ABSTRACT
DAMERIS, LOGAN ANDREW. The Effect of Cadmium Exposure during Critical Windows
of Susceptibility on Liver Health and the Role of the Imprinted Gene Network. (Under the
direction of Dr. Michael Cowley).

The heavy metal cadmium (Cd) has been designated a top ten chemical of major
public health concern by the World Health Organization (WHO) due to its pervasiveness
in the environment, its long biological half-life in tissues, and its association with adverse
health effects in nearly all organ systems. Cd can be released into the air, water, and soil
by both natural events and human activities. The primary route of exposure to Cd is
through the ingestion of contaminated food products; however, individuals who live in Cd-
polluted areas or who frequently inhale tobacco smoke are at even greater risk of being
exposed to dangerous levels of Cd. Since Cd is not well-excreted after absorption, it can
persist in the body for years or even decades. The kidneys, liver, and bones serve as
major sinks for Cd accumulation, making them primary targets for toxicity.

Exposure to Cd has been shown to facilitate metabolic dysfunction-associated
steatotic liver disease (MASLD) which is characterized by the accumulation of fat in
hepatocytes. This buildup of fat, over time, can cause inflammation and cell damage,
leading to metabolic dysfunction-associated steatohepatitis (MASH). If MASH is allowed
to persist over a long period, it can promote fibrotic scarring and progress to cirrhosis and
potentially even hepatocellular carcinoma (HCC). MASLD is the most common chronic
liver disease in the world and is prevalent among adults and adolescents. We have
demonstrated that exposure to Cd during perinatal development, a critical window of
susceptibility, can program hallmarks of MASLD in the livers of juvenile mice including

steatosis and fibrosis.



Critical windows of susceptibly refer to specific periods of development where
individuals are especially sensitive to the effects of physiological and environmental
stressors. While the perinatal period is often considered the most influential, adolescence
is another important developmental window that elicits heightened sensitivity to stressors;
however, it has received must less attention. Notably, imprinted genes, defined by their
expression from only one parental allele, have been found to be particularly responsive
to environmental factors during critical windows, making them potential catalysts for the
adverse outcomes observed later in life.

In our mouse model of perinatal Cd exposure, we, concomitantly with MASLD
phenotypes, detected the activation of a network of coordinately-expressed imprinted and
biallelically-expressed genes in the livers of Cd exposed mice. Artificial activation of the
imprinted gene network (IGN) via the upregulation of its master regulator, ZACA1,
enhanced hepatic steatosis and increased pro-fibrotic gene expression, indicating a role
for the IGN in facilitating MASLD during critical windows of susceptibility. The expression
of another IGN member, the imprinted long non-coding RNA H79, was markedly
increased after perinatal Cd exposure and, coincidentally, has already been implicated in
the pathogenesis of MASLD.

This dissertation investigates the role H19 and ZAC1, two prominent members of
the IGN, play in perturbing hepatic homeostasis to drive MASLD, especially in the context
of Cd exposure during critical windows of susceptibility. In Chapter 2, we created a novel
mouse model of adolescent and young adulthood Cd exposure to determine if Cd could
facilitate MASLD phenotypes along with activating the IGN in the liver during this critical

window. We show that Cd exposure is unable to induce overt MASLD phenotypes;



however, it can perturb lipid homeostasis and induce molecular signatures of MASLD in
young adult mice. We also observed the activation of IGN members including Zac7. In
Chapter 3, we modified our mouse model of perinatal Cd-induced MASLD to determine
if the ablation of H19 could mitigate or even prevent its pathogenesis. We found that
perinatal exposure to Cd was unable to facilitate overt MASLD phenotypes in juvenile
mice but could perturb the expression of steatosis, inflammation, and fibrosis genes; the
deletion of H719, however, could not alter their expression. Members of the IGN were
activated, with Cd-exposed H79 knockout (KO) mice displaying a dramatic increase in
Igf2 expression. In Chapter 4, we leveraged Zac1 overexpressing hepatoma cells and
performed chromatin immunoprecipitation-sequencing (ChlP-seq) to explore ZAC1
binding at the promoters of genes involved in MASLD. Our results showed ZAC1 could
enrich pathways associated with MASLD including insulin resistance, MAPK signaling,
and epithelial-mesenchymal transition (EMT).

Taken together, this body of work betters our understanding of adolescence and
perinatal development as critical windows of susceptibility to Cd exposure-induced
MASLD. It also provides new information on how H19 and ZAC1 can regulate the

expression of IGN and MASLD-related genes to influence disease progression.
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CHAPTER 1:

Introduction

Cadmium
Sources of Release

Cadmium (Cd) is a toxic heavy metal present in the Earth’s crust at an abundance
of 0.1 to 0.5 parts per million (ppm) and is typically found with zinc (Zn), lead (Pb), and
copper (Cu) ores; Cd can also occur naturally in ocean waters with concentrations ranging
from less than five ng/L and up to 110 ng/L". Natural events — including volcanic activity,
forest fires, the weathering of Cd-containing rocks, and sea spray — displace Cd and
release it into the air, water, and soil?>3. Human activities have further increased the
burden of Cd in the environment. Mining, smelting, the refining of non-ferrous metals, coal
and oil combustion, and other industrial practices are major contributors of anthropogenic
Cd release®. The use of contaminated phosphate fertilizers on crops has also increased

environmental Cd burdens in the soil and water*.

Mobility through the Environment

The mobility of Cd through the environment is heavily dictated by the media it
contaminates. In the soil, its mobility is influenced by factors such as pH, organic matter
content, and the presence of competing ions®¢. Under acidic conditions, Cd remains in
its soluble, divalent form (Cd?*), facilitating its leaching into groundwater supplies and
increasing its bioavailability for uptake by plants and animals?°. In aquatic environments,

Cd can exist as free ions or form complexes with inorganic and organic ligands’. These



complexes increase its solubility and mobility, allowing Cd to be transported over long
distances?. In the atmosphere, Cd can exist as fine particulate matter or as gaseous
species; the fine particulate form is the most common and results from the burning of
fossil fuels, industrial emissions, and other combustion processes?. Weather conditions
and wind patterns can transport airborne Cd over great distances before it is deposited

onto the surface of soil and water®.

Routes of Human Exposure

The most common route of exposure to Cd is through the ingestion of
contaminated food products®. Crops — especially rice, cereals, and leafy-green
vegetables — can readily accumulate Cd from the soil, while fish and shellfish can
bioaccumulate Cd from aquatic environments®'%. Cd can also be ingested through the
consumption of drinking water contaminated by Cd-rich industrial waste or natural
deposits3. The inhalation of cigarette smoke is another significant route of exposure, as
tobacco, like many other leafy plants, naturally accumulates Cd from the ground''-"3.
Inhalation exposure can also occur in occupational settings, such as industries involving
welding, mining, and battery manufacturing, where airborne Cd particles are prevalent3.
Finally, although less common, dermal exposure to Cd can occur in occupational
environments, as well as through the use of products containing Cd, such as

contaminated cosmetic products or jewelry314.15,



Toxicokinetics

Upon exposure, the absorption of Cd is relatively inefficient, as roughly 25% of
inhaled Cd, 1-10% of ingested Cd, and less than 1% of dermally-exposed Cd is absorbed
by the lungs, gastrointestinal tract, and skin, respectively®. Once absorbed, Cd is
distributed widely throughout the body via the bloodstream with the greatest burden of Cd
being deposited in the kidneys, liver, and bone'®'7. Cd does not undergo any direct
metabolism but binds to albumin and to metallothioneins (MTs), small proteins that play
a role in its sequestration, to limit its immediate toxic effects; however, this also
contributes to its long-term retention in tissues’®. Cd that is not absorbed into the
bloodstream is excreted in feces; due to the long biological half-life of Cd (ranging from

6-38 years), absorbed Cd is removed very slowly and is excreted in both urine and feces?.

Mechanisms of Toxicity

One of the primary mechanisms of Cd toxicity is oxidative stress which is
generated by mitochondrial dysfunction and the production of reactive oxygen species
(ROS)'®19, The accumulation of ROS can overwhelm cellular antioxidant defenses,
leading to lipid peroxidation, protein degradation, and DNA damage. Exposure to Cd can
also directly and indirectly disrupt important cellular signaling pathways — including the
MAPK, NF-kB, and p53 pathways — responsible for regulating growth and proliferation,
DNA damage responses, and cell death; chronic dysregulation can, ultimately, contribute
to cancer development and progression'’-'®. Another pathway, calcium (Ca) signaling,
can be directly impaired by Cd, as Cd can mimic Ca?* ions and compete for Ca binding

at proteins to disrupt their normal functions?°. In addition to Ca, Cd can more broadly



perturb essential metal homeostasis by interfering with the uptake, distribution, and
utilization of metals such as Zn, Cu, and iron (Fe), which are crucial for numerous
biological processes?'2*. Cd competes with these essential metals for binding sites on
transport proteins and receptors, leading to deficiencies and impairments in enzymatic
functions that are dependent on essential metals??>25. Finally, Cd exposure has been
shown to induce epigenetic changes, including changes to both DNA methylation and
histone modifications, which can lead to long-lasting alterations in gene expression and

cellular function?6:27,

Transport during Pregnancy

During pregnancy, the placenta serves as a semi-permeable barrier for the
exchange of Cd between the mother and fetus. In comparison to other toxic metals like
Pb and mercury (Hg), only a small fraction of available Cd enters fetal circulation, as the
Cd becomes sequestered in the placental tissue by MTs?8-32, Various biological and
environmental factors — including fetal sex, maternal health, essential metal deficiencies,
and others - can influence the amount of Cd that passes through the placenta and into
the fetal bloodstream33-3%, After birth, an infant’'s maternal exposure to Cd can continue,

as Cd has been detected in breast milk36.

The Liver
Function
The liver is the largest organ in the body, making up around 2% of an individual’s

total body weight®. It executes a broad range of functions essential for maintaining



homeostasis in the human body. One of its most important roles is to process and store
nutrients absorbed from the digestive tract, including glucose, fatty acids, and amino
acids®®. In addition to metabolic functions, the liver serves as a detoxifying center,
breaking down and eliminating toxic compounds - including toxicants, drugs, alcohol, and
metabolic byproducts — through enzymes like cytochrome P450%. It also synthesizes
proteins vital for systemic Fe homeostasis, blood volume and clotting, and cholesterol
transport®. Overall, the liver is indispensable to human health, and its dysfunction can
lead to a range of disorders including steatotic liver disease (SLD), cirrhosis, and

cancer?,

Structure

Structurally, the liver is divided into four lobes — the right, left, caudate, and
quadrate (median) lobes — with the right lobe being the largest of the four3’. The functional
unit of the liver is the hepatic lobule, which is a hexagonal structure composed of
hepatocytes arranged in plates or cords radiating from a central vein; a portal triad
consisting of a hepatic vein, portal vein, and bile is found at each corner of the hexagon*'.
To facilitate exchange of nutrients, waste, and oxygen, blood enters the lobule through
the portal triad, flows through specialized capillaries (sinusoids), and drains into the
central vein3/41, Bile produced by the hepatocytes flows in the opposite direction through
small channels and out the bile ducts*'. This intricate arrangement helps the liver properly

support its vital functions.



Cell Types

Hepatocytes, the predominant cell type which account for approximately 70-80%
of the liver's mass, are largely responsible for carrying out the diverse metabolic and
synthetic functions of the liver3:38, The liver contains various other non-parenchymal cells
that have important roles in the livers. Kupffer cells are resident macrophages involved in
immune responses, while hepatic stellate cells (HSCs) store vitamin A and play a role in
liver fibrosis during injury®’. Liver sinusoidal epithelial cells (LSECs) form the blood-liver
barrier and regulate the exchange of nutrients and waste between the blood and
hepatocytes; cholangiocytes line the bile ducts and are responsible for bile secretion and

regulation, ensuring proper bile flow for digestion?’.

Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD)
Pathology and Risk Factors

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously
referred to as non-alcoholic fatty liver disease (NAFLD), is characterized by the
accumulation of lipids (steatosis) within hepatocytes*?. To be officially diagnosed, an
individual must present with hepatic steatosis, as well as one of five cardiometabolic risk
factors (CMRFs) and no history of substantial alcohol consumption*3. The CMRFs include
obesity, high blood pressure, elevated blood sugar, high blood triglycerides (TAGs), and
low HDL cholesterol. Further, a continued increase in fat accumulation can trigger
inflammation and cell damage, bringing on metabolic dysfunction-associated
steatohepatitis (MASH); MASH, if unresolved, can lead to the formation of scar tissue

(fibrosis) which can impair normal liver function##4°. The progression of fibrosis, over time,



can cause cirrhosis. The onset of cirrhosis drastically increases an individual's chance of
developing hepatocellular carcinoma (HCC), the most common type of liver cancer®®.
Both cirrhosis and HCC require serious medical intervention to help manage or resolve
with most needing a liver transplant*¢47. Overall, MASLD is a complex and multi-factorial

disease driven by both genetic and environmental factors.

Prevalence in the United States

The prevalence of MASLD in the United States (US) and around the world is a
major public health crisis. It is believed that 34% of adults have MASLD in the US; by
2025, the burden of MASLD is forecasted to increase to 41%, translating to nearly 122
million US adults*®. Despite being a disease associated with aging, the prevalence of
MASLD in US adolescents (aged 12-17) is 17%; of those 17%, 6% presented with fibrosis
and 2% presented with cirrhosis*®. These findings demonstrate an urgent need to better
understand the underlying etiologies of MASLD in children and adolescents, as MASLD

with fibrosis is a significant risk factor for increased mortality°.

Molecular and Cellular Mechanisms

The molecular mechanisms underlying MASLD pathogenesis involve complex
interactions between lipids, inflammatory mediators, and fibrogenic pathways. Steatosis,
the hallmark of MASLD, is primarily driven by the increased influx of free fatty acids
(FFAs) from adipose tissue, de novo lipogenesis (DNL) in the liver, and impaired hepatic
fatty acid oxidation. FFAs are taken up by hepatocytes via the plasma membrane-

associated proteins FA-binding protein (FABPpm), FA translocase (FAT)/CD36, and



caveolin-1 (CAV1)>'. The major regulator of lipid accumulation is the transcription factor
sterol regulatory element-binding protein 1c (SREBP-1c) which activates the expression
of genes involved in DNL including fatty acid synthase (FASN), acetyl-CoA carboxylase
(ACC), and stearoyl-CoA desaturase (SCD1)*+51, The excessive production of fatty acids
can exceed the liver's capacity for oxidation and increase intracellular lipid burden;
therefore, the peroxisome proliferator-activated receptor alpha (PPARa), a key regulator
of fatty acid oxidation, is often dysregulated in MASLD?®2. Additionally, the liver’'s ability to
export lipids is impaired, due in part to reduced expression of apolipoprotein B (APOB),
a crucial component of very low-density lipoprotein (VLDL), which is responsible for lipid
export from hepatocytes®'.

The progression of MASLD to MASH is triggered when hepatocytes experience
oxidative stress due to the accumulation of ROS generated during incomplete fatty acid
oxidation®3. These ROS promote the activation of pro-inflammatory signaling pathways,
particularly the NF-kB and inflammasome pathways, which release cytokines such as
tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6)°455. These cytokines recruit
and activate Kupffer cells and other immune cells within the liver, perpetuating a pro-
inflammatory environment that promote hepatocyte injury and tissue remodeling®*.
Further, the progression of MASH to advanced fibrosis is driven by the release of
damage-associated molecular patterns (DAMPs) including high mobility Group Box 1
(HMGB1), which activate HSCs%°". These activated HSCs transdifferentiate into
myofibroblasts, producing excessive extracellular matrix (ECM) components including

collagen®®. The transforming growth factor-beta (TGF-B) signaling pathway plays a



central role in this fibrogenic process, promoting the activation of HSCs and further

deposition of ECM to increase fibrosis and, ultimately, cirrhosis and HCC57:58,

Critical Windows of Susceptibility
The Developmental Origins of Health and Disease (DOHaD) Hypothesis

The Developmental Origins of Health and Disease (DOHaD) hypothesis asserts
that early-life exposures can significantly influence an individual's long-term health
outcomes, including susceptibility to chronic diseases such as cardiovascular disease,
diabetes, and obesity®®. The theory emerged in the early 1990s and was largely
influenced by the work of David Barker and colleagues®. Overall, this concept is rooted
in the idea that exposure to internal and external factors — such as nutrition, stress,
metabolic health, and toxicants — during critical windows of susceptibility can program

disease later in life®°.

Perinatal Development

Perinatal development, defined as the period encompassing gestation through the
first few months of life, is a critical window of susceptibility to environmental and
physiological factors. During this period, the developing fetus and infant undergo rapid
cellular differentiation, organogenesis, and physical growth, heightening their sensitivity
to stressors®'. Evidence from both human and animal studies shows exposure to
stressors during this period influences the trajectory of physical, cognitive, and emotional

health later in 1ife®2-%5, Strikingly, we have demonstrated in our own lab that perinatal



exposure to maternal metabolic syndrome (MetS) and Cd can program MASLD in juvenile

mice®6.67,

Puberty and Adolescence

Puberty and adolescence, characterized by rapid physical, cognitive, and
emotional development, represent a critical window of susceptibility to both biological and
environmental influences. During this period, hormonal and metabolic changes trigger a
cascade of developmental processes in adolescents including the maturation of the brain,
endocrine system, and reproductive organs®. These changes increase sensitivity to
perturbation by stressors which can affect long-term health and well-being®®-"". Notably,
it is unclear if exposure to Cd during adolescence and young adulthood can induce

MASLD later in life. It was a goal of this dissertation to answer that question.

Imprinted Gene Network (IGN)
Imprinted Genes

Imprinted genes are a subset of genes that exhibit parent-of-origin expression,
meaning only one allele, either from the mother or father, is actively expressed while the
other is silenced’?. The establishment of genomic imprinting occurs during
gametogenesis, where sex-specific epigenetic marks are added to the DNA in either the
sperm or the egg; these marks, predominantly DNA methylation patterns, are maintained
throughout development and into adulthood”3. During development, imprinted genes are
essential for regulating the balance of growth between the fetus and the placenta, as well

as the allocation of maternal resources. For instance, paternally-expressed genes often
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promote growth, while maternally-expressed genes often restrict excessive growth to
prevent maternal resource depletion, leading to the so-called "conflict hypothesis" of
imprinting”. Strikingly, we and other have shown that imprinted genes are sensitive to

environmental perturbations during critical windows of susceptibility”-"8,

The IGN

The imprinted gene network is a coordinately-regulated group of both imprinted
and biallelically-expressed genes’®. Upon its original discovery, the IGN consisted of only
15 imprinted genes that functioned to control embryonic development; it was later found
to include an additional 70 imprinted genes, as well as hundreds of biallelically-expressed
genes that could regulate cell adhesion, cell junction, extracellular matrix (ECM)
composition, and growth factor-activated signaling”®-8°. Notably, we demonstrated in our
mouse models of perinatal MetS- and Cd-induced MASLD that the IGN was aberrantly
activated, indicating the IGN may play a role in programming MASLD in offspring after

developmental exposure to environmental stressors®6:67.

Zac1

The imprinted gene Zac1 (also known as Plagl11) encodes a zinc-finger
transcription factor that can induce cell cycle arrest and apoptosis, potentially behaving
as a tumor suppressor®’-8*. More importantly, it was determined Zac? was the master
regulator of the IGN and could alter the expression of numerous other imprinted genes
including Igf2, H19, Cdkn1c, and DIk180, To investigate further the ability of the IGN to

induce phenotypes of MASLD, we artificially activated the IGN by overexpressing Zac1
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in a mouse hepatoma cell line and observed an increase in the accumulation of neutral
lipid and in the expression of pro-fibrotic genes®:8%. Notably, we also showed, using
targeted chromatin immunoprecipitation (ChlP) quantitative real-time polymerase chain
reaction (QRT-PCR) assays, that ZAC1 could bind to promoters of pro-fibrotic genes®®. It
remained unclear, however, the extent of ZAC1 binding at the promoters of genes
associated with MASLD pathogenesis. In this dissertation, we aimed to close that

knowledge gap by performing ChlP-sequencing.

H19

The imprinted gene H719 encodes a long non-coding RNA (IncRNA) that negatively
regulates cellular growth and proliferation during embryonic development®. The
regulation of H719 expression is intricately linked to the imprinted expression of its
neighboring gene, the growth factor Igf2, via a shared imprinting control region (ICR)?.
Strikingly, the aberrant activation of H79 in the liver has been implicated in the
pathogenesis of MASLD, as it has been shown to promote key metabolic pathways
including lipid metabolism, inflammation, and fibrosis remodeling®-°2. In our model of
perinatal Cd-induced MASLD, we found that H79 was one of the most significantly
upregulated imprinted genes in the IGN, providing evidence for its potential role in driving
MASLD®’. Another goal of this dissertation was to determine if ablation of H79 could

protect against MASLD phenotypes after perinatal exposure to Cd.
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Abstract

The heavy metal cadmium (Cd) is ubiquitous in our environment and is one of the
top ten chemicals of major public health concern according to the World Health
Organization (WHO). We have demonstrated that exposure to Cd during perinatal
development programs metabolic dysfunction-associated steatotic liver disease
(MASLD), the most prevalent chronic liver disease in the world. Adolescence presents
another critical window of susceptibility to environmental stressors; however, the impacts
of Cd exposure during this period on the health of the liver are not known. To help bridge
this knowledge gap, we exposed juvenile C57BL/6J mice to Cd via their drinking water
for 14 weeks. We performed histological, biochemical, and molecular analyses on liver
tissue to determine if exposure to Cd during adolescence and young adulthood also
induces MASLD. We found that Cd exposure altered hepatic lipid homeostasis via the
perturbation of steatosis gene expression and lipid species abundances. Additionally, Cd
exposure triggered a hepatic antioxidant response and activated an imprinted gene
network (IGN) which we have previously implicated in MASLD. Our results show that
adolescence, albeit to a lesser degree than the perinatal period, is a critical window of

susceptibility to Cd-induced changes in hepatic lipid homeostasis.
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Introduction

Cadmium (Cd) is a toxic heavy metal that has been ranked by the World Health
Organization (WHO) as a top ten chemical of major public health concern®. It is
ubiquitous in the Earth’s crust and can be naturally released via volcanic or erosion
events; however, anthropogenic activities — including mining and industrial practices —
have greatly increased its presence in our environment3. In the nonsmoking population,
the primary source of Cd exposure is through the ingestion of contaminated water and
food products®%; individuals who are exposed to tobacco smoke are at an even greater
risk, given the tobacco plant’s high affinity for accumulating Cd from the soil®>-®7. Since
Cd is not well excreted, it can persist in the body and cause adverse health effects in
multiple organ systems®'6. In the liver, Cd exposure can drive metabolic dysfunction-
associated steatotic liver disease (MASLD)%-192,

MASLD is the most common chronic liver disease, impacting 34% of adults in the
United States'031%4 MASLD is characterized by the accumulation of fat (steatosis) in the
liver in conjunction with having at least one cardiometabolic risk factor (CMRF) — obesity,
hypertension, hyperglycemia, hypertriglyceridemia, or low HDL cholesterol — and no
excess alcohol consumption*3. While hepatic steatosis does not pose any immediate
threat, its unattenuated progression to metabolic dysfunction-associated steatohepatitis
(MASH) and fibrosis increases the probability of developing cirrhosis, hepatocellular
carcinoma (HCC), and extrahepatic manifestations'%-1%7. Notably, records from the
United States’ United Network of Organ Sharing (UNOS) identify MASLD as one of the

leading indicators for liver transplant©3,
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Despite being considered a disease of aging, the MASLD prevalence among
adolescents and young adults (AYAs) — individuals 12-29 years of age — in the United
States is of major concern®1%_ A study leveraging data from the National Health and
Nutrition Examination Survey 2017-2020 found that approximately 24% of AYAs have
MASLD and 11% of those with MASLD have fibrosis*®. The pervasiveness of MASLD in
the AYA population suggests exposure to adverse physiological and environmental
stressors during critical windows of susceptibility'9%-113. These “critical windows” refer to
specific periods of development during which individuals are especially vulnerable to
perturbations by stressors''4. Exposure to Cd during prenatal and early postnatal
(perinatal) development induces MASLD and is likely contributing to its incidence in the
AYA population®”.115116  Adolescence is another well-defined critical window of
susceptibility; however, whether or not exposure to Cd during this period induces MASLD
has not been established.

During adolescence, puberty is an important developmental period of physiological
and psychological changes®®; fluctuations in hormones and alterations in body
composition increase metabolic strain, making the body more vulnerable to the effects of
chemical and non-chemical stressors®®-"1. The liver plays a central role in metabolism;
therefore, it is particularly sensitive to perturbations during puberty!'3117-120_ There is
some limited evidence that Cd exposure during puberty and adolescence can induce
MASLD phenotypes. One epidemiological study found that young adults in the highest
quartile for toenail Cd concentrations around age 25 had significantly higher odds (odds
ratio: 1.43) of developing MASLD at age 50'%. A study in mice showed that oral exposure

to Cd during puberty induced hepatic inflammation, indicated by an increase in apoptotic
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cells, circulating biomarkers of liver injury, macrophage activation, and protein and
transcript markers of pro-inflammatory and anti-inflammatory cytokines'?".

In our study, we aimed to determine if exposure to Cd during adolescence and
young adulthood is sufficient to induce MASLD. We leveraged a novel mouse model of
AYA cadmium chloride (CdCl2) exposure to examine the liver for histological, biochemical,
and molecular signatures of MASLD. The results of our study provide additional support

for adolescence as a critical window of susceptibility to environmental toxicants.

Materials and methods

Ethics statement

Animal work was approved by the North Carolina State University (NCSU)
Institutional Animal Care and Use Committee under protocols 19-049-B and 22-162-B.
Experiments were conducted in accordance with the Guiding Principles in the Use of

Animals in Toxicology. The study is reported in accordance with ARRIVE guidelines.

Cadmium exposure

At 9 weeks of age, C57BL/6J female mice were mated with age matched C57BL/6J
males to generate male and female offspring. Mice were maintained on a 14-h/10-h
light/dark cycle at 22 +4°C and 30%-70% humidity and were housed in Green Line IVC
Sealsafe cage housing systems (Tecniplast). At postnatal day (PND) 21, male and female
mice were sexed, weaned into cages with 2 to 5 mice per cage, and fed AIN-93G rodent
diet (Research Diets, D10012G) ad libitum for the duration of the study. Mice were given

unrestricted access to filtered drinking water (Millipore RiOs Essential RO water
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purification system) containing either 0 or 50 ppm CdCl2 (Sigma-Aldrich Cadmium
chloride 99.99%, 202908) starting at weaning for 14 weeks until PND 120 (4 months old).
The duration of exposure captures all of adolescence including pre-pubertal and pubertal
development as well as young adulthood. The concentration of CdCl2 was determined
previously to reproduce blood Cd levels of individuals living in Cd-polluted areas?'.

At the end of the 14-week exposure, mice were fasted for 6 hours early in the
morning, weighed, and then euthanized by decapitation. Trunk blood was used for blood
glucose readings using a standard glucose meter. Tissues were weighed, flash frozen,
and stored at -80°C. A portion of the median liver lobe was fixed in 4% paraformaldehyde
(PFA) overnight at 4°C and then transferred to 70% ethanol for short-term storage at 4°C
prior to histological staining. All collections were completed by noon each day.

Male and female mice were processed, analyzed, and reported separately. Unless
otherwise specified, the number of mice used for each of the analyses described below
and the corresponding statistics can be found in Supplementary Table 2.1. If a group
contained more mice than needed for a particular analysis, mice were selected by first
determining the group’s median liver weight and then selecting the mice with the smallest
absolute difference from the group’s median. No more than two mice from each litter were

used in any analysis to control for potential litter effects.

Histology
A portion of the median liver lobe fixed in 4% PFA was delivered to the NCSU
Histology Laboratory or to the University of North Carolina — Chapel Hill (UNC-CH)

Pathology Services Core (PSC) in 70% ethanol for Hematoxylin and Eosin (H&E) or
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Picro-Sirius Red (PSR) staining, respectively. For H&E, the PFA-fixed tissues were
paraffin embedded and sectioned onto positively charged slides. Tissues were
deparaffinized, rehydrated, and stained following a routine H&E protocol using an
autostainer (Leica ST5010 Autostainer XL). Slides were removed from the autostainer,
coverslipped with a synthetic mounting media, and stored at room temperature. For PSR,
the PFA-fixed liver tissues were paraffin embedded and sectioned onto positively charged
slides. Tissue sections were then deparaffinized and hydrated using standard histological
procedures. A PSR Stain Kit (PolySciences, 24901-500) was used following the
manufacturer's instructions. Briefly, the sections were first treated with phosphomolybdic
acid for tissue preparation. After rinsing, they were stained with PSR F3BA to specifically
stain collagen fibers and then treated with hydrochloric acid to enhance the contrast of
collagen fibers. Following staining, the slides were dehydrated and coverslipped with a
xylene-based mounting medium (Leica Surgipath Micromount, 3801730) and stored at
room temperature.

A portion of the left liver lobe was flash frozen on dry ice and cryo-embedded in
optimal cutting temperature (OCT) compound. The OCT-embedded livers were delivered
to the UNC-CH PSC for Oil Red O (ORO) staining. Sections were prepared using
standard cryostat procedures onto positively charged slides. Samples were then fixed in
formalin, followed by rinsing in tap water. After a rinse in 60% isopropanol, sections were
stained for 15 min using a freshly prepared ORO working solution. The working solution
was prepared by diluting ORO stock solution made from ORO powder (Sigma, O0625) in

isopropanol. Following staining, sections were rinsed in 60% isopropanol and
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counterstained lightly with hematoxylin. Slides were coverslipped with an aqueous
mounting medium and stored at room temperature.
All stained slides were imaged using a brightfield microscope (Olympus BX41

Microscope with Olympus DP23 Digital Microscope Camera).

Biochemical assays

The triacylglycerides (TAG) assay was performed by digesting a portion of the left
liver lobe with 3 M KOH (dissolved in 65% ethanol) solution in a 1:1 ratio with tissue weight
(mg) at 70°C for 60 min in a heat block. The samples were vortexed briefly every 20 min.
After the 60 min heating period, samples were left to sit overnight. The next day, the total
volume of each sample was brought to 250 pL using 2 M Tris-HCI (pH 7.5) and then
vortexed briefly. The samples were diluted 1:250 in 2 M Tris-HCI (pH 7.5) in new tubes.
Standards were created using glycerol (Sigma Aldrich Glycerol Standard Solution,
G7793) dissolved in 2 M Tris-HCI (pH 7.5) in a 0, 10, 50, 100, 150, and 200 mg/dL serial
dilution. All samples and standards were run in duplicate. 100 uL of each sample and
standard was added first to a 96-well plate and then 150 L of the TAG detection reagent
(Thermo Scientific Triglycerides Reagent, TR22421) was added to each sample or
standard. The plate was incubated at 35°C for 10 min and then absorbance was
measured at 550 nm using a microplate reader (BMG Labtech FLUOstar Omega). The
standards were plotted in Microsoft Excel to determine the equation of the line of best fit.

The equation was used to determine the concentration of TAG (mg/dL) in each sample.
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The hydroxyproline (Hyp) assay (QuickZyme Sensitive Tissue Collagen Assay Kit,
QZBTISCOL) was performed using a portion of the median liver lobe according to the

manufacturers’ instructions.

RNA isolation

Total RNA was isolated from a portion of the left liver lobe using a mini bead mill
homogenizer (VWR) and was purified (Macherey-Nagel NucleoSpin RNA Mini Kit,
740955) according to the manufacturer's instructions. RNA was quantified on a
spectrophotometer (Thermo Fisher Nanodrop 2000), and quality was assessed using the

260/280 and 260/230 ratios of absorbance.

gRT-PCR

Total RNA from the left liver lobe was diluted to 500 ng and used to synthesize
first-strand cDNA (Promega M-MLV Reverse Transcriptase, M170) according to the
manufacturer's instructions. A 1/10 cDNA dilution was created for each sample.
Standards were created using pooled cDNA in a 1/5, 1/10, 1/20, 1/40, and 1/80 serial
dilution. Water was used as a no template control (NTC). Quantitative real-time (qQRT)-
PCR was performed in a 96-well plate using SYBR Green chemistry (Bio-Rad
SsoAdvanced Universal SYBR Green Supermix, 1725271) with a real-time PCR system
(Thermo Fisher QuantStudio 3). The cycling conditions were as follows: a hold stage at
95°C for 30 s; a PCR stage at 40 cycles of 95°C for 15 s and 60°C for 30 s; a melt curve

stage at 95°C for 15 s, 60°C for 60 s, and 95°C for 1 s (dissociation). All samples,
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standards, and NTCs were run in duplicate. Primer sequences are presented in
Supplementary Table 2.2.

Dissociation curves showed that there was no contamination in the NTC wells and
that the primers only amplified a single product. Amplification efficiencies were calculated
in Microsoft Excel using the standard dilutions. B2m was used as the housekeeping gene
for males, while Polr2a was used as the housekeeping gene for females. Neither B2m (p
> 0.1) nor Polr2a (p > 0.1) were significantly differentially expressed between treatment
groups. Gene expression for all target genes was analyzed using the AACt method'?2. All
gene expression data are visualized as a percentage of the 0 ppm CdCI2 group for each

SexX.

Lipid extraction

Lipid extraction was described in a previous publication'?3. Briefly, ice cold
extraction solvent (250 pL 80% methanol/water, v/v) and 10 pL of fatty acid internal
standard (50 ng/uL of '3C1s -palmitic acid, Sigma-Aldrich) were added to 20-40 mg of
caudate liver lobe tissue in a 1.7 mL Eppendorf tube. Geno/Grinder homogenizer was
used (1500 rpm, 1 to 2 min ) to further break down the tissue chunk and form an even
suspension. The sample was then centrifuged at 20,000xg at 4°C for 10 min, and 50 pL
of supernatant containing free fatty acids (FFAs) was removed and transferred to a vial
for free FFA analysis by liquid chromatography-mass spectrometry (LC-MS).

The remaining 200 pL of solvent and insoluble pellet were briefly homogenized
using Geno/Grinder again (1500 rpm, 30 s) to loosen the bottom pellet, followed by the

addition of 480 uL MTBE and 10 uL of lipid internal standards. Lipid standards were
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obtained from Avanti Polar Lipids individually and combined to make the internal standard
mix to evaluate the system performance and stability. This internal standard mix contains:
15:0-18:1(d7) PC, 15:0-18:1(d7) PE, 15:0-18:1(d7) PS, 15:0-18:1(d7) PG, 15:0-
18:1(d7) PI, 15:0-18:1-d7-PA, 18:1(d7) LPC, 18:1(d7) LPE, 18:1(d7) Chol Ester, 18:1(d7)
MG, 15:0-18:1(d7) DG, 15:0-18:1(d7)-15:0 TG, 18:1(d9) SM, and Cholesterol (d7). After
vigorous vortexing, 120 yL of water was added to initiate phase separation. All samples
were centrifuged at 20,000xg at 4°C for 10 min. The supernatant containing lipids was
transferred to a new Eppendorf tube, dried using a speed vacuum, and stored at —80°C.
Prior to LC-MS analysis, the dry pellets were dissolved in 300 pL of a 1:1 (v/v)

isopropanol:ethyl acetate solvent.

Lipidomic LC-MS

LC-MS was performed using a Vanquish UHPLC (Thermo Fisher Scientific)
coupled to Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific). LC-MS
methods were described in a previous publication'?3. Briefly, the measurement of FFAs
was achieved by using a hydrophilic interaction chromatography method (HILIC) with an
Xbridge amide column (100 x 2.1 mm i.d., 3.5 ym; Waters) for compound separation at
25°C. Mobile phase A: water with 5 mM ammonium acetate (pH 6.8), and mobile phase
B: 100% acetonitrile. Linear gradient is: 0 min, 85% B; 1.5 min, 85% B; 5.5 min, 35% B;
6.9 min, 35% B; 10.5 min, 35% B; 10.6 min, 10% B; 12.5 min, 10% B; 13.5 min, 85% B;
17.9 min, 85% B; 18 min, 85% B; 20 min, 85% B. The flow rate is: 0-5.5 min, 0.110
mL/min; 6.9-10.5, .130 mL/min; 10.6-17.9 min, .250 mL/min; 18.0-20.0 min, .110 ml/min.

The parameters of Orbitrap Exploris 480 were as listed: vaporizer temperature, 350°C;
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ion transfer tube temperature, 300°C; sheath gas, 35; auxiliary gas, 7; sweep gas, 1;
spray voltage, 3.5 kV for positive mode and 3.0 kV for negative mode; RF-lens (%), 30;
resolution was set at 60,000 (at m/z 200); scan range, 70-900 (m/z); positive/negative
switching mode. FFA analysis was performed using Sieve (Thermo Fisher Scientific)
based on theoretical m/z and retention time.

The measurement of all other lipids was achieved by using a reversed phase
chromatography method with Xbridge BEH C18 column (2.1 x 100 mm, Column XP; 130
A; Waters) for compound separation at 40°C. Mobile phase A: water:acetonitrile (8:2, v/v)
with 0.1% formic acid and 10 mM ammonium formate, and mobile phase B:
isopropanol:acetonitrile (9:1, v/v) with 0.1% formic acid and 10 mM ammonium formate.
Linear gradient was: 0 min, 40% B; 1.5 min, 40% B; 5.0 min, 85% B; 12.0 min, 97% B;
16.0 min, 97% B; 16.5 min, 40% B; 21.0 min, 40% B. The flow rate was: 0.15 ml/min. The
parameters of Orbitrap Exploris 480 were as listed: vaporizer temperature, 350°C; ion
transfer tube temperature, 300°C; sheath gas, 35; auxiliary gas, 7; sweep gas, 1; spray
voltage, 3.5 kV for positive mode and 2.5 kV for negative mode; RF-lens (%), 45;
resolution was set at 120,000 (at m/z 200); scan range, 200-1600 (m/z); positive/negative
switching mode. The MS/MS condition for positive or negative ion mode was set as
follows: precursor isolation window was set at 1 (m/z), HCD collision energy was set at
25%, orbitrap resolution MS/MS scan was set at 15,000. Intensity threshold was set at
10,000. Lipid peak extraction and integration were performed using MS-DIAL. Lipids
identified by MS-DIAL were exported and subjected to further processing: (1) Mass error

was calculated in an excel sheet and ions with mass error larger than 4 ppm were
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excluded from further analysis; (2) Redundant lipid identifications were removed from the

result of MS-DIAL analysis.

Lipidomic data analysis

All computational analyses were conducted using R software (v4.2.1). Prior to
statistical analysis, lipidomic data was assessed for normality, individual lipid outliers, and
sample outliers. Lipid abundances were initially visualized using density plots. This
revealed a strong left skew, which is a common hallmark of lipidomic data'?*. To alleviate
this skew, abundances were total ion chromatogram (TIC) normalized and log2
transformed. Individual lipid outliers were identified by evaluating the coefficient of
variation (CV) and interquartile range (IQR) for each group. Acceptable CV values were
defined as those within the median CV plus or minus two times the median absolute
deviation. CV values outside this range were flagged as outliers. For the IQR, outliers
were defined as values less than the first quartile minus two times the IQR or greater than
the third quartile plus two times the IQR. Lipids flagged by both methods were removed
from downstream analyses, resulting in the removal of 43 out of 665 detected lipids.
Sample outliers were evaluated by applying both principal component analysis and
hierarchical clustering using a Euclidean distance metric and looking for samples with
outlying distributions. Based on this assessment, no samples were excluded.

To identify differentially abundant lipids, statistical analyses were conducted
separately for each sex using the Linear Models for Microarray and RNA-seq Data
(limma) package'?®. This method was chosen over traditional hypothesis tests, such as

the t-test, because it accounts for the correlation structure among individual lipids and
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across samples, making it particularly well-suited for “omics” datasets with limited sample
sizes. P-values were adjusted using the Benjamini-Hochberg method to control false
discovery rates. Two sets of significant lipids were identified based on “stringent” (padj <
0.05 and |logzfold-change| > 1) and “less stringent” (padj < 0.1 and |logzfold-change| >
0.5849) thresholds. Enriched lipid classes were then identified using a chi-squared test
(pagj < 0.05 and logzfold-change > 1). Asterisks represent chi-square test padj-values as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The statistical results for the
limma and enrichment analyses can be found in Supplemental Table 2.3. Overlap of
significant lipids between males and females was visualized using the eulerr proportional
Venn diagram tool'?6. The breakdown of significant lipid classes was visualized using a
stacked bar chart generated using the package ‘ggplot2’ (v3.3.6)'%’. A lipid class key can

be found in Supplemental Table 2.4.

Statistical analyses

Unless otherwise specified, statistical analyses were performed using a two-tailed
Student’s t-test using GraphPad Prism (version 10) software. Outliers were removed
using Grubbs’ Test (a = 0.05). Data are presented as the mean + the standard error of
the mean. A p-value of less than 0.05 was considered statistically significant. Asterisks

represent p-values as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Results
CdClz2 exposure alters organ weights and organ-to-body-weight percentages
Epidemiological and rodent studies have shown that exposure to Cd can cause
reduced body weight®. In our model, CdCl2 exposure during AYA development is
associated with a trend for reduced body weight at PND 120 compared to control mice,
although this difference was not statistically significant (Fig. 2.1a-b, Supplementary Table
2.1). Exposure did not significantly affect the raw weights of liver, brain, heart, kidneys,
gonadal white adipose tissue (gWAT), retroperitoneal white adipose tissue (rWAT), or
quadricep muscles in males or females; however, it did significantly decrease the raw

weight of the gonads in males (Fig. 2.1c-d, Supplementary Table 2.1).
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Figure 2.1. Effects of CdCl2 exposure on body weight, liver weight, and liver-to-body-
weight percentage at PND 120. (a) Male and (b) female body weight. (¢) Male and (d)
female liver weight. (e) Male and (f) female liver-to-body-weight percentage.

Abbreviations: CdCl2, cadmium chloride; PND, postnatal day.

Given the trending decrease in body weight, organ-to-body-weight percentages
were also calculated to investigate sparing and wasting phenotypes. Exposed male mice
showed significantly increased brain-to-body-weight and kidney-to-body-weight
percentages; exposed female mice showed significantly increased brain-to-body-weight
and rWAT-to-body-weight percentages but a significantly decreased quadricep muscle-

to-body-weight percentage (Supplementary Table 2.1). Notably, exposure to CdCl2 does
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not affect the liver-to-body-weight percentages in males or females (Fig. 2.1e-f,

Supplementary Table 2.1).

CdClz2 exposure does not induce overt MASLD phenotypes

MASLD is characterized by an elevated abundance of hepatic TAG, and, at more
advanced stages, by excess deposition of collagen indicative of fibrosis'%®. Histology was
performed to qualitatively examine the liver for MASLD phenotypes after CdCl2 exposure.
Exposure did not induce histological changes at PND 120 in either males or females. H&E
staining showed both exposure groups have normal microscopic morphology including
regularly-shaped hepatocytes with centralized nuclei and well-organized sinusoids (Fig.
2.2a-b). ORO and PSR staining, which stain neutral lipid droplets and collagen fibers,
respectively, showed no visual indication of lipid accumulation or collagen deposition in

the exposed mice when compared to controls (Fig. 2.2a-b).
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Figure 2.2. Effects of CdCl2 exposure on histological and biochemical markers of MASLD

at PND 120. Representative photomicrographs of (a) male and (b) female liver sections

centered around a vein. First row: H&E liver staining (scale bar = 50 ym). Second row:

ORO liver staining (scale bar = 200 ym). Third row: PSR liver staining (scale bar = 100

pum). (¢) Male and (d) female hepatic TAG abundance. (e) Male and (f) female hepatic

Hyp abundance. (g) Male and (h) female fasting blood glucose levels. Abbreviations:

CdClz, cadmium chloride; PND, postnatal day; H&E, Hematoxylin & Eosin; ORO, Oil Red

O; PSR, Picro-Sirius Red; TAG, triacylglyceride; Hyp, hydroxyproline.

30



Consistent with our observations at the histological level, a TAG assay identified
no change in TAG abundance between exposed and unexposed mice, while an assay for
Hyp — a major component of collagen fibers — also found no changes (Fig. 2.2c-f,
Supplementary Table 2.1). In addition to a fatty liver, individuals with MASLD must have
at least one CMRF; therefore, fasting blood glucose levels were measured to screen for
metabolic dysfunction and for the presence of a CMRF“3. Exposure had no effect on
fasting blood glucose levels between exposed and unexposed mice in either sex (Fig.
2.2g-h, Supplementary Table 2.1). Overall, exposure to 50 ppm CdCl2 during

adolescence and young adulthood did not induce overt MASLD phenotypes at PND 120.

CdClz exposure activates hepatic gene expression signatures of MASLD

The manifestation of MASLD is associated with perturbed expression of steatosis-
, inflammation-, and fibrosis-related genes’?-13. Males exposed to CdCl2 had marked
alterations in the abundance of transcripts associated with fatty acid (FA) uptake and
transport including a significant increase in Pparg, Slc27a5 (also known as Fatp5), Cd36,
and Fabp4 expression and a significant decrease in Fabp1 expression (Fig. 2.3a,
Supplementary Table 2.1). Exposed males also showed significantly increased
expression of Srebf1, a major driver of de novo lipogenesis (DNL), as well as Dgat2, an
enzyme that catalyzes the final step in TAG synthesis, when compared to the unexposed
males (Fig. 2.3a, Supplementary Table 2.1). Notably, exposed female mice presented
with only minimal changes in the expression of steatosis genes including a significant

increase in Fabp4 expression; other genes associated with FA uptake and transport and
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DNL showed some indications of changes in expression, but these were not statistically

significant (Fig. 2.3b, Supplementary Table 2.1).
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Figure 2.3. Effects of CdCl2 exposure on hepatic transcription of steatosis markers at
PND 120. (a) Male and (b) female hepatic transcript abundance for genes related to
steatosis. Left to right: FA uptake and transport genes; De novo lipogenesis genes; TAG
metabolism genes; FA B-oxidation genes. Asterisks represent p-values as follows: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: CdClz, cadmium chloride;

PND, postnatal day; FA, fatty acid; TAG, triacylglycerides.
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Exposed males had significantly increased expression of the inflammation markers
Tnfrsf1la, a membrane-bound receptor for the cytokine TNFa, and Hmgb1, a hepatic
damage-associated molecular pattern (DAMP) molecule (Fig. 2.4a, Supplementary Table
2.1). Exposed males also showed significantly increased expression of Tgfb1, a major
driver of fibrosis, as well as Col6a1, a component of type VI collagen; two other
components of collagen, Col7a71 and Col3a1, showed a non-significant trend towards
increased expression (Fig. 2.4a, Supplementary Table 2.1). On the other hand, exposed
females had significant decreases in expression of /l6ra, a membrane-bound receptor for
the cytokine IL6, and Tgfb1 (Fig. 2.4b, Supplementary Table 2.1). Despite the absence
of histological or biochemical markers of MASLD, these results show that exposure to 50
ppm CdCl2 during adolescence and young adulthood is associated with hepatic gene
expression signatures of MASLD at PND 120, a result that is more pronounced in males

than females.
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Figure 2.4. Effects of CdCl2 exposure on hepatic transcription of inflammation and fibrosis

markers at PND 120. (a) Male and (b) female hepatic transcript abundance for genes

related to inflammation and fibrosis. Left to right: Inflammation genes; Fibrosis genes.

Asterisks represent p-values as follows: *p < 0.05, **p < 0.01.
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CdCl2 exposure modulates hepatic lipid homeostasis

Considering the changes observed in steatosis gene expression, lipidomics was
performed to measure Cd-induced changes in hepatic lipid species abundances at PND
120. A total of 622 lipids were detected for each sex (Supplementary Table 2.3). Of those
detected, 12 lipids (1.93%) from 6 classes were found to be significantly altered (padj <
0.05 and |logzfold-change| > 1) in exposed males, and 18 lipids (2.89%) from 9 classes
were found to be significantly altered in exposed females. Only 4 of the significantly
altered lipids were shared between males and females (Supplementary Table 2.3).

After seeing only a small number of significantly altered lipids for each sex, a less
stringent threshold (pagj < 0.1 and |logzfold-change| > 0.5849) was leveraged to explore
more nuanced changes in lipid species abundances. Of the 622 lipids detected, the less
stringent threshold determined that 47 lipids (7.56%) from 14 classes were significantly
altered in exposed males, and 74 lipids (11.9%) from 14 classes were significantly altered
in exposed females (Fig. 2.5a, Supplementary Table 2.3). There were 22 significantly

altered lipids shared between males and females (Fig. 2.5b, Supplementary Table 2.3).
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Figure 2.5. Effects of CdCl2 exposure on hepatic lipids at PND 120. (a) Lipid class
composition (%) of all detected lipids and of the significant lipids (padj < 0.1 and [log2
fold-change| > 0.5849) for males and females. Significantly enriched lipid classes (padj <
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males and females. (¢) Fatty acyl saturation level composition (%) of all detected lipids
and of the significant lipids for males and females. Significantly enriched saturation levels
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chi-square test padi-values as follows: *p < 0.05, **p < 0.01, ****p < 0.0001. Abbreviations:
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We next looked for shifts in lipid class compositions. Lipid class enrichment
analyses were performed using the significantly altered lipid species obtained using the
less stringent threshold to determine lipid classes that were significantly enriched in males
and females relative to the number of detected lipids for each class. In exposed males,
fatty esters and sphingoid bases were significantly enriched (pagj < 0.05 and logzfold-
change > 1); in exposed females, sphingoid bases, ceramides, phosphosphingolipids,
and diradylglycerols were significantly enriched (Fig. 2.5a, Supplementary Table 2.3).
Notably, sphingoid bases were significantly enriched in both exposed males and females.

The pathogenesis of MASLD is associated with a shift in the saturation level of
lipids from polyunsaturated fatty acyls (PUFAs) and monosaturated fatty acyls (MUFASs)
to saturated fatty acyls (SFAs), as DNL primarily creates SFAs'3"132_ In addition, a diet
high in SFAs can further exacerbate the shift by increasing the burden of SFAs in the
liver'33.134 " Lipid saturation level enrichment analyses were performed using the
significantly altered lipid species obtained using the less stringent threshold to determine
significantly enriched saturation levels of lipids in males and females relative to the
saturation levels of all detected lipids. In exposed males, SFAs were significantly enriched
(pagi < 0.05 and logzfold-change > 1), comprising nearly 50% of all significantly altered
lipids (Fig. 2.5¢, Supplementary Table 2.3). In exposed females, SFAs and MUFAs were
significantly enriched with SFAs making up nearly 25% of significantly altered lipids (Fig.
2.5c¢, Supplementary Table 2.3). Overall, the lipidomic analyses show that exposure to
CdCl2 during adolescence and young adulthood can perturb lipid homeostasis in males

and females at PND 120, including the composition of lipid classes and saturation levels.
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CdClz2 exposure activates hepatic antioxidant gene expression

Oxidative stress is a major factor in the development and progression of
MASLD'35136_Exposure to Cd can induce oxidative stress in the liver, triggering a robust
antioxidant response to mitigate adverse effects'®”. To determine if the hepatic
antioxidant response was activated in exposed mice, we measured mRNA transcripts
associated with Cd-induced antioxidants. We found that expression of Mt1 and Mt2, the
primary hepatic metallothionein (MT) isoforms, was significantly increased in both males
and females exposed to CdClz (Fig. 2.6a-b, Supplementary Table 2.1). Exposed males
also showed significantly increased expression of Gss and Gpx7, enzymes involved in
glutathione (GSH) synthesis and detoxification pathways, as well as Nfe2/2 (also known
as Nrf2), a transcription factor that regulates antioxidant protein expression, when
compared to unexposed controls (Fig. 2.6¢c, Supplementary Table 2.1). Exposed females,
on the other hand, showed a significant decrease in the expression of Sod7, an enzyme
that neutralizes superoxide radicals, when compared to unexposed controls (Fig. 2.6b,
Supplementary Table 2.1). These results show that 50 ppm CdCl2 exposure during
adolescence and young adulthood activates antioxidant response transcripts in males

and females at PND 120.
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Figure 2.6. Effects of CdCl2 exposure on hepatic transcription of antioxidant markers at
PND 120. (a) Male and (b) female hepatic transcript abundance for genes related to the
antioxidant response. Asterisks represent p-values as follows: *p < 0.05, **p < 0.01, ***p

< 0.001. Abbreviations: CdCl2, cadmium chloride; PND, postnatal day.

CdClIz exposure activates hepatic IGN gene expression

We previously showed that exposure to CdCl2 during perinatal development
activates an imprinted gene network (IGN) — a coordinately-expressed group of imprinted
and biallelically-expressed genes — in the liver to drive MASLD phenotypes®®%7. In our
current study of AYA exposure, we noted that Cd36, Col1a1, Col3a1, and Col6a1, which
are members of the IGN, were all up-regulated in response to Cd (Fig. 2.3, Fig. 2.4). We
therefore screened a panel of imprinted and biallelically-expressed IGN members that

have previously been shown to be sensitive to Cd exposure®’. Exposed males showed
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significantly increased expression of Plagl/1 (also known as Zac1), Grb10, Mest, Ccdc80,

Pcolce, Tgfbi, and Ak3, while exposed females showed only a non-significant, trending

increase in the expression of Grb70 and Ccdc80 (Fig. 2.7a-b, Supplementary Table 2.1).

These results show that exposure to Cd during adolescence and young adulthood can

significantly upregulate IGN genes in exposed males.
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PND 120. (a) Male and (b) female hepatic transcript abundance for members of the IGN.

Left to right: Imprinted genes; Biallelically expressed genes. Asterisks represent p-values

as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: CdClz,

cadmium chloride; IGN, Imprinted Gene Network; PND, postnatal day.
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Discussion

In our study, we established a model of AYA Cd exposure to investigate
adolescence and young adulthood as a critical window of susceptibility in the
development of MASLD. Male and female mice were exposed to 0 or 50 ppm CdCl2
starting at weaning (PND 21) for 14 weeks until 4 months of age (PND 120) to capture
the entirety of adolescence in mice including pre-pubertal, pubertal, and early adulthood
development. CdCl2 exposure did not significantly alter body weight, liver weight, or liver-
to-body-weight percentage in males or females; H&E, ORO, and PSR staining of liver
tissue showed no qualitative evidence of MASLD phenotypes including no abnormal
histomorphology, increase in TAGs, or increase in collagen fibers. Biochemical assays
used to quantify intrahepatic TAGs and collagen deposition showed Cd exposure did not
significantly increase TAG or collagen fiber accumulation in liver tissue, consistent with
the histological observations. In addition, blood glucose levels, one of five CMRFs for
MASLD and a key marker for systemic metabolic function, showed no change due to Cd
exposure.

Despite observing no overt MASLD phenotypes, CdCl2 exposed mice showed
activation of transcriptional signatures of MASLD in the liver, characterized by the
upregulation of key genes related to steatosis, inflammation, and fibrosis. Most notably,
markers of FA uptake showed changes in expression including increased expression of
Pparg, Slc27a5, and Cd36. Increased lipid uptake is a major driver of hepatic steatosis,
as dietary (exogenous) lipids contribute the most to TAG production’®. There was also a
noticeable switch in the transcript abundance of the fatty acid transport genes Fabp 7 and

Fabp4. Fabp1, the isoform primarily active in the liver, was decreased, while Fabp4, the
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isoform primarily active in adipose tissue, was increased. This shift in expression may be
indicative of an adipogenic transformation of the liver, as FABP4 plays a major role in
fatty acid transport, lipid accumulation, and adipogenesis in adipocytes 3. A study in mice
found that high-fat diet (HFD)-induced MASLD significantly increased Fabp4 expression
in liver sinusoidal endothelial cells (LSECs), while inhibition of FABP4 decreased liver
injury and inflammation’?. In addition to fatty acid uptake and transport, exposed male
mice showed an increase in Srebf1 expression, which encodes a key transcriptional
regulator of DNL lipogenesis. Increased DNL is a key feature of MASLD that contributes
to TAG synthesis and hepatic steatosis’8. A study in rats found that oral subacute
exposure to Cd increased DNL in the liver which was associated with a significant
increase in hepatic SREBP-1C, a protein isoform encoded by Srebf1'41.

The onset of hepatic inflammation is a crucial step in the progression of MASLD to
MASH and fibrosis. Remarkably, males exposed to CdCl2 had increased Hmgb1
expression when compared to unexposed males. Hmgb1 is an important hepatic DAMP
produced by injured hepatocytes to activate an inflammatory response’™?. A study
showed that FFA exposure in cultured hepatocytes increased HMGB1 secretion, as well
as proinflammatory cytokines TNF-a and IL-6 secretion; the treatment of the FFA-infused
hepatocytes with anti-HMBG1 antibodies significantly reduced TNF-a and IL-6
secretion'3. Chronic liver injury and inflammation, if unmitigated, typically leads to fibrosis
which is largely mediated by TGF-31, the TGF-B isoform that is primarily responsible for
fibrosis signaling. TGF-B1 can activate hepatic stellate cells (HSC) or initiate epithelial-to-
mesenchymal transition (EMT), leading to the increased production and deposition of

collagen fibers and other extracellular matrix (ECM) proteins'#4. In our study, exposed
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males showed increased expression of Tgfb1 along with increased expression of the
collagen components Col1a1, Col3a1, and Col6a1 which may indicate the activation of
fibrosis signaling.

The observed changes in lipid metabolism genes prompted a deeper exploration
into the effects of Cd exposure on hepatic lipid species abundance and composition of
the lipidome. While TAGs are the primary lipid associated with MASLD, the accumulation
of other lipid species, especially those that are bioactive, can contribute to hepatic
lipotoxicity and the pathogenesis of MASLD'®'. In our study, lipidomic analyses showed
that CdCl2 exposure enriched several lipid classes including sphingoid bases in both
males and females. Sphingoid bases are the backbone of sphingolipids, which are highly
complex lipids that serve as both structural components of cellular membranes and as
bioactive signaling molecules in numerous cellular response pathways'5. There is
growing evidence that implicates sphingolipids and their metabolites in metabolic
diseases including MASLD'46-148_ Notably, ceramides — precursors to a wide variety of
more complex sphingolipids — have received a lot of attention, as their abundance has
been found to increase during hepatic steatosis; they can also be predictive markers for
the transition of MASLD to MASH'491%0  |n our study, ceramides were significantly
enriched in Cd-exposed females. A different study using adult male rats found that Cd
exposure primarily altered hepatic sphingolipid pathways with changes in the metabolism
of ceramides being the most significant; in vitro experiments using Cd-exposed BRL-3A
cells showed that the inhibition of ceramide synthesis attenuated Cd-induced hepatocyte

damage including a reduction in pro-apoptotic signaling and oxidative stress''. Taken
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together, these data suggest a possible mechanism of action for Cd-induced lipotoxicity
via perturbed sphingolipid and ceramide metabolism.

Among the significantly altered lipid species, our analyses also detected a
significant enrichment of SFAs in exposed males and SFAs and MUFAs in exposed
females. SFAs contain no double bonds in their carbon chains, making them more
lipotoxic and disruptive to intracellular membranes than MUFAs and PUFAs, which
contain one or more double bond in their carbon chains'?-1% DNL and a diet high in
SFAs drastically increases the presence of SFAs in the liver, leading to a shift in the
composition of the hepatic lipidome from unsaturated to saturated which increases
lipotoxicity''-34. The lipotoxicity associated with increased SFA accumulation includes
dysregulated mitochondrial function, increased oxidative stress, impaired autophagy,
increased endoplasmic reticulum (ER) stress, and increased pro-apoptotic
signaling’21%3, A study using a streptozotocin with high-fat diet (STAM) mouse model of
MASH showed CdCl2 exposure significantly exacerbated MASH phenotypes and
impaired FA desaturation, leading to increased SFA accumulation; the increased SFAs
were associated with heightened inflammation and cell death'®. Another study using
AML12 cells found Cd exposure in conjunction with SFA exposure increased pro-
inflammatory M1 polarization of macrophages in the liver; the results observed in vitro
were recapitulated in vivo leveraging the same STAM MASH model with CdCl2 exposure
as the previous study'®®. Additional research is needed to better understand the role SFAs
play in Cd-induced lipotoxicity in AYAs.

Antioxidants play an important role in maintaining redox balance by eliminating

harmful reactive oxygen species (ROS) and reducing oxidative stress'®’. Although the
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liver has a robust antioxidant defense system in place to combat ROS, acute and chronic
exposure to Cd can induce oxidative stress by overwhelming and depleting key hepatic
antioxidants'37.1%8, Oxidative stress is a major driver of MASLD; therefore, it is likely Cd-
induced oxidative stress contributes substantially to the onset and progression of
MASLD'35136_|n our study, we assessed several transcripts — including genes related to
MT, GSH, and antioxidant enzymes — to determine if CdCl2 exposure could perturb the
hepatic antioxidant response. Notably, both exposed males and females had significantly
increased MT expression, while males alone had increased GSH-related gene and
antioxidant enzyme expression, indicating males may have experienced more oxidative
stress than females. GSH and MT are considered the primary lines of defense against
Cd toxicity; Cd first complexes with GSH to be neutralized and then is sequestered by MT
for long-term storage’’. Additional antioxidant enzymes are produced to eliminate ROS
and free radicals created by mitochondrial dysfunction and essential metal
displacement’®’. With the exception of Sod7 in females, we did not detect a significant
decrease in the expression of any antioxidant genes. These results suggest the
antioxidant defense system was activated at the gene expression level. More experiments
examining antioxidant protein concentrations, mitochondrial function, lipid peroxidation
products, and essential metals abundances will provide additional insight into the overall
redox status of the liver in our model.

We previously showed that CdCl2 exposure during perinatal development is
sufficient to program MASLD in the livers of juvenile mice, and that this is associated with
activation of a coordinately-regulated network of imprinted and biallelically-expressed

genes, the IGN, in the liver®’. Atrtificial activation of the IGN through over-expression of
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Plagl1 — an imprinted member of the IGN and its master regulator — in cultured
hepatocytes induced intracellular lipid accumulation and activated profibrotic signaling
pathways®867_ Strikingly, several of the steatosis and fibrosis genes that were significantly
upregulated in males in our model of peripubertal exposure are members of the IGN;
therefore, we screened a panel of IGN members that were perturbed by CdCl2 exposure
in the perinatal study to assess the IGN after AYA Cd exposure®”. We found additional
IGN members that were significantly activated in the exposed males but not the exposed
females including both imprinted (Plagl1, Grb10, and Mest) and biallelically-expressed
(Ccdc80, Pcolce, Tgfbi, and Ak3) genes. All of these upregulated genes have been
implicated in hepatic steatosis, inflammation, or fibrosis pathways'%-168, For example,
increased expression of Mest — one of the most significantly altered IGN panel genes in
the exposed males — has been shown to attenuate carbon tetrachloride (CCls)-induced
hepatic collagen deposition in rats and has also been found to decrease lipid
accumulation in 3T3-L1 mouse adipocytes, indicating Mest may be a useful target for
impairing MASLD progression'®'.162_ Qverall, these findings provide evidence that the IGN
may play a role in driving MASLD after Cd exposure during AYA development.

Finally, the limitations of this study should be discussed. First, our mouse model
may not perfectly recapitulate the effects of Cd exposure on the liver and metabolic
homeostasis in humans. Second, the lack of any collection timepoints beyond PND 120
allows only for speculation of potential MASLD manifestation later in life. Future studies
using this dosing paradigm will leverage additional time points to determine if mice
exposed to CdClI2 during adolescence and young adulthood have more advanced MASLD

phenotypes during later adulthood. Lastly, conclusions drawn from this study rely heavily
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on changes in transcript abundances; therefore, future studies will include experiments

that quantify protein abundances in tandem with transcript abundances.

Conclusions

The results of our study show that adolescence is a critical window of susceptibility
to Cd-induced MASLD signatures in young adult mice, as evidenced by the activation of
genes related to steatosis, inflammation, and fibrosis in the liver. Additionally, the
detected changes in the composition and saturation of bioactive hepatic lipids is
suggestive of lipotoxicity, a key contributor to the development and progression of
MASLD. We also found that members of the IGN — which have been implicated in the
pathogenesis of MASLD — were upregulated in exposed male mice. We hypothesize that
the IGN may be activated by Cd exposure during critical windows of susceptibility to drive
MASLD. Additional studies investigating the perturbed lipids and IGN members will be

necessary to explore these underlying mechanisms empirically.
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Abstract

The heavy metal cadmium (Cd) has been denoted a top ten chemical of major
public health concern by the World Health Organization (WHO), given its ubiquity in the
environment, long biological half-life, and association with numerous adverse health
effects including liver disease. We have demonstrated that exposure to Cd during
perinatal development is sufficient to program metabolic dysfunction-associated steatotic
liver disease (MASLD) — the most prevalent chronic liver disease in the world — in juvenile
mice. The manifestation of MASLD is also associated with the activation of the imprinted
gene network (IGN), a group of coordinately-regulated imprinted and biallelically-
expressed genes, in the liver. One of the most significantly upregulated imprinted genes
in our model, H19, has been previously implicated in the pathogenesis of MASLD. H719
encodes a long non-coding RNA (IncRNA) that activates transcriptional programs
underlying hepatic steatosis, fibrosis, and metabolic homeostasis. We therefore
hypothesized that systemic deletion of H19 would protect against developmental Cd-
induced MASLD. To test this hypothesis, wild type and H79 knockout mice were exposed
to 0 or 30 ppm CdCl2 during perinatal development and then collected at PND 0 or PND
21. We found that Cd exposure was sufficient to induce molecular but not biochemical
signatures of MASLD at PND 21. Notably, the deletion of H19 did not protect against the
activation of steatosis and fibrosis genes in our model. We also showed that members of
the IGN — including a dramatic increase in Igf2 expression — were activated in mice
perinatally exposed to Cd at PND 21. Overall, our results do not support a role for H19 in

programming MASLD at PND21 in response to developmental Cd exposure.
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Introduction

Cadmium (Cd) is a non-essential heavy metal found ubiquitously in the Earth’s
crust. While natural processes contribute largely to its presence in the environment,
human activities have significantly increased the burden of Cd in the atmosphere, water,
and soil®. This is especially true in urban areas, where anthropogenic sources of Cd are
more prevalent'®®. Human exposure to Cd occurs primarily through the consumption of
contaminated food items; leafy green vegetables, in particular, have greater levels of Cd,
as they readily accumulate Cd from the soil®*. Individuals who smoke tobacco products,
reside near Cd-emitting industries, or participate in occupations that handle Cd are at an
even greater risk of exposure®. Cd is not well excreted after exposure and can persist in
tissues, especially the kidneys and liver, for years or even decades'’?. Chronic exposure
to Cd is associated with numerous adverse health effects, impacting nearly every major
organ system in the body3'"'. Given its pervasiveness in the environment, long biological
half-life, and broad negative health effects, the World Health Organization (WHO) has
designated cadmium (Cd) a top ten chemical of major public health concern.

Human and rodent data have shown Cd exposure can induce hallmarks of
metabolic dysfunction-associated steatotic liver disease (MASLD) °-192. MASLD is the
most common chronic liver disease, burdening nearly 34% of adults and 17% of
adolescents in the United States*®4°. It is characterized by having increased lipid
accumulation (steatosis) in hepatocytes, at least one of five possible cardiometabolic risk
factors (CMRFs), and no history of significant alcohol consumption*3. The simple
steatosis associated with MASLD is often considered benign; however, if allowed to

persist, MASLD has the potential to cause hepatic inflammation and fibrosis and progress
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to metabolic dysfunction-associated steatohepatitis (MASH)'%. This, ultimately, can lead
to cirrhosis, hepatocellular carcinoma (HCC), and even extrahepatic manifestations, all
of which require significant medical intervention to resolve’?”. Despite a precedence
existing for Cd-induced MASLD, there has been a paucity of research investigating the
effects of prenatal and early postnatal (perinatal) Cd exposure on the incidence of MASLD
during childhood and adolescence. This is especially concerning, given Cd has been
detected in both fetal cord blood and breast milk with significantly higher concentrations
being measured in women who smoked throughout their pregnancy36.172.173,

To address this knowledge gap, we previously created a mouse model of
developmental Cd exposure and found that juvenile mice perinatally exposed to 50 ppm
cadmium chloride (CdCl2) had signatures of MASLD at postnatal day (PND) 2187, This
timepoint coincides with the transition from the early postnatal to adolescence stage in
mouse development. In addition, juvenile mice at PND 21 concomitantly had aberrant
activation of a coordinately-regulated network of imprinted and biallelically-expressed
genes in the liver, the imprinted gene network (IGN)®’. Imprinted genes — defined by their
expression from either the paternal or maternal allele — are particularly sensitive to
environmental stressors during perinatal growth and development’#-"8. Evidence from our
lab has shown that overexpression of Plagl/1 (also known as Zac17) — the master regulator
of the IGN — in in vivo and in vitro models can induce markers of MASLD®667, Among the
IGN genes upregulated at PND 21, the imprinted gene, H19, had one of the largest fold
changes in expression in both sexes®’. H19 is maternally-expressed and encodes a long
non-coding RNA (IncRNA) that negatively regulates growth and cellular proliferation

during gestational development®. Strikingly, the aberrant expression of H79 has been
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implicated in the pathogenesis of MASLD; these studies reveal H19 can activate
transcriptional networks underlying hepatic steatosis and fibrosis and regulate metabolic
homeostasis and liver remodeling®-92.

In this study, we aimed to determine if the ablation of H79 can protect against the
onset or progression of perinatal Cd exposure-induced MASLD, making it a potential
therapeutic target. We leveraged a novel H19 knockout mouse model of developmental
Cd exposure to examine the liver for histological, biochemical, and molecular signatures
of MASLD, as well as for the activation of the IGN at PND 0 and PND 21. The results of
this study offer a better understanding of the molecular mechanisms underlying Cd-
induced liver disease and provide new evidence of H19’s role in regulating metabolic

homeostasis after exposure to a pertinent environmental stressor.

Materials and methods

Generation of H19* mouse model

All mouse studies were performed according to NIH and PHS guidelines and only
after protocols were reviewed and approved by the Eunice Kennedy Shriver National
Institute of Child Health and Human Development Animal Care and Use Committee.

To generate conditional H797* mutant mice, loxP sequences (ATA ACT TCG
TAT AGC ATA CAT TAT ACG AAG TTA T) were inserted at +3,156-bp 5’ and at -1,033-
bp 3’ of the mouse H19 gene using CRISPR/Cas9 technology'’4. These sites were
positioned to remove the entire H19 gene body while leaving the nearby H19/Igf2
imprinting control region (ICR) intact. Guide RNAs (gRNAs) were designed using the

open access software crispr.mit.edu. Only gRNAs with a score above 80 were chosen to
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minimize off-target mutations. The designed sense- and antisense gRNAs targeted 20-
bp at the 5’ end (GTC CGT CAG TAT CAT AAC TT on mouse chr. 7, 142,579,177-bp -
142,579,196-bp, UCSC Genome Browser) and 3’ end (CCT TGC AGT AAG GCT CGT
AA on mouse chr. 7, 142,574,970-bp — 142,574,989-bp, UCSC Genome Browser) and
carried the adapter sequences CACC and AAAC, respectively. Next, the gRNAs were
cloned into the vector pX330-U6- Chimeric_BB-CBh-hSpCas9 (Addgene, #42230). The
repair plasmid was generated by cloning gBlocks fragments (Integrated DNA
Technologies, IDT) spanning the entire H19 gene from the Xbal site 5’ and the Sall site
3’ of H19 into the Bluescript SK vector using the In-Fusion HD Cloning kit (Takara Bio
USA Inc., #639650). Prior to nucleofection of mouse embryonic stem cells (ES cells) both
plasmids were sequenced to ensure correct targeting and mutagenesis. Mouse R1 ES
cells were subject to nucleofection with the gRNAs and repair plasmid using the Amaxa
Mouse Embryonic Stem Cell Nucleofector Kit (Lonza, #/PH-1001). ES cell clones were
picked 7-8 days post nucleofection and expanded. Correctly targeted clones were
identified by PCR genotyping and injected into B6(Cg)-Tyrc-2//J blastocysts (The Jackson
Laboratory, #000058)'7%176, To genotype correctly targeted ES cell clones, we used the
primer sequences 5-CAA CCA CCA CAA GGT GAC AG-3’ and 5’-TGG CAG ATC CTC
AGC CTA GT-3' atthe 5" end and 5-GTC CTG CCT GGA TGA CTC TG-3' and 5-TAC
GCA GCC TCA TGT GTA GC-3’ at the 3’ end.

To generate mice carrying a systemic deletion of the H19 gene (H19*), Ella-cre
transgenic female mice (The Jackson Laboratory, #003724) were mated with H79ox*
males. Female offspring carrying the H79** deletion were then mated with C57BL6/J

(The Jackson Laboratory, #000664) males to breed out the Cre. After generating H79"*
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female offspring, H79** females were backcrossed ten times to B6.129(Cg)-
Gt(ROSA)26Sortm4ACTB-tdTomato,-EGFP)LUo/ | (The Jackson Laboratory, #007676) males to
generate H19Y* mice with the ROSA™MC reporter in the paternal allele. Primer
sequences to genotype H79* animals were 5-GTA TGG CAA GGG GTA TGG TG-3’ and
5-TGG CAG ATC CTC AGC CTA GT-3’ to detect the wild type (WT) allele (511-bp) and
5- GTA TGG CAA GGG GTA TGG TG-3’ and 5- ACC ATG GGC CTC TTT ATG TG-3

to detect the H19 deletion allele (425-bp).

Developmental cadmium exposure mouse model

All animal work was authorized by the NCSU Institutional Animal Care and Use
Committee under protocols 19-049-B and 22-162-B. Experiments were performed in
accordance with the Guiding Principles in the Use of Animals in Toxicology. Mice were
maintained on a 14-h/10-h light/dark cycle at 22 +4°C and 30%—70% humidity and were
housed in Green Line IVC Sealsafe cage housing systems (Tecniplast). Drinking water
was filtered via reverse osmosis (RO) (Millipore RiOs Essential RO water purification
system).

Three male H719%* mice with the ROSA™TMC reporter in the paternal allele were
delivered to the North Carolina State University (NCSU) Toxicology Animal facility. After
acclimation, the males were mated with C57BL6/J (The Jackson Laboratory, #000664)
females to generate H79*2 males for colony maintenance and to breed out the
ROSA™MG reporter. Sanger sequencing was performed by the NCSU Genomic
Sequencing Laboratories (GSL) using genomic DNA isolated from 2 mm ear tissue

punches of H19*» and H19** mice to confirm the location of the deletion in H7192 mice.
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The sequencing primer sequence 5-CAA CCA CCA CAA GGT GAC AG-3’ was used for
both genotypes.

To establish a maternal body burden of Cd, five-week-old, H19*2 dams received
0 ppm or 30 ppm CdCl, (Sigma-Aldrich, 202908) in drinking water ad libitum for five weeks
prior to mating, throughout mating and gestation, and until PND 10. A prior study
performed by our lab leveraging the developmental Cd exposure mouse model exposed
dams to 50 ppm CdCIzin drinking water; however, this resulted in the death of nearly 50%
of offspring by PND 2167, A lower dose of 30 ppm CdCl2 was instead adopted to avoid
significant mortality in offspring mice while still sufficiently manifesting MASLD
phenotypes by PND 21. In this study, the lower dose did not significantly alter dam water
consumption, chow consumption, weight gain, litter sizes, or the survivability of offspring
by PND 21 (Supplementary Table 3.1). Mice were fed a standard-source AIN-93G
Growing Rodent Diet (Research Diets Inc., D10012G) to standardize trace metal
exposure from chow. At the end of the five weeks, the H79** dams were mated with age
matched unexposed C57BL/6J males to generate male and female offspring with a 1:1
ratio of H19** and H19"*. Since H19 is a maternally-expressed gene, deletion on the
maternal allele is equivalent to a null genotype; therefore, H19%* mice are herein referred
to as knockout (KO) mice; H719** mice are herein referred to as wild type (WT) mice.

Male and female offspring were sacrificed at PND 0 (day of birth) and PND 21. At
PND 0, pups were weighed and then euthanized via decapitation. Blood glucose levels
of trunk blood were tested using a blood glucose meter. The liver, brain, heart, kidneys,
quadricep muscles, and a 4 mm tail snip (for genotyping) were weighed and flash frozen

on dry ice. Prior to freezing, the liver was sectioned into four pieces. One of the four pieces
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was soaked in 4% paraformaldehyde (PFA) for 24 hours at 4°C and then stored in 70%
ethanol for histological analyses. At PND 21, pups were fasted for 6 hours early in the
morning, weighed, and then euthanized by decapitation. Blood glucose levels of trunk
blood were determined using a blood glucose meter. Trunk blood (approximately 20 uL)
was also collected for metallomics. The liver, brain, heart, kidneys, quadricep muscles,
gonadal white adipose tissue (QWAT), retroperitoneal white adipose tissue (rWAT), and
a 2 mm ear punch (for genotyping) were weighed and flash frozen on dry ice. Prior to
freezing, the liver was sectioned into eight pieces. A portion of the median lobe was
soaked in 4% PFA for 24 hours at 4°C and then stored in 70% ethanol for histological
analyses. All collections were completed by noon each day.

After all collections were completed, pups were genotyped using tail (PND 0) or
ear (PND 21) tissue genomic DNA isolated via the HotSHOT method '77. A three-primer
PCR genotyping assay was performed by leveraging a shared forward primer (5’-CAA
CCA CCA CAA GGT GAC AG-3’) with a unique WT reverse primer (5°- TGG CAG ATC
CTC AGC CTA GT-3) and unique KO reverse primer (5°-GCT GCC TAC TTA CGA GCC
TA-3) to produce a 218 bp WT PCR product or 149 bp KO PCR product. The PCR
products were loaded onto a 1.3% agarose (Apex BioResearch Products, 20-102) gel
and ran for 40 min at 160 V for visualization. WT mice have a single gel band per lane,
while KO mice have two gel bands per lane. After genotyping, mice were sorted into 4
groups per sex: 0 ppm WT, 0 ppm KO, 30 ppm WT, and 30 ppm KO. Male and female
mice were processed, analyzed, and reported separately. Unless stated otherwise, the
number of mice used for each analysis and the corresponding statistical results can be

found in Supplementary Table 3.2. If a treatment group contained more mice than needed
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for a specific analysis, mice were selected by calculating the group’s median liver weight
and then choosing mice with the smallest absolute difference from the group’s median.
No more than three mice per litter were used in any analysis to control for possible litter

effects.

Metallomics

Trunk blood was collected and delivered to the NCSU Molecular Education,
Technology and Research Innovation Center (METRIC). Approximately 20 mg of blood
was aliquoted into 15 mL digestion tubes (SCP Science) and digested roughly according
to procedures described previously'’®. Briefly, to the 20 uyL of blood, 200 uL of
concentrated nitric acid (SCP Science) and 25 pyL of a 10,000 ppb internal standard
(containing germanium, indium, yttrium, and praseodymium) were added. This mixture
was heated to 95°C for 30 min (with a 15 min ramp up to temperature) and then allowed
to cool to room temperature. Notably, digestion times were decreased compared to
previous methods due to the low volumes of samples used here. After the initial heating
and cooling step, 100 uL of 30% hydrogen peroxide (SCP Science Plasma Pure Plus)
was added and the mixture was again heated to 95°C for 30 min (again with a 15 min
ramp to temperature). After cooling to room temperature, 100 pL of additional
concentrated nitric acid was added to each sample which were then diluted to the 5 mL
mark with ultrapure water (Elga PURELAB Flex Water Purification System) and vortexed.
Samples were analyzed on a mass spectrometer (Thermo iCAP RQ ICP-MS) using
triplicate main runs and incorporating an autosampler (ESI SC-2DX autosampler). The

instrument was optimized and calibrated daily for all elements analyzed. Calibration
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curves ranged from 0.01 ppb to 500 ppb. Limits of quantitation (LOQ) were determined
on a batch-by-batch basis, and results below the LOQ are not reported as quantitative

values.

Biochemical assays

A portion of the left liver lobe at PND 21 was used to perform the triacylglyceride
(TAG) assay. Briefly, liver tissue was submerged in a 3 M KOH (dissolved in 65% ethanol)
solution in a 1:1 ratio with tissue weight (mg) for digestion at 70°C for 60 min in a heat
block. Every 20 minutes, the samples were removed from the heat block, vortexed briefly,
and then placed back into the heat block. At the end of the 60 min, samples were removed
from the heat and left to sit overnight at room temperature. The following day, each
sample was brought to a total volume of 250 pL using 2 M Tris-HCI (pH 7.5) and then
vortexed briefly. The samples were then diluted 1:151 in 2 M Tris-HCI (pH 7.5). A 0, 10,
50, 100, 150, and 200 mg/dL dilution series was created using glycerol (Sigma Aldrich
Glycerol Standard Solution, G7793) dissolved in 2 M Tris-HCI (pH 7.5) for standards. 100
ML of each standard and sample was added to a 96-well plate and then 150 pL of the
TAG detection reagent (Thermo Scientific Triglycerides Reagent, TR22421) was added
to each well. The standards and samples were run in duplicate. Prior to measuring the
absorbance at 550 nm using a microplate reader (BMG Labtech FLUOstar Omega), the
plate was incubated at 35°C for 10 min. The outputs for the glycerol standards were
plotted in Microsoft Excel to calculate the equation of the line of best fit. The equation
(factoring in the dilutions) was used to determine the TAG concentration (mg/dL) in each

sample.
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A portion of liver at PND 0 or a portion of the median liver lobe at PND 21 was
used to perform the hydroxyproline (Hyp) assay (QuickZyme Sensitive Tissue Collagen

Assay Kit, QZBTISCOL) according to the manufacturers’ instructions.

RNA isolation

Total RNA was obtained from a portion of liver at PND 0 or from a portion of the
right liver lobe at PND 21 using a mini bead mill homogenizer (VWR). The RNA was
purified (Macherey-Nagel NucleoSpin RNA Mini Kit, 740955) according to the
manufacturer’s instruction and then quantified using a spectrophotometer (Thermo Fisher
Nanodrop 2000). RNA quality was determined using the 260/280 and 260/230 ratios of

absorbance from the spectrophotometer.

gRT-PCR

500 ng of total RNA was used to synthesize first-strand cDNA (Promega M-MLV
Reverse Transcriptase, M170) according to the manufacturer’s instructions. The cDNA
was diluted to 1/10 for each sample. A 1/5, 1/10, 1/20, 1/40, and 1/80 dilution series was
created using pooled cDNA for standards. Water served as a no template control (NTC)
to ensure there was no contamination. Quantitative real-time (qRT)-PCR was executed
using SYBR Green chemistry (Bio-Rad SsoAdvanced Universal SYBR Green Supermix,
1725271) with a real-time PCR system (Thermo Fisher QuantStudio 3) in 96-well plates.
The gRT-PCR cycling conditions were as follows: hold stage at 95°C for 30 s; PCR stage

at 40 cycles of 95°C for 15 s and 60°C for 30 s; melt curve stage at 95°C for 15 s, 60°C
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for 60 s, and 95°C for 1 s (dissociation). The NTC, standards, and samples were run in
duplicate for each reaction. Primer sequences can be found in Supplementary Table 2.2.

Dissociation curves confirmed that target primers amplified only a single qRT-PCR
product. The standard dilutions were plotted in Microsoft Excel to monitor amplification
efficiencies. Actb was used as the housekeeping gene for the PND 0 and PND 21
samples and was not differentially expressed between treatment groups. Target gene
expression was analyzed using the AACt method'?2. Expression data are visualized as a

percentage of the 0 ppm WT group for each sex.

Statistical analyses

Unless otherwise specified, datasets were analyzed with an ordinary two-way
analysis of variance (ANOVA) using GraphPad Prism software. Outliers were removed
prior to ANOVA testing using Grubbs’ Test (a = 0.05). The CdClz2 concentration
(“Cadmium”) and genotype of the mice (“Genotype”) were the two independent variables.
Sidak’s multiple comparison tests were performed between relevant groups when the
ANOVA found a significant effect. Asterisks represent significant multiple comparison p-
values for the Cadmium factor as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Pound signs represent significant multiple comparison p-values for the Genotype
factor as follows: #p < 0.05, #p < 0.01, ##p < 0.001, ##p < 0.0001. Data are presented
as the mean * the standard error of the mean. Dam water consumption, dam food
consumption, dam body weight, and survival percentage of PND 21 litters were analyzed

using a repeated-measures two-way ANOVA with the Geisser-Greenhouse correction.
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The CdCl2 concentration and the week or postnatal day were the two independent

variables. 0 ppm and 30 ppm CdCl: litter sizes were analyzed using an unpaired t-test.

Results
Perinatal exposure to Cd and systemic deletion of H79 elicit morphometric effects
at PND 21

The deletion of H19 in the livers of KO offspring at PND 21 was verified by
performing qRT-PCR using bulk liver tissue which confirmed that H19 was significantly
decreased in male and female KO offspring compared to their WT counterparts (Fig.
3.1A-B). Previous studies have shown that a reduction in H19 expression can perturb
gross phenotypes in mice'7%180, To determine if the ablation of H79 had similar effects in
our model, body weights and the absolute and relative organ weights of the liver, brain,
heart, kidneys, gonadal white adipose tissue (QWAT), retroperitoneal white adipose tissue
(rWAT), and quadricep muscles were assessed at PND 21. Males but not females
presented with significantly increased body weights (Fig. 3.1C-D). Males and females
both had unchanged liver weights, while males alone showed a significant decrease in
liver-to-body-weight percentage (Fig. 3.1E-H). The effect of H19 ablation on the absolute
and relative weights of the other organs measured in this study can be found in

Supplementary Table 3.2.
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Figure 3.1: Effects of perinatal Cd exposure and systemic H719 ablation on hepatic H19
expression, body weight, liver weight, and liver-to-body-weight percentage mice at PND
21. (A,B) Male and female H19 transcript abundance. (C,D) Male and female body
weight. (E,F) Male and female liver weight. (G,H) Male and female liver-to-body-weight
percentage. Lowercase letters represent significant two-way ANOVA factors as follows:

a, Cadmium effect; b, Genotype effect; c, Interaction effect. Asterisks represent significant
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Sidak’s multiple comparison test p-values for the Cadmium factor as follows: *p < 0.05,
**n < 0.01. Pound signs represent significant Sidak’s multiple comparison test p-values
for the Genotype factor as follows: #p < 0.01, ##p < 0.001. Abbreviations: CdClz,

cadmium chloride; PND, postnatal day; WT, wild type; KO, knockout.

Our previous study found perinatal exposure to Cd perturbed body weight and the
weights of numerous organs at PND 21¢7. In this study, we recapitulated similar outcomes
including a significant decrease in the body weights of both males and females (Fig. 3.1C-
D). Males and females also presented with unchanged liver weights but had significantly
increased liver-to-body-weight percentages (Fig. 3.1E-H). The impact of perinatal Cd
exposure on the weights of the other organs analyzed can be found in Supplementary
Table 3.2. Consistent with our previous observations, we demonstrated a significant
increase in the expression of H79 in the livers of male and female offspring exposed to

Cd (Fig. 3.1A-B).

Perinatal exposure to Cd does not induce overt MASLD phenotypes at PND 21

We have previously demonstrated that perinatal exposure to 50 ppm CdCl2
increases TAG accumulation in hepatocytes, as well as increases collagen fiber
deposition at PND 21%7. To determine if these biochemical phenotypes were present in
this study, which used 30 ppm CdCl2, we performed TAG and Hyp —the main component
of collagen — assays to quantify total hepatic TAGs and hepatic collagen, respectively.
We found that Cd exposure did not significantly alter TAG or Hyp abundances in males

or females at PND 21 (Fig. 3.2A-D). Males did, however, show a trend for increased TAG
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(Cadmium: F [1, 18] =3.102, P = 0.0952) and Hyp (Cadmium: F [1, 19] =3.851, P =
0.0645) deposition, which may be indicative of potential MASLD onset (Supplementary
Table 3.2). Notably, H19 ablation also had no effect on TAG or Hyp abundances in the

liver (Fig. 3.2A-D).
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Figure 3.2: Effects of perinatal Cd exposure and systemic H719 ablation on biochemical
markers of MASLD at PND 21. (A,B) Male and female hepatic TAG abundance. (C,D)
Male and female hepatic Hyp abundance. (E,F) Male and female fasting blood glucose
levels. Lowercase letters represent significant two-way ANOVA factors as follows: a,

Cadmium effect. Asterisks represent significant Sidak’s multiple comparison test p-values
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for the Cadmium factor as follows: *p < 0.05. Abbreviations: CdClz, cadmium chloride;
PND, postnatal day; TAG, triacylglyceride; Hyp, hydroxyproline; WT, wild type; KO,

knockout.

To be diagnosed with MASLD, an individual must have hepatic steatosis along
with at least one CMRF; therefore, we measured fasting blood glucose to determine if
perinatal Cd exposure could increase fasting blood glycemia levels. We found that males
but not females had significantly increased fasting blood glucose levels at PND 21 (Fig.
3.2E-F). Females did, however, show a trending increase for blood glycemia (Cadmium:
F [1, 34] = 3.378, P = 0.0748) (Supplementary Table 3.2). As observed with the TAG and
Hyp assays, the ablation of H19 had no effect on fasting blood glucose levels (Fig. 3.2E-

F).

Perinatal exposure to Cd perturbs MASLD-related transcripts at PND 21

Our previous study showed that perinatal Cd exposure could alter the expression
of MASLD-related transcripts at PND 2167, In this study, a panel of steatosis (Fabp4,
Cd36, Dgat2, and Ppara), inflammation (Hmgb1 and ll6ra), and fibrosis (Tgfb1 and
Col6a1) genes were leveraged to interrogate the liver for molecular changes indicative of
MASLD pathogenesis. In males, perinatal exposure to Cd caused a significant increase
in Fabp4, Tgfb1, and Col6a1 expression but a significant decrease in Dgat2, Ppara, and
Hmgb1 expression (Fig. 3.3A). In females, similar results were observed with exposure

causing a significant increase in Fabp4 and Col6a1 expression but a significant decrease
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in Dgat2, Hmgb1, and ll6ra expression (Fig. 3.3B). Notably, H719 ablation had no effect

on any of the MASLD genes in males or females at PND 21 (Fig. 3.3A-B).
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Figure 3.3: Effects of perinatal Cd exposure and systemic H79 ablation on hepatic
transcription of MASLD markers at PND 21. (A,B) Male and female hepatic transcript
abundance of MASLD markers. Lowercase letters represent significant two-way ANOVA
factors as follows: a, Cadmium. Asterisks represent significant Sidak’s multiple
comparison test p-values for the Cadmium factor as follows: *p < 0.05, **p < 0.01, ****p
< 0.0001. Abbreviations: CdCl2, cadmium chloride; PND, postnatal day; WT, wild type;

KO, knockout.
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Perinatal exposure to Cd displaces essential trace metals in the blood at PND 21
In vivo studies have shown that Cd exposure can disrupt essential trace metal
homeostasis in the blood and other tissues?'-?4. There is growing evidence that essential
trace metal imbalances contribute to metabolic disease pathology including MASLD 18182,
In this study, metallomics were performed to examine the blood for essential trace metal
levels after perinatal Cd exposure. Both males and females presented with a significant
decrease in the concentration of iron (Fe) (Fig. 3.4A-B). Males alone had significantly
decreased copper (Cu) and magnesium (Mg) levels, while females alone had significantly
decreased zinc (Zn) levels (Fig. 3.4A-B). Strikingly, the ablation of H19 significantly
decreased the concentrations of Fe and Zn in female offspring, indicative of a role for H19

in regulating essential trace metal homeostasis (Fig. 3.4A-B).
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Male Essential Trace Metal Levels in Blood at PND 21
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Figure 3.4: Effects of perinatal Cd exposure and systemic H79 ablation on essential trace
metal levels in blood at PND 21. (A,B) Male and female isotope quantities of trace
essential metals in blood. Lowercase letters represent significant two-way ANOVA factors
as follows: a, Cadmium effect; b, Genotype effect; c, Interaction effect. Asterisks
represent significant Sidak’s multiple comparison test p-values for the Cadmium factor as
follows: *p < 0.05, ****p < 0.0001. Pound signs represent significant Sidak’s multiple
comparison test p-values for the Genotype factor as follows: #*##p < 0.0001.
Abbreviations: CdClI2, cadmium chloride; PND, postnatal day; Fe, iron; Mg, magnesium;

Cu, copper; Se, selenium; Zn, zinc; WT, wild type; KO, knockout.
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Perinatal exposure to Cd activates IGN transcripts at PND 21

We demonstrated previously that Cd exposure during perinatal development was
sufficient to active IGN genes at PND 21 97 In this study, we assessed a targeted panel
of imprinted (H19, Igf2, Plagl1, and Grb10) and biallelically-expressed (Ccdc80 and
Pcolce) members of the IGN to determine if Cd exposure induced the same outcomes.
Strikingly, both males and females showed upregulation of /gf2; however, this increase
was only significant in females (Fig. 3.5A-B). Males and females also had significantly
increased H19 and Grb10 expression. (Fig. 3.1A-B; Fig. 3.5A-B). Additionally, the ablation
of H19 had no significant effect on the expression of other IGN genes in both males and

females at PND 21 (Fig. 3.5A-B).
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Male Hepatic IGN Genes Expression at PND 21
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Figure 3.5: Effects of perinatal Cd exposure and systemic H79 ablation on hepatic
transcription of select IGN members at PND 21. (A,B) Male and female hepatic transcript
abundance for members of the IGN. Lowercase letters represent significant two-way
ANOVA factors as follows: a, Cadmium effect. Asterisks represent significant Sidak’s
multiple comparison test p-values for the Cadmium factor as follows: *p < 0.05.
Abbreviations: CdCl2, cadmium chloride; IGN, Imprinted Gene Network; PND, postnatal

day; WT, wild type; KO, knockout.
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Prenatal exposure to Cd and systemic deletion of H19 induce morphometric effects
at PND 0

To determine if any of the phenotypes observed at PND 21 were present at birth,
male and female mice were collected and examined at PND 0. The ablation of H19 in the
liver was validated via qRT-PCR using bulk liver RNA. As expected, the transcript
abundance of H719 was significantly decreased in male and female KO mice (Fig. 3.6A-
B). The loss of H19 expression altered the body weights, as well as the absolute and
relative organ weights of neonatal mice. Males presented with significantly increased
body weight and liver weight, while females had unaffected body weight but significantly
increased liver weight (Fig. 3.6C-F). The liver-to-body-weight percentage was unchanged
in both males and females (Fig. 3.6G-H). The effect of H719 ablation on the absolute and
relative tissues weights of the brain, heart, kidneys, and quadricep muscles can be found

in Supplementary Table 3.2.
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Figure 3.6: Effects of prenatal Cd exposure and systemic H79 ablation on hepatic H19
expression, body weight, liver weight, and liver-to-body-weight percentage in mice at PND
0. (A,B) Male and female H79 transcript abundance. (C,D) Male and female body weight.
(E,F) Male and female liver weight. (G,H) Male and female liver-to-body-weight

percentage. Lowercase letters represent significant two-way ANOVA factors as follows:

72



a, Cadmium effect; b, Genotype effect; c, Interaction effect. Asterisks represent significant

*kk*x

Sidak’s multiple comparison test p-values for the Cadmium factor as follows: p <
0.0001. Pound signs represent significant Sidak’s multiple comparison test p-values for
the Genotype factor as follows: #p < 0.05, ##p < 0.001, ##p < 0.0001. Abbreviations:

CdClz, cadmium chloride; PND, postnatal day; WT, wild type; KO, knockout.

We and others have shown that prenatal Cd exposure can cause fetal growth
restriction (FGR) and reduced body weight at birth 67:183-185_|n this study, we found that
females but not males presented with significantly decreased body weights when
compared to controls at PND 0 (Fig. 3.6C-D). The liver weights and liver-to-body-weight
percentages were unaffected in both males and females (Fig. 3.6E-H). The effect of
prenatal Cd exposure on the absolute and relative weights of the other tissues measured
can be found in Supplementary Table 3.2. Notably, the expression of H79 in the liver was

not affected by Cd exposure in males or females (Fig. 3.6A-B).

Prenatal exposure to Cd and systemic deletion of H79 do not elicit molecular or
biochemical signatures of MASLD at PND 0

Our previous study found that prenatal exposure to Cd, overall, did not induce
histological markers of MASLD or perturb the expression of MASLD-related genes at PND
0%7. In this study, the Hyp assay and fasting blood levels were performed to investigate
the effect perinatal Cd exposure had on hepatic collagen deposition and the presence of
a CMRF at PND 0, respectively. We found that males had no change in the abundance

of collagen, while females presented with a slight interaction effect for collagen deposition
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(Fig. 3.7A-B). Males but not females had significantly increased fasting blood glucose
levels, indicative of possible metabolic dysfunction in males at PND 0 (Fig. 3.7D-C). The

ablation of H719 had no effect on either assay in males or females at PND 0 (Fig. 3.7A-D).
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Figure 3.7: Effects of prenatal Cd exposure and systemic H79 ablation on biochemical
markers of MASLD at PND 0. (A,B) Male and female hepatic Hyp abundance. (C,D) Male
and female fasting blood glucose levels. Lowercase letters represent significant two-way
ANOVA factors as follows: a, Cadmium effect; c, Interaction effect. Abbreviations: CdClz,
cadmium chloride; PND, postnatal day; TAG, triacylglyceride; Hyp, hydroxyproline; WT,
wild type; KO, knockout.
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In addition to the biochemical tests, a panel of steatosis (Pparg, Fabp4, Cd36,
Dgat2, and Ppara), inflammation (Hmgb1, ll6éra, and Tnfrsf1a), and fibrosis (Tgfb1,
Col1a1, Col3a1, and Col6a1) genes was examine via qRT-PCR to determine if there was
molecular evidence of MASLD pathogenesis. Both males and females showed a
significant increase in Fabp4 expression, while females alone showed a significant in
Col6at1 expression at PND 0 (Fig. 3.8A-B). All other transcripts assessed were
unchanged. Notably, H79 ablation had no effect on the expression of any of the MASLD-

related genes at PND 0 (Fig. 3.8A-B).
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Figure 3.8: Effects of prenatal Cd exposure and systemic H719 ablation on hepatic

transcription of MASLD markers at PND 0. (A,B) Male and female hepatic transcript
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abundance of MASLD markers. Lowercase letters represent significant two-way ANOVA
factors as follows: a, Cadmium. Asterisks represent significant Sidak’'s multiple
comparison test p-values for the Cadmium factor as follows: *p < 0.05, **p < 0.01.
Abbreviations: CdClz, cadmium chloride; PND, postnatal day; WT, wild type; KO,

knockout.

Systemic deletion of H19 activates IGN transcripts at PND 0

We previously demonstrated that prenatal exposure to Cd did not dysregulate the
expression of imprinted genes at birth®’. In this study, we examined a panel of imprinted
(H19, Igf2, Plagl1, Grb10, Cdkn1c, and Mest) and biallelically-expressed (Ccdc80,
Pcolce, and Tgfbi) members of the IGN. We found that Cd did not affect the expression
of any of the IGN genes at PND 0 (Fig. 3.6A-B; Fig. 3.9A-B). Strikingly, the ablation of
H19 significantly increased the expression of nearly every IGN gene assessed in males
including Igf2, Plagl1, Grb10, Cdkn1c, Mest, and Pcolce (Fig. 3.9A). Notably, there was
an interaction effect in the expression of Tgfbi in males (Fig. 3.9A). Females, on the other

hand, showed only a significant increase in the expression of Plagl/1 and Mest (Fig. 3.9B).
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Figure 3.9: Effects of prenatal Cd exposure and systemic H719 ablation on hepatic
transcription of select IGN members at PND 0. (A,B) Male and female hepatic transcript
abundance for members of the IGN. Lowercase letters represent significant two-way
ANOVA factors as follows: b, Genotype effect; c, Interaction effect. Pound signs represent
significant Sidak’s multiple comparison test p-values for the Genotype factor as follows:
#n < 0.05, #p < 0.01. Abbreviations: CdCl2, cadmium chloride; IGN, Imprinted Gene

Network; PND, postnatal day; WT, wild type; KO, knockout.
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Discussion

Although efforts have been made to minimize human exposure to the heavy metal
Cd, natural processes and anthropogenic activities have increased its presence in the air,
soil, and water. Prolonged exposure to Cd can negatively impact the function of numerous
organs and tissues including the liver. Evidence from epidemiological and animal studies
have found that Cd exposure can drive MASLD, the most common chronic liver disease
in the world®-192, Strikingly, MASLD burdens nearly 17% of adolescents in the United
States*°. Considering Cd has been detected in fetal cord blood, breast milk, and foods
commonly consumed by infants and children, it is plausible that exposure to Cd during
prenatal and early postnatal development is contributing to the prevalence of MASLD
among adolescents'72173.18 _\We recently demonstrated that perinatal exposure to Cd is
sufficient to program MASLD phenotypes in the livers of juvenile mice concomitantly with
the activation of the hepatic IGN, a network of coordinately-regulated imprinted and
biallelically-expressed genes, including the imprinted IncRNA H79%7. Recent evidence
suggests that the aberrant activation of H19 in the liver can drive networks of steatosis
and fibrosis, making it a potential therapeutic target for alleviating or even preventing
MASLD progression8%91.92,

In this study, we leveraged our developmental Cd exposure mouse model to
determine if the systemic ablation of H19 could protect against Cd-induced MASLD in
offspring. WT and H79 KO mice born to mothers exposed to 0 or 30 ppm CdClz in drinking
water for five-weeks prior to mating, during gestation, and until PND 10 were collected at
PND 0 and PND 21 to assess the liver for MASLD pathologies. At PND 21, perinatal Cd

exposure did not induce overt MASLD phenotypes in the liver, as evidenced by unaltered
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hepatic TAG and collagen abundances. This finding is contrary to what was observed at
PND 21 in our previous study; however, the differing genetic backgrounds of the mice, as
well as the lower concentration of Cd used in the exposure paradigm could be contributing
to these discrepancies. Mice at PND 0, similarly, presented with no quantitative increase
in the abundance of collagen in the liver due to prenatal Cd exposure. Strikingly, Cd
exposure increased fasting blood glucose levels in male offspring at PND 21, a phenotype
that was also observed in male offspring at PND 0. Elevated blood glycemia is closely
linked to MASLD progression and is one of five CMRFs used in its diagnosis*3. These
findings suggest males may be more sensitive to Cd-induced metabolic dysfunction than
females after developmental exposure to Cd. Since developmental Cd exposure was
unable to induce overt MASLD phenotypes at PND 0 or PND 21 in our model, the role
H19 ablation plays in mitigating those outcomes is not clear.

Despite observing no biochemical evidence of MALSD manifestation, the
expression of hepatic steatosis, inflammation, and fibrosis genes was perturbed by
perinatal exposure to Cd at PND 21. Males and females had a noticeable increase in the
expression of Fabp4, a fatty acid transport protein that is primarily active in adipose tissue.
The activation of Fabp4 may be indicative of increased hepatic lipid abundances and
inflammation, as well as an adipogenic shift in hepatocyte function'3%140, Noticeably,
males and females also presented with a marked decrease in the expression of hepatic
TAG metabolism and inflammation genes including Dgat2, Ppara, and Hmgb1 in males
and Dagt2, Hmgb1, and l6ra in females. This may signify a stress response by the liver
to combat against MASLD progression which may explain why overt phenotypes were

not observed in the liver. Despite a decrease in steatosis and inflammation markers,
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perinatal Cd exposure caused an increase in fibrosis transcripts, as evidenced by the
upregulation of Tgfb1 — the TGF[ isoform largely responsible for fibrosis signaling —
expression in males and Col6a1 —a component of Type VI collagen — expression in males
and females, indicative of potential disease progression. Further, our previous study
demonstrated that prenatal exposure to Cd did not, overall, alter the expression of
MASLD-related genes in offspring at PND 0%7. The current study similarly observed only
an increase in Fabp4 expression in males and females and an increase in Col6a1
expression in females alone. Strikingly, the ablation of H79 had no effect on the
expression of any of the steatosis, inflammation, and fibrosis transcripts assessed in
males or females at either timepoint, suggesting H79 may not play a role in driving Cd-
induced MASLD. It is possible, however, that a more comprehensive approach could
uncover relevant molecular targets in our model.

Evidence from our lab and others have shown developmental exposure to Cd can
elicit morphometric effects in offspring including reduced body weight87:183.184 ' At PND 21,
both males and females presented with decreased body weights but unaltered liver
weights. Despite an overall decrease in body weight, the relative weights of the liver were
increased in the Cd exposed offspring in both male and females, illustrating a potential
sparing phenotype. Interestingly, only females exposed to Cd experienced a reduced
body weight at PND 0, while both males and females presented with unaffected liver and
relative liver weights. A study performed using CD-1 mice found that Cd preferentially
crossed placental barrier of female fetuses''®. This may explain why a reduction in body
weight was only observed in females at PND 0, albeit males do eventually manifest the

phenotype at PND 21. Further, there is evidence that the loss of H79 expression during
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development can also induce morphometric effects'7%180, The expression of H719 during
early-life is co-regulated with another imprinted gene, the growth factor Igf2. H19
functions to negatively regulate growth and cellular proliferation, in part, by suppressing
Igf2 expression; therefore, the deletion of H19 causes increased Igf2 expression which
can, ultimately, lead to overgrowth phenotypes in offspring. At PND 21, KO males but not
females had increased body weight. The liver weights of both males and females were
unaltered, but males had a decreased relative liver weight. Notably, both KO males and
females had overgrowth phenotypes at PND 0, as evidenced by increased body weights
and liver weights. These findings demonstrate that some of the overgrowth phenotypes
induced by H719 ablation at PND 0 can stabilize over time and return to within a normal
range, an outcome more prominently observed in the female offspring at PND 21.

It is well-known that Cd can displace essential trace metals in the blood, liver, and
other tissues?'-24. At PND 21, perinatal Cd exposure caused a substantial decrease in
blood Fe levels in males and females, a decrease in blood Cu and blood Mg levels in
males, and a decrease in blood Zn levels in females. Epidemiological studies have found
that deficiencies in essential trace metals — including Fe, Cu, Zn, Selenium (Se), and Mg
— are prevalent in individuals diagnosed with MASLD; however, the relationship between
the two is complex'®-190 |t is not always clear whether an essential trace metal deficiency
can cause MASLD or if it is a side effect of MASLD pathology. In either case, perinatal
Cd exposure likely exacerbates those issues and increases metabolic stress in the liver.
The deletion of H79 also caused a decrease in blood Fe and blood Zn in females at PND
21. Exposure to Cd and H19 ablation, together, induced a larger decrease in blood Zn

levels. Currently, there is limited evidence that H19 can impact Fe or Zn homeostasis.
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One study using lung cancer cells showed H79 upregulation was able to enhance the
expression of FTH1, a subunit of the Fe storage protein ferritin ''. Another study using
mice found the deletion of Zip74 — a Zn transport protein — in the small intestine caused
a marked increase in H19 expression'®2.

Evidence from our lab has shown perinatal exposure to stressors can activate the
expression of the IGN in the livers of juvenile mice®®67. At PND 21, the expression of H19
and Grb710 were increased in both male and female offspring. A study in mice
demonstrated that a liver-specific deletion of Grb70, an imprinted growth factor receptor
bound protein, suppressed acute endoplasmic reticulum (ER) stress-induced steatosis
phenotypes'®9. Strikingly, the expression of Igf2 was dramatically increased in males and
females, albeit only significantly so in females; exposure to Cd and H19 ablation, together,
appear to induce an even larger increase in the hepatic expression of Igf2. There is
growing evidence that aberrant /gf2 activation can contribute to elevated hepatic steatosis
and fibrosis, as well as hepatic mitochondrial dysfunction'93-1%_ Given Igf2’s similar
metabolic function to H79 in liver disease pathology, it is possible that the marked
increase in Igf2 was able to inhibit the protective effects of H19 ablation in our model.
Additional studies will be performed to explore this relationship. Further, as observed in
our previous study, the current study did not show activation of the IGN at birth due to
prenatal Cd exposure. The ablation of H79, on the other hand, increased the expression
of numerous IGN members at PND 0, an outcome more prominent in male offspring.
Males and females had increased Plagl/1 and Mest expression, while males alone had
increased Igf2, Grb10, Cdkn1c, and Pcolce expression. Similarly to Plagl1, the master

regulator of the IGN, H19 has been shown to control the expression of other genes in the
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IGN'7. As observed at PND 21, the effect of H19 ablation on IGN gene expression is
lost, as KO mice no longer differ from their WT counterparts.

Finally, the limitations of this study should be considered. First, the outcomes
observed in our mouse model may not all be recapitulated in humans. Second, the
ablation of H19 in our model was not liver specific. Future studies will explore liver cell
type-specific knockouts of H79 and other IGN genes of interest. Third, there are no
collection timepoints beyond PND 21. Future studies will explore later timepoints to see
if more advanced MASLD phenotypes are present as a result of developmental exposure.
Lastly, the conclusions drawn from this study rely largely upon gene expression data.
Future studies will incorporate experiments that quantify protein abundances to help

support the gene expression data.

Conclusions

The results of our study show developmental exposure to 30 ppm CdCl2 was
sufficient to program molecular signatures of MASLD at PND 21 but not at PND O;
however, the ablation of H79 did not reduce the expression of steatosis and fibrosis genes
at PND 21. A more global gene expression approach may reveal larger molecular
changes driven by H719 deletion. Additionally, genes of the IGN were activated by
developmental Cd exposure at PND 21 and by the ablation of H19 at PND 0. Future
studies will explore the roles Igf2, and other pertinent IGN members have on the onset

and progression of MASLD after developmental exposure to environmental stressors.
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Abstract

The imprinted gene ZAC1 encodes a zinc-finger transcription factor that regulates
the expression of the imprinted gene network (IGN), a group of coordinately-regulated
imprinted and biallelically-expressed genes. We have demonstrated previously that
perinatal exposure to environmental stressors can activate the IGN in the liver, while
simultaneously eliciting hepatic signatures of metabolic dysfunction-associated steatotic
liver disease (MASLD). The artificial activation of the IGN via ZAC1 overexpression in
hepatoma cells showed ZAC1 could enhance lipid and collagen deposition and could also
bind to the promoters of the pro-collagen gene COL6A2; however, the full extent of ZAC1
binding in hepatocytes and the associated downstream effects, especially those related
to MASLD, remain unknown. To address this knowledge gap, we performed chromatin
immunoprecipitation sequencing (ChIP-seq) using ZAC1-overexpressing hepatoma cells
to identify global binding coordinates of ZAC1, as well as consensus binding sequences.
We found that nearly 50% of called ZAC1 peaks overlapped the promoter regions of
genes. Among those genes included 45 members of the IGN, indicating ZAC1 can directly
interact with those genes to influence their expression. Pathway enrichment analyses
revealed significant enrichment of biological pathways associated with MASLD including
PIBK/AKT signaling, insulin resistance, and regulation of epithelial-mesenchymal
transition (EMT). We were also able to identify GC-rich consensus binding motifs, a
feature of zin-finger transcription factors. These findings provide new insights into our
understanding of ZAC1’s ability to regulate the expression of IGN in the liver and drive

transcriptional networks of MASLD.
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Introduction

Imprinted genes, characterized by their expression from only one of the parental
alleles, play a crucial role in proper growth and development during early life. Upon its
initial discovery in the late 1990s and early 2000s, the imprinted ZAC7 gene (also known
as PLAGL1), which encodes a C2H2 zinc-finger transcription factor with both
transactivation and repressor functions, was characterized as a biallelically-expressed
tumor suppressor gene, as it was found to induce apoptosis and cell cycle arrest8'-84,
Years later, it was determined ZAC1 was maternally-imprinted and could also regulate
the expression of a network of imprinted genes that was responsible for controlling
embryonic growth®; the imprinted gene network (IGN) was later updated to include
additional imprinted genes, as well as biallelically-expressed genes that govern
extracellular matrix (ECM) composition, cell-adhesion, and more’®.

Notably, imprinted genes have been found to be sensitive to perturbations by
environmental stressors, especially during development’478198_\We have shown that
exposure to maternal metabolic syndrome (MetS) and the heavy metal cadmium (Cd)
during perinatal development can facilitate the aberrant activation of the IGN in the livers
of juvenile mice®®’. This, concomitantly, occurred with the manifestation of hepatic
steatosis and fibrosis which are phenotypes associated with metabolic dysfunction-
associated steatotic liver disease (MASLD), the most common chronic liver disease in the
world. To further explore the role ZAC1 and the IGN play in facilitating MASLD, we
overexpressed ZAC17 in a human hepatoma cell line to artificially activate the IGN and
observed a significant increase in the uptake of neutral lipids after oleic acid exposure,

as well as increased collagen deposition per elevated pro-COL1A1 — a precursor to Type
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| collagen — levels®8-67. Given ZAC1’s function as a transcription factor, we also performed
chromatin immunoprecipitation (ChlP) and leveraged targeted quantitative real-time
polymerase chain reaction (QRT-PCR) assays for predicted ZAC1 binding sites at the pro-
fibrotic genes TGFB1, SNAI1, COL6A2, and COL1A1. We found ZAC1 binding was
significantly enriched at the promoter regions of TGFB7 and COL6A2%6. Still, the
magnitude and overall consequences of ZAC1 binding at MASLD-related genes was not
clear.

In this study, we performed ChlIP-sequencing (ChlP-seq) in ZAC1-overexpressing
hepatoma cells to discover the global genomic binding coordinates of ZAC1 with a
particular interest in the promoter regions of genes associated with MASLD and the IGN.
Pathway enrichment analyses were conducted to identify enriched biological pathways
associated with steatosis, inflammation, and fibrosis signaling. We also performed binding
motif discovery to determine ZAC1 consensus binding sequences. Overall, these results
offer a greater understanding of ZAC1’s ability to activate transcriptional networks of

MASLD.

Materials and Methods

ZAC1 ChIP

The ZAC1 ChIP was described in a previous study®®. Briefly, HEK293T cells were
plated and transfected with a pLenti-CMV-ZAC1-FLAG construct and three lentiviral
plasmid constructs to produce a Zac1-FLAG lentiviral media. The ZAC1-FLAG lentiviral
particles were transduced into plated HepG2 cells (a hepatoma cell line) to overexpress

ZAC1. ChIP was performed using magnetic beads coupled with antibodies against ZAC1-

88



FLAG or IgG to immunoprecipitate DNA. The IgG was used as a control for non-specific

binding.

ChiP-seq

Three ZAC1-FLAG and IgG replicates were delivered to the University of North
Carolina-Chapel Hill (UNC) High Throughput Sequencing Facility (HTSF) for library
preparation and sequencing.

Peak assembly was performed in consultation with the Bioinformatics Core at the
NCSU Center for Human Health and the Environment (CHHE). An average of ~50 million
paired-end raw ChIP-Seq data was generated with three replicates with treatment and
mock samples. The quality of sequenced data was assessed using the fastqc'%®
application, and seven poor-quality bases were trimmed from the 5’-end. The remaining
good-quality reads were aligned to the Human reference genome (hg38) using a
bowtie2?°° aligner. The alignment files were sorted, and the uniquely aligned reads were
retained and indexed using sambamba version 0.7?°'. Model-based ChIP-seq data
analysis (MACS2, version 2.2.7.1)?%2 was used to call the peaks between the ZAC1
treatment and mock IGG samples in the three replicates. The default settings were used
except for setting the minimum false discovery rate (FDR) cut-off (q value) to 0.05. We
obtained 0, 71,331, and 5,703 peaks for replicates 1, 2, and 3, respectively. Replicate 1
was removed from all analyses moving forward. To assess the concordance of peak
intervals between replicates 2 and 3, we used the Galaxy?%3 platform to intersect replicate
2 peaks onto replicate 3 peaks (5,127 intervals) and then replicate 3 peaks onto replicate

2 peaks (4,767 intervals). The peak intervals had to overlap by at least 1 base pair (bp).
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We then merged the overlapping intervals of the two files generated in the previous step
to create a single interval file for the two replicates. This produced a total of 4,647 peak

intervals for downstream analyses.

ZAC1 genome binding

Transcript chromosomal coordinates from the National Center for Biotechnology
Information (NCBI) Reference Sequence (RefSeq) Select??* database — which consists
of a representative transcript for every protein-coding gene in the genome — were
downloaded from the University of Santa Cruz (UCSC) Table Browser?® tool using the
GRCh38/hg38 human genome build. Of the total 22,320 genes in the database, 2,998
‘chr_alt” and “chr_fix” transcript coordinates were removed to generate a final list of
19,322 representative genes. These coordinates were then modified to explore specific
gene regions including the gene promoter (the transcription start site plus and minus 40
bp), the gene body, the gene body plus one kilobase (kb) upstream, the gene body plus
three kb upstream, the gene body plus five kb upstream, and the gene body plus ten kb
upstream. The 4,647 peak intervals were then overlapped with the various gene region
coordinates using the Galaxy?%® platform to determine if ZAC1 was bound to a gene
region. The gene names (2,381 genes) and ZAC1 peak coordinates (2,275 intervals) from
the promoter region file were used for additional analyses. ZAC1 peak binding at
promoters was visualized using the Integrative Genomics Viewer (IGV) desktop

application?%6.
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ZAC1 IGN binding

The gene names from the promoter region file were compared to a list of human
IGN genes assembled by Al Adhami et al., 20157°. Any of the IGN genes not present in
the NCBI RefSeq Select database were removed from the assembled list of human IGN
members. After trimming, there was a total of 297 IGN genes: 61 imprinted and 236

biallelically-expressed genes.

Consensus binding motif

The ZAC1 peak coordinates from the promoter region file were converted to their
corresponding DNA sequences using the Galaxy?%® platform. The sequences were
uploaded to the MEME Suite for input into the Sensitive, Thorough, Rapid, Enriched Motif
Elicitation (STREME)?®” motif identification software. The average length of the DNA

sequences was 1,416 bp. An e-value < 0.05 was considered significant.

DAVID pathway analysis

The gene names from the promoter region file were uploaded to the National
Institutes of Health (NIH) Database for Annotation, Visualization, and Integrated
Discovery (DAVID)?%8.29 tool as input for Functional Annotation. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway function annotation chart was selected to

assess enriched pathways. A p-value < 0.05 was considered significant.
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Qiagen Ingenuity Pathway Analysis

The gene names from the promoter region file were uploaded to the Qiagen
Ingenuity Pathway Analysis?'® (IPA) software as input for a Core Analysis. Biological
filters were adjusted to include molecules and/or relationships related only to humans and
the HepG2 cell line. The Canonical Pathways function was used to assess enrichment. A

p-value > 1.3 was considered significant.

Results
Identification of ZAC1 genomic binding regions

To assess regions of the genome where ZAC1 binding was present, the 4,647
ZAC1 peak intervals were overlapped with defined coordinates near genes including gene
promoters, gene bodies, and gene bodies plus increasing distances upstream from the
TSS. We found that approximately 85% of the ZAC1 peaks were within a 10kb region
upstream from the TSS of genes and that nearly 50% of the ZAC1 peaks were bound at
gene promoters (Fig. 4.1A). Of the total 19,322 representative genes used to generate

the varying coordinates, ZAC1 was bound at the promoters of 2,381 genes (Fig. 4.1B).
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Figure 4.1: Identification of genomic regions of ZAC1 binding. (A) Percentage of ZAC1
peaks overlapping regions near genes. (B) Number of regions near genes that overlap

ZAC1 peaks.

We demonstrated previously that ZAC1 binds to the promoters of TGFB1 and
COL6A2%5. In this study, we used IGV to visually confirm these findings and again showed
ZAC1 was bound to the TGFB1 and COL6A2 promoters (Fig. 4.2A-B). Further, since
ZAC1 is the master regulator of the IGN, we wanted to determine which IGN genes ZAC1

directly interacts with at their promoters. We found that ZAC1 could bind to the promoters
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of 45 (15%) IGN members. Eight of those 45 genes (TP73, PPP1R9A, PLAGL1 [ZACT],

IGF2, PHLDA2, UBE3A, ATP10A, and ANKRD11) were imprinted.
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Figure 4.2: Validation of ZAC1 binding at promoters. (A) ZAC1 binding at the promoter
of TGFB1. (B) ZAC1 binding at the promoter of COL6A2. Green rectangles depict the

ZAC1 peak interval coordinates.

Identification of ZAC1 binding motifs

It has been shown that ZAC1 preferentially binds to GC-rich motif sequences?'".
Using the motif discovery tool STREME, we identified consensus binding motifs for ZAC1
peaks bound to gene promoters. The top three most significant motifs similarly contain
GC-rich sequences (Fig. 4.3). Motif #1 was found in 41% of ZAC1 peaks with a sequence
of CGCCGCCGCCGCCGC. Motif #2 and motif #3 were observed in 43% and 33% of
ZAC1 peaks, respectively, and both shared a nearly identical sequence of

CCC(C/G)GCCCC(G/C)CCCCC.

94



Motif Sequence Logo Reverse Complement P-Value  E-Value Sites
Logo

1-CGCCGCCGCCGCCGC lc Ccccccccc ‘C C c cc 8.0e-020  5.9e-018 924 (40.6%)

2-CCCGGCCCCGCCCCC iccc cccc CCCCC o C cc 4.8¢-015  3.5e-013 983 (43.2%)

..............................

3-CCCCRCCCCCWCCC ‘cccc QCCCQACCC " 2 ¢ 3.5e-014 2.6e-012 751 (33.0%)

...........................

4-GGAGGAGGAGGAGGA ‘_ A_A,.A A A iTCCTCCchchTCC 1.7e-011  1.2e-009 331 (14.5%)

5, " i - - 4%
AAGDTGADKA A§ :LA‘ A Tre -TCA'.‘-CII 1.3e-009  9.6e-008 692 (30.4%)

Figure 4.3: Identification of ZAC1 consensus binding motifs at gene promoters using
STREME. An e-value < 0.05 was considered significant. The figure shows the top five

most significant motifs.

ZAC1 enriches pathways related to MASLD

We have demonstrated that ZAC7 overexpression can increase steatosis and
fibrosis in liver cells, hallmark manifestations associated with MASLD®%:67. To determine
if ZAC1 binds to the promoters of genes involved in MASLD pathogenesis, pathway
enrichment analyses were performed using the names of genes that ZAC1 binds at their
promoters. The DAVID KEGG pathway enrichment analysis found several pathways
associated with MASLD including hepatocellular carcinoma (HCC), insulin resistance,

and MAPK signaling (Table 4.1). Similarly, the IPA canonical pathway enrichment
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determined several pathways with links to MASLD including the regulation of the

epithelial-mesenchymal transition (EMT) pathway and PI3K/AKT signaling (Table 4.2).

Table 4.1: DAVID KEGG pathway enrichment using genes with identified ZAC1 promoter

binding. A p-value < 0.05 was considered significant. The ratio reveals the percentage of

ZAC1 promoter genes that overlap the genes of the specific pathway. The table includes

the top ten most significantly enriched terms.

Pathway Term P-Value Ratio
Hippo signaling pathway 5.44E-10 2.02%
Proteoglycans in cancer 1.73E-09 2.35%
Bacterial invasion of epithelial cells 7.24E-08 1.18%
Yersinia infection 7.43E-08 1.68%
MAPK signaling pathway 2.52E-07 2.81%
Hepatocellular carcinoma 4.41E-07 1.85%
Rap1 signaling pathway 5.73E-07 2.14%
Shigellosis 6.73E-07 2.39%
Insulin resistance 1.32E-06 1.34%
Pathways in cancer 2.18E-06 4.16%

96



Table 4.2: Qiagen IPA canonical pathway enrichment using genes with identified ZAC1
promoter binding. A p-value > 1.3 was considered significant. The ratio reveals the
percentage of ZAC1 promoter genes that overlap the genes of the specific pathway. The

table includes the top ten most significantly enriched terms.

Pathway Term P-Value Ratio
IL-4 Signaling 3.40 56%
BEX2 Signaling Pathway 3.26 48%
PI3K/AKT Signaling 3.26 43%
Role ofWNT/GSK-3B Signalingin the 315 64%
Pathogenesis of Influenza
IL-13 Signaling Pathway 3.12 57%
Glioblastoma Multiforme Signaling 3.06 46%
Pulmonary Fibrosis Idiopathic Signaling 303 35%
Pathway
Interleukin-4 and Interleukin-13 signaling 2.66 40%
Transcriptional Regulatory Network in 0
Embryonic Stem Cells A 0
Regulation of the Epithelial-Mesenchymal 266 40%

Transition Pathway
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Discussion

In this study, we were interested in determining where ZAC1 binds in the genome
and if those regions were near the promoters of genes associated with the activation of
MASLD-related transcriptional networks. We performed ChlP-seq using a hepatoma cell
line overexpressing ZAC1 and identified 4,647 ZAC1 peaks, of which nearly 50% were
bound to promoter regions of genes. This amounted to 2,381 genes. We validated our
previous findings and confirmed ZAC1 peaks were present at the promoters of TGFB1
and COL6A2. Further, we obtained the DNA sequences from the ZAC1 peaks bound to
promoters and performed motif discovery analyses to identify consensus binding motifs.
The top three most significant results yielded GC-rich sequences which were present in
41%, 43%, and 33% of ZAC1 peaks, respectively. Another study exploring ZAC1
consensus binding sequences similarly obtained GC-rich motifs?'!. These findings are to
be expected, as it is well-established that C2H2 transcription factors, like ZAC1, tend to
bind to GC-rich motifs in the genome?'2,

We have shown previously that artificial activation of the IGN via ZACT
overexpression can facilitate steatosis and fibrosis phenotypes in liver cells®6-67. Using the
2,381 genes with identified ZAC1 binding at their promoter, we performed KEGG and IPA
pathway enrichment analyses to discover enriched transcriptional pathways, especially
those related to MASLD pathogenesis. Both enrichment analyses, together, yielded
several pathways with direct relationships to MASLD among their top ten most
significantly enriched terms including HCC, insulin resistance, MAPK signaling, regulation
of the EMT pathway, and PI3K/signaling?'32'4. The Hippo signaling pathway, the most

significantly enriched pathway identified by KEGG, has also been implicated in the
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pathogenesis of MASLD, as it plays an important role in maintaining liver homeostasis by
regulating liver size, metabolism, and regeneration?'S. Studies have shown that perturbing
the expression of the core components of the Hippo pathway — including LATS1/2,
MST1/2, and SAV — can promote or mitigate MASLD progression?'6. Further, the most
significantly enriched pathway identified by IPA, IL-4 signaling, has a complex relationship
with MASLD, as IL-4 has been shown to both reduce and promote hepatic inflammation
and fibrosis?'7:218,

In addition to MASLD-related genes and pathways, we set out to elucidate which
IGN members ZAC1 directly bound to at their promoters. We overlapped the 2,381 ZAC1
promoter genes with a list of IGN members and found that ZAC1 could directly bind to 45
IGN genes: 37 biallelically-expressed and eight (TP73, PPP1R9A, PLAGL1[ZACT1], IGF2,
PHLDA2, UBE3A, ATP10A, and ANKRD11) imprinted genes. Among those eight
imprinted genes was ZACT, illustrating it can bind to its own promoter to potentially
activate or repress its expression. In the context of MASLD, the growth factor, IGF2, has
been implicated in its pathogenesis; studies have shown aberrant /IGF2 activation can
increase steatosis, fibrosis, and mitochondrial dysfunction in the liver'®3-%_ Two of the
other imprinted genes, UBE3A and ATP10A, among the eight also have connections to
MASLD; however, the evidence is limited?'9.220,

Finally, limitations for this study should be considered. First, ZAC1 ChIP-seq was
performed in a human hepatoma cell line which may not perfectly recapitulate outcomes
observed in humans. Future studies will explore performing ChlP-seq and other
experiments using primary hepatocytes for more accurate translation to humans. Second,

ChIP-seq was performed in an overexpression model, so the findings may not fully reflect
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the binding sites obtained at endogenous levels of ZAC1 expression. This was necessary
due to the poor quality of ZAC1 antibodies available, particularly for ChlP, so we had to
overexpress ZAC1 with a FLAG-tag. Future work will involve making a cell line in which
endogenous ZAC1 is replaced with ZAC1-FLAG so that endogenous levels of expression
are maintained while still having the FLAG-tag for ChIP. Lastly, a fold-change metric was
not included in the pathway enrichment analyses; therefore, we were unable to determine

positive or negative enrichment of pathways.
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CHAPTER 5:

Conclusions and Future Directions

In the Constitution of the World Health Organization (WHO)), it is stated that “health
is a state of complete physical, mental and social well-being and not merely the absence
of disease or infirmity”?2!. Exposure to emerging and legacy contaminants is of major
concern and jeopardizes our attempts to secure health for individuals of all ages around
the world. It has been estimated that the global burden of disease attributable to
environmental and occupational risk factors is 15-25%; in 2021, these factors were
responsible for 19% (13 million) of global deaths and 14% of all disability-adjusted life
years???. Despite best efforts to regulate the release of hazardous chemicals into the
environment to mitigate our exposure, our contact is inevitable; therefore, it is of
paramount importance to identify the most prominent environmental contaminants,
determine their impacts to human health, and find means to alleviate the associated
adverse outcomes.

The WHO has compiled a list of the top ten chemicals of major public health
concern which include arsenic, asbestos, benzene, cadmium, dioxins (and dioxin-like
substances), inadequate or excess fluoride, lead, mercury, and highly-hazardous
pesticides??®. Among those chemicals, the heavy metal cadmium (Cd) has been
designated a top ten chemical due to its widespread presence in the environment, its
prolonged biological half-life in body tissues, and its link to harmful effects across nearly
all organ systems3. Once absorbed, Cd is poorly excreted and can remain in the body for

years or even decades. The kidneys, liver, and bones are primary sites of Cd
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accumulation and are especially vulnerable to its toxic effects3. Research has shown that
Cd exposure can contribute to the development of metabolic dysfunction-associated
steatotic liver disease (MASLD), a condition marked by excessive fat accumulation in
hepatocytes®®-192, [f left unchecked, MASLD can progress to metabolic dysfunction-
associated steatohepatitis (MASH), cirrhosis, and eventually even hepatocellular
carcinoma (HCC)*4%, MASLD is currently the most prevalent chronic liver disease
globally, affecting both adults and adolescents*84°.

We have shown that exposure to Cd during the perinatal period — a highly-sensitive
developmental window during prenatal and early postnatal life — can program features of
MASLD in juvenile mouse livers, including steatosis and fibrosis®’. Although perinatal
development is widely recognized as the most influential period of growth and maturation,
adolescence is another crucial developmental period marked by increased sensitivity, yet
it has been less thoroughly investigated'?®-13, Strikingly, imprinted genes are particularly
responsive to environmental influences during these critical windows, positioning
themselves as potential drivers of long-term adverse health outcomes’-"8. In our
perinatal Cd exposure mouse model, we observed MASLD phenotypes alongside the
activation of a network of imprinted and biallelically expressed genes in the liver®’.
Experimentally inducing this imprinted gene network (IGN), through upregulation of its
master regulator ZAC1, enhanced hepatic steatosis and upregulated genes associated
with fibrosis, supporting the idea that the IGN can promote MASLD during vulnerable
developmental periods®-’. Among the IGN members, the imprinted long non-coding

RNA (IncRNA) H19 showed a dramatic increase in expression following perinatal Cd
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exposure; notably, H19 has previously been linked to MASLD pathogenesis, making it a
potential therapeutic target8-°2,

In Chapter 2, we investigated how Cd exposure during adolescence and young
adulthood affects the development of MASLD in mice. While no overt MASLD phenotypes
were observed — including changes in liver weight, triacylglyceride (TAG) levels, or
collagen deposition — Cd exposure activated transcriptional networks associated with
steatosis, inflammation, and fibrosis, particularly in males. Key lipid metabolism genes
and markers of fibrosis were upregulated, alongside a shift in fatty acid transport gene
expression suggestive of an adipogenic transformation of the liver. Lipidomic analyses
revealed enrichment of lipotoxic lipid species including sphingoid bases, ceramides, and
saturated fatty acids (SFAs) with stronger effects observed in females. Males also
showed increased oxidative stress response gene expression and activation of the IGN,
providing evidence of potential mechanisms of action for Cd-induced MASLD. Overall,
these findings suggest that Cd exposure during adolescence and young adulthood can
prime the liver for MASLD later in life, especially in males. Future studies will explore
including additional collection timepoints to determine if the molecular and biochemical
signatures of MASLD induced by Cd can manifest into overt phenotypes at later life
stages.

In Chapter 3, we examined the impact of developmental Cd exposure and the role
of the imprinted IncRNA H79 in the programming of MASLD in juvenile mice. Considering
the evidence of H19’s involvement in the pathogenesis of MASLD, we hypothesized that
systemic ablation of H19 could protect against MASLD in mice exposed to Cd during

perinatal development. Contrary to our previous study, offspring did not display overt Cd-
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induced MASLD phenotypes at postnatal day (PND) O (birth) or PND 21. This discrepancy
could be contributed to differences in Cd concentration and mouse strain. At PND O,
developmental Cd exposure also did not significantly alter MASLD-related gene
expression, aside from increases in Fabp4 in both sexes and Col6a1 in females. Males
did, however, present with Cd-related elevated fasting blood glucose which was also
present in males at PND 21. At PND 21, male and female offspring showed Cd-induced
perturbations in the expression of key genes involved in lipid metabolism, inflammation,
and fibrosis, indicating early molecular signs of liver stress and MASLD. Notably, the
ablation of H19 did not alter the MASLD-related gene expression changes caused by
developmental Cd exposure. At PND 0 and PND 21, mice exhibited reductions in body
and organ weights due to Cd and overgrowth phenotypes due to systemic ablation H79,
outcomes that were to be expected. Males and females also presented with changes in
essential metal trace concentrations in their blood including iron (Fe). Further, H19
ablation activated IGN genes at PND 0, especially in males, while perinatal Cd exposure
activated IGN genes at PND 21. Of importance, the expression of the imprinted gene Igf2
was dramatically increased in H19 knockout (KO) males and females exposed to Cd. We
hypothesize that the marked increase in Igf2, a gene also implicated in MASLD, may
inhibit the protective of effects of H19 ablation. Future work will investigate the relationship
between H19 and /gf2 in this model.

In Chapter 4, we explored the genomic binding sites of the transcription factor
ZAC1 to better understand its role in perturbing transcriptional networks associated with
MASLD. Using chromatin immunoprecipitation-sequencing (ChiP-seq) in a hepatoma cell

line overexpressing ZAC1, we identified 4,647 binding peaks, nearly half of which were
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at gene promoters including the pro-fibrotic genes TGFB1 and COL6AZ2. Motif analysis
showed that ZAC1 preferentially binds GC-rich sequences, consistent with its
classification as a C2H2 transcription factor. Enrichment analyses of the 2,381 genes with
promoter-bound ZAC1 highlighted key MASLD-related pathways, including insulin
resistance, HCC, MAPK signaling, epithelial-mesenchymal transition (EMT), and PI3K
signaling. ZAC1 was also shown to bind to 45 IGN members including itself and IGF2.
These findings offer insight into ZAC1’s potential regulatory role in MASLD. Future studies
will work to leverage primary hepatocytes and physiological ZAC1 expression levels.
Collectively, this body of work advances our understanding of adolescence and
the perinatal period as sensitive windows during which exposure to Cd can contribute to
the development of MASLD. It may be of great interest to explore other pertinent
chemicals, especially those highlighted by the WHO, for their ability to program liver
diseases such as MASLD during critical windows of susceptibility. Further, this
dissertation offers novel insights into the regulatory roles of the imprinted genes H79 and
ZAC1, demonstrating how they can modulate the expression of genes associated with
the IGN and MASLD to influence the trajectory and severity of disease progression.
Considering the interconnected nature of the IGN, exploring the functions of other
pertinent imprinted genes — including 1gf2 — in disease pathology may identify new

therapeutic targets in the treatment of prevalent diseases.
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Appendix A

Supplementary Table 2.1: Sample Numbers and Statistics

Supplementary Table 2.2: qRT-PCR Primer Sequences

Supplementary Table 2.3: Lipidomics Data and Statistics

Supplementary Table 2.4: Lipid Class Key

These tables are available as a downloadable document on the repository page for this

ETD.
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APPENDIX B

Supplementary Table 3.1: Dam Water Consumption, Dam Food Consumption, Dam

Weight Change, Litter Sizes, and PND 21 Survival Data

Supplementary Table 3.2: Sample Numbers and Statistics

These tables are available as a downloadable document on the repository page for this

ETD.
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