9.0
3 176 +1.2 5.86 £ 0.22* 1.13+0.09 1104+ 25 102.6 + 3.5 103.6 + 9.7
10 17.6+1.3 6.26 + 0.22* 0.93+0.17 95.8+4.3 110.2 £ 4.6 98.3+11.3
30 17.0+1.0 6.22 £ 0.18* 0.69 + 0.10* 88.3 £ 2.2* 102.2+4.0 91.6+6.4

*Indicates p < 0.05 compared to vehicle control
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FIGURE 7. MICROARRAY ANALYSIS OF JEJUNAL DIFFERENTIAL GENE EXPRESSION

Female C57BL/6 mice were treated by oral gavage with sesame oil vehicle or 0.01 — 30 pg/kg
TCDD every 4 days for 28 days. (A) Agilent 4X44K whole genome microarray data were filtered
using [fold change| = 1.5 and P1(t) 2 0.999 criteria, identifying 439 genes differentially expressed

at one or more doses. (B) The number of up-regulated, down-regulated, and total differentially



at 30 ug/kg TCDD and a smaller peak at 0.3 pg/kg TCDD (Figure 7B). Similar anomalies have
been observed in previous studies within the mid-dose range [48]. Salivary amylase 1 (Amy1l)
and pancreatic carboxypeptidase A2 (Cpa2) were among the most induced genes at 27.7- and
24.2-fold, respectively, while immunoglobulin joining chain (Igj) and cubilin (Cubn) were the most
repressed at 3.9- and 3.1-fold, respectively. Several AhR battery genes including Cyplal,
Cypla2, and TCDD-inducible poly(ADP-ribose) polymerase (Tiparp) were also induced 4.7-, 3.9-

and 2.7-fold, respectively, at 30 pg/kg TCDD.

Dose-response modeling

ToxResponse Modeler [34] identified 264 sigmoidal, 28 Gaussian, and 47 exponential
responses, with 123 features not fitting an appropriate model (Figure 8A). EDso values for
sigmoidal dose-responsive features ranged between 0.019 and 29.0 ug/kg TCDD. The frequency
distribution for these EDso values followed a step-wise pattern with peaks at 0.4, 1.1, and 3.2 pg/kg
TCDD (Figure 8B).

BMDEXxpress [37] was also used to analyze the dose-response behavior of 368 unique
DEGs, following removal of 71 genes containing a blank intensity value at one or more doses.
Using EPA criteria [38], 10 hill, 53 linear, 24 second degree (2°) polynomial, and 37 power
responses were identified. The remaining 291 features failed to meet modeling criteria defined by
EPA (Figure 8A). The frequency distribution of BMDL values for all hill, linear, 2° polynomial, or
power responses also exhibited peaks at 0.4, 1.1, and 3.2 pg/kg TCDD, consistent with the step-

wise EDso distribution pattern (Figure 8B).

Functional enrichment analysis
DAVID identified 11 significantly enriched functional clusters (ES = 1.3), including 3 lipid-
related processes: (i) lipid transport and metabolism (ES = 3.04), (ii) lipoprotein receptor activity

and binding (ES = 1.62), and (iii) lipid homeostasis (ES = 1.60) (Figure 9A). A total of 38 lipid-
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FIGURE 8 (cont’d)

Female C57BL/6 mice were treated by oral gavage with sesame oil vehicle or 0.01 — 30 pg/kg
TCDD every 4 days for 28 days. (A) Summary of ToxResponse Modeler (left) and BMDExpress
(right) dose-response modeling for jejunal epithelial differentially expressed genes. (B) Frequency
distribution of EDso values for 339 sigmoidal features (top) and bench mark dose lower confidence
limit (BMDL) (bottom) values for 161 features exhibiting hill, linear, 2° polynomial, or power
responses. The distributions reveal peaks at 0.4, 1.1, and 3.2 ug/kg TCDD, suggesting a dose-

dependent step-wise response in differential gene expression.
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FIGURE 9 (cont’d)

Female C57BL/6 mice were treated by oral gavage with sesame oil vehicle or 0.01 — 30 pg/kg
TCDD every 4 days for 28 days. (A) Functional clusters identified using the Database for
Annotation, Visualization and Integrated Discovery (DAVID). Scores = 1.3 are considered
significantly enriched. (B) Heat map of differentially expressed genes associated with lipid-related
processes. (C) Heat map of differentially expressed genes associated with immune system
processes. The number of pDREs (MS = 0.8473) is indicated in the last column on the right of

each heat map.
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related DEGs were identified using representative GO terms (lipid metabolic process
G0:0006629; lipid binding GO:0008289; lipid transport GO: 0006869), with manually curated
additions (Figure 9B). pDREs were identified in 30 of 38 lipid-related DEGs, suggesting
involvement of DRE-dependent and -independent mechanisms. Several lipases were up-
regulated, including pancreatic lipase (Pnlip), primarily responsible for hydrolysis of dietary TAGs
into free fatty acids, and its essential cofactor pancreatic colipase (Clps), induced 16.4- and 2.5-
fold, respectively. Monoglyceride lipase (Mgll), alkaline ceramidase 1 (Acerl), and lipoprotein
lipase (Lpl) were also upregulated 1.5- to 1.8-fold, suggesting TCDD enhances dietary fat
hydrolysis. Various lipid transporters were also differentially expressed such as long-chain fatty
acid transporter Cd36 antigen (Cd36; 1.7-fold), while cholesterol transporters, including NPC1-
like 1 (Npclll) and ATP-binding cassette Al (Abcal), were repressed 1.6- and 2.0-fold,
respectively, and intracellular cholesterol binding protein StAR-related lipid transfer domain
containing 4 (Stard4) was repressed 1.5-fold. This would suggest that absorption of dietary
cholesterol is reduced by TCDD, consistent with lower serum cholesterol levels.

In addition, several genes involved in the metabolism of glycerophospholipids, specifically
phosphatidylcholine (PC), were differentially expressed. Prior to absorption, dietary PC
undergoes phospholipase A2 (PLA2)-mediated hydrolysis to yield free fatty acids and lysoPC,
which are then taken up by enterocytes [49]. Phospholipase B domain containing 1 (Plbd1), which
contains PLA2 activity, was repressed 1.7-fold, suggesting PC absorption may be impaired.
Choline kinase a (Chka), phosphate cytidylyltransferase 1 choline a (Pcytla), and choline
phosphotransferase 1 (Chptl) were repressed 1.5-, 1.6-, and 1.8-fold, respectively. Interestingly,
these enzymes catalyze the three consecutive steps of the PC branch of the Kennedy pathway,
suggesting de novo synthesis of PC from choline and diacylglycerol (DAG) is repressed by TCDD.
Diacylglycerol kinase n (Dgkh), which catalyzes the phosphorylation of DAG to diacylglycerol-3-
phosphate, was induced 3.7-fold which could deplete DAG levels, further limiting the Kennedy
pathway. Additionally, glycerophosphocholine phosphodiesterase GDE1 homolog (Gpcpdl),
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responsible for the cleavage of choline from glycerol-3-phosphocholine, was induced 2.1-fold.
This, with Kennedy pathway repression, could increase free choline in jejunal enterocytes.

Retinol (vitamin A) metabolism genes were also differentially expressed following TCDD
treatment. For example, B-carotene 15,15'-monooxygenase (Bcmol), responsible for converting
[-carotene to retinal, was induced 6.7-fold. Interestingly, lipid transporters responsible for B-
carotene uptake, including Cd36 and scavenger receptor class Bl (Scarbl) [50], were also
induced by TCDD. In contrast, retinol dehydrogenase 16 (Rdh16), which catalyzes the reduction
of retinal to retinol, was repressed 1.6-fold, while Rdh7 was repressed 1.7-fold. Moreover, cellular
retinol binding protein 7 (Rbp7) and plasma retinol binding protein 4 (Rbp4), were induced 2.2-
and 1.5-fold, respectively.

An immune cell activation and antigen presentation cluster was also enriched (ES = 1.62)
(Figure 9A). A total of 37 immune-related DEGs were identified using a representative GO term
(immune system process GO:0002376) followed by manual curation, of which 30 were down-
regulated (Figure 9C). This includes several MHC class Il genes (H2-Aa, H2-Abl, H2-DMb1,
Cd74) which exhibited 1.6- to 1.8-fold reductions in hepatic transcript levels. Additionally, several
genes expressed predominantly by immune cells (Cd52, Lairl), macrophages (Irgm1, Pirb, Ifi44),
T cells (Thyl), and B cells (Tnfrsf13b, Tnfrsf17) were repressed. The absence of DREs in 28 of
37 immune-related genes suggests that DRE-independent mechanisms are involved in TCDD-

elicited intestinal immune cell effects.

Intestinal immune cell population changes

Previous studies have reported TCDD-elicited differential expression of genes associated
with immune cell activation and antigen presentation in the mouse liver [19, 40]. As reported with
the jejunal responses in this study, TCDD-elicited hepatic immune DEGs were predominantly
independent of pDREs. Further investigation determined that the hepatic immune response was
due to the dose-dependent infiltration of immune cells rather than DRE-dependent changes in
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gene expression [19]. Therefore, histopathology and flow cytometry were used to examine the
possibility that decreased transcript levels of immune-related genes were attributed to changes in
intestinal immune cell populations.

No histological lesions were noted in the duodenum, jejunum, ileum, and colon of TCDD-
treated mice. Moreover, visual assessment and quantitative analysis of F4/80 positive labeling
using QUHANT, an in-house developed, computational high throughput tool [31], detected no
changes in macrophage populations (data not shown), although substantial inter-animal variability
in the number of F4/80-positively labeled cells was observed.

The intestinal immune system includes effector lymphocytes interspersed in the epithelial
lining, with the majority of scattered immune cells and lymphoid aggregates including Peyer’s
Patches located immediately below the epithelium in the lamina propria [28]. In order to focus on
immune cell populations within the lamina propria, the epithelial layer was removed prior to
labeling with a cocktail consisting of anti-mouse CD3, CD4, CD8, CD19, F4/80 and NK1.1
antibodies to investigate total T cell, T helper cell, cytotoxic T cell, B cell, mature macrophage,
and natural killer cell populations, respectively (Figure 10A). F4/80* macrophages decreased 32%
and 30% in the proximal and distal intestine, respectively, of female mice, and 29% in the proximal
intestine of male mice, suggesting macrophage reductions in the lamina propria. There was also
a 65% decrease in NK1.1* natural killer cells in male mice and a 68% decrease in CD4*
lymphocytes in female mice in the proximal intestine, with a 28% decrease in CD3" T cells in male
mice, and a 45% decrease in CD19" B cells in female mice in the distal intestine. These results
are consistent with TCDD-elicited depletion of several populations of immune cells in the lamina
propria, including natural killer cells, T helper cells, total T cells, and B cells.

A second antibody cocktail consisting of anti-mouse CD11b, CD11c, and CD103
antibodies examined three DC sub-populations including (i) CD11c* CD11b* CD103™ DCs (herein
referred to as CD11b* DCs), (ii) CD11c* CD11b~ CD103" DCs (herein referred to as CD103*
DCs), and (iii) CD11c* CD11b* CD103* DCs (herein referred to as double positive DCs) (Figure
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FIGURE 10 (cont’d)

Flow cytometry analysis of TCDD-mediated effects on immune cell populations within the
intestinal lamina propria. Female (red) and male (blue) mice were treated by oral gavage with
either sesame oil vehicle or 30 pug/kg TCDD every 4 days for 28 days. Single cell suspensions
prepared from the lamina propria were labeled with either (A) immune cell panel or (B) dendritic
cell sub-population antibodies. Immune cell panel results are expressed as the average
percentage of singlets expressing various cell surface receptors + standard error of the mean
(SEM; N = 3), while dendritic cell sub-populations are expressed as the average percentage of
CD11c+ cells co-expressing CD11b and/or CD103 + SEM (N = 12). Asterisks (*) indicate a
significant difference (p < 0.05) compared to vehicle control determined by standard t-test

performed using SAS 9.3.
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10B). Within the CD11c* population, CD11b* DCs decreased 22% in both the proximal and distal
intestine of male mice. Furthermore, CD103* DCs decreased 41% and 32% in the proximal and
distal intestine, respectively, of female mice, and decreased 43% in the distal intestine of male
mice. In addition, double positive DCs decreased 26% in the proximal intestine of female mice,
and 30% in the distal intestine of male mice. Therefore, TCDD-elicited intestinal immune cell
population changes appear to exhibit some sex and intestinal region specificity. Collectively,
TCDD reduced several immune cell populations consistent with decreased transcript levels of

jejunal immune-related genes.

28-day TCDD-mediated liver effects

In order to examine jejunum — liver interactions, differential gene expression in the jejunal
epithelium was compared to hepatic RNA-Seq data (GEO accession number GSE62903) from
the same study [51] (Figure 11A). Empirical Bayes analysis identified 1172 hepatic DEGs (|fold
change| = 2.0, P1(t) = 0.8) across one or more doses. Comparison with the 439 jejunal DEGs
from the current study identified 53 DEGs common to both the jejunum and the liver, while 386
and 1119 DEGs were unique to the jejunum and liver, respectively. DAVID analysis of the
common DEGs identified two enriched clusters functionally associated with antigen processing
and presentation via MHC class Il (ES = 3.99) and oxidative and reductive processes (ES = 2.75).
Manual curation also revealed that several common DEGs were associated with lipid metabolism.
Expression of common DEGs associated with these functions was compared across the two
tissues (Figure 11B), revealing both consistent and divergent regulation. As expected, classical
AhR battery genes Cyplal and Cypla2 were induced in both tissues. Most lipid metabolism
DEGs were also induced in both tissues. In contrast, fatty acid synthase (Fasn) and Gpcpd1 were
induced in the jejunum but repressed in the liver, indicating TCDD-mediated disruption of fatty
acid synthesis and choline metabolism may involve tissue-specific responses. Notably, transcript
levels of immune-related common DEGs including MHC class Il genes (H2-Aa, H2-Ab1l, H2-DMb1
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FIGURE 11 (cont’d)

Female C57BL/6 mice were treated by oral gavage with sesame oil vehicle or 0.01 — 30 pg/kg
TCDD every 4 days for 28 days. (A) Venn diagram of jejunal and hepatic differentially expressed
genes (DEGS), identifying 53 DEGs common to both tissues. (B) Heat map of common DEGs
associated with immune response, oxidative and reductive processes, and lipid metabolism. The
number of pDREs (MS = 0.8473) is indicated in the last column on the right.
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and Cd74) were exclusively decreased in the jejunum but increased in the liver. All 6 immune-
related common DEGs lack pDREs, further supporting the notion that these changes in transcript
levels were attributed to changes in immune cell populations.

Female mouse livers exhibited dose-dependent changes in fat accumulation and immune
cell infiltration (Figure 12). H&E staining revealed minimal centriacinar micro-vesicular
vacuolization at 3 pg/kg TCDD, characteristic of hepatic steatosis, while 10 ug/kg TCDD elicited
mild to moderate micro-vesicular vacuolization and mild inflammation, indicating progression to
steatohepatitis. At 30 ug/kg TCDD, substantial micro- and macro-vesicular vacuolization was
observed in the centriacinar, mid-zonal, and periportal regions, accompanied by moderate
inflammation and perivenular collagen deposition indicative of modest fibrosis.

ORO staining identified neutral lipid accumulation at 3, 10, and 30 pg/kg TCDD. QuUHANT
analysis of digital ORO images confirmed dose-dependent lipid accumulation, with increases of
21- and 67-fold at 10 and 30 ug/kg, respectively. Although vacuole size exhibited a normal
distribution, QUHANT distinguished lipid vacuole size based on published criteria [32] with micro
(< 176 um?) vacuole counts increasing 11- and 18-fold at 10 and 30 pg/kg TCDD, respectively,
and macro (= 176 ym?) vacuole counts increasing 580- and 5092-fold at 10 and 30 pg/kg TCDD,
respectively, confirming a transition from micro- to macro-vesicular steatosis, consistent with H&E
staining. F4/80 labeling indicated inflammatory foci consisted primarily of mature macrophages.
Ym1 labeling increased 5.0-, 2.9- (not significant), and 3.0-fold at 3, 10, and 30 pg/kg,
respectively, suggesting a polarized M2 macrophage phenotype. Increases in both F4/80 and
Ym1 labeling suggest hepatic macrophage infiltration. In contrast, MBP labeling was not affected
by TCDD, suggesting eosinophils are not a component of TCDD-mediated hepatic immune cell

infiltration (data not shown).
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FIGURE 12. TCDD-ELICITED HEPATIC LESIONS IN FEMALE MICE

Representative images of hepatic lesions in female mice treated by oral gavage with sesame oil
vehicle or 3 — 30 pg/kg TCDD every 4 days for 28 days. Livers were stained with hematoxylin and
eosin (H&E) (left), Oil Red O (center), or anti-mouse F4/80 antibody (right). Scale bar represents
100 pm.
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DISCUSSION

Hepatic homeostasis is directly affected by the compaosition of intestinal contents as the
liver receives blood from the intestine through the portal vein, and therefore the gut — liver axis
affects NAFLD development [52, 53]. Previous studies have shown that dietary fat rather than de
novo synthesis is a primary lipid source for TCDD-elicited hepatic steatosis [22, 47]. We examined
jejunal epithelial gene expression changes in order to investigate intestine — liver interactions in
TCDD-elicited steatohepatitis, given the jejunum is the intestinal segment predominantly
responsible for dietary lipid absorption [25]. Jejunal differential gene expression was associated
with lipolysis, fatty acid/cholesterol absorption and transport, the Kennedy pathway, and retinol
metabolism, suggesting TCDD-elicited alterations in lipid processing which are consistent with
hepatic fat accumulation. Furthermore, transcript levels of several MHC class Il genes exclusively
expressed by professional antigen-presenting cells were decreased, coincident with macrophage
and DC decreases in the intestinal lamina propria. The reciprocal increases in hepatic MHC class
Il transcript levels and infiltration of macrophages led us to speculate that immune cells may be
migrating from the intestine to the liver.

Dose-dependent TCDD-mediated differential expression of lipid metabolism and transport
genes in the jejunal epithelium is consistent with increased hepatic lipid accumulation. Genes
involved in digestion of dietary fat and protein, including lipases (e.g. Pnlip, Clps, Mgll) and
proteases (e.g. Cpa2, Prss2, Cpbl, Ctrc, Celal), respectively, were among the most induced
genes, suggesting that TCDD enhances dietary nutrient digestion. Cd36 induction and cystic
fibrosis transmembrane conductance regulator (Cftr) repression may promote fatty acid
absorption, packaging, and clearance of intestinal lipoproteins as enterocytes from CD36-null
mice exhibit reduced fatty acid uptake and chylomicron secretion [54, 55], while Caco-2/15 cells
deficient in CFTR exhibit enhanced fatty acid uptake and transport [56, 57]. Furthermore, TCDD
may alter the fatty acid composition of intestinal lipids through induction of stearoyl-CoA
desaturase 2 (Scd?2), consistent with an increase in the desaturation index (18:1n9/18:0) in TCDD-
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treated mice [47]. Repression of cholesterol uptake (Npclll, Abcal) and trafficking (Stard4)
genes suggests impaired absorption of dietary cholesterol, congruous with decreased serum
cholesterol levels. Previous studies report increased cholesterol esters in the liver of TCDD-
treated mice, likely due to increased hepatic uptake of high density lipoprotein (HDL) and low
density lipoprotein (LDL) remnants, rather than de novo cholesterol biosynthesis [19, 47, 58],
further depleting serum cholesterol levels.

Down-regulation of the PC branch of the Kennedy pathway suggests TCDD represses de
novo synthesis using choline and DAG. Since PC is the predominant phospholipid in the
chylomicron envelope, insufficient dietary or biliary PC reduces TAG clearance from the intestinal
mucosa resulting in dietary fat retention in jejunal enterocytes [59]. However, jejunal epithelium
H&E analysis did not reveal vacuolization within the enterocytes, suggesting dietary fat clearance
was not affected by TCDD. Alternatively, negative feedback on the Kennedy pathway may have
been initiated in response to sufficient PC stores from alternative sources such as
phosphatidylethanolamine (PE) methylation.

TCDD is reported to elicit dose-dependent decreases in hepatic vitamin A levels. The
induction of Cd36 and Scarbl, the transporters primarily responsible for provitamin A carotenoid
uptake [50], suggests hepatic vitamin A depletion is not due to insufficient dietary B-carotene
absorption [60, 61]. Alternatively, retinol dehydrogenase (Rdh7 and Rdh16) and alcohol
dehydrogenase (Adh4) repression may decrease retinal to retinol conversion and thus retinyl
ester synthesis, potentially impairing chylomicron packaging and hepatic delivery. Interestingly,
previous studies have shown that CYP1B1 is involved in the oxidation of retinol to retinal [62],
and thus TCDD-mediated induction of Cyplbl (1.4-fold) may further impede the synthesis of
retinyl esters. Furthermore, hepatic vitamin A deficiency in C57BL/6JF1 mice leads to fatty liver,
likely as a result of PPARa-mediated repression of fatty acid beta oxidation [63]. Therefore,
decreased hepatic vitamin A levels may also be a contributing factor in TCDD-mediated hepatic
steatosis.
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The intestinal lamina propria is well equipped with mononuclear phagocytes, including
both DCs and macrophages, which are responsible for sampling potentially harmful antigens in
the intestinal lumen. All subsets of intestinal lamina propria DCs are constitutively migratory in
nature [64]. In contrast, intestinal resident macrophages have historically been reported to be
non-migratory, although CX3CR1"9" macrophages are capable of trafficking toward mesenteric
lymph nodes under conditions of dysbiosis [65]. Interestingly, AhR activation modifies the gut
microbiota of mice [66], potentially creating a dysbiotic state inducing migratory behavior in
macrophages.

We demonstrate that TCDD decreases macrophages and DC subtypes in the intestinal
lamina propria with concurrent increases in hepatic macrophages. Reciprocal changes in these
immune cell populations may be driven by several underlying mechanisms. First, intestinal
macrophages and DCs themselves may migrate from the intestine to the liver. The liver is
continuously supplied with blood from the intestine through the portal vein, providing a direct link
between the two tissues. During conditions of intestinal inflammation such as inflammatory bowel
disease (IBD), blood monocytes are known to migrate from systemic circulation into the lamina
propria [67], suggesting emigration of immune cells from the lamina propria into the portal vein is
possible. Second, macrophages and DCs from the lamina propria may migrate into mesenteric
lymph nodes following exposure to a foreign antigen such as lipopolysaccharide (LPS), which
would initiate differentiation of naive T cells into regulatory or effector cells. Activated T cells
secrete various inflammatory chemokines that can be transferred to the liver and initiate
macrophage infiltration. Pathogenic CD4 Th1l T cell clones are reported to recruit and activate
macrophages through CCL1, CCL3 and CCL5 secretion [68]. Regardless of the mechanism,
several chemokines and chemokine receptors involved in macrophage recruitment, including
Ccrl, Ccrb, Ccl5 and Cx3crl, were induced 2.1- to 4.8-fold in the liver, suggesting involvement of
chemokine signaling in hepatic macrophage infiltration. Other studies have also reported a link
between the intestinal immune system and hepatic immune cell infiltration. For example, intestinal
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inflammation is associated with infiltration of mononuclear cells into the liver, accompanied by
emergence of macrophages and classical DCs, which predispose the liver to inflammation [69].
Collectively, we demonstrate that TCDD elicits transcriptome and immune cell population
changes in the jejunum that would be expected to promote hepatic lipid accumulation,
macrophage infiltration, and the progression to steatohepatitis. Although levels of TCDD and
related dioxin-like compounds in the environment are decreasing, the accumulative exposure to
all potential AhR ligands, such as polyaromatic hydrocarbons, flame retardants, and natural
products, may be increasing and inducing conditions favorable to MetS and NAFLD development
[70-72]. Furthermore, it is likely that TCDD-elicited changes in other intestinal segments also

contribute to the development of hepatic steatosis and its progression to steatohepatitis.
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ABSTRACT

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a persistent environmental contaminant
which elicits hepatotoxicity through activation of the aryl hydrocarbon receptor (AhR). Male
C57BL/6 mice orally gavaged with TCDD (0.01-30 ug/kg) every 4 days for 28 days exhibited bile
duct proliferation and pericholangitis. Untargeted mass spectrometry analysis detected a 4.6-fold
increase in total hepatic bile acid levels, despite the coordinated repression of genes involved in
cholesterol and primary bile acid biosynthesis including Cyp7al. Specifically, TCDD elicited a
>200-fold increase in taurolithocholic acid (TLCA), a potent G protein-coupled bile acid receptor
1 (GPBAR1) agonist associated with bile duct proliferation. Increased levels of microbial bile acid
metabolism loci (bsh, baiCD) are consistent with accumulation of TLCA and other secondary bile
acids. Fecal bile acids decreased 2.8-fold, suggesting enhanced intestinal reabsorption due to
induction of ileal transporters (Slcl0a2, Slc5l1a) and increases in whole gut transit time and
intestinal permeability. Moreover, serum bile acids were increased 45.4-fold, consistent with
blood-to-hepatocyte transporter repression (Slcolal, Slcl0al, Slco2bl, Slcolb2, Sicola4) and
hepatocyte-to-blood transporter induction (Abcc4, Abcc3). These results suggest that systemic
alterations in enterohepatic circulation, as well as host and microbiota bile acid metabolism, favor

bile acid accumulation that contributes to AhR-mediated hepatotoxicity.

INTRODUCTION

Metabolic syndrome (MetS) is defined as a collection of cardiometabolic factors including
obesity, dyslipidemia, hypertension, and hyperglycemia which increase the risk of developing
cardiovascular disease, type Il diabetes, and hepatocellular carcinoma [1]. The prevalence of
MetS among adults in the United States is ~30%, representing an emerging epidemic of concern
as the population ages [2]. In the liver, MetS can manifest as non-alcoholic fatty liver disease
(NAFLD) where hepatic steatosis (lipid accumulation) progresses to steatohepatitis (steatosis
with inflammation) with fibrosis (collagen deposition) [3]. High fat diet, sedentary behavior, and
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various genetic loci are key risk factors for MetS and NAFLD development. However,
accumulating evidence suggests that exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and other environmental contaminants play an underappreciated role [4-6].

TCDD is the prototypical ligand for a structurally diverse group of synthetic chemicals,
natural products, and endogenous metabolites that activate the aryl hydrocarbon receptor (AhR)
[7]. Ligand binding initiates the dissociation of chaperone proteins, triggering translocation of the
cytoplasmic AhR to the nucleus and heterodimerization with the aryl hydrocarbon receptor nuclear
translocator (ARNT). In the canonical pathway, the liganded AhR-ARNT complex binds to dioxin
response elements (DRES) within the promoter region of target genes, leading to recruitment of
transcriptional co-regulators and altered gene expression [8]. However, an increasing number of
studies report DRE-independent mechanisms of differential gene expression [9, 10]. AhR-
mediated gene expression changes elicit a broad spectrum of toxic responses including wasting,
tumor promotion, immunosuppression, dermal lesions, teratogenicity, and hepatotoxicity in a
species-, sex-, age-, tissue-, and cell-specific manner [11, 12]. In mice, TCDD-elicits AhR-
dependent lipid accumulation, immune cell infiltration, and bile duct proliferation [13-15], which
progresses to steatohepatitis with fibrosis following repeated treatment [16, 17]. Beyond AhR
activation, the specific target genes and altered biological processes that contribute to TCDD-
elicited hepatotoxicity remain poorly understood.

Bile acids, the predominant organic solutes in bile, are synthesized from cholesterol in the
liver, stored in the gallbladder, and secreted into the duodenal lumen following consumption of a
meal. These amphipathic molecules promote the solubilization and absorption of dietary lipids
and lipid-soluble vitamins, and provide an excretion mechanism for excess hepatic cholesterol.
Additionally, specific bile acid species are endogenous ligands for a number of receptors including
farnesoid X receptor (FXR), G protein-coupled bile acid receptor 1 (GPBARL1), preghane X
receptor (PXR), vitamin D receptor (VDR), liver X receptor a (LXRa), and sphingosine-1-
phosphate receptor 2 (S1P2) [18, 19]. Consequently, they serve as important signaling molecules
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that regulate not only bile and cholesterol homeostasis, but also glucose and energy metabolism.
Moreover, bile acids can elicit hepatocyte and non-parenchymal cell injury by disrupting cell
membranes through their detergent action and by contributing to oxidative stress through reactive
oxygen species (ROS) generation [20]. Furthermore, they promote inflammation by inducing pro-
inflammatory mediators such as cytokines (IL-18, CSF1), chemokines (CXCL1, CXCL2, CCL2),
and adhesion molecules (VCAM-1) [21]. The dysregulation of mitochondrial function, depletion of
ATP, and activation of signaling cascades can trigger bile acid-induced necrosis [20]. Therefore,
bile acid accumulation and/or disrupted biliary flow (cholestasis) can contribute to hepatotoxicity
and impaired liver function, while promoting the development of fibrosis.

Previous studies have reported that TCDD and related AhR ligands increase bile acid
levels in serum [22, 23], decrease biliary flow [24], and induce bile duct epithelial cell proliferation
[25]. TCDD also alters hepatic expression of genes associated with cholesterol metabolism and
bile acid biosynthesis [26], and exacerbates cholestatic liver disease induced by bile duct ligation
(BDL) [27]. To further investigate AhR-mediated qualitative and quantitative changes in bile acid
profiles, liquid chromatography mass spectrometry (LC-MS) was integrated with hepatic and ileal
RNA-Seq analyses, along with complementary histopathological assessments. The effects of
TCDD on intestinal permeability and motility, and gut microbiota bile acid metabolism were also
examined. Despite the coordinated repression of genes involved in cholesterol and primary bile
acid biosynthesis, total bile acid levels increased in the liver and serum, while fecal levels
decreased. In particular, TCDD increased levels of hepatic taurolithocholic acid (TLCA), a potent
GPBARL1 agonist associated with bile duct proliferation and cholestasis [28, 29]. Overall, TCDD-
elicited differential expression of bile acid transporters, increased intestinal permeability,
decreased gut motility, and alterations in the gut microbiome suggest disruption of enterohepatic
circulation and bile acid metabolism. Collectively, the qualitative and quantitative changes in bile
acid homeostasis are consistent with alterations in host and intestinal microbiota metabolism,
yielding hepatotoxic species that contribute to the development of steatohepatitis with fibrosis.

97



MATERIALS & METHODS
Animal handling and treatment

Postnatal day 25 (PND25) male C57BL/6 mice weighing within 10% of each other were
obtained from Charles River Laboratories (Kingston, NY) and housed in Innovive Innocages (San
Diego, CA) containing ALPHA-dri bedding (Shepherd Specialty Papers, Chicago, IL) in a 23°C
environment with 30-40% humidity and a 12-hour light/dark cycle (7am—7pm). Mice were provided
Aquavive water (Innovive) and Harlan Teklad 22/5 Rodent Diet 8940 (Madison, WI) ad libitum,
and were acclimated for 4 days (d) prior to treatment. Beginning on PND28, animals (n=8; co-
housed 4 per cage) were orally gavaged with sesame oil vehicle (Sigma-Aldrich, St. Louis, MO),
0.01, 0.03, 0.1, 0.3, 1, 3, 10, or 30 ug’/kg TCDD (AccuStandard, New Haven, CT) every 4d for a
total of 28d (7 exposures; Figure 13). The doses used compensate for the relatively short study
duration compared to lifelong cumulative human exposure from diverse AhR ligands, the
bioaccumulative nature of halogenated AhR ligands, and differences in TCDD’s metabolism and
half-life (humans: 1-11 years [30, 31], mice: 8-12d [32]). TCDD doses between 0.01 and 30 pg/kg
result in mouse hepatic tissue levels that span human background serum concentrations reported
in the United States, Germany, Spain, and the United Kingdom as well as serum levels in Viktor
Yushchenko 4-39 months following intentional poisoning [16]. For the histopathological
comparison, female C57BL/6 mice were orally gavaged with sesame oil vehicle or 0.01-30 ug/kg
TCDD every 4d for 28d, as previously described [33]. All animal handling procedures were
performed with the approval of the Michigan State University (MSU) Institutional Animal Care and

Use Committee, in accordance with the relevant ethical guidelines and regulations.

Sample collection

At 25d after the initial dose (PND53), fecal pellets from the previous 24 hours (h) were
collected from each cage (4 mice per cage) and stored at -80°C. At 28d after the initial exposure
(PND56), mice (fasted for 6h) were weighed and blood was collected from the submandibular
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FIGURE 13. CHAPTER 4 STUDY DESIGN

Male C57BL/6 mice (n=8) were orally gavaged with sesame oil vehicle or 0.01-30 pug/kg TCDD
every 4 days for 28 days.
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vein prior to cervical dislocation. The gallbladder length, width, and depth were measured using
a micro-caliper. Its volume was calculated assuming an ellipsoid shape: volume (uL) = length
(mm) X width (mm) X depth (mm) X /6 [34, 35]. The distal ileum (10 cm section extending from
the caecum toward the jejunum) was removed, flushed with Ca?*/Mg?*-free phosphate buffered
saline (PBS; Sigma), and opened longitudinally. The epithelial lining was scraped into a vial
containing TRIzol (Invitrogen, Carlsbad, CA), frozen in liquid nitrogen, and stored at -80°C. Liver,
gonadal white adipose tissue (QWAT), and brown adipose tissue were removed, weighed, frozen
in liquid nitrogen, and stored at -80°C. Serum alkaline phosphatase (ALP) activity was determined

using a commercial kit (Pointe Scientific, Canton, Ml).

Histopathology

All processing was performed by the MSU Investigative Histopathology Laboratory
(https://fhumanpathology.natsci.msu.edu/). Formalin-fixed hepatic tissues were vacuum infiltrated
with paraffin using a Tissue-Tek VIP 2000 tissue processor (Sakura) and embedded with the
Thermo Fisher HistoCentre Il Embedding Center (Thermo Fisher, Waltham, Massachusetts).
Paraffin blocks were sectioned at 4-5 um with a Reichert Jung 2030 rotary microtome (Reichert,
Depew, New York) and dried for 2—24 h at 56°C to ensure adherence to the slides. For lipid
staining, liver sections frozen in O.C.T. compound were sectioned at 6 um, fixed in 10% NBF for
5 min, rinsed with water, and immersed in 100% propylene glycol for 5 min. Liver sections were
stained with hematoxylin and eosin (H&E) for general histological assessment. Lipids were
stained using Oil Red O (ORO) as previously described [36]. Macrophages were labeled using a
monoclonal anti-mouse F4/80 antibody (1:100 dilution; AbD Serotec, Raleigh, NC). Collagen was
stained with 0.1% Picro-Sirius Red (PSR) dye, with Weigert's Hematoxylin nuclear dye.
Histological assessment of hepatic tissue from female C57BL/6 mice was performed as previously

described [16, 33].
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Quantitation of ORO staining was performed using the Quantitative Histological Analysis
Tool (QUHANT) [37]. Briefly, slides were digitized at 20x magnification using an Olympus Virtual
Slide System VS110 (Olympus, PA) and images were sampled at 100% coverage using the

Visiomorph Microimager (Visiopharm, Denmark). Using ImageJ (http://rsb.info.nih.gov.ij/), optimal

hue, saturation, and value (HSV) image segmentation thresholds for feature extraction were
determined to be 0 to 50 and 225 to 255 (hue), 125 to 255 (saturation), and 0 to 255 (value), while
optimal total tissue feature extraction thresholds were 0 to 255 (hue), 20 to 255 (saturation), and
0 to 255 (value). Volume densities were estimated as the sum of positive hits (Pposiive Staining)
divided by the total number of tissue hits (Pussue) for each section: Vy = (Ppositve Staining/Prissue) X

100.

RNA-Seq

Frozen ileal epithelium scrapings and liver samples were homogenized in TRIzol (Ambion,
Waltham, MA) using a Mixer Mill 300 tissue homogenizer (Retsch, Germany) and total RNA was
isolated as previously described [13]. RNA was quantified using a Nano-drop spectrophotometer
(Thermo Scientific, Wilmington, DE) at 260 nm, and purity was assessed using the Azso/Azso ratio
and the Caliper LabChip GX (Perkin Elmer, Waltham, MA).

Dose-dependent gene expression was examined using RNA-Seq performed at the MSU
Research Technology Support Facility (RTSF) Genomics Core (rtsf.natsci.msu.edu/genomics).
lleal libraries from three independent biological replicates (n=3) were prepared using the Ovation
Mouse RNA-Seq System 1-16 sample preparation kit (NuGen, San Carlos, CA), with an additional
DNase step. Libraries were quantified and sequenced as previously described, using a read depth
of ~30M per sample [38, 39]. Quality was determined using FASTQC v0.11.3 and adaptor
sequences were removed using Trimmomatic v0.33. Reads were mapped to the mouse reference
genome (GRCm38 release 81) using Bowtie2 v2.2.6 and TopHat2 v2.1.0. Alignments were
converted to SAM format using SAMTools v1.2.0. For TCDD-mediated differential gene
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expression, fold changes were calculated relative to vehicle controls. Hepatic RNA-Seq analysis
was previously published [39]. Genes were considered differentially expressed if |fold change| 2
1.5 and statistical P1(t) value = 0.8 at one or more doses. RNA-Seq datasets for the ileal
epithelium and liver were deposited in the Gene Expression Omnibus (GEO; accession number

GSEB89430 and GSE87519, respectively).

Putative DRE identification and hepatic AhR ChIP-Seq

Putative dioxin response elements (pDREs) with matrix similarity scores (MSS) = 0.856
were previously identified [40]. ChIP-Seq was previously performed on liver samples from male
C57BL/6 mice 2h after a single bolus oral gavage of 30 ug/kg TCDD [39, 41]. Briefly, cross-linked
DNA was immunoprecipitated with either rabbit IgG or anti-AhR (H-211, sc-5579; Santa Cruz,
CA). Libraries were prepared using the MicroPlex kit (Diagenode), pooled, and sequenced at a
depth of a ~30M on an lllumina HiSeq 2500 at the MSU RTSF Genomics Core. Reads were
mapped to the mouse reference genome (GRCm38 release 81) using Bowtie 2.0.0 and
alignments converted to SAM format using SAMTools v0.1.2. Normalization and peak calling was
performed using CisGenome [42], by comparing IgG control and AhR enriched samples (n =5)

using a bin size (-b) of 25 and boundary refinement resolution (—bw) of 1 with default parameters.

Hepatic quantitative real-time polymerase chain reaction (QRT-PCR)

Given the low (= 10) read counts for Gpbarl in the RNA-Seq dataset, differential
expression was confirmed by gRT-PCR [13]. Total hepatic RNA was reverse transcribed by
SuperScript Il (Invitrogen) using oligo dT primer according to the manufacturer’s protocol. PCR
amplification was conducted on a Bio-Rad CFX Connect Real-Time PCR Detection System. Gene
expression relative to vehicle control was calculated using the 22T method, where each sample

was normalized to the geometric mean of 3 housekeeping genes (Actb, Gapdh, and Hprt). Gene
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expression data are plotted relative to vehicle control. Forward and reverse primer sequences are

provided in Table 4.

LC-MS analysis of bile acids

Serum (10 pL) was added to 10 pL of a 20 ng/pL stock solution of deuterated (d4)
glycochenodeoxycholic acid (GCDCA, from Steraloids, Inc.) in methanol, and extracted with ice-
cold methanol as previously described [43]. Frozen liver samples (50 mg) or dried fecal pellets
(50 mg) were combined with 10 pL of 20 ng/uL d4-GCDCA stock solution and 1.0 mL of ice-cold
methanol [43], and homogenized with 0.5 mm zirconium oxide beads using an air-cooled Bullet
Blender (NextAdvance). Extracts were dried under vacuum, reconstituted in 2.0 mL of 50%
methanol, filtered through 0.2 um nylon membranes (Pall Life Sciences), and stored at -80°C.

Bile acids were analyzed by high resolution/accurate mass (HRAM)-LC-MS using an
Agilent 1260 capillary HPLC coupled to a Thermo Scientific LTQ-Orbitrap Velos mass
spectrometer. Extracts (2 pL) were injected into water containing 0.1% formic acid, and loaded
onto an inline peptide Opti-Trap (Optimize Technologies) for 3.0 min at 5 pL/min for desalting and
concentration. Bile acids were then eluted by a 30 min water/acetonitrile gradient from 98% water
containing 0.1% formic acid to 95% acetonitrile containing 0.1% formic acid (modified from [44])
and separated by a ProntoSil C18AQ 200 um x 50mm, 3u column (nanoLCMS Solutions) at a
flow rate of 2 pL/min. The column eluent was introduced to the LTQ-Orbitrap Velos mass
spectrometer by an Advance nano-ESI source (Michrom BioResources) at a spray voltage of -
1.7kV. High resolution (R=100,000 at 400 m/z) negative ion mass spectra were collected over
300-900 m/z. The ion transfer tube of the mass spectrometer was maintained at 250°C, and the
S-lens was set to 50%. Appropriate sample dilution factors were determined empirically to ensure
a linear range of detector response [45]. Chromatographic peak alignment, feature detection,
guantitation and bile acid identification were performed using MAVEN [46] and SECD-LIMSA [47]
software. All bile acids were identified by comparison of retention time and accurate mass data
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TABLE 4. PRIMER SEQUENCES (5'-3') FOR GENES ANALYZED BY QRT-PCR

Target Organism IGDene g;;%ol Ei(f:s(,qion Forward Primer Reverse Primer gir;:uct
Mus musculus 11461  Actb NM_007393 GCTACAGCTTCACCACCACA TCTCCAGGGAGGAAGAGGAT 123
14433  Gapdh NM_008084 GTGGACCTCATGGCCTACAT TGTGAGGGAGATGCTCAGTG 125
15452  Hprt NM_013556 AAGCCTAAGATGAGCGCAAG TTACTAGGCAGATGGCCACA 104
227289 Gpbarl NM_174985 CAGCTGCCCAAAGGTGTCTA CAAGTCCAGGTCAATGCTGC 110
Universal bacteria 16S rRNA CCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGGC 193
Clostridium species baiCD CAGCCCRCAGATGTTCTTTG GCATGGAATTCWACTGCYTC 145
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against reference standards. Relative quantitation was performed against the deuterated GCDCA
internal standard. TCDD-elicited changes in bile acid species are reported as fold changes

relative to vehicle controls.

Intestinal function

At 26d after the initial dose (PND54), mice were fasted for 4h (without access to food or
water) prior to oral gavage with 150 pL of a solution containing 100 mg sucrose, 12 mg lactulose,
8 mg mannitol, and 6 mg sucralose. Urine from each mouse was collected over a 5h period, flash
frozen, and combined prior to analysis. Urine was diluted in 95% acetonitrile/5% water: 100-fold
for mannitol detection, 200-fold for sucrose and lactulose detection, and 500-fold for sucralose
detection. Sugar probe recovery was measured using ultra high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS), performed at the MSU RTSF Mass
Spectrometry and Metabolomics Core (https://rtsf.natsci.msu.edu/mass-spectrometry/). Diluted
urine samples were injected onto an Acquity UPLC BEH Amide column (1.7 pm, 2.1 X 100mm)
(Waters, Milford, MA) maintained at 50°C on a Waters ACQUITY UPLC systems (Waters). Mobile
phase A was 50 mM ammonium acetate buffer (pH = 9.6) and mobile phase B was acetonitrile.
Chromatographic separation was performed over 8 minutes (min) using a flow rate of 0.2 mL/min
in the following gradient: time (t) = 0 min, 95% B; t = 1 min, 95% B; t = 2 min, 70% B; t = 5 min,
30% B; t = 5.01 min, 10% B; t = 6 min, 10% B; t = 6.01 min, 95% B; t = 8 min, 95% B. The
autosampler was cooled to 10°C, with an injection volume of 5 pL. UPLC was coupled with
negative-mode electrospray ionization to a Waters Quattro Premier XE Mass Spectrometer
(Waters) operating in multiple reaction monitoring (MRM) mode. The capillary voltage was -2.5
kV, while desolvation gas flow rate was 600 L/h. Source temperature and desolvation temperature
were 120°C and 450°C, respectively. MRM parameters including cone voltage, collision voltage,
precursor ion, and product ion were optimized by flow injection of pure standard for each individual
compound (Table 5).
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Data analysis including peak integration was performed using MAVEN [46]. Waters raw
data were converted to mzxml format using msconvert in the ProteoWizard Tools [48]. Fractional
excretion of each probe was calculated using: (probe concentration from MS X total urine volume
excreted)/probe input. Fractional sucrose excretion (%) was used to assess gastroduodenal
permeability, the lactulose-to-mannitol ratio was used to assess small intestinal permeability, and
fractional sucralose excretion (%) was used to assess colonic permeability [49, 50].

At 27d after the initial dose (PND55), whole gut transit time (WGTT) was determined using
carmine red dye, which cannot be intestinally absorbed. At time O (to), mice were orally gavaged
with 150 pL of carmine red solution (6% carmine red dye suspended in 0.5% methylcellulose).
Fecal pellets were monitored continuously for the presence of carmine red. WGTT represents the

time interval between to and the first observance of carmine red dye in the fecal pellets.

Degenerate qRT-PCR of bacterial functional genes

The bsh Hidden Markov Model (HMM) constructed by the Ribosomal Database Project
consisted of 12 vetted seed sequences from Lactobacillus, Clostridium, Roseburia, Eubacterium,
Butyrivibrio, and Streptococcus species, while the baiCD HMM consisted of 10 vetted seed
sequences from Clostridium and Lachnospiraceae species. Using these models, more inclusive
sequence sets were created for bsh and baiCD within the ‘FunGene functional gene pipeline &
repository’ [51] by extracting sequences from GenBank. Setting the HMM consensus percent
identity cut-off to = 40%, nucleotide sequences of bsh and baiCD were obtained from 2633 and
129 bacterial organisms, respectively. Given the diversity of bacterial organisms found to express
bsh, the 2633 sequences from FunGene were separated into 4 groups based on nucleotide
similarity determined through construction of a phylogenetic tree (Group 1: 423, Group 2: 330,
Group 3: 955, Group 4: 925). In contrast, the 129 baiCD sequences exhibited sufficient similarity
and were therefore kept as a single composite group. The Primer Design terminal program
developed by the Ribosomal Database Project (https://github.com/rdpstaff/PrimerDesign) was
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TABLE 5. MULTIPLE REACTION MONITORING (MRM) PARAMETERS USED FOR THE
TANDEM MASS SPECTROMETRY (MS/MS) ANALYSIS OF FOUR SUGAR PROBES

Probe Precursor lon Product lon Cone Voltage  Collision Energy
Q1 Q3 V) (W)
Mannitol 181.15 101.05 21 16
Lactulose 341.19 161.12 15 10
Sucrose 341.19 179.17 33 16
Sucralose 395.10 359.07 27 10
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used to design degenerate primer sets which target conserved regions within baiCD and each
phylogenetic group of bsh (http://dbzach.fst.msu.edu/index.php/primers/). To estimate the overall
abundance of bile acid metabolism genes within the gut microbiome, primer sets were selected
to target 275% of the baiCD sequences and the sequences within each bsh group. Fecal levels
of baiCD were also quantified using a previously validated primer pair (Table 4) which targets a
conserved region of the gene within Clostridium scindens VPI 12708 and Clostridium hiranonis
TO931, two strains known to exhibit bile acid 7a-dehydroxylation activity [52, 53].

Frozen fecal pellets were crushed into a powder and bacterial DNA was isolated using the
QIlAamp DNA Stool Mini Kit (Qiagen, Valencia, CA). To investigate bile acid metabolism loci, gRT-
PCR was performed on a Bio-Rad CFX Connect Real-Time PCR Detection System as previously
described [13]. Gene expression relative to vehicle control was calculated using the 2-*4°T method,
with each fecal sample extract normalized to total bacterial DNA levels using universal primers

targeting the 16S ribosomal RNA gene [54]. Gene levels are plotted relative to vehicle control.

RESULTS
Histopathology

Previous studies report hepatic steatosis, immune cell infiltration, fibrosis, and bile duct
proliferation in male mice following treatment with TCDD and related AhR agonists [14, 17, 25,
55, 56]. Comparable effects are reported in female C57BL/6 mice orally gavaged with TCDD
every 4d for either 28 or 92d [16, 33]. Here, the histopathological features associated with TCDD-
elicited hepatotoxicity in both female and male C57BL/6 mice orally gavaged with TCDD every 4d
for 28d were compared. Histopathological scoring suggests the incidence and severity of
vacuolization, inflammatory cell infiltration, bile duct proliferation, and periportal fibrosis were
consistently greater in male mice compared to females (Table 6; Figure 14). More specifically,
hepatocyte vacuolization (fatty change) was first observed in males at 0.3 pg/kg and in females
at 10 yg/kg TCDD. Fat accumulation was more severe in males compared to females at = 3 ug/kg
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TABLE 6. COMPARISON OF TCDD-ELICITED HISTOPATHOLOGICAL CHANGES BETWEEN MALE AND FEMALE C57BL/6

MICE

TCDD (ug/kg) 0.3 10 30
Sex Male Female Male Female Male Female Male Female Male Female
Number of animals 8 8 8 6 8 6 8 4 8 4
Vacuolation Mean Grade 0.1+0.4 - 0.9+0.8 - 1.0+0.8 - * 30+05 05+03 * 40+00 2012 *
(centrilobular) Incidence 1/8 0/8 5/8 0/6 6/8 0/6 8/8 1/4 8/8 4/4
Necrosis: Mean Grade - - - - 0.3+0.5 - 0.8+0.5 - 1.3+05 0305 *
Inflammatory cell foci  |ncigence 0/8 0/8 0/8 0/6 2/8 0/6 6/8 0/4 8/8 1/4
) ) ) Mean Grade - - - - - - - - 09+08 03%05
Bile duct proliferation )
Incidence 0/8 0/8 0/8 0/6 0/8 0/6 0/8 0/4 5/8 1/4
_ ) . Mean Grade - - - - - - - - 06+05 03+05
Fibrosis (periportal) )
Incidence 0/8 0/8 0/8 0/6 0/8 0/6 0/8 0/4 5/8 1/4

Histopathological grade: 0 = Within normal limits, 1 = Minimal, 2 = Slight, 3 = Moderate, 4 = Marked

No noteworthy hepatic changes were observed in mice treated with sesame oil vehicle or < 0.1 ug/lkg TCDD.

Mean Grade = Mean of histopathological grades + SD. * p < 0.05 (compared between males and females at the same dose, Mann-Whitney rank sum test).

Incidence = Number of mice in which the histopathological feature was present.
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MALE FEMALE

Vehicle

FIGURE 14. HISTOLOGICAL EVALUATION OF MALE AND FEMALE HEPATIC
HISTOPATHOLOGY

Representative photomicrographs of livers from male and female C57BL/6 mice orally gavaged
with sesame oil vehicle or 30 ug/kg TCDD every 4 days for 28 days. Livers were stained with
hematoxylin and eosin (H&E) for general assessment, Oil Red O (ORO) for neutral lipids, F4/80
for macrophages, and Picrosirius Red (PSR) for collagen deposition. Scale bars represent 50 um
for H&E and ORO, and 100 pum for F4/80 and PSR.
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TCDD (Table 6). QuUHANT analysis of ORO-stained sections indicated that hepatic fat
accumulation at 30 pg/kg TCDD was 6.2-fold greater in males compared to females (Figure 14;
Figure 15), consistent with the pathologist’'s assessment. Minimal to slight hepatocyte necrosis
and inflammatory cell infiltration (e.g. neutrophils and lymphocytes) were present in males at = 3
po/kg and in females at 30 pg/kg. Both were more severe in males at 30 ug/kg compared to the
females (Table 6). F4/80 labeling revealed that immune cell foci consisted primarily of
macrophages, suggesting infiltration (Figure 14). Bile duct proliferation was observed in both
sexes at 30 pg/kg, with a higher incidence in males, while inflammation surrounding the bile ducts
(pericholangitis) was exclusive to males (Table 6; Figure 16A-B). Similarly, PSR-staining revealed
that the incidence of periportal fibrosis at 30 pg/kg was higher in males compared to females
(Table 6; Figure 14). In summary, male mice exhibited greater sensitivity to TCDD-elicited
hepatotoxicity compared to females, and exhibited more severe histopathology at lower doses.

Subsequent studies therefore focused on responses in male mice.

Gross morphology and clinical chemistry

Terminal body weights and tissue weights for the mice used in this study were previously
reported [39]. Gallbladder volume increased 2.5-fold in mice treated with 30 pg/kg TCDD
compared to controls (Figure 16C). The gallbladder distention is consistent with previous studies
[56]. Serum alkaline phosphatase (ALP) activity was unchanged at 30 pg/kg, suggesting TCDD

did not damage bile duct epithelial cells (cholangiocytes) (Figure 16D).

Cholesterol and primary bile acid biosynthesis

Cholesterol is not only essential for maintaining cell membrane fluidity, but it also serves
as the precursor for steroid hormone and bile acid biosynthesis. In mammals, the liver is the
primary site of acetyl-CoA conversion to cholesterol, while the intestine also exhibits de novo
synthesis capabilities. Hepatic cholesterol (not confirmed by high resolution MS/MS) and
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FIGURE 15. QUANTIFICATION OF HEPATIC LIPID ACCUMULATION

Male and female C57BL/6 mice orally gavaged with sesame oil vehicle or 0.01-30 pug/kg TCDD
every 4 days for 28 days. Lipids were stained with Oil Red O and quantified using the Quantitative
Histological Analysis Tool (QUHANT). Bars represent the average + standard error of the mean
for at least 4 biological replicates. Statistical significance (* p < 0.05) was determined using one-

way ANOVA analysis followed by Dunnett’s post-doc test performed in SAS 9.3.
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FIGURE 16. TCDD-ELICITED BILE DUCT TOXICITY

Representative photomicrographs of hematoxylin and eosin-stained livers from male C57BL/6
mice orally gavaged with (A) sesame oil vehicle or (B) 30 ug/kg TCDD every 4 days from 28 days.
Bile duct proliferation and pericholangitis (arrow) were identified at 30 pg/kg TCDD. cv = central
vein; pv = portal vein; bd = bile duct; bar = 50 um. (C) Gallbladder volume and (D) serum alkaline
phosphatase (ALP) activity of male C57BL/6 mice orally gavaged with sesame oil vehicle or 30
pg/kg TCDD every 4 days for 28 days. Bars represent the average + standard error of the mean
for at least 5 biological replicates. Statistical significance (* p < 0.05) was determined using a

Student’s t-test performed in SAS 9.3.
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cholesterol ester levels increased 9.0- and 11.3-fold, respectively, in male C57BL/6 mice orally
gavaged with 30 pg/kg TCDD every 4d for 28d [57]. The committed step of cholesterol
biosynthesis involves the conversion of 3-hydroxy-3-methylglutaryl-CoA to mevalonate catalyzed
by the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR). Hepatic
expression of Hmgcr was dose-dependently induced at 0.3-10 pg/kg TCDD (max 3.4-fold), with
no significant induction at 30 ug/kg (Figure 17). Other enzymes involved in cholesterol
biosynthesis including mevalonate kinase (Mvk), mevalonate diphosphate decarboxylase (Mvd),
squalene epoxidase (Sqgle), lanosterol synthase (Lss), methylsterol monoxygenase 1 (Msmol),
and 24-dehydrocholesterol reductase (Dhcr24) exhibited a comparable dose-dependent
expression pattern (Figure 17). This suggests that at low doses, AhR activation induces
cholesterol biosynthesis, consistent with a 10.3-fold increase in AhR genomic binding at the
Hmgcr loci. However, negative feedback at 30 pg/kg TCDD may limit de novo biosynthesis.

Several genes involved in cholesterol biosynthesis, including 3-hydroxy-3-methylglutaryl-
CoA synthase 1 (Hmgcsl), Hmgcr, farnesyl diphosphate synthetase (Fdps), and farnesyl
diphosphate farnesyl transferase 1 (Fdftl), are transcriptionally regulated by sterol regulatory
element-binding protein 2 (SREBP2) binding to sterol response elements (SREs). Elevated
intracellular cholesterol levels prevent intramembrane SREBP2 proteolysis and subsequent
nuclear translocation, thereby reducing SRE-regulated gene transcription. Consequently, higher
hepatic cholesterol levels may repress SREBP2-mediated transcription. Furthermore, Srebf2
(encodes SREBP2) was repressed 2.7-fold at 30 pg/kg TCDD, which may further compromise
expression of cholesterol biosynthetic genes.

Approximately 90% of excess cholesterol is excreted from the body by hepatic conversion
to bile acids. In humans, the two primary bile acids synthesized directly by the liver are cholic acid
(CA) and chenodeoxycholic acid (CDCA). Rodent livers hydroxylate CDCA at the 6B-positon
yielding a-muricholic acid (a-MCA), which can epimerize at the 7-OH position to form B-muricholic
acid (B-MCA), and therefore a/B-MCA are also primary bile acids in mice [58]. In the classical bile
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FIGURE 17. EFFECTS OF TCDD ON CHOLESTEROL AND BILE ACID BIOSYNTHESIS
TCDD-elicited hepatic differential expression of genes involved in (A) cholesterol and (B) primary

bile acid biosynthesis in male C57BL/6 mice orally gavaged with sesame oil vehicle or TCDD
(0.01-30 pg/kg TCDD) every 4 days for 28 days. Color scale represents the logz(fold change) for
differential gene expression relative to vehicle controls, as determined through RNA-Seq analysis
(n=3). The presence of pDREs (MSS = 0.856) and AhR enrichment peaks (FDR < 0.05) at 2h are
shown as green boxes. Read count represents the raw number of aligned reads to each transcript

indicating potential level of expression, where yellow represents a lower level of expression (<



acid biosynthesis pathway, cholesterol is directly 7a-hydroxylated by CYP7AL, representing the
rate-limiting step. Alternative pathways involve initial hydroxylation at C24, C25, or C27 catalyzed
by CYP46AL1, cholesterol 25-hydroxylase (CH25H), and CYP27A1, respectively, followed by 7a-
hydroxylation. TCDD repressed Cyp7al 39.7-fold with a 2.3-fold enrichment in AhR genomic
binding (Figure 17). Furthermore, 9 of the 12 downstream enzymes involved in the classical
pathway were also repressed, including hydroxy-delta-5-steroid dehydrogenase 337 (Hsd3b7;
2.5-fold), Cyp8bl (4.4-fold), aldo-keto reductase 1D1 (Akrldl; 16.3-fold), aldo-keto reductase
1C6 (Akrlc6; 22.1-fold), Cyp27al (2.4-fold), Slc27a5 (16.0-fold), a-methylacyl-CoA racemase
(Amacr; 3.3-fold), sterol carrier protein 2 (Scp2; 3.4-fold), and bile acid-Coenzyme A: amino acid
N-acyltransferase (Baat; 12.0-fold) (Figure 17). With the exception of CYP8B1, which is unique
to CA synthesis, these enzymes are required for synthesis of all murine primary bile acids.
Interestingly, AhR binding was enriched 2.2-fold within Cyp8bl, suggesting AhR-mediated
regulation of the CDCA to CA ratio. There are four genes unigue to the alternative pathway of bile
acid synthesis: Cyp46al and Cyp7bl, which were repressed 2.1- and 7.6-fold, respectively, as
well as Cyp39al and Ch25h, which were induced 2.1- and 6.1-fold, respectively, by TCDD (Figure
17).

Bile acid biosynthesis is primarily regulated by two negative feedback loops that repress
Cyp7al, both involving bile acid-mediated activation of FXR. Hepatic FXR induces short
heterodimer partner (Shp, aka NrOb2), which then antagonizes liver receptor homolog 1(LRH-1)-
and hepatocyte nuclear factor 4a (HNF4a)-mediated Cyp7al expression. However, TCDD
repressed hepatic NrOb2 22.2-fold. Alternatively, activation of intestinal FXR induces ileal
fibroblast growth factor 15 (Fgfl5) expression. FGF15 binds its hepatic heterodimer receptor
consisting of fibroblast growth factor receptor 4 (FGFR4) and klotho B (KLB), which causes
Cyp7al repression and regulates bile flow. Yet, hepatic Fgfr4 and Klb were repressed 4.7- and
8.1-fold respectively, while ileal Fgfl5 was repressed 9.7-fold at 30 ug/kg TCDD. Therefore, it is
unlikely that either feedback loop is responsible for Cyp7al repression.

116



Hepatic, serum, and fecal bile acid profiles

HRAM-LC-MS analysis detected a dose-dependent increase in total hepatic bile acids,
with 2.1- and 4.6-fold increases at 10 and 30 pg/kg TCDD, respectively (Figure 18). CA, the
predominant primary hepatic bile acid in control samples, increased 4.7-fold following treatment
with 30 ug/kg TCDD. a/B-MCA was the second most abundant primary bile acid in controls, while
hepatic CDCA levels were negligible. TCDD had no effect on hepatic a/f-MCA or CDCA, but
dose-dependently increased total hepatic conjugated primary bile acid levels (max 4.7-fold),
including glycocholic acid (GCA, 3.9-fold), taurocholic acid (TCA; 9.7-fold), and tauro-a-muricholic
acid (T-a-MCA,; 3.7-fold) (Figure 18). Paradoxically, hepatic expression of Baat, which is
responsible for hepatic taurine- and glycine-conjugation of bile acids, was repressed 12.0-fold
(Figure 17). In female mice, TCDD increased hepatic taurine (max 1.4-fold; p=0.05) and glycine
(max 20.3-fold; p=0.10) levels [40]. TCDD repressed hepatic expression of taurine biosynthesis
genes including cysteine dioxygenase 1 (Cdol; 2.7-fold) and cysteine sulfinic acid decarboxylase
(Csad; 4.5-fold), while the taurine transporter Slc6a6 (encoding TAUT) was induced 1.8-fold,
suggesting hepatic taurine uptake rather than de novo synthesis. Furthermore, TCDD elicited a
dose-dependent increase in total hepatic levels of conjugated secondary bile acids (max 77.7-
fold), suggesting increased bacterial metabolism. More specifically, TLCA, the most induced
hepatic bile acid, was dose-dependently increased 72.1- and 233.8-fold at 10 and 30 ug/kg TCDD,
respectively (Figure 18).

Individual bile acids differ in their capacity to bind hepatic receptors. TLCA is the most
potent endogenous activator of GPBARL1, a metabotrophic bile acid receptor located on non-
parenchymal cells including Kupffer cells, sinusoidal epithelial cells, and bile duct epithelial cells
(cholangiocytes) [28]. Using gRT-PCR, hepatic Gpbarl expression was induced 4.3-fold at 30
pg/kg TCDD (Figure 19). Increased hepatic TLCA levels combined with Gpbarl induction would
promote activation of GPBARL1 following TCDD treatment. Likewise, CDCA is the most potent
endogenous FXR agonist, while T-a-MCA and T-B-MCA are competitive antagonists [59]. At low

117



LIVER

FECES

CLASSIFICATION BILE ACID FYTIEVTNNOIE | 3 ugkg 10 pg/kg 30 pglkg | 30 pglkg | 30 pgrkg
Chenodeoxycholic acid CDCA 0.47 1.04 0.69 1.12
Primary Cholic acid CA 0.49 1.99 2.24
Bile Acids  Muricholic acid (o) a-MCA [ 010 |
Muricholic acid (a/B) a/B-MCA 1.36 0.66
Muricholic acid (B) B-MCA 1.39
Total Primary Bile Acids 1.80 3.40 1.60
Cholic acid 7-sulfate CA-7-SQ,
Glycochenodeoxycholic acid GCDCA 2.47 3.72
Conjugated  Glycocholic acid GCA 0.86 1.90 3.92* 2.01
Primary Taurochenodeoxycholic acid TCDCA 1.22 2.29 3.47 1.15
Bile Acids Taurocholic acid TCA
Taurocholic acid 3-sulfate TCA-3-80,
Tauro-a-muricholic acid T-a-MCA 0.51 0.55 3.70*
Total Conjugated Primary Bile Acids 1.69 2.07*
Secondary Deoxycholic acid DCA 0.81 0.90 1.98
Bile Acids Lithocholic amq . LCA 1.05
Ursodeoxycholic acid UDCA
Total Secondary Bile Acids 0.80 1.50 1.10
Deoxycholic acid disulfate  DCA-di-SO, [ 488 |
. Glycodeoxycholic acid GDCA 0.60 1.14 2.43* 2.39
gz:f r?da:d Glycoursodeoxycholic acid GUDCA
. . y Lithocholic acid 3-sulfate LCA-3-S0O, 0.75
Bile Acids ) ) 4
Taurodeoxycholic acid TDCA 0.65
Taurolithocholic acid TLCA 1.15
Total Conjugated Secondary Bile Acids 0.78 2.39 0.84
Total Bile Acids | 1.55 | 2.06" [dei| (ko] [0s50]
Fold Change
0.2 5.0

FIGURE 18. BILE ACID PROFILES FOR THE LIVER, SERUM, AND FECES

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or TCDD (3-30 ug/kg) every 4
days for 28 days. Individual bile acid species were quantified using high resolution accurate mass
liquid chromatography mass spectrometry and expressed as fold changes relative to vehicle
controls. Red and blue indicate increased or decreased levels, respectively, while grey indicates
‘not detected’. ‘~’ indicates an incalculable increase as the bile acid was detected in treated
animals but not controls. Statistical significance (*p < 0.05) was determined using one-way
ANOVA analysis followed by Dunnett's post-hoc test (liver) or a Student’'s t-test (serum)
performed in SAS 9.3. Fecal pellets were collected from two cages of co-housed mice for each

treatment group (n=2) and therefore statistical analysis was not performed.
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FIGURE 19. HEPATIC EXPRESSION OF G PROTEIN-COUPLED BILE ACID RECEPTOR 1

Quantitative real time polymerase chain reaction (QRT-PCR) analysis of G protein-coupled bile
acid receptor 1 (Gpbarl) expression in the liver of male C57BL/6 mice orally gavaged with sesame
oil vehicle or TCDD (0.01-30 ug/kg TCDD) every 4 days for 28 days. Bars represent the average
fold change relative to vehicle = standard error of the mean (SEM) for at least 3 independent
biological replicates. Statistical significance (* p < 0.05) was determined using one-way ANOVA

analysis followed by Dunnett’s post-doc test performed in SAS 9.3.
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hepatic CDCA levels due to conversion to a-MCA, TCDD-elicited increases in T-a-MCA levels
may inhibit FXR activation. Moreover, TCDD repressed hepatic Nrlh4 (encodes for FXR) 3.2-
fold, further inhibiting the FXR signaling pathway.

Total bile acids in serum increased 45.4-fold at 30 ug/kg TCDD (Figure 18). Taurine- and
glycine-conjugates of CA exhibited increases of 298.9- and 134.4-fold, respectively. CA, a-MCA,
and B-MCA were the most abundant species present in treated serum samples with increases of
58.2-, 97.0-, and 52.8-fold, respectively. Additionally, the secondary bile acid deoxycholic acid
(DCA) was increased 79.7-fold.

Total fecal bile acids decreased 2.8-fold at 30 pg/kg TCDD (Figure 18), suggesting
decreased bile secretion from the gallbladder and/or increased intestinal reabsorption. Fecal
levels of cholic acid 7-sulfate (CA-7-SO,4) and taurocholic acid 3-sulfate (TCA-3-SO4) were
decreased 55.2- and 10.3-fold, respectively, while deoxycholic acid disulfate (DCA-di-SO.) levels
increased 4.9-fold. The former is consistent with a 267.5-fold repression of Sult2a8, the
predominant sulfotransferase in the male liver based on RNA-Seq read counts. TCDD also
decreased a-MCA fecal levels 10.3-fold, while TLCA levels changed from undetectable in controls

to detectable in treated mice.

Bile acid hydrophobicity

In general, bile acid toxicity increases with hydrophobicity [60, 61], which depends on
ionization, hydroxylation, and conjugation (taurine, glycine, sulfate, glucoronate) [62]. The
potential toxicity of a bile acid mixture can be estimated by calculating the hydrophilic-hydrophobic
balance using the hydrophobicity index (HIx) of each bile acid species in the mixture, as described
by Heuman [63]. The Hix of TCA was arbitrarily set to 0, with increasingly positive and negative
values assigned to species exhibiting relatively greater hydrophobicity and hydrophilicity,
respectively. TCDD (3-30 pg/kg) shifted the hepatic bile acid mixture Hix toward greater
hydrophobicity (Figure 20), suggesting increased hepatotoxic potential. Each bile acid’'s
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FIGURE 20. HYDROPHOBICITY INDICES (HIX) OF BILE ACID MIXTURES IN THE LIVER,
SERUM, AND FECES

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or TCDD (3-30 pg/kg TCDD)
every 4 days for 28 days. Bile acid toxicity is positively associated with the degree of
hydrophobicity, where increasingly positive and negative HIx values indicate greater
hydrophobicity and hydrophilicity, respectively. Bars represent the average + standard error of the
mean for at least 4 biological replicates for liver and serum, or 2 pooled samples for feces.
Statistical significance (* p < 0.05) was determined using one-way ANOVA analysis followed by
Dunnett’s post-hoc test (liver) or a Student’s t-test (serum) performed in SAS 9.3. Fecal pellets
were collected from two cages of co-housed mice for each treatment group (n=2) and therefore

statistical analysis was not performed.
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contribution to the overall Hix is dependent on its relative abundance within the mixture, and
therefore low abundance species such as TLCA have lower impact. Consequently, the shift
towards increased hydrophobicity is primarily driven by a decrease in the relative abundance of
T-a-MCA, a highly hydrophilic species. In contrast, the serum bile acid mixture became more
hydrophilic, while the fecal mixture exhibited a moderate increase in hydrophobicity (Figure 20).

CYP3A enzymes play a role in bile acid metabolism by catalyzing 6a-, 7a-, and 6p-
hydroxylation [64, 65]. TCDD repressed all hepatic Cyp3a isoforms including 3al13, 3a25, 3al6,
3all, 3a59, 3a44, and 3a57 (17.0-, 6.0-, 5.2-, 4.9-, 4.4-, 3.0-, 2.4-fold), as well as ileal Cyp3a44
(2.2-fold). Cyp3a repression may decrease bile acid hydroxylation, thereby increasing the

hydrophobicity of the bile acid pool.

Enterohepatic circulation

Following synthesis, conjugated primary bile acids are secreted into the bile canaliculi by
canalicular bile salt export pump (BSEP; aka ABCB11) and ABCC2. TCDD repressed hepatic
Abcb11 4.7-fold, while Abcc2 was unchanged (Figure 21). Reduced hepatocyte-to-canaliculi
export, combined with increased levels of hepatic conjugated primary bile acids likely caused spill-
over into the sinusoidal blood and systemic circulation. Conjugated primary bile acids stored in
the gallbladder are released into the duodenum in response to the intestinal hormone
cholecystokinin following a meal, and progressively pass through the small intestine. Upon
reaching the ileum, they are taken up into enterocytes by apical SLC10A2, and exported to the
portal circulation by basal SLC51A and SLC51B. TCDD induced ileal expression of Slc10a2 and
Slc51a 1.6- and 1.5-fold, respectively, while ileal SIc51b was unchanged (Figure 21). Induction of
these intestinal transporters likely promotes active reabsorption of bile acids across the ileum.
Circulating bile acids are then transported into hepatocytes by Slcl0al, Slcolal, Slcola4,
Slcolb2, and Slco2bl, which were repressed 17.9-, 1186.3-, 2.5-, 7.9-, and 12.9-fold,
respectively, by TCDD (Figure 21). Specifically, SLC10A1 is primarily responsible for taurine- and
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FIGURE 21. EFFECTS OF TCDD ON ENTEROHEPATIC CIRCULATION
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FIGURE 21 (cont’d)

TCDD-elicited differential expression of bile acid transporters in the liver and ileum of male
C57BL/6 mice orally gavaged with sesame oil vehicle or 0.01-30 pg/kg TCDD every 4 days for 28
days. Color scale represents the logx(fold change) for differential gene expression relative to
vehicle controls, as determined through RNA-Seq analysis (n=3). The numeric labels to the left
of the heat map correspond to the numbered transport functions in the pictorial representation,
where the color of each function represents the overall direction of differential expression
exhibited by the group of transporters involved (i.e. induced = red vs. repressed = blue). The
presence of pDREs (MSS = 0.856) and hepatic AhR enrichment peaks (FDR < 0.05) at 2h are
shown as green boxes. Read count represents the raw number of aligned reads to each transcript
indicating potential level of expression, where yellow represents a lower level of expression (<

500 reads) and pink represents a higher level of expression (= 10,000).
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glycine-conjugated bile acid uptake, while SLCO1B2 plays a key role in unconjugated bile acid
uptake [66, 67]. Abcc3 and Abcc4, which are responsible for bile acid efflux from hepatocytes into
systemic circulation, were induced 1.8- and 58.1-fold at 30 pg/kg TCDD (Figure 21). Collectively,
repression of hepatic importers combined with induction of hepatic exporters likely contributed to
the 45.4-fold increase in total serum bile acids.

Approximately 95% of bile acids secreted into the intestinal lumen are reabsorbed with the
remaining 5% lost via fecal excretion [18]. Highly efficient enterohepatic circulation allows the liver
to maintain a low rate of de novo primary bile acid biosynthesis. At 30 ug/kg TCDD, sugar probe
analysis revealed a 2.4- and 2.0-fold increase in gastroduodenal and colonic para-cellular (i.e.
between enterocytes) permeability, respectively, while the permeability of the small intestine was
unaffected (Figure 22A-C). Furthermore, whole gut transit time increased from 2.5h in controls to
4.1hin 30 pg/kg TCDD-treated mice, indicating a 1.6-fold reduction in gut motility (Figure 22D-E).
Induction of active ileal transporters (Slc10a2, Slc51a), increased passive para-cellular duodenal
and colonic transport, and decreased gut motility are in accordance with increased intestinal
reabsorption and decreased fecal excretion of bile acids. These changes in intestinal function are
also consistent with TCDD-elicited increases in total serum bile acids and decreases in total fecal

bile acids.

Microbial bile acid metabolism

Bile acids not reabsorbed by ileal enterocytes are metabolized by microbiota in the colon,
the intestinal segment with the densest and most diverse microbial population. Various bacterial
genera metabolize primary and conjugated primary bile acids to yield “secondary” bile acids.
Bacterial bile salt hydrolase (BSH) cleaves the C24 N-acyl amide bond of conjugated bile acids,
removing the glycine or taurine moiety. Several gut bacterial genera express bsh including
Bacteroides, Bifidobacterium, Clostridium, Lactobacillus, and Listeria [68]. The exposed 7-
hydroxyl groups of unconjugated CA and CDCA are susceptible to bacterially-catalyzed 7a-
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FIGURE 22. EFFECTS OF TCDD ON INTESTINAL PERMEABILITY AND MOTILITY
Para-cellular permeability of the (A) gastroduodenal region, (B) small intestine, and (C) colon in
male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 pug/kg TCDD every 4 days. At
26 days after the initial dose, mice were orally gavaged with sucrose, lactulose, mannitol, and
sucralose to assess segment-specific intestinal permeability. Urine was collected over a 5-hour
period, and fractional excretion (FE) of the probes was measured using ultra high performance
liquid chromatography (UPLC) tandem mass spectrometry (MS/MS). (D) Whole gut transit time
of male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days. At
27 days after the initial dose, transit time was monitored by orally gavaging mice with Carmine
Red and then measuring the interval between the gavage and the first observance of dye in the
fecal pellets. (E) Fecal pellets collected from mice following oral gavage with Carmine Red dye
(right) compared to pellets lacking the dye (left). Bars represent the average * standard error of
the mean for at least 6 biological replicates. Statistical significance (* p < 0.05) was determined
using a Student’s t-test performed in SAS 9.3.
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dehydroxylation, yielding the secondary bile acids DCA and lithocholic acid (LCA), respectively.
Bile acid 7a-dehydroxylation is a multi-step enzymatic process involving a set of genes encoded
within the bile acid-inducible (bai) operon including baiCD, the oxidoreductase enzyme which
catalyzes 3-dehydro-4-bile acid oxidation [69]. To date, 7a-dehydroxylation activity has only been
identified in the Clostridium and Eubacterium genera [68].

As opposed to evaluating changes in the abundance of specific bacterial species
associated with bile acid metabolism, we examined changes in the levels of bsh and baiCD, the
loci responsible for bile acid deconjugation and dehydroxylation, respectively. Bacterial DNA
extracted from fecal pellets was analyzed by gRT-PCR using computationally-designed
degenerate primer sets. Overall, bsh gene levels within phylogenetic groups 1, 2, and 3 were
increased, while levels within phylogenetic group 4 were unaffected by TCDD (Figure 23A). In
particular, primer sets 7 and 8 within group 1 increased 21.8- and 7.3-fold, respectively, while
primer sets 2 and 11 within group 2 increased 7.6- and 7.5-fold, respectively, and primer set 9
within group 3 increased 4.2-fold at 30 pg/kg TCDD. These primer sets primarily target
Lactobacillus (Groupl-Primer7; Group2-Primer2; Group2-Primerll), Clostridium (Groupl-
Primer8), Streptococcus (Group2-Primerll), and Listeria (Group3-Primer9) species, suggesting
TCDD increased the relative abundance of several species within these genera. Primers targeting
Clostridium baiCD [52, 53] identified a 2.1-fold increase at 30 ug/kg TCDD (Figure 23B),
suggesting increased relative abundance of Clostridium strains known to exhibit 7a-
dehydroxylation activity. Similarly, 7 of the 8 degenerate primer sets designed to target baiCD
across the gut microbiome exhibited increased levels (1.5- to 2.5-fold). Consistent with these
results, TCDD is reported to increase the abundance of several Lactobacillus and Clostridium
species in the mouse gut microbiota [70]. Together, these results suggest that TCDD increased
deconjugation and 7a-dehydroxylation activity within the gut microbiota, consistent with increased
secondary bile acids such as DCA in the serum and increased conjugated secondary bile acids
such as TLCA and GDCA in the liver (Figure 24).
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FIGURE 23 (cont’d)

(Al) Bacterial classifications (genus level) of the bsh sequences in each phylogenetic group,
which were separated based on nucleotide similarity. Degenerate qRT-PCR analysis of (A2) bile
salt hydrolase (bsh) and (B) bile acid-inducible operon (baiCD) gene levels in the fecal pellets of
male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days for
28 days. Fecal levels of baiCD were also quantified using a primer set previously validated to
target several Clostridium species which exhibit 7a-dehydroxylation activity (B: black bar).
Colored circles above highly increased bsh primer sets indicate the bacterial genus which is
primarily targeted. Values were normalized to levels of the 16S ribosomal RNA gene. Bars
represent the average fold change relative to vehicle controls + standard error of the mean. Fecal
pellets were collected from two cages of co-housed mice for each treatment group (n=2) and

therefore statistical analysis was not performed.
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FIGURE 24. THE EFFECT OF TCDD ON THE HEPATIC AND MICROBIAL METABOLISM OF
INDIVIDUAL BILE ACID SPECIES

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or TCDD every 4 days for 28
days. Ovals represent bile acid species, while rectangles represent genes involved in bile acid
metabolism. Placement of genes within the ‘liver’ and ‘intestine’ boxes represents the location of
the metabolic reaction and the source of the enzyme involved. Red represents ‘increased levels’,
blue represents ‘decreased levels’, white represents ‘no change’, and grey represents ‘not
detected’. The color of each bile acid depicts the direction of change within the liver and/or serum

relative to vehicle controls.
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DISCUSSION

The effects of TCDD and related compounds on bile acid levels have been previously
reported in a wide variety of rodent models using various treatment regimens [22, 23, 26, 55, 71,
72]. This study further elucidates AhR-mediated dysregulation of bile acid homeostasis in
C57BL/6 mice by mapping complementary metabolomics, RNA-Seq, histopathology, and
phenotypic data to bile acid biosynthesis, transport, and metabolism pathways. We demonstrate
that TCDD altered primary and secondary bile acid profiles, consistent with changes in bile acid
transport, gut microbiota metabolism, and intestinal permeability and motility.

In this study, TCDD dose-dependently increased total bile acid levels in the liver and
serum, as previously reported in rodent studies involving AhR agonists [22, 23, 55, 71]. This is in
accordance with the hepatic accumulation of cholesterol and cholesterol-esters, and may
represent an adverse consequence of the liver's attempt to minimize potential lipotoxicity through
the removal of excess cholesterol. Paradoxically, the majority of genes associated with bile acid
biosynthesis exhibited dose-dependent repression including the rate-limiting enzyme Cyp7al,
Cyp7bl of the alternative pathway, and Baat, which catalyzes taurine/glycine-conjugation. AhR-
mediated repression of Cyp7al has been previously reported [13, 26, 27, 72], although TCDF is
reported to induce Cyp7al mRNA and increase CYP7AL protein [71]. Interestingly, AhR binding
was enriched upstream of the Cyp7al transcription start site in both male and female mice, in the
absence of a pDRE.

Bile acid biosynthesis is regulated by negative feedback involving FXR activation. Bile
acid-activated FXR induces hepatic NrOb2 (encodes SHP), which interacts with LRH-1 and
inhibits Cyp7al expression [73]. Moreover, in the distal ileum, activated FXR induces Fgf15 which
binds to hepatic FGFR4/KLB to inhibit Cyp7al expression. However, Nrlh4 (encodes FXR),
NrOb2, Fgfr4, and Klb were all repressed by TCDD, while Fgfl5 exhibited no clear expression
pattern. Related AhR agonists including TCDF and flutamide also repress Nr1h4 and NrOb2 [71,
74]. Furthermore, hepatic CDCA levels, the most potent FXR agonist, were negligible, while
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TCDD increased hepatic levels of T-a-MCA, a competitive FXR antagonist. Together, these
results suggest that TCDD disrupts bile acid-induced feedback inhibition possibly by inhibiting the
FXR signaling pathway.

In contrast to biosynthesis, TCDD-elicited differential expression of genes associated with
enterohepatic circulation and transport is consistent with serum and hepatic bile acid
accumulation. As previously reported [27, 75], TCDD repressed hepatic Abcb11l (Bsep), which is
responsible for transporting newly synthesized primary bile acids from hepatocytes to bile
canaliculi. This would impair bile collection within the gallbladder, causing accumulation within
hepatocytes and eventual spill over into sinusoidal blood. Inhibition of FXR signaling may be
responsible for repression of Abcbll, a known FXR target gene. TCDD also repressed
transporters involved in hepatic uptake from the blood (Slcolal, Slcl10al, Sico2bl, Sicolb2, and
Slcolad) and induced hepatic efflux transporters (Abcc4, Abcc3). Accordingly, bile acid
accumulation was greater in the serum compared to the liver. Serum bile acid accumulation may
also be facilitated by enhanced enterocyte uptake (Slcl0a2) and efflux (Slc5la), as well as
passive reabsorption due to reduced gut motility and increased intestinal para-cellular
permeability. As a result, TCDD reduced fecal bile acid levels, although impaired gallbladder
emptying may also be a contributing factor. Overall, AhR-mediated differential expression of bile
acid transporters is consistent with bile acid accumulation, as well as reduced bile flow and biliary
excretion in TCDD-treated rodents [24].

Increased secondary bile acid levels provide indirect evidence of microbial bile acid
metabolism and changes in the gut microbiota. qRT-PCR analysis of bacterial bile acid
metabolism loci revealed that TCDD increased fecal levels of bsh and the bai operon, suggesting
increased gut microbiota deconjugation and dehydroxylation activity. Accordingly, serum levels
of secondary bile acids such as DCA and hepatic levels of conjugated secondary bile acids
including TLCA and GDCA were increased by TCDD. Decreased gut motility may also facilitate
bacterial metabolism and the passive reabsorption of hydrophobic secondary bile acids.
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TCDD shifted the hepatic HIx towards increased hydrophobicity, which correlates with
hepatotoxicity due to membrane disruption, ROS generation, induction of pro-inflammatory
mediators, and the activation of necrotic signaling. Specifically, TLCA, a conjugated secondary
bile acid species with a hydrophobicity index of 1.00, exhibited the greatest hepatic increase in
response to TCDD. TLCA induces cholestasis by impairing hepatobiliary exocytosis, inhibiting the
insertion of transport proteins into apical membranes, and disrupting bile flow [29, 76, 77]. It is
also the most potent endogenous agonist of GPBAR1, a metabotrophic receptor highly expressed
on bile duct cholangiocytes [28]. TLCA activation of GPBARL induces cholangiocyte proliferation
through: (i) generation of ROS which activate Rous sarcoma oncogene (cSrc), epidermal growth
factor receptor (EGFR), and ERK1/2, and (ii) inhibition of apoptosis through phosphorylation of
the CD95 death receptor [29]. Therefore, increased levels of hepatic TLCA and other hydrophobic
bile acids may contribute to TCDD-elicited hepatotoxicity by inducing bile duct proliferation and
impairing bile flow.

Collectively, these results suggest that bile acid accumulation, enhanced enterohepatic
circulation, and alterations in microbial metabolism contribute to TCDD-elicited hepatotoxicity and
the progression of hepatic steatosis to steatohepatitis with fibrosis. Numerous studies involving
whole-body AhR knockout mice have demonstrated that AhR activation is required for TCDD-
elicited hepatotoxicity including bile duct proliferation [15, 78]. Other AhR ligands (TCDF, OCDD,
PeCDF, and flutamide) also dysregulate bile acid homeostasis [22, 23, 71, 74]. Collectively, the
presence of DREs, AhR enrichment, and dose-dependent induction/repression of key genes
associated with bile acid homeostasis, provide compelling evidence that these effects are AhR
mediated. However, hepatocyte-specific conditional AhR knockout studies would be required to
unequivocally demonstrate the role of AhR activation in TCDD-elicited dysregulation of bile acid
homeostasis.

In addition to effects on bile acid homeostasis, TCDD also disrupts other hepatic
processes and metabolic pathways including lipid metabolism [13, 79], iron homeostasis and
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heme metabolism [39], extracellular matrix deposition and remodeling [16], and antioxidant
defenses [40]. Accumulating evidence suggests AhR-mediated hepatotoxicity is a cumulative
response to the overall burden of multiple disrupted metabolic pathways, rather than a single
event. Further studies are required to determine whether TCDD and related compounds elicit

comparable metabolic effects in human models.
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ABSTRACT

Persistent aryl hydrocarbon receptor (AhR) agonists elicit dose-dependent hepatic lipid
accumulation, oxidative stress, inflammation, and fibrosis in mice. Iron (Fe) promotes AhR-
mediated oxidative stress by catalyzing reactive oxygen species (ROS) production. To further
characterize the role of Fe in AhR-mediated hepatotoxicity, male C57BL/6 mice were orally
gavaged with sesame oil vehicle or 0.01-30 pg/kg 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
every 4 days for 28 days. Duodenal epithelial and hepatic RNA-Seq data were integrated with
hepatic AhR ChIP-Seq, capillary electrophoresis protein measurements, and clinical chemistry
analyses. TCDD dose-dependently repressed hepatic expression of hepcidin (Hamp and
Hamp?2), the master regulator of systemic Fe homeostasis, resulting in a 2.6-fold increase in
serum Fe with accumulating Fe spilling into urine. Total hepatic Fe levels were negligibly
increased while transferrin saturation remained unchanged. Furthermore, TCDD elicited dose-
dependent gene expression changes in heme biosynthesis including the induction of
aminolevulinic acid synthase 1 (Alasl) and repression of uroporphyrinogen decarboxylase (Urod),
leading to a 50% increase in hepatic hemin and a 13.2-fold increase in total urinary porphyrins.
Consistent with this heme accumulation, differential gene expression suggests that heme
activated BACH1 and REV-ERBa/B, causing induction of heme oxygenase 1 (Hmox1) and
repression of fatty acid biosynthesis, respectively. Collectively, these results suggest that Hamp
repression, Fe accumulation, and increased heme levels converge to promote oxidative stress

and the progression of TCDD-elicited hepatotoxicity.

INTRODUCTION

Metabolic syndrome (MetS) is a multifactorial disease characterized by obesity, increased
triacylglycerol (TAG) levels, decreased high density lipoprotein (HDL) cholesterol levels,
hypertension, and hyperglycemia. In the liver, MetS is manifested as non-alcoholic fatty liver
disease (NAFLD), where benign and reversible hepatic fat accumulation (steatosis) progresses
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to chronic steatohepatitis (steatosis with inflammation) with fibrosis (collagen deposition) [1]. The
worldwide prevalence of MetS and NAFLD is continuously increasing, currently affecting ~30%
of adults in the United States [2]. Although genetics, high caloric diet, and sedentary lifestyle are
major contributing factors, emerging evidence suggests exposure to environmental contaminants
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and related compounds play an
underappreciated role in the development of MetS and NAFLD [3].

TCDD is the prototypical ligand for a group of structurally diverse synthetic chemicals,
natural products, and endogenous metabolites that activate the aryl hydrocarbon receptor (AhR)
[4]. Upon ligand binding, the cytoplasmic AhR dissociates from chaperone proteins, followed by
translocation to the nucleus and heterodimerization with the aryl hydrocarbon receptor nuclear
translocator (ARNT). The AhR/ARNT complex acts as a transcription factor, altering gene
expression through binding to dioxin response elements (DRES) [5], although DRE-independent
mechanisms of differential gene expression have also been reported [6]. In mice, a single bolus
dose of TCDD induces hepatic steatosis with immune cell infiltration [7, 8], which progresses to
steatohepatitis with fibrosis following repeated dosing [9, 10]. TCDD-elicited hepatic inflammation
and fibrosis are believed to be due, at least in part, to sustained oxidative stress mediated by
AhR-dependent responses (reviewed in [11]).

Oxidative stress involves disruption of the balance between pro-oxidants and anti-
oxidants, in which accumulating reactive oxygen species (ROS) overwhelm neutralizing
defenses. In B6C3F1 mice, hepatic superoxide anion radical (O2™) production increased following
a single acute dose of 10 ug/kg TCDD, while sub-chronic doses as low as 15 ng/kg/day TCDD
also elevated ROS levels [12]. TCDD-elicited hepatic ROS production is stimulated via several
processes including the infiltration of activated macrophages and other phagocytes, the induction
of cytochrome P450s and oxidoreductases, increased number of mitochondria and the partial
uncoupling of oxidative phosphorylation, peroxisome proliferation, xanthine
dehydrogenase/xanthine oxidase (XDH/XO) induction, and the inhibition of selenium-dependent
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glutathione (GSH) peroxidase. Increased production of hydrogen peroxide (H.0.), O;", and
hydroxyl radical ("OH) results in lipid peroxidation, DNA damage, decreased membrane fluidity,
and altered levels of GSH and NADPH (reviewed in [11]).

Iron (Fe) is a micronutrient involved in several essential biological processes including
oxygen transport, cellular respiration, and DNA synthesis. It is well established that Fe plays a
fundamental role in TCDD-elicited hepatic oxidative stress. Cycling between the ferrous (Fe?")
and ferric (Fe®") redox states allows Fe to catalyze the Haber-Weiss reaction, in which highly
reactive "OH is generated from H>O; and O™, leading to increased malondialdehyde (MDA) levels
and other lipid peroxidation end products indicative of tissue damage and cell death. TCDD
increased hepatic MDA levels in rats fed an Fe-supplemented diet, while Fe deficiency completely
protected against MDA increases [13]. Similarly, in vitro lipid peroxidation in TCDD-treated rat
hepatic microsomes was substantially reduced by desferrioxamine chelation [14], further
demonstrating a role for Fe in TCDD-elicited hepatic lipid peroxidation. Additionally, Fe-catalyzed
oxidative damage is considered to be a causal factor in the development of hepatic fibrosis and
hepatocellular carcinoma [15, 16].

Previous studies report that AhR activation causes accumulation of Fe and heme
precursors [17, 18], however the underlying mechanisms remain poorly understood. The objective
of this study was to identify the altered biological processes and pathway interactions responsible
for TCDD-elicited disruption of systemic Fe homeostasis and heme metabolism in mice. Using a
systems biology approach, duodenal epithelial and hepatic RNA-Seq analyses were integrated
with hepatic AhR ChlIP-Seq data, capillary electrophoresis protein measurements, and clinical
chemistry to investigate Fe absorption, transport, storage, and regulation. Our results
demonstrate that TCDD repressed hepcidin, the master regulator of systemic iron homeostasis,
leading to Fe accumulation in the serum and detection in urine. TCDD also altered hepatic heme
biosynthesis and metabolism, leading to the activation of REV-ERBa/B, transcriptional repressors
associated with the regulation of peripheral circadian rhythm and lipid metabolism. Taken
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together, these results suggest that disruption of Fe homeostasis plays a key role in TCDD-elicited

oxidative stress and the progression of steatosis to steatohepatitis with fibrosis in mice.

MATERIALS & METHODS
Animal handling and treatment

Postnatal day 25 (PND25) male C57BL/6 mice weighing within 10% of each other were
obtained from Charles River Laboratories (Portage, MI) and housed in Innovive Innocages (San
Diego, CA) containing ALPHA-dri bedding (Shepherd Specialty Papers, Chicago, IL) in a 23°C
environment with 30-40% humidity and a 12-hour light/dark cycle (7am—7pm). Aquavive water
(Innovive) and Harlan Teklad 22/5 Rodent Diet 8940 (Madison, WI) were provided ad libitum.
Mice were acclimated for 4 days (d) prior to treatment. 4-week old mice were used because
juveniles are more sensitive to TCDD compared to adults [19]. Animals (n=8) were orally gavaged
with sesame oil vehicle (Sigma-Aldrich, St. Louis, MO), 0.01, 0.03, 0.1, 0.3, 1, 3, 10, or 30 pg/kg
TCDD (AccuStandard, New Haven, CT) every 4d for a total of 28d (7 exposures; Figure 25). The
doses used compensate for the relatively short duration of the study compared to lifelong
cumulative human exposure from diverse AhR ligands, the bioaccumulative nature of
halogenated AhR ligands, and differences in the metabolism and half-life of TCDD between
humans (1-11 years [20, 21]) and mice (8-12d [22]). In addition, these doses result in hepatic
tissue levels that span background serum concentrations reported in the United States, Germany,
Spain, and the United Kingdom to serum levels reported in Viktor Yushchenko 4-39 months
following poisoning [10]. Hepatic samples from female C57BL/6 mice treated with a single bolus
dose of 3,3',4,4',5-pentachlorobiphenyl (PCB126; 3000 ug/kg), 2,3,7,8-tetrachlorodibenzofuran
(TCDF; 3000 pg/kg), and 2,2',4,4',5,5"-hexachlorobiphenyl (PCB153; 300 mg/kg) were collected
as previously described [8, 23]. All animal procedures were approved by the Michigan State

University (MSU) All-University Committee on Animal Use and Care.
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FIGURE 25. CHAPTER 5 STUDY DESIGN

Male C57BL/6 mice (n=8) were orally gavaged with sesame oil vehicle or 0.01-30 pug/kg TCDD
every 4 days for 28 days.
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Sample collection

At 7, 15, and 23d after the first dose, mice (vehicle and 30 pug/kg TCDD groups) were
fasted for 6 hours (h) (access to water but not food) prior to tail blood glucose measurements
using a FreeStyle Lite meter (Abbott Laboratories, IL). At 22d after the first dose, oral glucose
tolerance tests (OGTT) were performed (vehicle and 30 pug/kg TCDD groups; fasted for 6h).
Briefly, at time 0 minutes (min) animals were orally gavaged with 2 g/kg glucose in a 25% solution
and tail blood glucose was measured at 0, 5, 15, 25, 30, 60, and 120 min. At 26d after the first
dose, mice (vehicle and 30 pg/kg TCDD groups) were temporarily transferred to Innocages
lacking bedding for 2h, with access to water but not food. Any urine expelled during this period
was immediately collected, frozen in liquid nitrogen, and stored at -80°C. At 28d after the first
dose, mice (all dose groups; fasted for 6h) were weighed and blood was collected from the
submandibular vein prior to cervical dislocation. The duodenum (entire length from the stomach
to the duodenojejunal flexure) was removed, flushed with Ca?*/Mg?*-free phosphate buffered
saline (PBS; Sigma) and opened longitudinally. The epithelial lining was scraped into either an
empty vial for protein analysis or a vial containing 1.3 mL TRIzol (Invitrogen, Carlsbad, CA) for
RNA extraction, frozen in liquid nitrogen, and stored at -80°C. Liver, gonadal white adipose tissue
(QWAT), and brown adipose tissue were removed, weighed, frozen in liquid nitrogen, and stored

at -80°C.

Clinical chemistry

Total Fe levels (Fe?* and Fe*', heme and non-heme) were measured in serum, urine, and
liver (vehicle, 3-30 ug/kg TCDD groups) using inductively coupled plasma mass spectrometry
(ICP-MS) at the MSU Diagnostic Center for Population and Animal Health (DCPAH). Free hemin
(oxidized heme) was quantified in liver homogenates (vehicle and 30 pg/kg TCDD groups) using
a commercial colorimetric assay (MAKO36; Sigma). Total and direct (conjugated) bilirubin levels
were measured in serum and urine (vehicle and 30 pg/kg TCDD groups) using commercial
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colorimetric assays (B7576 and B7538, respectively; Pointe Scientific, Canton, MI). All
colorimetric end products were measured using a Tecan (Mannedorf, Switzerland) Infinite M200
plate reader. Indirect (unconjugated) bilirubin levels were calculated using indirect bilirubin = total
bilirubin — direct bilirubin. Total iron binding capacity (TIBC) of serum (vehicle and 30 pg/kg TCDD
groups) was measured through a direct ferric chloride colorimetric assay performed by MLabs
(University of Michigan, Ann Arbor, MI). TIBC values were used to calculate transferrin saturation
using transferrin saturation = serum Fe/TIBC X 100%. Total porphyrins in the urine (vehicle and
30 pg/kg TCDD groups) were quantified using a modified spectrophotometric method [24].
Uroporphyrin (8-carboxyporphyrin) accounts for 90% of mouse hepatic porphyrins in TCDD-
elicited porphyria [18] and therefore the molar absorptivity of uroporphyrin (541,000 M*cm?) was

used to calculate the concentration of total urinary porphyrins.

RNA extraction and RNA-sequencing

Frozen duodenal epithelium scrapings and liver samples (all doses) were homogenized in
TRIzol (Ambion, Waltham, MA) using a Mixer Mill 300 tissue homogenizer (Retsch, Germany).
Total RNA was isolated as previously described [7] and quantified using a Nano-drop
spectrophotometer (Thermo Scientific, Wilmington, DE) at 260 nm. Purity was assessed by
calculating the Azeso/A2so ratio and RNA quality was analyzed using the Caliper LabChip GX (Perkin
Elmer, Waltham, MA).

Duodenal and hepatic dose-dependent gene expression (all dose groups) was examined
using RNA-Seq performed at the Research Technology Support Facility Genomics Core
(rtsf.natsci.msu.edu/genomics). Duodenal libraries from three independent biological replicates
(n=3) were prepared using the Ovation Mouse RNA-Seq System 1-16 sample preparation kit
(NuGen, San Carlos, CA), with an additional DNase step. Hepatic libraries from three independent
biological replicates (n=3) were prepared using the lllumina TruSeq RNA Sample Preparation Kit
(lumina, San Diego, CA). Libraries were quantified and sequenced using a read depth of ~30M
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per sample, as previously described [25]. Quality was determined using FASTQC v0.11.2/v0.11.3
and adaptor sequences were removed using Trimmomatic v0.32/v0.33. Reads were mapped to
the mouse reference genome (GRCm38 release 81) using Bowtie2 v2.2.3/v2.2.6 and TopHat2
v2.0.12/v2.1.0.

Following semi-parametric normalization, data were analyzed through an empirical Bayes
method in which model-based t values were used to calculate posterior probability P1(t) values
on a per gene and dose basis [26, 27]. Bayesian models take into account adjacent data points
while considering trends within a dose-response dataset. In addition, P1(t) values can be used to
rank and prioritize genes based on the probability of differential expression. For TCDD-mediated
differential gene expression, fold changes were calculated relative to vehicle controls. Genes
were considered differentially expressed if |fold change| = 1.5 and statistical P1(t) value = 0.8 at
one or more doses. RNA-Seq datasets for the duodenal epithelium and liver were deposited in
the Gene Expression Omnibus (GEO; accession number GSE87542 and GSE87519,

respectively).

Putative DRE identification and hepatic AhR ChIP-Seq

Putative dioxin response elements (pDREs) with matrix similarity scores (MSS) = 0.856
were previously identified [28]. ChIP-Seq was performed on liver samples from male C57BL/6
mice 2h following a single oral dose of 30 ug/kg TCDD as previously described [28]. Reads were
mapped to the mouse reference genome (GRCm38 release 81) using Bowtie 2.0.0 and

alignments were converted to SAM format using SAMTools v0.1.2.

Enrichment analyses and KEGG pathway integration

Differentially expressed genes (DEGSs) in the duodenal epithelium were analyzed for
enriched functions using the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) v6.7. Only Gene Ontology (GO) Biological Processes and Molecular Functions were
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considered. Enrichment scores (ES) = 1.3 were considered significantly enriched, representing
the -log scale geometric mean p-value of 0.05.

CytoKEGG 0.0.5 within Cytoscape 3.2.0 was used to generate metabolism pathways with
additional manual curation. Metabolite levels were obtained from clinical chemistry analyses or a
published hepatic metabolomics dataset [28]. The largest |fold change| for differential gene
expression and metabolite levels are represented regardless of dose. The fold change for AhR

enrichment (upper left corner) and the number of pDREs (upper right corner) are also provided.

Quantitative real-time polymerase chain reaction (QRT-PCR)

gRT-PCR was performed for select genes as previously described [7]. Forward and
reverse primer sequences and amplicon sizes are provided in Table 7. PCR amplification was
conducted on a Bio-Rad CFX Connect Real-Time PCR Detection System. Gene expression
relative to vehicle control was calculated using the 2°T method and the geometric mean of 3
housekeeping genes ActB, Gapdh, and Hprt. Gene expression data are plotted relative to vehicle

control.

Protein measurements

Duodenal epithelial scrapings, liver (ground by mortar and pestle), and serum samples
(vehicle and 30 pg/kg TCDD groups) were sonicated on ice in RIPA buffer supplemented with
protease inhibitor cocktail (Sigma). Samples were centrifuged and total protein in the supernatant
was measured using the bicinchoninic acid (BCA) assay (Sigma). The WES -capillary
electrophoresis system (ProteinSimple, San Jose, CA) was used with the following antibodies:
ACOL1 (1:65; ab126595; Abcam, Cambridge, MA), FTH1 (1:65; ab65080; Abcam), FTL1 (1:65;
ab69090; Abcam), HAMP/HAMP2 (1:10; ab190775; Abcam), HAOL1 (1:30; ab93137; Abcam), HP
(1:650; ab131236; Abcam), HPX (1:10; ab90947; Abcam), SLC11A2 (DMT1; 1:10; ab123085;
Abcam), SLC40A1 (1:30; NBP1-21502; Novus Biologicals, Littleton, CO), TFRC (1:30; ab84036;
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TABLE 7. PRIMER SEQUENCES (5'-3') AND PRODUCT SIZES FOR GENES VERIFIED BY QRT-PCR

Gene ID g;/er?l%ol igfcess?gion Forward Primer Reverse Primer gir;)sluct
11461 Actb NM_007393 GCTACAGCTTCACCACCACA TCTCCAGGGAGGAAGAGGAT 123
14433 Gapdh NM_008084 GTGGACCTCATGGCCTACAT TGTGAGGGAGATGCTCAGTG 125
15452 Hprt NM_013556 AAGCCTAAGATGAGCGCAAG TTACTAGGCAGATGGCCACA 104
84506 Hamp NM_032541 CCTGAGCAGCACCACCTATC TGGGAATTGTTACAGCATTTACAGC 171
66438 Hamp2 NM_183257 CCAGCAACAGATGAGACAGACT TGGCTCTAGGCTCTCTATTCTTCA 189
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Abcam), and TRF (1:30; ab82411; Abcam). Primary antibodies were detected using a goat anti-
rabbit secondary antibody conjugated to horseradish peroxidase. Chemiluminescence signals
were analyzed with Compass software (ProteinSimple). Protein levels in the duodenum and liver
were normalized to SDHA levels, while protein levels in the serum were normalized to sample

volume.

RESULTS
Gross morphology and histopathology

Hepatic TCDD levels in female C57BL/6 mice gavaged every 4d for 28d approach steady
state and are comparable to levels reported in human serum following accidental or intentional
exposures [10]. In this study, 30 pg/kg TCDD decreased terminal body weight by 27% (Figure
26A), despite no significant change in daily food intake (data not shown). Absolute liver weights
increased 18—-30% at 1-10 ug/kg TCDD, while relative liver weight displayed an 18-57% dose-
dependent increase at 0.3—30 pg/kg TCDD (Figure 26B). There was a 46% and 28% decrease in
absolute and relative gonadal white adipose tissue weight, respectively, at 30 pg/kg TCDD (Figure
26C). No change in terminal brown adipose tissue was observed (not shown).

TCDD and related AhR agonists are reported to elicit hepatic lipid accumulation, immune
cell infiltration, periportal fibrosis, and bile duct proliferation in mice [9, 29-32]. Similarly, we
observe these same histopathological features in the livers of C57BL/6 mice orally gavaged with
TCDD every 4d for 28d, where the incidence and severity are consistently greater in males
compared to females [10, 33, 34]. Specifically, male mice exhibit hepatic lipid accumulation at
20.3 pg/kg determined through Oil Red O (ORO) staining and inflammatory cell infiltration
(primarily macrophages) at 23 pg/kg determined through F4/80 labeling. Picrosirius red (PSR)
and hematoxylin & eosin (H&E) staining reveal periportal fibrosis and bile duct proliferation,

respectively, at 30 pg/kg [34]. Hepatic vacuolization indicative of lipid accumulation is first
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(A) Terminal body weight, (B) relative liver weight, and (C) relative gonadal white adipose tissue (GWAT) weight of male C57BL/6 mice

orally gavaged with sesame oil vehicle or 0.01-30 ug/kg TCDD every 4 days for 28 days. Bars represent average + standard error of

the mean (SEM) for at least 7 biological replicates. Statistical significance (* p < 0.05) was determined using one-way ANOVA analysis

followed by Dunnett’s post-hoc test performed in SAS 9.3.
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observed in mice 18h after a single oral dose of 30 ug/kg TCDD, while immune cell infiltration and

individual cell apoptosis are evident at 168h [7].

Fe levels

Total Fe (Fe?* and Fe**, heme and non-heme) levels were measured in serum, urine, and
liver extracts. ICP-MS detected a dose-dependent increase in Fe from 314 ug/dL in controls to
816 pg/dL in serum at 30 pg/kg TCDD (Figure 27A). Fe was not detected in control urine but was
present in the urine of all mice at 30 ug/kg TCDD, with an average level of 0.37 ug/mL (Figure
27B). A modest dose-dependent increase in total hepatic Fe levels was observed, although it was
not statistically significant (p=0.086) due to inter-animal variability (Figure 27C). Previous studies
report a 60% increase in hepatic Fe levels in mice receiving 4 weekly doses of 25 ug/kg TCDD
[18]. Interestingly, the rate of Fe-catalyzed lipid peroxidation is dependent on the amount of free
catalytically active Fe?* rather than total Fe [35]. Intracellular Fe is normally sequestered in the
ferric state by the storage protein ferritin. However, TCDD facilitates the mobilization of
catalytically active Fe?* through induction of cytochrome P450s [36] and XDH/XO which generate
hepatic ROS [28]. Ascorbate, which also releases Fe?* from ferritin [37], increased 1.3-fold in
hepatic extracts and 124.4-fold in urine of TCDD-treated mice [10]. Consequently, TCDD can
facilitate catalytically active Fe?" mobilization through diverse mechanisms.

In blood, Fe is bound to transferrin (TRF), a plasma glycoprotein containing two high-
affinity Fe®**-binding sites. Serum TIBC increased from 236 pg/dL in controls to 534 pg/dL in
TCDD-treated mice, indicating an increase in blood TRF levels, consistent with a 2.2-fold increase
in TRF protein levels in the liver, the primary site of TRF synthesis (Figure 27D-E). This TIBC
increase was proportional to increases in serum Fe, and therefore transferrin saturation (serum

iron/TIBC X 100%) was unaffected by TCDD (Figure 27F).
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Total iron (Fe) levels in (A) serum, (B) urine, and (C) liver of male C57BL/6 mice orally gavaged

with sesame oil vehicle or 3-30 pug/kg TCDD every 4 days for 28 days, as determined through

inductively coupled plasma mass spectrometry (ICP-MS) analysis. For (B), the number of animals

in which Fe was detected in the urine is indicated. (D) Serum total iron binding capacity (TIBC),

(E) hepatic transferrin (TRF) protein levels, and (F) serum transferrin saturation of male C57BL/6

mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days for 28 days. Bars

represent the average + standard error of the mean for at least 4 biological replicates. Statistical

significance (* p < 0.05) was determined using one-way ANOVA analysis followed by Dunnett’s

post-hoc test (A,C) or a Student’s t-test (D-F) performed in SAS 9.3, or Chi-Square analysis based

on the presence or absence of Fe performed in R 3.3.1 (B).
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Duodenal differential gene expression

The duodenum is the intestinal segment predominantly responsible for the absorption of
dietary minerals including Fe. Analysis of duodenal epithelial differential gene expression
detected 22,541 expressed genes, of which 969 were differentially expressed (|fold change| =
1.5, P1(t) = 0.8) at one or more doses. The majority of differentially expressed genes (DEGS)
exhibited dose-dependent induction. AhR battery members including Cyplal (284.0-fold),
Cypla2 (117.1-fold), and Cyp1lbl (51.0-fold) were among the most induced genes, while cubilin
(Cubn; 4.2-fold), apolipoprotein L10A (Apoll0a; 4.0-fold), and glutathione peroxidase 2 (Gpx2;
3.8-fold) were among the most repressed genes.

DAVID identified 25 enriched functional clusters (ES = 1.3) within the 969 duodenal DEGs,
including an Fe- and heme-binding cluster consisting of 17 cytochrome P450s and several Fe
homeostasis genes. For example, ferritin heavy chain 1 (Fthl), lactotransferrin (Ltf), and solute
carrier 40A1 (Slc40al; aka ferroportin) were repressed 1.7-, 1.6-, and 2.1-fold, respectively.
Functional analysis also identified clusters related to immune response and inflammation. Several
MHC class Il genes (Cd74, H2-Oa, H2-Ob, H2-Aa, H2-Abl, H2-Eb1, H2-DMa, H2-DMb1) involved
in antigen processing and presentation were repressed, consistent with TCDD-elicited depletion
of antigen-presenting cells such as intestinal macrophages and dendritic cells [33]. Genes
involved in T and B lymphocyte differentiation were also differentially expressed, including thymus
cell antigen 1 (Thy1 repressed 1.9-fold), interleukin-15 (1115 induced 1.5-fold), and interleukin-7
receptor (II7r induced 1.5-fold), providing further evidence of duodenal lymphocyte population
changes or disruption of lymphocyte activation. Clusters associated with lipid homeostasis and
metabolism, including intestinal digestion and absorption, lipid transport, steroid biosynthesis, and
vitamin A metabolism (e.g., Adhl induced 1.7-fold, Rdh10 induced 1.7-fold, Aldhlal repressed
1.9-fold, Rdh16 repressed 1.9-fold) were also enriched. Various cholesterol transporters such as
ATP-binding cassette Al (Abcal), ATP-binding cassette G8 (Abcg8), scavenger receptor Bl
(Scarbl), and NPC1-like 1 (Npcl1ll) were repressed, while long chain fatty acid transporter Cd36
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antigen (Cd36) was induced. Overall, these changes are consistent with reports that TCDD alters

dietary fatty acid/cholesterol absorption and vitamin A metabolism in the jejunum [33].

Hepatic differential gene expression

Hepatic RNA-Seq analysis detected 19,935 expressed genes, of which 9,313 were
differentially expressed (|fold change| = 1.5, P1(t) =2 0.8) at one or more doses with the majority
exhibiting dose-dependent induction. Highly induced AhR battery members included Cyplal
(1,771-fold), flavin containing monooxygenase 3 (Fmo3; 1,491-fold), and Cyplbl (1,436-fold).
Carboxylesterase 3A (Ces3a), carbonic anhydrase 3 (Car3), and major urinary protein 7 (Mup7)
were repressed at 3,062-, 2,198-, and 1,800-fold, respectively. Overall, the number of male liver
DEGs (9,313) exceeded the previously reported number of female hepatic DEGs (3,677) [25]. In
general, genes exhibited greater differential expression in males compared to that in females.

A previously published functional analysis of the hepatic transcriptome after repeated
TCDD dosing identified dysregulation of lipid biosynthesis and metabolism, central carbon
metabolism, and oxidative stress defense pathways [28]. The current study focuses specifically
on hepatic genes related to iron and heme homeostasis. A list of 119 mouse genes involved in
Fe homeostasis was compiled by searching the literature and the Gene Ontology (GO) database
for: (i) Fe ion homeostasis GO:0055072, (ii) Fe ion transport GO:0006826, (iii) regulation of Fe
ion transport GO:0034756, (iv) heme metabolic process G0:0042168, (v) heme biosynthetic
process GO:0006783, and (vi) heme transport GO:0015886. Approximately 114 of these 119 Fe-
related genes were expressed in the liver, of which 73 exhibited differential expression following
TCDD treatment (Figure 28). The observed gene expression changes were consistent with Fe

accumulation and disrupted Fe homeostasis, which are discussed below.
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FIGURE 28. TCDD-ELICITED HEPATIC DIFFERENTIAL EXPRESSION OF GENES
INVOLVED IN IRON HOMEOSTASIS

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or TCDD (0.01-30 pg/kg) every
4 days for 28 days. Color scale represents the log.(fold change) for differential gene expression,
as determined through RNA-Seq analysis (n=3). The presence of pDREs (MSS = 0.856) and AhR
enrichment peaks (FDR < 0.05) at 2h are shown as green boxes. Relative gene expression level
indicating the number of reads aligned to each transcript is also shown, where yellow represents
lower expression (< 500 reads) and pink represents higher expression (= 10,000).
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Systemic Fe regulation

Hepcidin is the master regulator of systemic Fe homeostasis. It limits serum levels by
inhibiting duodenal absorption of dietary Fe, release of recycled heme Fe from macrophages, and
efflux of Fe stores from hepatocytes [38]. While the human and rat genomes contain a single
hepcidin (Hamp) gene, the mouse locus has undergone a duplication event, leading to two closely
related isoforms, Hamp and Hamp2 [39]. Homozygous Hamp knockout mice exhibit Fe
accumulation in several tissues, and increased serum Fe and ferritin levels, similar to hereditary
hemochromatosis in humans [40]. Transgenic mice overexpressing hepatic Hamp develop severe
Fe-deficiency anemia [41], while Hamp2 overexpression in the liver has no effect on Fe regulation,
suggesting HAMP and HAMP2 are not redundant [42].

RNA-Seq analysis identified dose-dependent repression of Hamp (max 5.9-fold) and
Hamp2 (max 37.0-fold) at 10-30 pg/kg TCDD, which was confirmed by qRT-PCR (Figure 29A-B).
Total HAMP (HAMP and HAMP2) protein was reduced 4.8-fold in the liver, consistent with the
transcriptional repression (Figure 29C). No AhR binding occurred within £10 kb of the Hamp or
Hamp?2 transcription start sites. Other AhR agonists including PCB126 and TCDF also repressed
Hamp expression 1.7- (not significant) and 2.8-fold, respectively, while non-dioxin-like PCB153
had no effect, suggesting Hamp repression involves the AhR (Figure 29D). Hamp2 was repressed
by PCB126 (6.3-fold), TCDF (19.7-fold), and PCB153 (2.2-fold), suggesting it may be regulated
by both AhR and non-AhR mechanisms (Figure 29E).

Hepcidin reduces serum Fe levels via the internalization and degradation of SLC40A1
(aka ferroportin), a transmembrane Fe exporter expressed on macrophages, hepatocytes, and
the basal membrane of duodenal enterocytes. Consistent with reductions in HAMP, SLC40A1
protein was increased 1.6-fold in the liver (Figure 29F). This would facilitate Fe efflux from
hepatocytes and Kupffer cells into the blood, consistent with Fe accumulation in the serum and
negligible hepatic increases. However, TCDD-elicited macrophage infiltration may also contribute
to hepatic increases in SLC40AL. In the duodenal epithelium, SLC40A1 protein levels remained
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FIGURE 29. TCDD REPRESSES HEPATIC HEPCIDIN EXPRESSION

gRT-PCR analysis of hepatic dose-dependent differential gene expression of (A) hepcidin (Hamp)
and (B) hepcidin 2 (Hamp2) in male C57BL/6 mice orally gavaged with sesame oil vehicle or 0.01-
30 ug/kg TCDD every 4 days for 28 days. (C) Total hepatic HAMP (HAMP and HAMP2) protein
levels in male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 pug/kg TCDD every 4
days for 28 days. Ligand-dependent repression of (D) Hamp and (E) Hamp2 24h after a single
oral gavage with AhR agonists (3000 pg/kg PCB126 and 3000 pg/kg TCDF) and a non-AhR
agonist (300 mg/kg PCB153) [8, 23]. Protein levels of (F) hepatic SLC40A1 (ferroportin), (G)
duodenal epithelial SLC40A1, and (H) duodenal epithelial SLC11A2 in male C57BL/6 mice orally
gavaged with sesame oil vehicle or 30 pg/kg TCDD every 4 days for 28 days. Bars represent the
average = standard error of the mean for at least 3 biological replicates. Red dashed line indicates
a fold change of 1. Statistical significance (* p < 0.05) was determined using one-way ANOVA

analysis followed by Dunnett’s test (A-B) or a Student’s t-test (C-H) performed in SAS 9.3.
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unchanged by TCDD (Figure 29G), despite 2.1-fold repression of Slc40al mRNA. Thus, under
conditions of TCDD-elicited HAMP deficiency, duodenal SLC40Al1 protein levels were
maintained, enabling continuous dietary Fe uptake across the basal duodenal membrane despite
increasing serum Fe levels. Hepcidin is also reported to regulate dietary Fe absorption through
proteasomal degradation of the apical solute carrier 11A2 (SLC11A2, aka DMT1) [43], however
duodenal SLC11A2 protein levels were unaffected by treatment (Figure 29H). Studies using rat
duodenal loops have shown that TCDD increases dietary Fe absorption, where enterocyte-to-
blood transfer mediated by SLC40A1 was substantially more affected than SLC11A2-mediated

lumen-to-enterocyte transfer [44].

Intracellular Fe regulation

Intracellular Fe homeostasis is also regulated by two iron response element (IRE)-binding
proteins, aconitase 1 (ACO1, aka IREB1) and IRE-binding protein 2 (IREB2). During Fe
deficiency, ACO1 and IREB2 bind to IREs within the 5" UTR or 3’ UTR of target genes, leading to
translational repression or mRNA stabilization, respectively. In contrast, abundant Fe lowers
ACO1 and IREB2 binding affinity for IREs. TCDD repressed Acol and Ireb2 2.4- and 1.5-fold,
respectively, while ACO1 hepatic protein levels were reduced 3.2-fold (Figure 30A), suggesting
transcriptional and/or translational repression due to Fe accumulation. Lower ACOL1 levels may
increase translation of 5 UTR IRE-containing transcripts and reduce mRNA stabilization of
transcripts containing 3’ UTR IREs. For example, hydroxyacid oxidase 1 (Haol) mRNA, which
contains a 3' UTR IRE, was repressed 856.2-fold possibly due to reduced ACOL1 levels, although
AhR enrichment was also observed. The corresponding protein was undetectable in liver extracts
from TCDD-treated animals (Figure 30B). In contrast, TCDD had no effect on hepatic protein
levels of ferritin heavy (FTH1) and light (FTL1) chains, despite 5° UTR IREs within both genes

(Figure 30C-D).
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FIGURE 30. TCDD DYSREGULATES INTRACELLULAR IRON HOMEOSTASIS

Hepatic (A) aconitase 1 (ACO1), (B) hydroxyacid oxidase 1 (HAOL1), (C) ferritin heavy chain 1
(FTH1), (D) ferritin light chain 1 (FTL1), and (E) transferrin receptor (TFRC) protein levels in male
C57BL/6 mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days for 28 days.
Bars represent the average * standard error of the mean (SEM) for at least 3 biological replicates.
ND indicates ‘not detected’. Statistical significance (* p < 0.05) was determined using a Student’s
t-test performed in SAS 9.3.
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The transferrin receptor (TFRC), which is regulated by intracellular Fe levels, mediates
cellular uptake of TRF-bound Fe via receptor-mediated endocytosis. Under low Fe conditions,
Tfrc mRNA is stabilized by the presence of 5 IREs within the 3’ UTR. Despite negligible increases
in hepatic Fe levels, TCDD induced hepatic Tfrc mMRNA and protein 2.3- and 3.0-fold, respectively,
in the absence of AhR enrichment (Figure 30E). Hemochromatosis (HFE) is a membrane protein
which competes with Fe®**-TRF for overlapping binding sites on TFRC. With serum Fe
accumulation, TRF saturation increases and TRF dislodges HFE from its overlapping binding
sites on TFRC [45]. HFE then forms an iron-sensing complex with juvenile hemochromatosis type
2 (HFE2), transferrin receptor 2 (TFR2), and bone morphogenetic protein 6 (BMP6), using the
cell surface receptor neogenin (NEO1) as a scaffold protein [45, 46]. Complex assembly initiates
the canonical BMP signaling pathway, in which SMAD transcription factors induce Hamp
transcription. The importance of HFE2, TFR2, and NEO1 in Hamp expression has been confirmed
in human genetic disorders, human liver transplant studies, null mouse models, and mutation
analysis studies. Hepatic Hfe2, Tfr2, and Neol were repressed 2.6-, 6.1, and 1.6-fold,
respectively, by TCDD, which may compromise HFE-HFE2-TFR2-BMP6 complex assembly
thereby limiting Hamp and Hamp2 transcription (Figure 31). AhR enrichment within Hfe2 and
Neol was increased 6.2- and 3.2-fold, respectively, suggesting AhR involvement in Hamp and
Hamp2 repression. Alternatively, Qian et al propose that PCB126 and PCB153 repress hepatic
Hamp in female mice in an estrogen response element (ERE)-dependent manner by mimicking

estrogen activity [47].

Heme biosynthesis and metabolism

Heme, a cyclic tetrapyrrole cofactor containing Fe?*, is essential for multiple biological
functions including the capacity to bind gases and facilitate electron transfer in redox reactions.
However, due to its ability to oxidize biological macromolecules and activate apoptotic enzymes,
free heme must be incorporated into hemoproteins to minimize its toxicity. In our study, hepatic
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levels of free hemin (oxidized heme) increased from 510 pmole/mg in controls to 782 pmole/mg
in TCDD-treated samples (Figure 32A).

Mammals are equipped with soluble scavengers to prevent heme and hemoprotein
toxicity. Free hemoglobin in blood is captured by haptoglobin (HP) and removed by interaction
with scavenger receptor CD163. TCDD repressed hepatic expression of Hp 7.5-fold and reduced
serum protein levels 1.6-fold (Figure 32B), possibly through AhR-dependent transcriptional
repression given the 2.1-fold increase in AhR enrichment. This would reduce HP buffering
capacity while increasing hemoglobin oxidation to methemoglobin and the release of free heme.
Free heme is bound by hemopexin (HPX), a high affinity plasma glycoprotein that is primarily
expressed by the liver. HPX delivers heme to hepatocytes where it is endocytosed through LDL
receptor-related protein 1 (LRP1). Hepatic Hpx was repressed 3.1-fold by TCDD, consistent with
a 1.4-fold decrease in serum protein levels (Figure 32C), while AhR enrichment was increased
6.6-fold. Similarly, TCDD repressed Lrpl 1.8-fold, with a 7.0-fold increase in AhR genomic
binding. In addition, a truncated form of ai-microgloblulin (A1M, encoded by Ambp) binds and
degrades extracellular heme but was dose-dependently repressed 9.0-fold, thereby further
compromising antioxidant defenses against free heme.

Hepatic heme oxygenase 1 (Hmox1), an inducible enzyme which catabolizes heme to
Fe?*, biliverdin, and CO, was induced 6.5-fold (Figure 33). Heme is the most potent physiological
inducer of Hmox1 following binding to BACH1, a cap'n'collar basic region leucine zipper
transcription factor, although oxidative stress and cytokines are also known inducers [48]. BACH1
forms heterodimers with small Maf proteins including MafF, MafG, and MafK, which bind Maf
recognition elements (MARES) within the promoter region of target genes to repress transcription.
As heme accumulates, it binds to the heme regulatory motif (HRM) within BACH1, reducing DNA-
binding activity and inducing nuclear export [48]. Maf proteins then form heterodimers with
transcriptional activators such as NRF1 (Nfe2l1, repressed 1.6-fold) and NRF2 (Nfe2l2, induced
5.1-fold), to induce MARE-driven expression of target genes including Hmox1. Hepatic expression
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FIGURE 32 (cont’d)

(A) Hepatic hemin levels in the liver, and (B) serum haptoglobin (HP) and (C) serum hemopexin
(HPX) levels in male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD
every 4 days for 28 days. Total, direct, and indirect levels of bilirubin in the serum (D-F) and urine
(G-I) of male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 pg/kg TCDD every 4
days for 28 days. (J) Total porphyrins in urine samples collected on day 26 from male C57BL/6
mice orally gavaged with sesame oil control or 30 pg/kg TCDD every 4 days. (K) Urine samples
collected from 3 mice treated with 30 pg/kg TCDD exhibit a dark tea color, compared to urine
samples from 3 sesame oil controls. Bars represent the average + standard error of the mean
(SEM) for at least 4 biological replicates. Statistical significance (* p < 0.05) was determined using
a Student’s t-test performed in SAS 9.3.
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FIGURE 33 (cont’d)

Genes are identified as rectangles and metabolites as circles. Color scale represents the log.(fold
change) for differential gene expression and altered metabolite levels. Grey symbols indicate that
the metabolite was not measured. The upper left corner of genes indicates maximum AhR

enrichment fold change where ‘-’ indicates no AhR enrichment, and the upper right corner
indicates the number of pDREs (MSS = 0.856).
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of Bachl was induced 1.9-fold by TCDD, while Maf, Maff, and Mafk were induced 1.6-, 34.7-, and
3.0-fold, respectively. AhR enrichment was identified at several Maf-related gene loci, including
8.3-, 2.5-, 3.3, and 1.9-fold enrichment within Maf, Mafb, Maff, and Mafk, respectively. Hmox1
induction is likely in response to TCDD-elicited heme accumulation; however, the 3.3-fold
increase in AhR genomic enrichment within the Hmox1 promoter may also be a contributing
factor.

In addition, TCDD elicited a 3.3-fold induction of biliverdin reductase B (Blvrb) which
metabolizes biliverdin to bilirubin, the latter being an effective peroxyl radical scavenger that
inhibits heme-induced lipid peroxidation. Several UDP-glucuronosyltransferases involved in
bilirubin conjugation were also induced including Ugtlal, Ugtla7c, Ugtla8, and Ugtla9 (2.2-,
51.2-, 4.8-, and 4.8-fold, respectively) (Figure 33). In the serum, total bilirubin was increased 2.4-
fold at 30 pg/kg TCDD, while conjugated (direct) and unconjugated (indirect) bilirubin levels
exhibited no clear treatment effect (Figure 32D-F). Similarly, TCDD increased total, direct, and
indirect bilirubin levels in the urine 2.6-, 1.8-, and 4.2-fold, respectively (Figure 32G-I).
Conjugated-bilirubin in the blood is transported into hepatocytes by solute carrier organic anion
transporter 1A1 (Slcolal) and 1B2 (Slcolb2), and then exported to the biliary tract by ATP-
binding cassette C2 (Abcc2) and ATP-binding cassette G2 (Abcg2). Hepatic Slcolal, Slcolb2,
and Abcg2 were repressed 1,186-, 7.9-, and 3.0-fold, respectively, by TCDD, consistent with
increased serum and urine bilirubin levels. Unconjugated bilirubin in the blood binds to albumin
(ALB) to limit tissue uptake and toxicity, however TCDD repressed hepatic Alb 3.7-fold. In
humans, reducing the bilirubin-binding capacity of ALB increases the risk of bilirubin toxicity in the
brain (kernicterus) and skin (jaundice). Furthermore, bilirubin can be oxidized back to biliverdin
by ROS, creating a redox cycle that draws NADPH away from other reactions including ROS
defense responses [28]. Interestingly, bilirubin activates the AhR and induces Cyplal mRNA

levels, likely to enhance bilirubin elimination [49].
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Cyplal, 1la2, and 1bl induction was accompanied by an equally dramatic repression of
several highly expressed cytochrome P450 subfamilies such as 2c (2c29, 2c44, 2¢50, 2c70, and
2c¢54 repressed 8.7-, 62.3-, 41.6-, 68.6-, and 550.5-fold, respectively), 2d (2d9, 2d26, 2d34, and
2d40 repressed 5.8-, 32.4-, 14.8-, and 75.4-fold, respectively), 2el (repressed 7.6-fold), 2j (2}5,
and 2j9 repressed 32.1, and 17.5-fold, respectively), and 3a (3al3, 3al6, and 3a25 repressed
17.0-, 5.2-, and 6.0-fold, respectively) (Figure 34). Other hemoproteins were also repressed,
including indoleamine 2,3-dioxygenase 2 (Ido2; 11.9-fold) and sulfite oxidase (Suox; 7.5-fold)
(Figure 34). Heme released from degradation is not recycled, but catabolized by Hmox1.
Therefore, hemoprotein degradation likely also contributes to transient increases in free heme,
biliverdin, bilirubin, CO, and Fe?".

After erythroid progenitors, hepatocytes have the highest rate of heme biosynthesis, with
50% of hepatic heme committed to cytochrome P450 synthesis [50]. The first and rate limiting
step of heme biosynthesis, which involves the condensation of glycine with succinyl-CoA to
produce delta-aminolevulinic acid (ALA), is catalyzed by mitochondrial delta-aminolevulinate
synthase 1 (Alasl). TCDD induced hepatic Alasl 4.1-fold in the absence of AhR enrichment,
consistent with the TCDD-elicited hepatic hemin increases. However, 6 of the other 7 heme
biosynthesis enzymes were repressed, including aminolevulinic acid dehydrase (Alad),
hydroxymethylbilane synthase (Hmbs), uroporphyrinogen Ill synthase (Uros), uroporphyrinogen
decarboxylase (Urod), coproporphyrinogen oxidase (Cpox), and protoporphyrinogen oxidase
(Ppox) (2.9-, 1.3, 2.4-, 2.0-, 1.9-, and 1.6-fold, respectively) (Figure 33). Furthermore, hepatic
expression of Alas2, which is typically specific to erythroid-derived cells, was repressed 65.6-fold.

Porphyria cutanea tarda (PCT), the most common human porphyria, is a photosensitive
skin disease caused by over-production of hepatic porphyrins, resulting in high urinary
concentrations. Biochemically, PCT is characterized by a UROD deficiency that causes
uroporphyrinogen Il accumulation, although nutritional and/or environmental interactions, such
as exposure to AhR agonists, are typically required for disease expression [17]. In the presence
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FIGURE 34 (cont’d)

TCDD-elicited hepatic differential expression of genes encoding (A) cytochrome P450 enzymes
and (B) other hemoproteins. Male C57BL/6 mice were orally gavaged with sesame oil vehicle or
TCDD (0.01-30 pg/kg) every 4 days for 28 days. Color scale represents the log.(fold change) for
differential gene expression, as determined through RNA-Seq analysis (n=3). The presence of
pDREs (MSS = 0.856) and AhR enrichment peaks (FDR < 0.05) at 2h are shown as green boxes.
Relative gene expression level indicating the number of reads aligned to each transcript is also
shown, where yellow represent lower expression (< 500 reads) and pink represents higher

expression (= 10,000).
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of Fe and CYP1AZ2, uroporphyrinogen 1l is oxidized to uroporphomethene, a UROD inhibitor, and
finally, uroporphyrin Ill, a urinary metabolite identified in rodent porphyria models and PCT
patients. Uroporphyrin Il is not a substrate for heme synthesis and thus it accumulates in the
liver, skin, and urine [17]. While TCDD induces hepatic uroporphyria in rodent models, CYP1A2
null mice are completely protected against uroporphyrin accumulation [17].

At 30 pg/kg TCDD, total urinary porphyrin levels increased 13.2-fold (Figure 32J),
consistent with the dark tea color of the collected urine (Figure 32K). This is in agreement with
the 2.0-fold repression of Urod, mirroring the genetic deficiency in human PCT, and the 4.1-fold
induction of Alas1 which initiates heme biosynthesis and increases precursor levels, as previously
reported [18]. Transport of glycine, ALA, and coproporphyrinogen Il between the cytosol and
mitochondria may also be impaired by the 1.6-, 2.9- and 1.7-fold repression of Slc25a38, Abcbh10,
and Abcb6, respectively. Furthermore, TCDD induced Cypla2 20.0-fold, leading to
uroporphyrinogen Il oxidation and porphyrin accumulation. Lastly, TCDD-elicited mobilization of
hepatic Fe?* likely contributes to the development of porphyria as Fe exacerbates TCDD-elicited

porphyria in mice [51] while Fe deficiency is completely protective [52].

REV-ERBa/B-regulated hepatic metabolism

In addition to serving as a prosthetic group for BACH1, heme also activates the
transcriptional repressors REV-ERBa (Nrldl) and REV-ERBB (Nrld2). TCDD-elicited hepatic
heme accumulation would therefore favor the repressive activity of REV-ERBa and B. Heme-
activated REV-ERBa/B compete with retinoic acid receptor-related orphan receptors a and Y
(Rora and Rorc were repressed 1.3- and 5.2-fold, respectively) for binding to ROR response
elements (RORE). Once bound, REV-ERBa/f recruit the nuclear receptor corepressor—histone
deacetylase 3 (NCoR-HDACS3), resulting in the transcriptional repression of RORE-regulated

genes.
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Comparing hepatic DEGs from TCDD treated mice to RORa/RORY double knockout mice
[53] revealed that 64 out of 111 genes exhibit the same profile, suggesting TCDD treatment
mimics RORa/RORY knockout due to heme-mediated REV-ERBa/B activation (Figure 35).
Furthermore, a REV-ERBa and HDAC3 co-localization study identified ~100 hepatic genes
associated with lipid biosynthesis and metabolism [54], of which 66 were repressed by TCDD
(Figure 36). REV-ERBa/B-mediated coordinated repression is consistent with the inhibition of de
novo fatty acid synthesis and (-oxidation, and in line with TCDD-elicited disruption of lipid
metabolism and hepatic steatosis [7, 28].

REV-ERBa/B transcriptional repressors serve as links between the positive and negative
loops that regulate peripheral circadian expression. The positive loop consists of aryl hydrocarbon
receptor nuclear translocator-like (ARNTL) and circadian locomotor output cycles kaput (CLOCK),
which form a heterodimer and induce circadian output mediators. Accordingly, several circadian-
regulated genes were repressed by TCDD, including Arntl (aka Bmall; 23.9-fold), Clock (2.6-
fold), neuronal PAS domain protein 2 (Npas2, 36.3-fold), elongation of very long chain fatty acids-
like 3 (ElovI3, 736.3-fold), apolipoprotein A-l (Apoal, 43.7-fold), and apolipoprotein C-Ill (Apoc3,
9.3-fold). There is also a connection between disruption of the hepatic peripheral clock and
MetS/NAFLD development (reviewed in [55]). In mice, loss-of-function of Clock causes
hyperlipidemia, hepatic steatosis, and obesity [56], while liver-specific Arntl knockout leads to
exaggerated glucose clearance and hypoglycemia in the fasted state [57]. In our study, fasting
blood glucose decreased 1.7- and 2.1-fold at 15 and 23 days, respectively, after the initial TCDD
dose (Figure 37A). TCDD also increased glucose tolerance 22 days after the initial dose (Figure
37B-C), comparable to results in TCDD-treated female mice [10]. Although this suggests that
TCDD disrupted the peripheral clock regulating hepatic metabolism, further studies which

specifically consider time of day of dosing and tissue harvesting are required.
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FIGURE 35 (cont’d)

Heat map comparing hepatic TCDD-elicited differential gene expression to RORa/RORY" double
knockout (KO) mice [53]. Color scale represents the logz(fold change) for differential gene
expression, where fold change (FC) was determined relative to sesame oil vehicle for TCDD-
treated mice and relative to wild type for RORa/RORY KO mice. For each gene, the maximal
TCDD-elicited response (|[FC| = 1.5) was classified as consistent (yes vs. no) with the
RORa/RORY double KO based on the direction of differential expression. The presence of
pDREs (MSS = 0.856) and AhR enrichment peaks (FDR < 0.05) at 2h are shown as green boxes.
Relative gene expression level indicating the number of reads aligned to each transcript is also
shown, where yellow represents lower expression (< 500 reads) and pink represents higher

expression (= 10,000).
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FIGURE 36. THE EFFECTS OF TCDD ON REV-ERBa-REGULATED GENES

TCDD-elicited hepatic differential expression of REV-ERBa target genes associated with lipid
biosynthesis and metabolism identified by Feng et al [54]. Male C57BL/6 mice were orally
gavaged with sesame oil vehicle or TCDD (0.01-30 ug/kg) every 4 days for 28 days. Color scale
represents the log:(fold change) for differential gene expression, as determined through RNA-
Seq analysis (n=3). The presence of pDREs (MSS = 0.856) and AhR enrichment peaks (FDR <
0.05) at 2h are shown as green boxes. Relative gene expression level indicating the number of
reads aligned to each transcript is also shown, where yellow represents lower expression (< 500

reads) and pink represents higher expression (= 10,000).
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FIGURE 37. EFFECTS OF TCDD ON BLOOD GLUCOSE LEVELS

(A) Fasting blood glucose levels on days 7, 15, and 23 in male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 pg/kg TCDD
every 4 days. (B) Oral glucose tolerance test at 22d in male C57BL/6 mice receiving an oral gavage of sesame oil vehicle or 30 pg/kg
TCDD every 4 days, and (C) the corresponding area under the curve. Data points represent the average + standard error of the mean
(SEM) for at least 3 biological replicates. Statistical significance (* p < 0.05) was determined using two-way ANOVA analysis followed
by Tukey’s test (A) or a Student’s t-test (C) performed in SAS 9.3.
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DISCUSSION

Dysregulation of Fe homeostasis plays an important role in NAFLD and MetS
development (reviewed in [58]). Although there is no evidence that Fe significantly affects hepatic
lipid accumulation, increased levels are associated with increased risk of steatohepatitis, fibrosis,
and HCC, suggesting that Fe promotes the progression of steatosis to more severe liver
pathologies [15, 16, 59]. NAFLD patients often exhibit ‘dysmetabolic iron overload syndrome’
(DIOS), characterized by moderate hepatic Fe accumulation, normal transferrin saturation, and
elevated hepatic and serum HAMP levels [58]. In DIOS, elevated inflammatory cytokines (IL-6,
TNF-a), LPS, and excess Fe trigger HAMP synthesis, thereby reducing Fe export from
hepatocytes and macrophages.

In contrast to NAFLD and DIOS in humans, TCDD repressed Hamp expression, mimicking
the underlying genetic cause of human hereditary hemochromatosis (HH), in which excessive
dietary absorption leads to systemic Fe overloading. HAMP deficiency is the unifying mechanism
responsible for both classic HH caused by a Hfe mutation, as well as juvenile HH caused by
mutations in Hfe2 or Hamp [60]. Our results suggest that TCDD decreased Hamp transcription
by repressing expression of components of the HFE-HFE2-TFR2-BMP6 ‘iron sensing’ complex,
which is required for SMAD-mediated expression of Hamp and Hamp2. Consequently, HAMP is
unavailable to initiate the endocytosis and eventual degradation of SLC40A1l, leading to
continuous absorption of dietary Fe and accumulation in the serum and urine.

On average, HH patients exhibit hepatic Fe concentrations ~12-fold higher compared to
patients with other chronic liver diseases, along with transferrin saturation values >80% (normal
range = 15-55%) and serum Fe levels reaching ~160-200 pg/dL (normal range = 50-170 pg/dL)
[61, 62]. In 2-month-old Hamp knockout mice, hepatic Fe levels increased 5-fold, which worsened
to 15-fold at 8 months of age. Serum Fe levels also increased ~1.25-fold at 2 months, but
remained constant across time [40]. Unlike HH patients and Hamp null mice, TCDD caused
greater Fe accumulation in the serum compared to the liver, while transferrin saturation was
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unchanged due to corresponding increases in serum transferrin. However, our mice were only ~2
months old and hepatic Fe accumulation may have increased with age if the study had been
prolonged. Additionally, substantial strain differences are reported in Hfe knockout models of HH.
Hfe null mice on a C57BL/6 background exhibit more modest hepatic Fe accumulation and
smaller increases in transferrin saturation compared to C3H or AKR nulls [63], suggesting other
genetic factors influence Fe dysregulation and that C57BL/6 mice are comparatively resistant to
hepatic Fe accumulation. Nevertheless, even moderate hepatic Fe accumulation has been
associated with the progression of liver disease in combination with other underlying liver injuries
(i.e., chronic HCV infection, oxidative stress) [64].

Although total Fe levels are often used as a biomarker for HH, oxidative stress is
dependent on the redox state of Fe present [35]. TCDD accelerates the release of catalytically
active Fe?* from ferritin thereby increasing the pool of free Fe and ROS production through the
Haber-Weiss reaction [36]. The induction of cytochrome P450s and XDH/XO, as well as
accumulating heme levels from de novo synthesis and net repression of hepatic hemoproteins,
further contribute to oxidative stress fueled by hepatic fat accumulation and lipid peroxidation.
Free heme is not only a source of redox-active Fe, but it also promotes inflammation through
activation of endothelial cells and neutrophils, leading to chemotaxis, leukocyte recruitment, and
pro-inflammatory cytokine expression [65]. In addition, TCDD repressed several scavenging
proteins (i.e., HP and HPX), compromising anti-oxidant cellular defense. As defense systems
become overwhelmed, accumulating tissue damage leads to cell death and hepatotoxicity.
Increased porphyrin biosynthesis through induction of Alasl draws succinyl-CoA away from the
TCA cycle, reducing ATP production and putting further pressure on strained cellular
bioenergetics. However, only a fraction of synthesized porphyrins is converted to heme due to
repression of Urod and induction of CyplaZ2, leading to porphyrin accumulation.

Heme also serves as the biological ligand for several transcription factors including
BACH1 and REV-ERBa/B, which regulate heme catabolism and peripheral circadian clocks,
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respectively [48, 66]. In the liver, circadian oscillations are controlled by environmental cues (i.e.,
zeitgebers) that entrain or synchronize the biological rhythm to a 24h light/dark cycle. For
example, feeding-fasting cycles regulate the core clock, as well as output regulators such as the
REV-ERBs and RORs that subsequently coordinate the oscillatory expression patterns of
downstream genes. Accumulating evidence suggests that AhR activation regulates peripheral
circadian clocks [67]. TCDD-elicited differential gene expression and AhR enrichment suggest
that interactions with circadian regulators may modulate the phase, period and/or amplitude of
oscillating gene expression associated with fatty acid biosynthesis/metabolism, contributing to the
progression of TCDD-elicited hepatotoxicity. Peripheral clock disruption has been associated with
hepatic lipid accumulation, dysregulated glucose homeostasis, and the progression of NAFLD
pathologies [55].

In summary, TCDD-elicited hepatotoxicity involves the convergence of primary AhR-
mediated effects (e.g., Cyplal/la2 induction, hepatic fat accumulation) and elicited tertiary
responses (e.g., Hamp repression, Fe?* overloading, heme accumulation, oxidative stress) across
the liver-intestine axis (Figure 38). This suggests that AhR-mediated toxicity is a cumulative
response to the overall burden of multiple disrupted pathways, as opposed to a single adverse
effect. It is consistent with the multiple “hit” paradigm proposed in numerous liver injury models
where multiple factors contribute to disease progression and severity. Consequently, each
response and the resulting interactions contribute to the overall pathological burden of toxicity.
Additional comparative studies are required to identify which perturbations exert the greatest

influence and are most relevant to the population of interest.
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CHAPTER 6: PERSISTENT ARYL HYDROCARBON RECEPTOR ACTIVATION ABOLISHES

CIRCADIAN REGULATION OF HEPATIC METABOLIC ACTIVITY IN MICE
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ABSTRACT

Dysregulation of hepatic circadian rhythmicity is associated with the development of
metabolic disorders such as non-alcoholic fatty liver disease (NAFLD). It is also reported that aryl
hydrocarbon receptor (AhR) activation alters the hepatic expression of core clock regulators,
however the global impact on circadian-controlled metabolism has not been investigated. This
study examines the effects of AhR activation on hepatic transcriptome and metabolome
rhythmicity in male C57BL/6 mice orally gavaged with 30 pg/kg 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) every 4 days for 28 days. Treatment not only increased relative liver weight (RLW),
but also abolished the oscillation of RLW observed in control mice. Hepatic RNA-Seq analysis
detected diminished rhythmicity in 15 core clock regulators (e.g. Arntl, Clock, Nr1d1, Perl, Cry1,
Nfil3), involving either a = 3.3-fold suppression in amplitude or complete loss of oscillation.
Accordingly, protein levels (ARNTL, REV-ERBa, NFIL3) and genomic binding (ARNTL) of select
regulators were reduced and arrhythmic following treatment. As a result, the oscillating expression
of 99.6% of 5,636 clock-controlled hepatic genes was abolished including genes associated with
lipid metabolism, glucose/glycogen metabolism, bile acid homeostasis, heme biosynthesis, and
redox homeostasis. For example, TCDD flattened expression of the rate-limiting enzymes in both
gluconeogenesis (Pckl) and glycogenesis (Gys2), consistent with the depletion and loss of
rhythmicity in hepatic glycogen levels. Examination of polar hepatic extracts by untargeted mass
spectrometry revealed that virtually all oscillating metabolites lost rhythmicity following treatment.
Collectively, these results suggest TCDD decoupled hepatic metabolism from feeding/fasting
cycles, consistent with the progression of AhR-mediated hepatic steatosis to steatohepatitis with

fibrosis.

INTRODUCTION
In response to the rotation of the earth and the ensuing light-dark cycles, animals have
evolved a ~24-hour (h) circadian clock that entrains physiological activities such as sleep and
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feeding to specific times of the day. Circadian oscillations enable cells to anticipate upcoming
functional needs, imparting the organism with competitive advantages associated with fithess and
survival including enhanced growth and longevity, improved reproductive success, and effective
predator/prey relationships [1]. Maintaining rhythmicity of circadian behaviors is critical for good
health, while disruptions such as shift work, jet lag, binge eating, and sleep restriction are
associated with a broad spectrum of pathogenic states in humans and rodent models including
metabolic diseases (e.g. non-alcoholic fatty liver disease (NAFLD)), mental health disorders,
cancer, and accelerated aging [2-6].

The circadian system consists of a hierarchical network of tissue-specific peripheral clocks
coordinated by a master pacemaker in the suprachiasmatic nucleus (SCN) of the hypothalamus.
The SCN master clock is the only level of the circadian network directly entrained by light detected
at the retina [7]. In turn, this master clock generates oscillations in systemic cues (e.g. endocrine
signals and neuronal connections) and behavioral cycles (e.g. feeding/fasting, activity/rest) that
synchronize cell-autonomous peripheral clocks [8, 9]. For example, the hepatic peripheral clock
ensures that genes associated with nutrient transport, metabolism, and detoxification are
coordinated with feeding/fasting cycles [3]. Temporal separation of incompatible or opposing
metabolic processes also minimizes futile cycles while optimizing metabolic efficiency, energy
use/storage, and cellular function. Approximately 40% of all genes in the mouse genome are
circadian-regulated in at least one tissue, while the liver expresses the largest number of rhythmic
genes (~11-16% of all detected transcripts), with ~50% of hepatic metabolites exhibiting
oscillating levels [10-12].

At the cellular level, circadian clocks comprise autonomous, interlocking transcription-
translation feedback loops [13]. The positive limb involves the core activators circadian locomotor
output cycles kaput (CLOCK), brain and muscle ARNT-like 1 (BMAL1, aka ARNTL), and neuronal
PAS domain protein 2 (NPAS2, a CLOCK paralog), which are all members of the basic helix-loop-
helix (bHLH) Per-Arnt-Sim (PAS) protein family. ARNTL forms a heterodimer with either CLOCK
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or NPAS2, which binds to E-box-containing response elements and induces cryptochrome (Cry1,
Cry2) and period (Perl, Per2, Per3) transcription. Accumulating CRY and PER dimerize and
interfere with ARNTL/CLOCK activity, thereby repressing their own transcription to create the
negative limb of the loop. The ARNTL/CLOCK complex also induces the transcription of the Nr1d1
(encodes REV-ERBa) and Nrld2 (encodes REV-ERBp) repressors, which compete with the
retinoic acid-related orphan receptor (ROR) a, B and y activators for ROR-response elements
(RORESs). REV-ERBa and 3 rhythmically repress Arntl transcription, creating a second feedback
loop within the core clock. Several D-box-binding transcription factors are also regulated by
ARNTL/CLOCK including D-site albumin promoter binding protein (DBP), thyrotroph embryonic
factor (TEF), hepatic leukemia factor (HLF), and interleukin-3 regulated nuclear factor (NFIL3,
aka E4BP4). Interactions between these loops generate transcriptional oscillation patterns in
circadian-controlled target genes, where the expression phase is determined by the combination
of E-boxes, RORESs, and D-boxes within each gene’s regulatory region.

The aryl hydrocarbon receptor (AhR) and its binding partner the aryl hydrocarbon receptor
nuclear translocator (ARNT) are also members of the bHLH-PAS family and exhibit significant
sequence homology with CLOCK and ARNTL, respectively [14-16]. Interestingly, several
endogenous ligands of the AhR are photo-oxidation products of tryptophan (e.g. 6-
formylindolo[3,2-b]carbazole (FICZ)), suggesting the AhR regulates biological rhythms in
response to light-derived chemical messengers [17, 18]. Additionally, AhR-deficient mice exhibit
exacerbated behavioral responses to shifts in light cycles, increased amplitudes in core clock
gene expression, and alterations in circadian-controlled metabolites (e.g. glucose, insulin,
triglycerides), further demonstrating a role for AhR in circadian regulation [19].

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the prototypical ligand for a structurally
diverse group of synthetic chemicals, natural products, and endogenous metabolites that activate
the AhR [20]. Following ligand binding, the cytoplasmic AhR dissociates from chaperone proteins,
translocates to the nucleus, and heterodimerizes with ARNT. The ligand-bound AhR/ARNT
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complex then binds to dioxin response elements (DRES) within the promoter region of target
genes, leading to recruitment of transcriptional co-regulators and differential gene expression [21].
In mice, TCDD-elicited activation of the AhR affects the master clock, altering oscillations in
circadian locomotor activity and expression patterns of core clock genes (Arntl, Perl) within the
SCN [22, 23]. Furthermore, AhR activation alters the rhythmic expression of core circadian
regulators within the peripheral clocks of the liver, ovaries, and hematopoietic stem cells [24-26].

Previous studies conducted by our group detected TCDD-elicited differential expression
of several core clock regulators and clock-controlled target genes [27]. In addition to the expected
sigmoidal, exponential, and linear dose-response curves, a surprising number of genes also
exhibited U- or inverted U-shaped curves, potentially reflecting rhythmic expression patterns [28,
29]. TCDD also dysregulated porphyrin biosynthesis and increased hepatic levels of heme [27],
a cofactor for several core clock regulators including REV-ERBa/B, NPAS2, CLOCK, and PER2
[30-33]. However, due to the large number of animals used to assess dose-response
relationships, tissues were harvested over several hours across the day, and thus the
confounding effects of circadian rhythm on gene expression were not adequately controlled. The
current study was specifically designed to investigate the effects of AhR activation on the
circadian rhythmicity of the hepatic transcriptome and metabolome in mice. We report TCDD
abolished or dampened the rhythmicity of the core clock regulators at the mRNA, protein, and
functional levels, collapsing the oscillation of virtually all circadian-controlled hepatic genes and
metabolites. This loss of rhythmicity indicates hepatic metabolism was decoupled from
feeding/fasting cycles, altering metabolic efficiency, energy storage, enterohepatic circulation,

and redox homeostasis.
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MATERIALS & METHODS
Animal husbandry and treatment

Postnatal day 25 (PND25) male and female C57BL/6 mice weighing within 10% of each
other were obtained from Charles River Laboratories (Kingston, NY) and housed in Innovive
Innocages (San Diego, CA) containing ALPHA-dri bedding (Shepherd Specialty Papers, Chicago,
IL) in a 23°C environment with 30-40% humidity. Mice were provided Aquavive water (Innovive)
and Harlan Teklad 22/5 Rodent Diet 8940 (Madison, WI) ad libitum. Mice were entrained to a
12h/12h light/dark cycle for ~2 weeks prior to treatment and were maintained on this schedule
throughout the treatment period. Mice (PND36-41) were orally gavaged at zeitgeber time (ZT) O
with sesame oil vehicle (Sigma-Aldrich, St. Louis, MO) or 30 ug/kg TCDD (AccuStandard, New
Haven, CT) every 4 days (d) for a total of 28d (7 exposures; Figure 39). This TCDD dose was
chosen to compensate for the relatively short study duration compared to lifelong cumulative
human exposure from diverse AhR ligands, the bioaccumulative nature of halogenated AhR
ligands, and differences in TCDD’s metabolism and half-life (humans: 1-11 years [34, 35], mice:
8-12d [36, 37]). Food consumption was monitored in a separate cohort of male and female
C57BL/6 mice exposed to the same treatment regimen of sesame oil vehicle or 30 ug/kg TCDD.
Four cages of co-housed mice were included per treatment group. The food trough containing the
rodent chow for each cage was weighed daily at ZT0 and food consumption was calculated based
on the number of mice in the cage. Additionally, a separate cohort of male C57BL/6 mice was
orally gavaged (between ZT2 and ZT4) with a single bolus dose of sesame oil vehicle or 30 pg/kg
TCDD for chromatin immunoprecipitation (ChIP) analysis at 2h. All animal handling procedures
were performed with the approval of the Michigan State University (MSU) Institutional Animal

Care and Use Committee, in accordance with ethical guidelines and regulations.
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every 4 days for 28 days. Beginning at ZT00 on day 28, mice were euthanized every 3h for 24h

(8 timepaints).
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Sample collection

Beginning at ZTO on the 28" day after the initial gavage, vehicle- and TCDD-treated mice
were weighed and euthanized every 3h (15 min) for 24h (8 timepoints). Mice at the ZTO, 3, 6,
and 9 timepoints were euthanized with the lights on, while mice at the ZT12, 15, 18, and 21
timepoints were euthanized in the dark. Livers were removed, weighed, flash frozen in liquid
nitrogen, and stored at -80°C. Liver samples for ChIP analysis were collected from a separate

cohort of male mice 2h after treatment (between ZT4 and ZT6).

RNA-Seq analysis

Frozen liver samples were homogenized in TRIzol using a Mixer Mill 300 tissue
homogenizer (Retsch, Germany) and total RNA was isolated as previously described [38]. RNA
was quantified using a Nano-drop spectrophotometer (Thermo Scientific, Wilmington, DE) at 260
nm. Purity was assessed using the Azeo/Azgo ratio and quality was analyzed using the Caliper
LabChip GX (Perkin Elmer, Waltham, MA).

Hepatic gene expression was examined using RNA-Seq performed at the MSU Research
Technology Support Facility (RTSF) Genomics Core (rtsf.natsci.msu.edu/genomics). Hepatic
libraries from three independent biological replicates (n=3) were prepared using the lllumina
TruSeq RNA Sample Preparation Kit (lllumina, San Diego, CA). Libraries were quantified and
sequenced as previously described, at a read depth of ~30M per sample [27, 29]. Reads were
assessed for quality using FASTQC v0.11.3 and then mapped to the mouse reference genome
(GRCm38 release 81) using Bowtie2 v2.2.6 and TopHat2 v2.1.0. The RNA-Seq dataset was
deposited in the Gene Expression Omnibus (GEO; accession number GSE119780). For TCDD-
mediated differential gene expression, fold changes were calculated relative to vehicle controls
at each ZT. Genes were considered differentially expressed if |[fold change| = 1.5 and statistical

P1(t) value = 0.8 at one or more timepoints.

200



Protein quantification — capillary electrophoresis

Liver samples were homogenized in RIPA buffer supplemented with protease inhibitor
cocktail (Sigma) using a Polytron PT2100 homogenizer (Kinematica, Lucerne, Switzerland) and
sonicated on ice. Samples were centrifuged and total protein in the supernatant was measured
using the bicinchoninic acid (BCA) assay (Sigma). The WES capillary electrophoresis system
(ProteinSimple, San Jose, CA) was used with the following antibodies from Cell Signaling
(Danvers, MA): ARNTL (#14020), REV-ERBa (#13418), NFIL3 (#14312). Primary antibodies
were detected using a goat anti-rabbit secondary antibody conjugated to horseradish peroxidase.
Chemiluminescence signals were analyzed with Compass software (ProteinSimple). Target

protein levels were normalized to total protein.

ChIP and putative DRE identification

ChIP-PCR was used to: (i) investigate hepatic genomic ARNTL binding in male mice orally
gavaged with sesame oil vehicle or 30 pg/kg TCDD every 4d for 28d, and (ii) compare genomic
binding of AhR, ARNTL, and CLOCK in male mice 2h after treatment with sesame oil vehicle or
30 ng/kg TCDD. Hepatic chromatin was prepared using the truChIP Tissue Chromatin Shearing
Kit (Covaris, Woburn, MA) according to the manufacturer’s instructions with minor modifications.
Briefly, frozen liver samples (~120mg) were homogenized using a Polytron PT2100 homogenizer
(Kinematica) in cold PBS. Protein-DNA complexes were cross-linked in 1% formaldehyde for 10
min and chromatin was sheared for 10 min in a 1mL AFA Fiber miliTUBE using the M220
Focused-Ultrasonicator (Covaris). Size distributions of dsDNA fragments were assessed by
running a DNA 1200 chip on the Agilent 2100 Bioanalyzer (Santa Clara, CA), to verify that 270%
of fragments were within 150-700 bp. Triton X-100 (10%) was added to chromatin to achieve a
final concentration of 1%. Cross-linked DNA was immunoprecipitated with rabbit antibodies as

previously described [39]: IgG (#2729, Cell Signaling), ARNTL (#14020, Cell Signaling), CLOCK
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(ab3517, Abcam, Cambridge, MA), or AhR (BML-SA210, Enzo, Farmingdale, NY). ChIP DNA was
purified using a QlAquick PCR purification kit (QIAGEN, Hilden, Germany) and eluted in 40 pL
water. ChlP DNA and input DNA (diluted 100-fold) was quantified using real-time PCR (qRT-PCR)
conducted on a Bio-Rad CFX Connect Real-Time PCR Detection System (Hercules, CA) as
previously described [38]. Previously identified binding sites were targeted using the forward and
reverse primer sequences listed in Table 8 [27, 40, 41]. A negative control region on chromosome
6 was identified using our group’s AhR [27] and ARNTL (unpublished) ChiIP-Seq datasets.
Percent input was calculated using 100% * 2(Ctinput-6.644) - Ct1P)

Hepatic AhR ChlIP-Seq was previously performed on samples from male C57BL/6 mice
2h following a single oral dose of 30 pug/kg TCDD [27]. The full ChlP-Seq dataset for the male
liver is available on GEO (GSE97634).

Putative DREs (pDREs) were previously identified [42]. Briefly, the regulatory region
(10 kb upstream of the transcription start site together with 5'- and 3'-untranslated regions) and
coding sequence of each gene was obtained from the University of California, Santa Cruz (UCSC)
Genome Browser for mouse (mm10 GRCm38 build) and computationally searched for the DRE
core consensus sequence 5-GCGTG-3'. Each identified core was extended by 7 bp upstream
and downstream. The resulting 19 bp sequences were scored using a position weight matrix
constructed from bona fide functional DREs. Matrix similarity scores (MSS)=0.856 were
considered to be pDREs. UCSC genome browser tracks indicating pDRE locations within the

mouse genome are available at http://dbzach.fst. msu.edu/index.php/supplementarydata.html.

Glucose and glycogen assay
Liver samples (~50 mg) were homogenized in 6% perchloric acid (250 ul) using a Polytron
PT2100 homogenizer (Kinematica). To hydrolyze the glycogen, 25 ul of 1M NaHCO3 and 125 pl

of 2 mg/ml amyloglucosidase (Sigma-Aldrich) was added to 50 pl of the homogenate. Samples
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TABLE 8. PRIMER SEQUENCES (5'-3') FOR GENOMIC REGIONS ANALYZED BY CHIP-PCR

Amplicon Amplicon . . Amplicon s Ty
Gene Coordinates Location Forward Primer Reverse Primer Size (bp) pDRE~ E-box?
Perl chrl1:69,098,654-  Promoter 10 1cccTGAAAAGGGGTA GGATCTCTTCCTGGCATCTG 205 No Yes, within
69,098,858 (Site 1) amplicon
Perl chrl1:69,094,904-  Promoter o TcTCAGCCTATGAGAAAGT CCCGCCCTGCCTAAATCA 71 Yes, near  Yes, near
69,094,974 (Site 2) amplicon amplicon
chr1:91,459,371- Yes, near
Per2 o1 450,448 Promoter TCATTTGCATACTGGCGGGG TATGTAAAGAGAGCGACGGGC 78 No armicon
chr1:91,446,265- Within Yes, within
Per2 o1 446,367 o, TCCGCCTTCACAGACTGGTA ACCCTCCAGGGACTATTGGT 133 amicon N
chr7:45,707,643- Within Yes, near Yes, near
Dbp prifbaceticd T TGGGACGCCTGGGTACAC GGGAATGTGCAGCACTGGTT 65 alicon ampicon
chr11:98,783,446- Yes, near
Nrldl  og'7as o3 Promoter TGCAGCCTGCTCCATTTCTA CCCCTCACTTGCACATGTCT 90 No armicon
Cyplal CNr9:57.696,696- o ter  GAGGATGGAGCAGGCTTACG GGGCTACAAAGGGTGATGCTT 72 Yes, near
57,696,767 amplicon
Negative  chr6:120,257,680- ,» CTGGGGTCACCTACATCAGC GAGCGAGATGATTCCTGCCA 93 No No
Control 120,257,772
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were incubated and shaken (not stirred) for 2h at 37°C and then centrifuged to remove debris.
Glycogen and glucose were quantified using the glucose assay kit (Pointe Scientific, Canton, Ml)
with a M200 plate reader (Tecan, Durham, NC). Total hepatic glycogen levels were corrected

using hepatic glucose levels and expressed as glucose units.

Untargeted metabolomics analysis of hepatic extracts

Polar metabolites were extracted from liver samples using methanol:water:chloroform as
previously described [43]. Briefly, flash frozen liver samples (~25mg) were homogenized
(Polytron PT2100, Kinematica) in a mixture of HPLC-grade methanol and water (5:3 ratio)
containing all 20 *C-,'®*N-labelled amino acids (Sigma; 767964) as internal standards. HPLC-
grade chloroform (methanol:water:chloroform ratio 5:3:5) was added, vortexed, shaken for 15 min
at 4°C, and centrifuged at maximum speed (3000xg) to achieve phase separation. The
methanol:water phase containing the polar metabolites was transferred, dried under nitrogen gas
at room temperature, and stored at -80°C. Prior to analysis, the dried metabolite extracts were
resuspended in 300 pL HPLC-grade water. For analysis in negative mode, 3 parts of the
resuspended polar extract was diluted with 1 part 4X mobile phase (40 mM tributylamine + 60
mM acetic acid in 88/12 H.O/MeOH). For analysis in positive mode, 3 parts of the resuspended
polar extract was diluted with 7 parts acetonitrile. Diluted samples were centrifuged at 15,0009
for 10 minutes to remove any remaining protein and the supernatant was transferred to
autosampler vials.

Extracts were examined by untargeted liquid chromatography mass spectrometry (LCMS)
using an Acquity UPLC System (Waters, Milford, MA) coupled with an Xevo G2-XS Quadrupole
Time of Flight (QTof) mass spectrometer (Waters) run in MSE continuum mode. For negative
mode analysis, ion-pairing reverse phase chromatography was performed on an Ascentis
Express column (C18, 5 cm x 2.1 mm, 2.7 pm, Sigma) using a modified version of a previously
described method [43] with the following LC parameters: injection volume, 10 pl; column
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temperature, 30°C; and flow rate, 400 pl/min. The LC solvents were solvent A: 10 mM
tributylamine and 15 mM acetic acid in 97:3 water:methanol (pH 4.95) and solvent B: methanol.
Elution from the column was performed over 11 min with the following gradient: t = 0, 0% solvent
B, flow rate 0.4 ml/min; t = 1, 0% solvent B, flow rate 0.4 ml/min; t = 2, 20% solvent B, flow rate
0.3 ml/min; t = 3, 20% solvent B, flow rate 0.25 ml/min; t = 5, 55% solvent B, flow rate 0.15 ml/min;
t = 8, 95% solvent B, flow rate 0.15 ml/min; t = 8.5, 95% solvent B, flow rate 0.15 ml/min; t = 9,
0% solvent B, flow rate 0.4 ml/min; t = 11, 0% solvent B, flow rate 0.4 ml/min. Mass spectra were
acquired using negative-mode electrospray ionization run in MSE continuum mode. The capillary
voltage was 2,500 V and cone voltage was 40 V. Nitrogen was used as cone gas and desolvation
gas, with flow rates of 50 and 600 L/h, respectively. The source temperature was 100°C, and
desolvation temperature was 300°C. Argon was used as collision gas.

For positive mode analysis, normal phase chromatography was performed using an
Acquity UPLC Ethylene Bridged Hybrid (BEH) Amide column (10 cm x 2.1 mm, 2.7 um, Waters)
with the following LC parameters: injection volume, 10 ul; column temperature, 40°C; and flow
rate, 300 pl/min. The LC solvents were solvent A: 10 mM ammonium formate and 0.1% formic
acid in water (pH 3.26) and solvent B: acetonitrile. Elution from the column was performed over
10 min with the following gradient: t = 0, 99% solvent B, flow rate 0.3 ml/min; t = 7, 50% solvent
B, flow rate 0.3 ml/min; t = 8, 50% solvent B, flow rate 0.3 ml/min; t = 8.01, 99% solvent B, flow
rate 0.3 ml/min; t = 10, 99% solvent B, flow rate 0.3 ml/min. Mass spectra were acquired using
positive-mode electrospray ionization run in MSE continuum mode. The capillary voltage was
3,000 V and cone voltage was 35 V. Nitrogen was used as cone gas and desolvation gas, with
flow rates of 25 and 600 L/h, respectively. The source temperature was 100°C, and desolvation
temperature was 350°C. Argon was used as collision gas.

Progenesis QI software (Waters) was used for peak processing. Metabolites were

identified using the Human Metabolome Database (HMDB). Data for each sample was normalized
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to both liver weight and *C-,**N-labelled amino acid standards: tryptophan and leucine for

negative mode; phenylalanine and tyrosine for positive mode.

Data analysis

The JTK_CYCLE package (v3) for R (v3.2.4) was used to assess rhythmic oscillations in
transcriptomic data, metabolite data, tissue weights, protein levels, and ChIP-PCR results [44].
Endpoints were considered to exhibit circadian rhythmicity if BH g-value < 0.1 for a period range
of 21-24 hr.

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 was
used to identify enriched functional clusters within hepatic genes (i) exhibiting rhythmicity in
controls but not TCDD-treated mice, and (ii) differentially expressed (fold change = 1.5; P1(t) =
0.8) by TCDD at three or more timepoints [45]. Only Gene Ontology (GO) Biological Processes
were considered. The mummichog algorithm within MetaboAnalyst v4.0 (MS Peaks to Pathways
module) was used to identify enriched KEGG pathways within mass spectrometry peaks that lost
their rhythmicity following TCDD treatment [46]. Enrichment scores (ES; -log(p-value)) = 1.3 were
considered significant. Compound identifications determined by the mummichog analysis were

used in select cases where the Progenesis QI software failed to identify a peak (e.g. heme).

RESULTS
TCDD abolished circadian oscillations in relative liver weight

The effects of TCDD on the circadian regulation of liver weight were examined in male
and female mice orally gavaged with sesame oil vehicle or 30 pg/kg TCDD every 4d for 28d. On
day 28, relative liver weights (RLWs) were assessed at 3h intervals over a 24h period beginning
at ZT0. JTK_CYCLE analysis determined that the RLW of control males and females oscillated
in a circadian manner, peaking at ZTO. In both sexes, RLW at ZT0 was 1.3-fold greater than that
at ZT12 (Figure 40). This is consistent with previous mouse and rat studies in which both RLW
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FIGURE 40. LOSS OF RHYTHMICITY IN RELATIVE LIVER WEIGHT

Relative liver weight (RLW) of (A) male and (B) female C57BL/6 mice orally gavaged with sesame
oil vehicle or 30 pg/kg TCDD every 4 days for 28 days. Data points represent the average of at
least 3 biological replicates + standard error of the mean. Statistical significance (* p < 0.05)
between vehicle and TCDD was determined using a two-way ANOVA analysis followed by Sidak’s
multiple comparison test. JTK_CYCLE determined RLW in control animals exhibited circadian
oscillation (# BH q < 0.1), while RLW rhythmicity was not detected in TCDD-treated mice. Data is

plotted twice to more easily visualize effects on rhythmicity.
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and hepatocyte size were found to oscillate in a circadian manner, reaching maximal size and
weight at the end of the feeding phase (ZT0) [47, 48]. These oscillations are reported to be driven
by fluctuations in ribosomal protein mRNA translation and thus ribosome number. TCDD
increased RLW in both males and females at each timepoint, with maximum increases of 1.9-
and 1.5-fold, respectively, at ZT12, comparable to RLW increases reported in previous studies
[27, 49]. Notably, the circadian rhythmicity in RLW was lost in both sexes following TCDD
treatment (Figure 40). TCDD had no effect on daily food consumption in either sex over the 28d
treatment regimen (Figure 41), consistent with previous studies [50]. Therefore, TCDD-elicited

alterations in RLW and hepatic circadian rhythmicity are not driven by changes in feeding.

Loss of hepatic rhythmic gene expression following AhR activation

Using RNA-Seq, TCDD-elicited hepatic transcriptomic changes were assessed in male
mice at 3h intervals over a 24h period. JTK_CYCLE analysis of the RNA-Seq data detected 5,636
hepatic genes exhibiting circadian rhythmic expression (BH g-value < 0.1; period = 21-24 h) in
control mice (Figure 42A), equivalent to 25.7% of the 21,896 genes expressed in the liver. This is
higher than the ~11 to 16% of hepatic genes reported to exhibit circadian oscillations in other
studies [10, 11], but less than a recent 37% estimate [12]. These discrepancies are likely due to
differences in the BH g-value cut-off, transcriptomic platforms, sampling intervals, and statistical
power. Specifically, 15 core hepatic clock regulators exhibited oscillating expression including (i)
the E-box binding transcription factors Arntl (aka Bmall), Clock, and Npas2, (ii) the PER/CRY
genes Perl, Per2, Per3, Cryl, and Cry2, (iii) the RORE-binding transcription factors Nrld1l
(encodes REV-ERBa), Nr1d2 (encodes REV-ERB), and Rorc (encodes RORY), and (iv) the D-
box binding transcription factors Dbp, Tef, HIf, and Nfil3. Hepatic expression of the RORE-binding
transcription factor Rora did not exhibit rhythmicity, consistent with previous reports that it lacks

circadian oscillation in peripheral tissues [51]. Collectively, these results confirmed that our study
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FIGURE 41. TCDD HAD NO EFFECT ON THE DAILY FOOD CONSUMPTION OF MICE

(A) Male and (B) female C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 pg/kg
TCDD every 4 days for 28 days. The food trough for each cage of co-housed mice was weighed
daily and food consumption was calculated based on the number of mice in the cage. Data points
represent the average of 4 cages per treatment group + standard error of the mean. Statistical
significance (p < 0.05) was evaluated through a 2-way ANOVA analysis followed by Sidak’s

multiple comparison test.
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FIGURE 42 (cont’d)

Male C57BL/6 mice orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days for
28 days. (A) The number of hepatic genes which exhibited rhythmic expression in vehicle- and
TCDD-treated mice. 5,613 of 5,636 (99.6%) rhythmic genes lost their circadian oscillation pattern
following treatment, while 23 genes exhibited rhythmicity in both vehicle- and TCDD-treated mice.
Rhythmicity was determined using JTK _CYCLE (BH q =< 0.1). (B) Correlation between the
acrophases (time at which cycle peaks/crests) of rhythmic expression in vehicle- and TCDD-
treated mice. The linear regression line is shown in green, while the red dashed lines represent
acrophase shifts of £ 3h. Genes falling within the red dashed lines exhibited negligible acrophase
shifts of < 1.5h. TCDD decreased the acrophase of (C) Kpna2 (as well as Polrlb and Max, not
shown), while increasing the acrophase of (D) Rorc (as well as Leprotll, Rtell, Tef, and Ddo, not
shown). Data points represent the average of 3 biological replicates + standard error of the mean.
Posterior probabilities (* P1(t) = 0.80) comparing vehicle and TCDD were determined using an
empirical Bayes method. Circadian rhythmicity was assessed using JTK_CYCLE (# BH g <0.1).
(E) Altered amplitudes (fold change) of hepatic genes exhibiting rhythmicity in both vehicle- and
TCDD-treated mice. The red dashed line represents a fold change of 1 (i.e. treatment had no
effect on amplitude). (F) Genes which lost rhythmicity were compared to previously identified sets
of male-specific and liver-specific genes repressed by TCDD [52].
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was appropriately designed to examine the effects of persistent AhR activation on the hepatic
circadian clock.

TCDD abolished rhythmicity in 5613 hepatic genes, equivalent to 99.6% of the genes
which exhibited circadian regulation in controls. Only 23 genes maintained rhythmicity following
TCDD treatment, while 5 acquired rhythmic expression (Sdhaf2, Nsrpl, Marveld3, Folrl, and
Gm17068) (Figure 42A). Linear regression analysis comparing gene acrophases (time at which
cycle peaks/crests) between vehicle- and TCDD-treated animals revealed a slope of 0.95,
suggesting TCDD had little effect on the acrophase of the majority of genes. For example, of the
23 genes which maintained rhythmicity, 15 exhibited similar acrophases (x1.5h) between control
and TCDD-treated animals (Figure 42B). TCDD increased the acrophase of Rorc, Tef, Leprotl1,
Rtell, and Ddo = 3h (+ve phase shift), and decreased the acrophase of Kpna2, Max, and Polrlb
2 4.5h (-ve phase shift) (Figure 42C,D). In contrast to limited effects on acrophase, TCDD altered
the amplitude of most rhythmic genes. Of the 23 genes identified as rhythmic in both controls and
treated mice, 15 exhibited a = 1.3-fold reduction in amplitude, while only 3 genes increased in
amplitude (Rtell, Bclafl, Slc39a10; 1.4-, 1.6-, 1.7-fold) (Figure 42E). Overall, TCDD abolished
the rhythmicity of the vast majority of clock-controlled hepatic genes, while those that continued
oscillating following treatment exhibited reduced amplitudes (in most cases). Beyond the collapse
of hepatic circadian rhythmicity, TCDD also causes the loss of liver-specific and sexually
dimorphic gene expression [52]. Comparison of these gene sets revealed 47% of repressed male-
specific genes and 39% of repressed liver-specific genes exhibited rhythmicity in vehicle- but not

TCDD-treated mice (Figure 42F).

TCDD dampened rhythmicity of hepatic core clock regulators

The striking global loss in hepatic gene expression rhythmicity is likely due to the
dampened expression of core circadian clock regulators. Notably, TCDD repressed hepatic
expression of all 16 core clock regulators at one or more timepoint (Figure 43; Table 9).
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FIGURE 43. TCDD DAMPENED THE RHYTHMIC EXPRESSION OF THE CORE CLOCK REGULATORS
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FIGURE 43 (cont’d)

RNA-Seq analysis of core hepatic clock regulators in male C57BL/6 mice orally gavaged with
sesame oil vehicle or 30 pg/kg TCDD every 4 days for 28 days. Data points represent the average
of 3 biological replicates + standard error of the mean. Posterior probabilities (* P1(t) = 0.80)
comparing vehicle and TCDD were determined using an empirical Bayes method. Circadian
rhythmicity was assessed using JTK CYCLE (# BH q < 0.1). Genes are grouped by their
acrophase (time at which cycle peaks/crests) in vehicle mice. Data is plotted twice to more easily

visualize effects on rhythmicity.
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TABLE 9. THE EFFECT OF TCDD ON HEPATIC EXPRESSION AND RHYTHMICITY OF CORE CLOCK GENES

Differentially AhR - - . Amplitude
Gene  Bxpressed?  NJRRE enicnmensy  ENOnment VR e TCbDe (ToDD-VeR)  Fold Chane
Arntl Yes 2 Yes No Yes Yes 15 -3.9
Clock Yes 10 Yes Yes Yes No N/A N/A
Npas2 Yes 14 Yes No Yes Yes 0 -5.2
Nridl Yes 1 Yes Yes Yes Yes 15 -6.1
Nr1d2 Yes 0 Yes No Yes Yes 15 -5.3
Rora Yes 9 Yes No No No N/A N/A
Rorc Yes 3 Yes No Yes Yes 6 9.1
Perl Yes 2 Yes Yes Yes No N/A N/A
Per2 Yes 4 Yes Yes Yes Yes -15 -4.6
Per3 Yes 7 No No Yes Yes 15 -7.2
Cryl Yes 4 Yes No Yes Yes 15 -3.8
Cry2 Yes 13 Yes Yes Yes No N/A N/A
Nfil3 Yes 1 Yes No Yes Yes 0 -3.3
Dbp Yes 3 Yes No Yes Yes 0 -27.3
Tef Yes 5 Yes Yes Yes Yes 4.5 -6.8
HIf Yes 2 Yes Yes Yes No N/A N/A

a Pytative dioxin response elements (pbDREs; MSS = 0.856) were identified by computationally querying the mouse genome [42].

b AhR genomic enrichment was determined through ChIP-Seq analysis of male livers 2h after treatment with 30 ug/kg TCDD [27].

¢ Rhythmicity was determined using JTK_CYCLE (BH g-value < 0.1; period = 21-24h) [44].
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Furthermore, the rhythmic expression of all core clock regulators was diminished by TCDD,
involving either a 2 3.3-fold reduction in amplitude (Arntl, Npas2, Nr1d1, Nr1d2, Rorc, Per2, Per3,
Cryl, Nfil3, Dbp, and Tef) or a complete loss of oscillation (Clock, Perl, Cry2, and HIf). For
example, the amplitude of Dbp Rorc, and Per3 was repressed 27.3-, 9.1-, and 7.2-fold by TCDD
(Figure 43; Table 9).

Capillary electrophoresis (WES ProteinSimple System) was used to evaluate the effect of
TCDD on hepatic protein levels of select clock regulators. JTK_CYCLE analysis (BH g-value <
0.1; period = 21-24 h) confirmed ARNTL, REV-ERBa, and NFIL3 protein levels exhibited rhythmic
oscillations in control samples. TCDD reduced hepatic ARNTL and NFIL3 protein levels 14.4- and
80.6-fold, respectively, while REV-ERBa protein was undetected in TCDD-treated mouse liver
samples at every timepoint (Figure 44). Furthermore, TCDD abolished the circadian rhythmicity
of these three proteins, consistent with reduced amplitudes in gene expression.

ChIP-PCR was used to evaluate hepatic ARNTL genomic enrichment following persistent
AhR activation over 28d. In control livers, oscillating genomic ARNTL binding within previously
identified target genes was confirmed, with peak binding detected at ZT9. TCDD reduced ARNTL
binding within Perl, Dbp, and Nrldl 3.4-, 4.0-, and 3.7-fold, respectively. Moreover, ARNTL
binding rhythmicity was abolished within Perl and Dbp, while the amplitude of rhythmicity at
Nrldl was reduced 5.9-fold (Figure 45A-C). The specificity of the ARNTL immunoprecipitation
was confirmed using a negative control region on chromosome 6 (Figure 45D). These results
demonstrate that TCDD dampened Arntl transcriptional rhythmicity, reduced ARNTL protein

levels, and impaired ARNTL’s ability to bind to genomic regions within target genes.

Enriched AhR binding within core clock genes

A previously published time-course hepatic RNA-seq analysis revealed differential
expression of several E-box-containing core clock genes 4h after TCDD treatment, suggesting
direct AhR regulation of the hepatic clock. Specifically, TCDD repressed Perl (2.0-fold; not-

216



(A) ARNTL (B) REV-ERBa (C) NFIL3

6x 105+ 8x104+ 1x105+ -~ Vehicle
4 * *
. o 6x10% L 810 -e- TCDD
g 4x10°% e =
< < < 6x10%
x x 4104 x
) 1] * * 33 4><104'
D 2x10%- o @
o & 24104 o
2x1044 #
0 T T T T T T T T 0- # 0- + +
0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18
Zeitgeber Time (hr) Zeitgeber Time (hr) Zeitgeber Time (hr)

FIGURE 44. TCDD ABOLISHED THE RHYTHMICITY OF THE CORE CLOCK AT THE PROTEIN LEVEL

Hepatic protein levels of (A) ARNTL, (B) REV-ERBa, and (C) NFIL3 in male C57BL/6 mice orally gavaged with sesame oil vehicle or
30 pg/kg TCDD every 4 days for 28 days. Data points represent the average of 3 biological replicates + standard error of the mean
measured using capillary electrophoresis (WES ProteinSimple System). Statistical significance (* p < 0.05) between vehicle and TCDD
was determined using a two-way ANOVA analysis followed by Sidak’s multiple comparison test. Circadian rhythmicity was assessed

using JTK_CYCLE (# BH q < 0.1). Data is plotted twice to more easily visualize effects on rhythmicity.
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FIGURE 45. TCDD DAMPENED THE RHYTHMICITY OF ARNTL GENOMIC ENRICHMENT

ARNTL genomic enrichment within target genes assessed using chromatin immunoprecipitation
(ChlIP). Liver samples were collected from male C57BL/6 mice following oral gavage with sesame
oil vehicle or 30 pg/kg TCDD every 4 days for 28 days. Genomic enrichment for ARNTL was
guantified by qRT-PCR using primers targeting previously identified ARNTL binding sites within
(A) the Perl promoter (site 2), (B) a Dbp intron, and (C) the Nrld1 promoter as described in Table
8. (D) A negative control region on chromosome 6 was used to confirm the specificity of the
ANRTL immunoprecipitation. Data points represent the average % input of 3 biological replicates
+ standard error of the mean. Statistical significance (* p < 0.05) between vehicle- and TCDD-
treated mice was determined using a two-way ANOVA analysis followed by Sidak’s multiple
comparison test. Circadian rhythmicity was assessed using JTK_CYCLE (# BH q <£0.1). Data is

plotted twice to more easily visualize effects on rhythmicity.
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significant), Per3 (3.0-fold), Dbp (3.3-fold), and Tef (1.8-fold) at 4h, while Per2 was induced 3.0-
fold [53]. At least one pDRE (MSS = 0.856) was found within each core clock gene with the
exception of Nrld2, determined by a computational query of the mouse genome [42]. Similarly,
ChIP-Seq analysis of male liver samples at 2h detected AhR genomic enrichment within the loci
of all core clock regulators except Per3 [27], providing further evidence AhR may directly interfere
with the rhythmic expression of hepatic core clock regulators. However, only 7 of these 15 core
clock genes exhibited AhR enrichment at a site containing a pDRE, while 8 genes only exhibited
AhR enrichment at regions lacking a pDRE (Table 9). Therefore, TCDD-elicited disruption of
hepatic rhythmicity may involve both canonical and non-canonical AhR signaling pathways.

In vitro studies using Hepa1c1c7 cells treated with 3-naphthoflavone (BNF) for 1.5h report
AhR interacts with ARNTL and binds at E-box response elements within the Perl promoter. This
is reported to decrease the formation and binding of the ARNTL/CLOCK heterodimer at 2 of 3 E-
boxes within the promoter of Perl, repressing its expression [41]. To further investigate non-
canonical mechanisms involved in circadian dysregulation in vivo, ChIP-PCR was used to
compare AhR, ARNTL, and CLOCK genomic binding in liver samples of male mice orally gavaged
with TCDD for 2h. The primers described by Xu et al (2010) were used to assess binding within
the Perl promoter at a site containing a canonical E-box but no pDRE (promoter site 1) [41]. In
contrast to in vitro BNF treatment, in vivo TCDD treatment had no effect on AhR, CLOCK, or
ARNTL enrichment within this region (Figure 46A). A 3.4-fold increase in AhR binding was
detected further upstream of the Perl transcription start site (promoter site 2), near a canonical
E-box and pDRE. However, neither CLOCK nor ARNTL binding were affected by TCDD (Figure
46B). Similarly, 2.1-fold enrichment in AhR binding was detected at a non-canonical E-box (5’-
CACGTT-3'’ [54]) within the promoter of Per2, despite a lack of pDREs within the area. Again, this
AhR binding did not interfere with CLOCK or ARNTL binding (Figure 46C). AhR binding was also
enriched 21.8-fold at a pDRE within a Per2 intron. Despite a lack of canonical E-boxes within this
region, CLOCK and ARNTL binding were detected but unaffected by TCDD (Figure 46D).
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FIGURE 46. COMPARISON OF ARNTL, CLOCK, AND AHR GENOMIC ENRICHMENT

Genomic enrichment of ARNTL, CLOCK, and AhR within target genes assessed using chromatin
immunoprecipitation (ChlP). Liver samples were collected between ZT4 and ZT6 from male
C57BL/6 mice 2h following a single bolus dose of sesame oil vehicle or 30 ug/kg TCDD. Genomic
enrichment was quantified by gRT-PCR using primers targeting regions within (A,B) Perl, (C,D)
Per2, (E) Dbp, and (F) Nrld1l as described in Table 8. (G) Cyplal was used as a positive control
for AhR binding, while (H) a negative control region on chromosome 6 was used to confirm the
specificity of each immunoprecipitation. Data points represent the average % input of 4-5
biological replicates + standard error of the mean. Statistical significance (* p < 0.05) between
vehicle- and TCDD-treated mice was determined using a two-way ANOVA analysis followed by

Sidak’s multiple comparison test.
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Additionally, AhR enrichment was increased 4.3- and 1.8-fold within a Dbp intron and the Nrld1l
promoter, respectively, with no effect on CLOCK or ARNTL binding (Figure 46E,F). A 43.8-fold
increase in AhR binding at a pDRE within the Cyplal promoter served as a positive control
(Figure 46G), while no enrichment was detected in the negative control region on chromosome 6
(Figure 46H). Overall, TCDD-activated AhR did not interfere with ARNTL or CLOCK binding at

the regions examined in this study.

TCDD disrupts circadian regulation of hepatic metabolism

To identify circadian-controlled biological processes and metabolic pathways affected by
TCDD, a functional enrichment analysis was performed on 2,804 hepatic genes that: (i) exhibited
rhythmicity in controls but not TCDD-treated mice and (ii) were differentially expressed (fold
change 2 1.5; P1(t) 2 0.8) by TCDD at three or more timepoints. DAVID identified 19 enriched
functional clusters (ES = 1.3) that included metabolism of lipids (e.g. fatty acids, phospholipids,
cholesterol/sterols, and sphingolipids), glycogen, and heme, as well as oxidation-reduction
reactions and DNA repair (Figure 47A). Indeed, the hepatic peripheral clock is known to regulate
expression of genes associated with nutrient metabolism, oxidative defense, and DNA repair,
facilitating synchronization with feeding/fasting cycles and ultraviolet (UV) radiation exposure
during daylight [3].

The effect of TCDD on circadian-controlled hepatic metabolism was further evaluated
through an untargeted metabolomics analysis of male liver samples collected at 3h intervals over
a 24h period. Negative mode electrospray ionization of polar hepatic extract detected a total of
6,569 metabolite peaks, of which 1,638 (24.9%) were identified as rhythmic by JTK_CYCLE (BH
g-value < 0.1; period = 21-24 h). Similarly, positive mode electrospray ionization detected 5,055
metabolite peaks, where 900 (17.8%) were identified as rhythmic in controls (Figure 47B). This
fraction of rhythmic metabolites within the hepatic metabolome is comparable to the percentage
of oscillating hepatic genes detected (25.7%), but lower than the ~50% reported in a targeted

221



(A) Lipid metabolism 1
Protein phosphorylation -
Oxidation-reduction reactions A
Zinc binding

Fatty acid metabolism A
Phospholipid metabolism 1
Cholesterol and sterol metabolism
Protein dephosphorylation -

Blood coagulation 4

DNA repair A

Glycogen metabolism A

Sphingolipid metabolism 1
Heme biosynthesis -

Peroxisome targeting
Transcriptional regulation 4
DNA replication 4

Antigen presentation

Folate biosynthesis -
Glycosphingolipid metabolism A

DDDUUHJHUUUUHHH T

6 8 10 12 14 16

o
N -
IS

Enrichment Score

(B) (€)

Amino & nucleotide sugar metabolism A

Arginine & proline metabolism -

Liver Sample
Polar Extract

NEGATIVE MODE

Pentose & glucuronate interconversions A
Glycogen & sucrose metabolism A

I—

I
Glycolysis & gluconeogenesis A

I—

—

—

POSITIVE MODE

l Raw data analyzed
P i - )
Hsing Frogenssis Pyrimidine metabolism A
Peaks 5055 - i
Identified Glycerophospholipid metabolism 4
l Rhythmicity analyzed using Pentose phosphate pathway
JTK_Cycle (g-value < 0.1)
. Fructose & mannose metabolism A »
Rhythmic Peaks 200 Positive Mode
in Controls Aminoacyl-tRNA biosynthesis 1 Negative Mode

Glycine, serine & threonine metabolism A

Loss of rhythmicity
with TCDD treatment

0 1 2 3 4
Enrichment Score

Peaks Lacking
Rhythmicity 900
After TCDD

FIGURE 47. FUNCTIONAL ANALYSIS OF HEPATIC GENES AND METABOLITES WHICH
LOST THEIR RHYTHMICITY

Transcriptomic and metabolomic changes were assessed in male C57BL/6 mice orally gavaged
with sesame oil vehicle or 30 ug/kg TCDD every 4 days for 28 days. (A) The Database for
Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 was used to identify enriched
functional clusters within 2,804 hepatic genes with abolished rhythmicity and TCDD-elicited
differential expression at three or more timepoints. (B) Flow chart summarizing the analysis of an
untargeted metabolomics assessment of polar hepatic extracts run in both positive and negative
mode. (C) The mummichog algorithm in MetaboAnalyst v4.0 (MS Peaks to Pathways) was used
to identify enriched KEGG pathways in the 900 and 1,637 oscillating peaks identified in positive
(orange) and negative (blue) mode, respectively, which lost their rhythmicity following TCDD

treatment. Scores = 1.3 (red dotted line) were considered significantly enriched.
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metabolomics study [12]. Following TCDD treatment, 1,637 of the 1,638 oscillating peaks
detected in negative mode lost rhythmicity (99.9%). Similarly, 100% of the oscillating peaks
identified in positive mode were arrhythmic following treatment (Figure 47B). Peaks which lost
rhythmicity were assessed for enriched metabolic KEGG pathways using the mummichog
algorithm within MetaboAnalyst [46]. A total of 11 enriched pathways were identified (7 in negative
mode, 4 in positive mode), including several related to the biological processes enriched at the
gene expression level (Figure 47C). Glucose and glycogen metabolism, bile acid homeostasis,
heme biosynthesis, and redox homeostasis were examined further through the integration of

transcriptomic, metabolomic, and enzymatic analyses.

(i) Glucose and glycogen metabolism

During the active phase, glucose is primarily obtained through the consumption of dietary
polysaccharides, while the breakdown of glycogen (glycogenolysis) and de novo glucose
biosynthesis (gluconeogenesis) provide glucose during the fasting phase. Circadian regulation of
systemic glucose homeostasis is entrained by several factors such as autonomous nervous
system (ANS) signaling between the SCN and the liver, rhythmic feeding and nutrient availability,
hormones (e.g. insulin, glucagon, and glucocorticoids), and the peripheral hepatic clock [55].
Specifically, the transcription of several key gluconeogenesis genes including
phosphoenolpyruvate carboxykinase 1 (Pckl) and glucose-6-phosphatase (G6pc) is directly
regulated by core clock transcription factors (e.g. REV-ERBa), as well as the circadian-regulated
transcriptional activators Kruppel-like factor 15 (KLF15) and cAMP responsive element binding
protein 3-like 3 (CREB3L3) [56-58]. Both KIf15 and Creb3I3 lost rhythmicity and were repressed
(3.1- and 3.0-fold, respectively) by TCDD. Accordingly, hepatic Pck1l and G6pc were repressed
17.7- and 6.9-fold, respectively, consistent with results reported in KLF15 and CREB3L3 knockout
models [56, 58]. Pckl rhythmic oscillation was concurrently abolished, while G6pc was classified
as arrhythmic in both control and treated animals (Figure 48). KLF15 also controls the availability
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FIGURE 48 (cont’d)

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days
for 28 days. (A) The effect of TCDD on hepatic gluconeogenesis and glycogenesis. TCDD-elicited
changes in hepatic (B) genes and (C) metabolites involved in gluconeogenesis and glycogenesis.
For genes, data points represent the average of 3 biological replicates + standard error of the
mean (SEM), where posterior probabilities (* P1(t) = 0.80) comparing vehicle and TCDD were
determined using an empirical Bayes method. For metabolites, data points represent the average
of 3-5 biological replicates + SEM, where statistical significance (* p < 0.05) between vehicle and
TCDD was determined using a 2-way ANOVA analysis followed by Sidak’s multiple comparison
test. Circadian rhythmicity was assessed using JTK_CYCLE (# BH q < 0.1). Data is plotted twice

to more easily visualize effects on rhythmicity.
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of gluconeogenic precursors (e.g. pyruvate) by regulating gene expression associated with amino
acid catabolism and nitrogenous waste excretion (i.e. urea cycle). Several KLF15 target genes
were repressed including glutamic pyruvic transaminase (Gpt; encodes ALT; 12.3-fold), 4-
hydroxyphenylpyruvic acid dioxygenase (Hpd; 3.7-fold), proline dehydrogenase (Prodh; 5.4-fold),
tryptophan 2,3-dioxygenase (Tdo2; 2.0-fold) and ornithine transcarbamylase (Otc; 57.9-fold),
impairing amino acid catabolism and limiting the availability of gluconeogenic precursors.
Consistent with repression of key gluconeogenesis enzymes and regulators, hepatic glucose
levels were reduced (up to 5.8-fold) at each timepoint (Figure 48).

Excess glucose consumed during the active phase can be stored as glycogen and called
upon as an energy source during fasting. As such, hepatic glycogen levels oscillate in a circadian
manner peaking at the end of the active phase (ZT0) (Figure 48). TCDD not only decreased
hepatic glycogen levels at all timepoints (up to 31.4-fold), but also abolished its rhythmic
oscillation pattern. This is consistent with the repression (88.7-fold) and loss of rhythmicity in
glycogen synthase 2 (Gys2) (Figure 48), the rate-limiting step of hepatic glycogenesis which is
directly regulated by CLOCK-mediated transcriptional activation [59]. Loss of circadian regulation
in both hepatic Gys2 expression and glycogen content was also observed in CLOCK mutant mice
[59]. Paradoxically, glycogenin (Gyg), the core protein required for the initiation of glycogenesis,
was induced 4.1-fold while losing its oscillation pattern. Additionally, the circadian-controlled
enzyme UDP-glucose pyrophosphorylase 2 (Ugp2) was induced 3.1-fold. Accordingly, hepatic
levels of UDP-glucose, the activated glucose monomer required for glycogen synthesis, were
persistently increased 26.7-fold (Figure 48). Continuous induction of Gyg and Ugp2 may
represent an attempt to increase glycogenesis to restore depleted glycogen levels. The inability
to store glucose during the active/feeding phase would compromise energy availability during
fasting and limit effective nutrient utilization. This, combined with impaired gluconeogenesis and

reprogramming of central carbon metabolism, suggests carbohydrate and amino acid metabolism
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have been decoupled from feeding/fasting cycles, consistent with reports of lower circulating

glucose levels and altered glucose tolerance in TCDD treated mice [27, 60].

(ii) Bile acid homeostasis

Several genes associated with bile acid biosynthesis and transport are circadian-
regulated, allowing bile homeostasis to be synchronized with lipid consumption. For example,
hepatic transcription of Cyp7al, the rate-limiting step of primary bile acid biosynthesis, is
regulated by REV-ERBa, DBP, and NFIL3 [61, 62]. In turn, daily fluctuations in the concentration
and composition of the hepatic and serum bile acid pools influence the rhythmicity of bile acid
metabolizing genes through farnesoid X receptor (FXR) signaling [63]. In agreement with
dampened Nrldl, Dbp, and Nfil3 oscillations, TCDD repressed hepatic Cyp7al 38.8-fold and
abolished its rhythmic expression. Several hepatic bile acid transporters also lost rhythmicity and
were repressed including blood-to-liver importer Slc10al and liver-to-bile canaliculus exporter
Abcb11 (31.3- and 7.0-fold, respectively), while the liver-to-blood exporter Abcc4 was induced
134.9-fold (Figure 49). These disruptions in enterohepatic circulation are consistent with the
observed hepatic accumulation and loss of circadian oscillations in several bile acids including a
primary taurine conjugate (3.8-fold), a secondary taurine conjugate (not-significant), and a cholic
acid derivative (225.4-fold) (Figure 49), similar to previous studies [28, 64]. This loss of circadian
regulation of bile acid homeostasis is further evidence of the decoupling between nutrient

absorption, hepatic metabolism, and nuclear receptor signaling.

(iii) Heme biosynthesis

Heme regulates circadian cycling by serving as a cofactor for REV-ERBa/, NPAS2,
CLOCK, and PER2 [30-33], and in turn, several key clock components regulate heme
biosynthesis. Specifically, NPAS2, ARNTL, PER1, and PER2 regulate the rhythmic expression of
aminolevulinic acid synthase 1 (Alasl), the rate-limiting enzyme of hepatic heme biosynthesis
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FIGURE 49 (cont’d)

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days
for 28 days. (A) The effect of TCDD on bile acid biosynthesis and hepatic transport. TCDD-elicited
changes in hepatic (B) genes and (C) metabolites involved in bile acid homeostasis. For genes,
data points represent the average of 3 biological replicates = standard error of the mean (SEM),
where posterior probabilities (* P1(t) = 0.80) comparing vehicle and TCDD were determined using
an empirical Bayes method. For metabolites, data points represent the average of 3-5 biological
replicates + SEM, where statistical significance (* p < 0.05) between vehicle and TCDD was
determined using a 2-way ANOVA analysis followed by Sidak’s multiple comparison test.
Circadian rhythmicity was assessed using JTK_CYCLE (# BH q < 0.1). Data is plotted twice to

more easily visualize effects on rhythmicity.
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[65]. In accordance with the diminished rhythmicity of Npas2, Arntl, Perl, and Per2, TCDD
abolished the oscillating pattern of Alasl, leading to an 8.2-fold induction in hepatic expression.
As a result, hepatic levels of protoporphyrinogen IX and heme were arrhythmic and increased
88.3- and 176.8-fold, respectively, following treatment (Figure 50), consistent with our report of
hepatic hemin accumulation [27]. Alas1 expression is also directly regulated by PPAR coactivator
1a (PPARGC1A; aka PGC-1a), which is transcriptionally regulated by nutrient availability [66].
Consequently, heme serves as a signal of nutritional status, allowing the peripheral hepatic clock
to respond to nutrient availability. Interestingly, Ppargcla was repressed 4.0-fold by TCDD,
indicating the link between Ppargcla and Alasl expression was disrupted. As a result, heme
levels no longer accurately reflect nutrient availability, rendering the clock unresponsive to
nutritional status.

Beyond Alasl, the remaining downstream heme biosynthesis genes were repressed by
TCDD at one or more timepoints: (Alad; 4.0-fold), (Hmbs; 1.7-fold), (Uros; 3.1-fold), (Urod; 1.8-
fold), (Cpox; 2.9-fold), (Ppox; 1.8-fold), and (Fech; 1.5-fold), consistent with previous reports [27,
67]. Four of the seven downstream genes (Uros, Cpox, Ppox, and Fech) exhibited rhythmicity in
control mice, however oscillating expression was abolished by TCDD (Figure 50). Uros and Urod
repression promotes the conversion of heme precursors to uroporphyrin metabolites, leading to
hepatic porphyrin accumulation. Indeed, hepatic uroporphyrin I, lll, and/or IV were detected in
TCDD-treated mice but not in controls. Overall, TCDD-elicited dysregulation of heme biosynthesis
not only disrupted the normal rhythmicity of the hepatic clock machinery, but also impaired

entrainment with nutrient availability.

(iv) Redox homeostasis

The antioxidant proteins peroxiredoxin (PRDX) and thioredoxin (TXN), which exhibit daily
oscillations in their oxidation states, are part of the common circadian ancestral system conserved
across all domains of life [68, 69]. Interestingly, abolishment of the PRDX clock system in S.
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empirical Bayes method. For metabolites, data points represent the average of 3-5 biological

replicates + SEM, where statistical significance (* p < 0.05) between vehicle and TCDD was

determined using a 2-way ANOVA analysis followed by Sidak’s multiple comparison test.

Circadian rhythmicity was assessed using JTK_CYCLE (# BH q < 0.1). Data is plotted twice to

more easily visualize effects on rhythmicity.
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elongatus and A. thaliana alters the amplitude or phase of core clock gene expression,
demonstrating an intertwined yet poorly understood relationship between PRDX cycling and the
clock’s transcriptional feedback loops [68]. TCDD flattened and repressed hepatic expression of
peroxiredoxin 4 (Prdx4; 2.9-fold) and 6 (Prdx6; 2.0-fold). Additionally, the predominant hepatic
thioredoxin reductase Txnrd1l was persistently induced 3.0-fold, while Txnrd2 and Txnrd3 were
arrhythmic and repressed (4.0- and 5.3-fold respectively) following treatment (Figure 51). In
mammals, intracellular redox status also directly regulates the core clock feedback loops, where
the reduced forms of nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine
dinucleotide phosphate (NADPH) enhance the DNA-binding activity of the ARNTL/CLOCK and
ARNTL/NPAS2 heterodimers [70]. TCDD repressed (2.3-fold) and flattened hepatic expression
of nicotinamide phosphoribosyltransferase (Nampt), which catalyzes the rate-limiting conversion
of nicotinamide (NAM) to nicotinamide mononucleotide (NMN). This led to loss of rhythmicity in
hepatic NAM and NAD" levels. In addition, TCDD reduced hepatic NADPH levels 12.0-fold and
abolished its oscillations (Figure 51). Perturbations in NAD coenzyme rhythmicity may
compromise the redox-regulated entrainment of the core clock machinery. However, further
studies investigating TCDD-elicited changes in the cyclic ratios of the oxidized to reduced forms
(i.e. NAD*:NADH; NADP*:NADPH) are required.

Given that redox status entrains circadian rhythmicity, it is not surprising that the circadian
clock regulates reactive oxygen species (ROS) homeostasis and antioxidant responses such as
glutathione (GSH) biosynthesis [69]. GSH is synthesized from cysteine, glutamate, and glycine in
a two-step enzymatic process catalyzed by glutamate-cysteine ligase (Gclc) and glutathione
synthetase (Gss), both of which are circadian regulated. TCDD persistently induced Gclc and Gss
4.8- and 3.8-fold, respectively, abolishing their rhythmicity. Glutathione reductase (Gsr),
responsible for recycling oxidized glutathione disulfide (GSSG) back to GSH, also lost rhythmicity
and was induced 6.2-fold (Figure 52). The sustained induction of Gclc and Gss is in accordance
with a 7.0-fold increase and loss of rhythmicity in the GSH precursor y-glutamyl-cysteine (Figure
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FIGURE 51 (cont’d)

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days
for 28 days. (A) The effect of TCDD on the peroxiredoxins (Prdx), thioredoxin reductases (Txnrd),
and nicotinamide adenine dinucleotide (NAD) coenzymes. TCDD-elicited changes in hepatic (B)
genes and (C) metabolites associated with the redox cycling of PRDX, TXN, and NAD
coenzymes. For genes, data points represent the average of 3 biological replicates *+ standard
error of the mean (SEM), where posterior probabilities (* P1(t) = 0.80) comparing vehicle and
TCDD were determined using an empirical Bayes method. For metabolites, data points represent
the average of 3-5 biological replicates + SEM, where statistical significance (* p < 0.05) between
vehicle and TCDD was determined using a 2-way ANOVA analysis followed by Sidak’s multiple
comparison test. Circadian rhythmicity was assessed using JTK_CYCLE (# BH g < 0.1). Data is

plotted twice to more easily visualize effects on rhythmicity.
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FIGURE 52. TCDD DISRUPTS THE CIRCADIAN REGULATION OF GLUTATHIONE (GSH)
HOMEOSTASIS

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days
for 28 days. (A) The effect of TCDD on GSH biosynthesis and recycling. TCDD-elicited changes
in hepatic (B) genes and (C) metabolites involved in GSH biosynthesis. For genes, data points
represent the average of 3 biological replicates + standard error of the mean (SEM), where
posterior probabilities (* P1(t) 2 0.80) comparing vehicle and TCDD were determined using an
empirical Bayes method. For metabolites, data points represent the average of 3-5 biological
replicates + SEM, where statistical significance (* p < 0.05) between vehicle and TCDD was
determined using a 2-way ANOVA analysis followed by Sidak’s multiple comparison test.
Circadian rhythmicity was assessed using JTK_CYCLE (# BH q < 0.1). Data is plotted twice to

more easily visualize effects on rhythmicity.
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52). Moreover, independent studies by our group detected a 1.3-fold increase in total hepatic
GSH (GSH and GSSG) following TCDD treatment [42], as well as a 3.4-fold increase in hepatic
glutamate (Fling et al., in preparation). Although increased antioxidant capacity is advantageous
in response to TCDD-elicited oxidative stress, de-synchronization between the peripheral
circadian clock and redox homeostasis may compromise cell signaling and overall liver function.

Beyond GSH, redox homeostasis is also affected by levels of uric acid, a breakdown
product of purine nucleosides. In plasma, uric acid is a strong reducing agent that scavenges
ROS, while intracellular uric acid promotes oxidative stress and stimulates pro-inflammatory
pathways [71]. Several circadian-controlled genes involved in uric acid metabolism were affected
by TCDD. Specifically, TCDD abolished the oscillation of ecto-5'-nucleotidase (Nt5e; induced
21.9-fold) and cytosolic Il 5'-nucleotidase (Nt5c2; repressed 1.8-fold), which catalyze the
hydrolysis of xanthosine monophosphate (XMP) to xanthosine. Purine-nucleoside phosphorylase
(Pnp), which converts xanthosine to xanthine, also lost its rhythmicity. The oxidation of xanthine
by xanthine dehydrogenase/xanthine oxidase (XDH/XO) yields uric acid, which is further oxidized
to allantoin by urate oxidase (Uox). Xdh was induced 1.4-fold by TCDD, consistent with previous
reports that Xdh induction contributes to AhR-mediated oxidative stress [42, 72]. TCDD also
flattened Uox rhythmic oscillation, with a 35.0-fold reduction in expression. Accordingly, hepatic
levels of uric acid and its upstream metabolites xanthosine and xanthine were reduced 45.9-,
157.6-, and 5.6-fold by TCDD, while concurrently losing their circadian oscillations (Figure 53).
Overall, uric acid metabolism was shut down by TCDD, suggesting purine nucleosides may be

shunted toward alternative metabolic pathways.

DISCUSSION

The hepatic circadian clock synchronizes metabolism with feeding/fasting cycles, ensuring
efficient nutrient utilization and energy storage [3]. In this study, 25.7% of the hepatic
transcriptome and ~20% of the polar hepatic metabolome exhibited circadian rhythmicity in
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FIGURE 53 (cont’d)

Male C57BL/6 mice were orally gavaged with sesame oil vehicle or 30 ug/kg TCDD every 4 days
for 28 days. (A) The effect of TCDD on purine metabolism and uric acid biosynthesis. TCDD-
elicited changes in hepatic (B) genes and (C) metabolites involved in uric acid metabolism. For
genes, data points represent the average of 3 biological replicates + standard error of the mean
(SEM), where posterior probabilities (* P1(t) = 0.80) comparing vehicle and TCDD were
determined using an empirical Bayes method. For metabolites, data points represent the average
of 3-5 biological replicates + SEM, where statistical significance (* p < 0.05) between vehicle and
TCDD was determined using a 2-way ANOVA analysis followed by Sidak’s multiple comparison
test. Circadian rhythmicity was assessed using JTK_CYCLE (# BH q < 0.1). Data is plotted twice

to more easily visualize effects on rhythmicity.
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control 9-10-week-old male C57BL/6 mice. These estimates fall in the middle of the range of
previous reports [10-12]. Interestingly, = 50% of the top selling pharmaceuticals in the United
States target products of rhythmic genes [11]. Moreover, several drug-metabolizing enzymes are
circadian-regulated including cytochrome P450s, UDP-glucuronosyltransferases, and GSH-S-
transferases [73]. Consequently, time of administration and time of sample collection may be just
as important as dose in assessing efficacy and mode of action, although not typically considered
during safety or mechanistic studies. This may be yet another factor contributing to irreproducible
results between studies [74, 75].

In rodents, AhR activation dysregulates not only the SCN master clock, but also the
peripheral clocks of tissues such as the liver [22, 24]. The current study investigated the effects
of TCDD on the rhythmicity of the hepatic transcriptome and metabolome in mice. We report that
AhR activation by TCDD dampened the rhythmic expression of 15 hepatic core clock genes,
involving either a decrease in amplitude or complete loss of oscillation. In turn, circadian
oscillations in hepatic core clock protein levels were abolished, while genomic binding of ARNTL
was reduced in the regulatory regions of known target genes. This is consistent with previous
studies demonstrating AhR activation decreased the amplitude of core clock regulators (e.g. Arntl,
Perl, and Per2) in the liver, ovaries, and bone marrow [24-26], while AhR deficiency increased
the amplitude of oscillation [19]. To our knowledge, this is the first AhR study to demonstrate a
complete loss of rhythmicity in core clock regulators at either the mRNA or protein level. Impaired
cycling of the core clock machinery abolished the rhythmicity of virtually all circadian-controlled
hepatic genes and polar metabolites. Moreover, this collapse of the hepatic clock was even
detected at the gross pathology level, where RLW was also devoid of daily oscillations.

Hepatic ChIP-Seq studies identified AhR enrichment 2h after TCDD treatment in the
majority of core clock genes, suggesting AhR directly alters the hepatic clock’s transcriptional
feedback loops [27]. Interestingly, approximately half of these core clock genes only exhibited
AhR binding at sites lacking a pDRE, suggesting non-canonical AhR signaling [42]. BNF-activated
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AhR has been shown to interact with ARNTL in mouse Hepalclc7 cells, which decreases
ARNTL/CLOCK heterodimerization, reduces CLOCK binding at E-boxes within the Perl
promoter, and represses Perl expression [41]. Heterodimerization between AhR and ARNTL is
not surprising given the substantial sequence homology shared by ARNTL and AhR’s canonical
partner ARNT [15, 16]. In our study, ChIP-PCR analysis confirmed co-binding of AhR, ARNTL,
and CLOCK at regulatory regions within Perl, Per2, Nrld1, and Dbp 2h after TCDD treatment,
including sites containing an E-box but no pDRE. However, AhR enrichment had no effect on the
binding of CLOCK or ARNTL, suggesting ARNTL/CLOCK heterodimerization was not impaired
by TCDD at the regions examined. Therefore, this non-canonical AhR mechanism may be ligand-
and/or model-specific. Alternatively, AhR binding near ARNTL/CLOCK heterodimers may hinder
co-activator recruitment, leading to repression of core clock genes, disruption of circadian
regulation, and loss of rhythmicity in clock-controlled genes and metabolite levels.

In addition to dampening the transcriptional rhythmicity of the core clock feedback loops,
TCDD dysregulated factors responsible for entraining the hepatic clock with the external
environment. Gut-derived nutrients including glucose and amino acids reset the phase of the
hepatic peripheral clock, allowing synchronization with feeding times [76]. For example, nutrient
availability regulates co-activator PPARGC1A (aka PGC-1a) expression, which controls the
transcription of several metabolic enzymes including Alasl, the rate-limiting step of heme
biosynthesis [66]. Heme is a cofactor for REV-ERBa/B, NPAS2, CLOCK, and PERZ2, facilitating
synchronization with nutrient availability [30-33]. TCDD abolished the oscillating expression of
Alasl and downstream de novo heme biosynthesis genes, resulting in loss of rhythmicity in
hepatic protoporphyrinogen IX and heme levels. Consequently, heme levels no longer reflect
nutrient availability, decoupling synchronization with intestinal luminal contents. Additionally,
TCDD alters segment-specific expression of intestinal nutrient transporters (e.g. fatty acid
transporter Cd36, amino acid transporter Slc36al, glucose transporter Slc2a9) [27, 49], and may
therefore also interfere with rhythmic nutrient absorption. Intracellular redox homeostasis,
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including oxidative cycling of PRDXs, TXNs, NADH, and NADPH, also entrains the core clock.
TCDD not only abolished Prdx, Txnrd, and NAD co-enzyme rhythmicity, but also disrupted
circadian regulation of key redox pathways including GSH biosynthesis and uric acid metabolism.
This may alter the intracellular balance between pro- and anti-oxidants, affecting both hepatic
clock entrainment and ROS-mediated gene regulation. The complex interactions between the
core transcription-translation feedback loops, the conserved PRDX/TXN ancestral circadian
system, and metabolite entrainment signals confound identification of the primary AhR targets
that precipitate the collapse of hepatic circadian regulation.

AhR-mediated alterations in lipid, glucose, heme, bile acid, purine, and GSH metabolism
contribute to the development and progression of TCDD-elicited NAFLD [27, 28, 42, 60, 77].
Beyond metabolic reprogramming, this study demonstrates AhR activation by TCDD disrupts
circadian regulation of these pathways, leading to the loss of rhythmicity in gene expression and
metabolite levels. As a result, hepatic metabolism and energy homeostasis are no longer
synchronized with feeding/fasting cycles and nutrient availability, despite the lack of an effect on
food consumption. Previous studies also report TCDD had no effect on food consumption [50],
while others show that decreased consumption at high TCDD doses was insufficient to account
for the observed weight loss and altered hepatic metabolism [78, 79]. Taken together, this
suggests TCDD-induced wasting and hepatotoxicity may involve inefficient nutrient metabolism
and the inability to store energy. For example, inhibition of glycogenesis and beta oxidation would
limit energy availability during fasting. Meanwhile, central carbon intermediates are redirected to
sustain the induction of heme and GSH biosynthesis, further compromising energy conservation
during nutrient-rich periods.

In summary, AhR activation by TCDD abolished or dampened the rhythmic expression of
hepatic core clock regulators and disrupted multiple clock entrainment cues, resulting in the
collapse of hepatic circadian regulation. Consequently, hepatic metabolism was decoupled from
feeding/fasting cycles, reducing metabolic efficiency and nutrient utilization. Our results
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demonstrate that TCDD-activated AhR directly interferes with the hepatic clock’s transcriptional
feedback loops, however the primary targets have not been identified. Perturbations in circadian
rhythm have been associated with multiple adverse effects including changes in the gut
microbiome, increased intestinal permeability, NAFLD, obesity, cancer, and accelerated aging [4,
5, 80-83]. Therefore, AhR-mediated dysregulation of circadian rhythm may be a unifying
mechanism which contributes to TCDD-elicited NAFLD, wasting syndrome, hepatocellular
carcinoma, and gut dysbiosis. Collectively, the AhR may be central to an axis that regulates
circadian rhythm, hepatic metabolism, and intestinal homeostasis. Additional studies are needed
to determine if this extends to other tissues, as well as the relevance of AhR-mediated

dysregulation of circadian rhythm in humans.
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Accumulating evidence demonstrates that exposure to environmental contaminants such
as 2,3,7,8-tetrachlordibenzo-p-dioxin (TCDD) and related aryl hydrocarbon receptor (AhR)
agonists is associated with complex metabolic disorders including non-alcoholic fatty liver disease
(NAFLD) [1-4]. Historically, the majority of studies investigating AhR-mediated hepatotoxicity,
NAFLD, and hepatocellular carcinoma have focused entirely on the liver without considering
interactions between hepatic and intestinal homeostasis. The studies in this report demonstrate
that TCDD-elicited AhR activation leads to segment-specific transcriptional and functional
changes along the intestinal tract that promote the development of hepatic steatosis with
progression to steatohepatitis and fibrosis (Figure 54). These perturbations in the intestine-liver
axis not only provide novel insight into the underlying mechanisms involved in NAFLD but may
also represent potential therapeutic targets. Overall, this report provides compelling evidence that
dysregulation of both the intestine-liver axis and the host-microbiota relationship play

underappreciated roles in AhR-mediated NAFLD.

TCDD ELICITS SEGMENT-SPECIFIC EFFECTS ALONG THE INTESTINE-LIVER AXIS

TCDD elicits alterations along the intestine-liver axis which contribute to the development
and progression of AhR-mediated NAFLD (Figure 55). TCDD-elicited repression of hepatic
hepcidin allowed continuous duodenal absorption of dietary iron, leading to systemic iron
accumulation and hepatic oxidative stress (Chapter 5). Moreover, increased paracellular
permeability of the gastroduodenal region may increase passive nutrient and mineral absorption,
further contributing to iron overloading (Chapter 4). In the jejunal epithelium, TCDD induced
several genes associated with dietary lipid digestion (e.g. Pnlip, Clps) and fatty acid absorption
(e.g. Cd36), consistent with hepatic dietary lipid accumulation (Chapter 3). Induction of ileal
transporters responsible for bile acid reabsorption (e.g. Slc10a2, Slc51a), combined with hepatic
induction of liver-to-blood exporters (e.g. Abcc4) and repression of blood-to-liver importers (e.g.
Slc10al, Slcolal) dysregulated enterohepatic circulation, contributing to bile acid accumulation
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in the liver and serum (Chapter 4). Moreover, increased colonic levels of microbial bsh and baiCD
were consistent with accumulation of hepatotoxic secondary bile acid species such as
taurolithocholic acid, which has been linked with bile duct proliferation, cholestasis, and oxidative
stress (Chapter 4). TCDD also increased colonic paracellular permeability, which could promote
increased translocation of bacteria and bacterial products (e.g. lipopolysaccharide (LPS)) across
the intestinal barrier and initiate an innate immune response (Chapter 4).

In addition to segment-specific effects, TCDD decreased gut motility, which may contribute
to microbial dysbiosis and increase nutrient absorption (Chapter 4). Moreover, TCDD depleted
antigen-presenting cells (APCs) including macrophages and dendritic cells within the lamina
propria of the small intestine, consistent with decreased jejunal transcript levels of major
histocompatibility complex (MHC) class Il genes (Chapter 3). Given the reciprocal infiltration of
macrophages into the liver, combined with hepatic induction of several chemokines and
chemokine receptors, it is tempting to speculate that APCs may migrate from the intestine to the
liver via the portal vein. However, it is also possible that intestinal APCs migrated into mesenteric
lymph nodes following exposure to a foreign antigen, leading to T cell activation and secretion of
pro-inflammatory cytokines. Regardless of the underlying mechanism responsible, these
reciprocal changes suggest the intestine may play a role in TCDD-elicited hepatic immune cell
infiltration. These changes in intestinal function occurred in the absence of overt morphological
toxicity to the intestinal mucosa, as assessed through hematoxylin and eosin (H&E) staining.

Beyond the effects on intestinal transcription and function, TCDD also disrupted
synchronization between the intestine and the liver by abolishing hepatic circadian rhythmicity.
Persistent AhR activation dampened the rhythmic expression of the core clock regulators and
altered cues responsible for entraining hepatic cycling (Chapter 6). For example, TCDD increased
hepatic heme levels while abolishing the circadian regulation of de novo heme biosynthesis,
thereby rendering the clock less responsive to changes in feeding times and nutrient availability
(Chapter 5,6). In turn, virtually all circadian-regulated genes and metabolites lost rhythmicity,
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decoupling hepatic metabolism from feeding/fasting cycles. Specifically, the circadian regulation
of dietary lipid metabolism, bile acid homeostasis, and glycogen synthesis was abolished, further
dysregulating enterohepatic circulation and metabolic efficiency (Chapter 6). Moreover, recent
studies have reported that perturbations in circadian rhythm increase intestinal permeability and
alter the gut microbiome, further contributing to NAFLD development [5, 6]. Overall, TCDD-elicited
AhR activation dysregulates hepatic metabolism, intestinal homeostasis, and circadian
rhythmicity through multiple interlinked mechanisms.

This report contributes to the AhR field by demonstrating that the intestine is an important
yet underappreciated target of TCDD-elicited toxicity. AhR activation alters the transcriptome of
the intestinal epithelium in a segment-specific manner, leading to changes in intestinal functions
such as nutrient absorption and enterohepatic circulation. TCDD-elicited dysfunction of the
epithelial barrier, gut motility, innate immune defenses, and the microbiome further dysregulate
the homeostasis of the gastrointestinal system. Given its critical function as a barrier to the
external luminal contents, these changes impact the metabolic status of other organ systems, as
well as the systemic homeostasis of the entire body. Therefore, intestinal dysfunction should be
considered when investigating the toxicity of classical AhR targets such as the liver. Further
studies will be needed to distinguish direct AhR effects on the intestinal epithelium versus

secondary changes in response to systemic dysregulation.

FUTURE STUDIES

This report identified multiple mechanisms through which alterations in intestinal function
may promote the development and progression of AhR-mediated NAFLD. However, the relative
contributions of intestinal vs. hepatic alterations in driving the TCDD-elicited hepatic phenotype
remain unclear. Tissue-specific tamoxifen-inducible AhR knockout (KO) models could be utilized
to provide insight into the contributions of AhR-mediated intestinal dysfunction. This would involve
comparing TCDD-elicited hepatotoxicity in wild type mice against that of the following models: (i)
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whole body AhR KO, (ii) hepatocyte-specific AhR KO where Cre recombinase expression is
driven by the albumin promoter (Ahro/iox: Alb-Cre/ERT2) [7], and (iii) intestinal enterocyte-specific
AhR KO where Cre recombinase expression is driven by the villin 1 promoter (Ahrfo¥fiox: j|1-
Cre/ERTZ2) [8]. The use of tamoxifen-inducible Cre recombinase allows AhR to be knocked out
during adulthood, thereby avoiding the developmental side-effects reported in AhR-null mice [9-
11]. Additionally, the TCDD-elicited hepatic phenotypes observed in these tissue-specific AhR
KOs could also be compared against antibiotic-mediated sterilized mice to examine the relative
contribution of the gut microbiome to NAFLD progression [12, 13]. Insight into the tissue-specific
and microbial roles in NAFLD development could help identify effective targets for preventative
and therapeutic strategies.

AhR activation not only perturbs the rhythmicity of the hepatic clock as described in
Chapter 6, but is also reported to alter the expression of core clock genes within other peripheral
tissues such as the ovaries and bone marrow [14, 15]. However, the effects of AhR activation on
the rhythmicity of the gastrointestinal clock have not been examined. Interestingly, the circadian
clock is known to regulate several important intestinal functions including: (i) gut motility, (ii)
maintenance and restoration of the intestinal barrier, (iii) expression and secretion of digestive
enzymes, (iv) nutrient absorption (e.g. lipids), and (v) intestinal immune responses [16, 17].
Transcriptomic, proteomic, and/or metabolomic analyses of the intestinal epithelium at 3-hour (h)
intervals over a 24h period could provide insight into whether AhR-mediated dysregulation of the
intestinal clock contributes to TCDD-elicited alterations in these circadian-controlled functions.
Furthermore, the interplay between circadian rhythmicity and the microbiome warrants further
investigation. For example, it is reported that the gut microbiome regulates the cycling of the
circadian transcription factor NFIL3, which controls daily oscillations in enterocyte lipid absorption,
metabolism, and export [18]. It would be interesting to examine whether this regulatory

mechanism plays a role in TCDD-elicited increases in dietary lipid absorption.
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Chapter 4 suggests that TCDD-elicited dysbiosis of the gut microbiome promotes AhR-
mediated NAFLD, where increased abundance of microbial bile acid metabolism genes (bsh,
baiCD) likely contributes to the accumulation of hepatotoxic secondary bile acid species. Beyond
bile acid metabolism, alterations in the microbial metabolism of short chain fatty acids (SCFAS)
and choline have also been associated with NAFLD [19-22], however the effects of AhR activation
on these metabolic pathways have not been investigated. Similar to the targeted approach
employed for bsh and baiCD quantification, degenerate qRT-PCR could be used to assess the
abundance of trimethylamine (TMA)-producing microbial genes including choline-TMA-lyase
(cutC) and carnitine monooxygenase (cntA), as well as genes involved in SCFA metabolism such
as butyryl-CoA:acetate CoA-transferase (but) and butyrate kinase (buk) [23, 24]. Alternatively,
shotgun metagenomic sequencing followed by a function-based analysis (e.g. Xander,
shotgunFunctionalizeR) could be used to assess global TCDD-elicited changes in the gut
microbiome [25, 26]. Assessment of the fecal or caecal metabolome would also provide further
insight into AhR-mediated dysregulation of microbial metabolism, potentially leading to the
identification of additional metabolic pathways which promote NAFLD development and

progression.

CONSIDERATIONS FOR MECHANISTIC INVESTIGATIONS OF NAFLD PATHOGENESIS

In Chapter 6, transcriptomic and metabolomic analyses revealed that ~25% and ~20% of
hepatic genes and polar metabolites exhibit circadian oscillations, while previous studies report
that ~40% of all genes in the mouse genome exhibit rhythmicity in at least one tissue [27]. In
addition, more than half of the top selling pharmaceuticals in the United States target rhythmic
metabolites, while several drug-metabolizing enzymes are circadian-regulated [27, 28]. Time of
administration and time of sample collection may therefore affect efficacy, toxicity, and
mechanism of action, and should be considered and controlled during mechanistic and safety
studies [29, 30]. Furthermore, given the global effects associated with circadian rhythm
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perturbation [31-34], the nocturnal nature of mice and rats should be considered when scheduling
animal handling procedures during a study. For example, working with rodents in the middle of
the lights on period will disrupt their sleeping phase, while turning on the lights during their active
phase will disrupt light/dark cues, potentially introducing confounding effects into the study [35,
36]. To minimize such disruptions, animal handling should be limited to the transition between the
lights off/llights on period (or vice versa) if possible, particularly when investigating circadian
rhythm, metabolism/metabolic disorders, and/or behavior.

This report, as well as numerous other studies, have demonstrated that alterations in
intestinal homeostasis play an important role in the development of metabolic disorders including
NAFLD, diabetes, and obesity [37-40]. These studies highlight the dependence of hepatic
homeostasis on nutrients, metabolites, and systemic cues originating from other tissues.
Consequently, it is crucial to consider tissue interactions while researching complex metabolic
disorders, rather than focusing on the primary target organ in isolation. Moreover, accumulating
evidence including studies in Chapter 4 suggests that alterations in the gut microbiome contribute
to NAFLD development, and thus host-microbiota relationships should also be considered [19-
21, 41].

The TCDD-elicited effects on intestinal function described in this report (e.g. increased
intestinal permeability, dysbiosis of the gut microbiome, dysregulation of bile acid homeostasis,
iron overloading) are similar to alterations detected in human epidemiological studies of NAFLD
patients [37, 42-44]. Moreover, the hepatic phenotype which develops following TCDD-treatment
mimics the full spectrum of histopathological features associated with human NAFLD, where
hepatic steatosis progresses to steatohepatitis with fibrosis as the dose and duration of exposure
increase [45-50]. Therefore, AhR activation induced by ligands such as TCDD represents a
relevant model to study NAFLD development and progression. In contrast to other NAFLD rodent
models such as those induced by diet (e.g. high-fat, high-sucrose, choline-deficient), genetics
(e.g. foz/foz), or chemicals (e.g. carbon tetrachloride), AhR activation dysregulates the intestine-
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liver axis, mirroring the tissue interactions involved in human metabolic disorders. AhR activation
also recapitulates the multifactorial nature of human disease development, involving altered
nutrient absorption, oxidative stress, endocrine disruption, and gut dysbiosis [51-55].
Furthermore, AhR-mediated differential expression of target genes such as Cd36 and Hamp
mimics human genetic variants, where polymorphisms and/or altered expression of CD36 and
HFE are associated with increased susceptibility to NAFLD [56-59]. Taken together, ligand-
induced AhR activation should be considered a valuable tool for investigating the development

and progression of human NAFLD.
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