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Abstract

Effects of in utero Diesel Exhaust Exposure on Development of Atherosclerosis in

Hyperlipidemic Mice

Rebecca C. Ticknor

Chair of the Supervisory Committee:
Professor, Michael Rosenfeld
Department of Environmental and Occupational Health Sciences

Coronary artery disease, commonly manifested as atherosclerosis, is a leading cause of
death in western countries. There is substantial evidence of the detrimental effect of particulate
matter (PM) exposure on cardiovascular morbidity, and diesel exhaust (DE) is a substantial
contributor to urban atmospheric PM levels. However, there is little evidence of the impact of in
utero exposure to PM on long-term health effects. It is hypothesized that in utero exposures
could permanently affect fetus health through an epigenetic phenomenon termed “fetal
programming,” in which fetal exposures alter gene expression through adulthood. The current
study aims to elucidate the effect of in utero DE exposure on atherosclerosis development in
adulthood in hyperlipidemic Apo E -/- mice. The study consisted of three treatment groups: a
control group in which pregnant mice were exposed to filtered air (FA) during pregnancy and the
pups were exposed to FA post-birth (FA/FA); a group in which pregnant mice were exposed to
DE during pregnancy and the pups were exposed to FA post-birth (DE/FA); and a group in

which pregnant mice were exposed to DE during pregnancy and the pups were exposed to DE
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post-birth until weaning, at which point they were switched back to FA (DE/DE). Thoracic
aortas were analyzed for RNA sequencing in male mice at 4 weeks of age. Histologic analysis of
atherosclerotic plaque development (lesion area) in the aortic sinus was conducted at 16 weeks of
age. A significant increase in week 1 body weight was observed in the DE/DE group compared
to the DE/FA and FA/FA groups. The DE/DE group was also associated with a significant
increase in HDLs when compared to the DE/FA and FA/FA groups. Histological results showed
no significant impact of in utero DE exposure on atherosclerotic lesion area. RNA sequencing
studies indicated downregulation of 137 genes and upregulation of 15 genes due specifically to

in utero DE exposure when compared to the FA/FA group. Overall results of the impact of in
utero DE exposure were inconclusive and further studies should be conducted in order to fully

elucidate the effect of in utero DE exposure on atherosclerotic progression.
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Introduction

Air Pollution and Diesel Exhaust

Recent epidemiological studies have raised concern around the impact of traffic-related
air pollution on cardiovascular health. Traffic is near unavoidable in industrialized areas,
particularly large cities. A considerable percentage of the population, especially those with low
socioeconomic status, is frequently exposed to traffic related air pollution either by direct
participation in transportation or living near high-traffic areas. A significant route of personal
exposure includes directly spending time in traffic. For example, the average US citizen over 15
years of age will spend approximately 55 minutes each day in motor vehicles. Chronic exposure
to traffic-related air pollution can also result from living within 500 meters of a major road or
freeway.' There are six air pollutants that are designated criteria pollutants by the Environmental
Protection Agency (EPA). Emissions of these pollutants are regulated to meet National Ambient
Air Quality Standards (NAAQS) as a result of the Clean Air Act. The current regulated
concentrations of NAAQS are tabulated in Appendix 1. The six criteria pollutants include ozone,
particulate matter, carbon monoxide, nitrogen oxides, sulfur dioxide, and lead. Other common
air pollutants include ammonia, nitric acid, methane, formaldehyde, acetaldehyde, non-methane
hydrocarbons and other volatile organic compounds, propane, benzene, 1,3-butadiene, sulfate,

nitrate, organic carbon, elemental carbon, and polycyclic aromatic hydrocarbons.”

Particulate Matter
Air pollution has been linked to early and acute cardiovascular morbidity and mortality,
as concluded by previous American Heart Association reviews”. Specifically, particulate matter

(PM) contributes to reduced life expectancy if exposure remains elevated over prolonged periods



of time’. PM can cause acute cardiovascular toxicity, specifically where particles contact the
lung, based on a wide variety of characteristics such as chemical composition and size. Specific
characteristics that can impact exposure and subsequent toxicity include oxidative stress
potential, solubility, charge, surface area, particle count, lung deposition, and stability within the
atmosphere and biological environment. PM is often categorized based on the size of the
particulates measured by aerodynamic diameter. Particles that can penetrate the lung are
generally less than 10 um (PMy); these include course particles between 2 and 10 wm, fine PM
less than 2.5 wm in diameter (PM, 5), and ultrafine particles (UFPs) less than 0.1 um in diameter.
PM exposure is of concern to human health due to the size of the particles. When inhaled, PM; s
can penetrate the deep branches of the lung, including the alveolar region, and therefore cannot
be efficiently removed by mucociliary clearance mechanisms™”.

Substantial sources of atmospheric PM include fuel combustion and high-temperature
industrial processes. The source of formation also impacts the composition of the PM. For
example, combustion PM is composed of multiple compounds including, but not limited to,
organic carbon species, elemental or black carbon, and trace metals (e.g. lead and arsenic). The
size of combustion PM is also variable depending on the specific source. Combustion PM
ranges between a few nanometers to 1000 nanometers in diameter. The larger PM clusters (200
— 1000 nanometers) are large enough to cause light to scatter. PM; s is produced in the highest
concentration by the combustion of fossil fuels.

The U.S. EPA has set a clean air standard of 12 ug/m’ for daily PMs s exposure based on
evidence of increased risk of myocardial infarction, stroke, arrhythmia, and heart failure in
susceptible populations after PM, s exposure spanning hours and days®. Other components of air

pollution, such as ozone, carbon monoxide, sulfur dioxide, and nitrogen oxides, have also been



associated with increased risks for cardiovascular morbidity and mortality.>”® Categorizing air
pollution based on one component (e.g. PM or ozone) is an inadequate measurement of total
pollution because air pollution is a highly complex composition of gases, liquids, and solid
particulates that are constantly changing due to climate, location, and atmospheric interactions®.
However, this study will focus on PM because of its contribution to traffic-related diesel exhaust
composition and toxicity’. The ninth-ranked cause of disease worldwide and the fourth-ranked
cause of disease in East Asia have recently been listed as PM; s, further illustrating the current

1
focus on PM exposures'’.

Diesel and Particulate Matter

Diesel exhaust (DE) is a particularly relevant source of air pollution in highly populated
urban areas. Levels of DE exposure vary depending on geographical location with urban areas
having higher levels of DE than rural areas. DE is primarily produced by on-road sources like
motor vehicles and construction equipment but can also be produced by non-road sources like
farm equipment, railway locomotives, and marine uses. Atmospheric DE concentrations will also
vary depending on patterns of atmospheric dispersal, which can be impacted by the number and
types of engines utilizing diesel fuel. Rates of individual exposure to DE will also vary
depending on one’s level of activity (i.e. ratio of indoor to outdoor activity).* The composition of
DE depends on several factors such as engine type, fuel type, and operating conditions, which
makes it difficult to discern specific human exposures''. In general, there are three basic
components of DE: aggregates of elemental carbon particles (otherwise referred to as diesel
exhaust particulate, DEP), organic matter and sulfates, and a mixture of gas and vapor containing

mainly nitrogen gas, oxygen gas, water, carbon monoxide, carbon dioxide, nitrogen oxides,



sulfur dioxide, other sulfur compounds, and low-molecular-weight hydrocarbon. DE can also
contain other hazardous air pollutants including formaldehyde, acetaldehyde, acrolein, benzene,
1,3-butadiene, and polycyclic aromatic hydrocarbons. DEP can be formed directly from
incomplete combustion of diesel fuel (primary DEP) or from atmospheric alterations to the
gaseous compounds emitted from diesel engines (secondary DEP). DEP can account for up to
roughly 90% of total fine PM levels in ambient air in major cities and is considered a particularly

12,13

hazardous component of DE ~'°. DEPs consist of 80-95% PM, 5 by particle mass with a mean

particle aerodynamic diameter of 0.2 um. UFPs contribute 1-20% of the diesel particle mass
with a mean particle aerodynamic diameter of 0.02 um and account for 50-90% of total particle
number of DEP.*'* DEP has a high percentage of elemental carbon per unit mass, which can be
used to distinguish between noncombustion and diesel-combustion PM in the atmosphere.
Elemental carbon can contribute up to 50-75% of DEP mass whereas organic carbon can
contribute up to 19-43% of DEP mass.* Overall national atmospheric DEP concentrations have
been estimated at a median concentration of 1.53 ug/m’, average concentration of 2.06 ug/m’,
and a 95" percentile concentration of 5.34 ug/m’, however, ranges and maximum peaks can
significantly vary depending on geographical and occupational location."

There are currently thought to be at least three main mechanisms by which DEP could
impact cardiovascular health: instigating a proinflammatory response in which inflammatory
cytokines enter the circulatory system, dysregulation of the autonomic nervous system, and
direct translocation of the particulates into the circulatory system, thus altering vascular function®.
Because PM; 5 or smaller cannot be removed via the mucociliary escalator, these particulates
must be removed by macrophage engulfment’. The process of DEP-induced macrophage

engulfment can stimulate secretion and overexpression of proinflammatory cytokines, activation



of antioxidant response pathways within the airways and lungs, and neutrophilic airway

1622

inflammation ~ “°. Local airway and lung inflammation have been linked with systemic vascular

22-25 It is

inflammation and increases in serum proinflammatory cytokine concentrations
hypothesized that DEP induces pulmonary inflammation due to its ability to elicit oxidative
stress. There is evidence that a small fraction of inhaled DEPs are translocated from the alveolar
space into capillaries and pulmonary venules, which allows access to systemic and coronary
circulations®*®. However, it is more likely that systemic reactions to DEP inhalation stem from
released inflammatory factors rather than direct interaction between DEP and vascular
endothelium’. Effects in the circulatory system can manifest in physiological symptoms such as
endothelial dysfunction and vasoconstriction, increased blood pressure, prothrombotic and

coagulant changes, systemic inflammatory and oxidative stress response, autonomic imbalance

and arrhythmias, and the progression of atherosclerosis®.



Atherosclerosis Development

Coronary artery disease (CAD) a the leading cause of death worldwide, and
atherosclerosis is the primary cause of CAD. Atherosclerosis is a disease in which lesions,
commonly referred to as plaques, develop in arterial vessels and narrow the lumen of the artery.
It has been shown to primarily develop from chronic inflammation. The anatomy of arteries
consists of three layers: the tunica intima, tunica media, and tunic adventitia. The tunica intima
is the space around the endothelial layer that forms the barrier to the lumen of the artery. The
intima contains connective tissue like proteoglycan and collagen, elastic fiber, smooth muscle
cells, and inflammatory factors and cells. Due to its close contact with blood, the intima is the
layer in which atherosclerosis develops. The intima is able to adapt to changes in pulse rate,
blood pressure, arterial geometry, flow rate, and resistance to flow by altering thickness,
generally referred to as compensatory remodelling.’® Atherosclerosis is shown to induce

endothelial dysfunction, thus altering the vessel’s ability to undergo compensatory remodeling’" .

Development

There are roughly three stages of atherosclerotic development: initiation of the fatty
streak, transition of the fatty streak to an atheroma, and progression and destabilization of the
plaque leading to plaque rupture and occlusive thrombosis. The first stage, initiation of the fatty
streak, involves trapping and retention of lipoproteins at lesion-prone sites in the arterial
intima.*> Lesion-prone sites are generally branches where blood flow is slowed and lipoproteins,
specifically low-density lipoproteins (LDLs) experience an extended residence time at locations
where plaques will subsequently develop, aiding in increased absorption™. Under normal

conditions, LDLs rarely bind to vessel walls, however, modified lipoproteins (via oxidation,



acetylation, or other mechanisms) can bind and accumulate in vessels. These modifications can
occur via lipoxygenases.”* There is also leukocyte adherence to the endothelial surface and
diapedesis, resulting in localization of leukocytes within the intima. Expression of adhesion
molecules such as vascular cell adhesion molecule-1 (VCAM-1) and E-selectin aid in the
adherence of leukocytes to vessel walls’°. The upregulated expression of these adhesion
molecules could be due to oxidative stress initiated by the accumulation of oxidized
lipoproteins®~®. Initiation of the fatty streak also involves differentiation of monocytes, foam
cell formation, and foam cell activation. After initial trapping of LDLs, monocytes enter the
artery wall and rapidly differentiate into tissue macrophages. Some of the macrophages
transform into foam cells via engulfment of the oxidized LDLs. Macrophages have several
receptors that recognize modified lipoproteins, commonly called “scavenger receptors”.
Expression of these receptors is generally upregulated by the presence of cytokines and oxidized
lipids.** After foam cells are formed, they can be activated to express other factors that impact
the atherogenic process. Apolipoprotein E, lipoprotein lipase, interleukin-1 (IL-1), monocyte
chemotactic protein-1 (MCP-1), macrophage-colony stimulating factor (MCSF), tumor necrosis
factor (TNF), platelet-derived growth factor (PDGF), tissue factor, and stress proteins are
examples of factors that can be expressed by activated foam cells. Some of these factors
stimulate macrophage proliferation while others attract other inflammatory cells, thus furthering
progression of the inflammatory process.***’

The next stage of atherosclerosis is transition of the plaque. Progression includes cellular
migration, proliferation, connective tissue synthesis, and cell necrosis and apoptosis. The main
hallmark of this stage is the formation of a fibrous cap and consequential thickening of the

arterial wall. It is hypothesized that the fibrous cap is an adaptive response of smooth muscle



cells (SMCs) to altered blood flow and an attempt to reduce the absorption of lipoproteins and
inflammatory cells.*' The migration of SMCs from the media into the intima and proliferation of
SMCs that secrete large amounts of connective tissue contribute to the formation of the fibrous
cap™. Oxidative stress and expression of PDGF, fibroblast growth factor (FGF), and tumor
growth factor-beta are all thought to play a role in the stimulation of smooth muscle cell
migration, proliferation, and connective tissue synthesis*’. A second hallmark of the transitional
phase of the plaque is the formation of a lipid-rich necrotic core*'. The necrotic core forms at the
core of the plaque, can expand to the margins of the plaque, and is thought to be a result of cell
death due to perpetual oxidative stress from oxidized lipids*. The necrotic core can also contain
a substantial amount of extracellular lipid and calcium deposits*'. Reduced availability of nitric
oxide (NO) is also indicative of the transitional stage and tends to cause dysregulation of normal
vascular tone™. Due to the influx of cells and connective tissue synthesis that cause the plaque
to invade the medial layer of the artery, this stage is also associated with medial thickening™.
Thickening of the artery can result in decreased lumen diameter and altered blood flow when the
vessel’s inherent ability to dilate cannot sufficiently compensate™®.

The final stage of plaque development is plaque progression, rupture, and formation of
occlusive thrombi. Plaque rupture is a result of plaque destabilization. Plaque destabilization
occurs when the necrotic core expands, involving continued foam cell death and extracellular
lipid and bone salt deposition. When the necrotic core expands, the fibrous cap tends to thin. In
humans, thinning of the underlying media affects the ability of the artery to maintain
compensatory remodeling. ** Smooth muscle cell death and proteolytic degradation of
connective tissue is also associated with fibrous cap thinning and could be the result of apoptotic

signals due to inflammation and oxidative stress**°. Plaques generally rupture where the cap is
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the thinnest: along lateral margins where inflammatory cells are abundant™""*". Once the plaque

ruptures, the internal debris can be exposed to the blood where clotting factors, including

oxidized LDLs, forms a scaffold for thrombus formation* "

Composition

Atherosclerotic plaques can be quite diverse in development and composition depending
on the species, individual, and location. However, most plaques have a core cellular composition
that appears to be relatively conserved across broad populations. Cells that are generally
involved in the atherosclerotic process include leukocytes (specifically monocytes, lymphocytes,
and macrophages), foam cells, endothelial cells, and smooth muscle cells. Leukocytes represent
the earliest observable event in the initiation of the atherosclerotic plaque. As previously
mentioned, adhesion molecules, such as VCAM-1 and E-selectin stimulate clustered leukocyte
adhesion to the endothelium of vessels.”> Monocytes represent the majority of leukocytes that

33 Ttis

transmigrate to the intima after adhesion molecule expression by activated endothelium
theorized that monocytes enter the intima in order to scavenge the trapped lipoproteins. After
transmigration into the intima, some monocytes differentiate into macrophages, which is
facilitated by MCSF. Macrophages, using scavenger receptors, can then internalize the oxidized
lipoproteins but cannot digest them, thus forming foam cells. The binding of the modified
lipoproteins stimulate an inflammatory response in the foam cells.’> Under normal conditions,
endothelial cells align their long axes in the direction of flow; however, endothelial cells
associated with atherosclerotic tissues tend to lose their rigid pattern and become rounded,

contain increased levels of stress fibers, and become multinucleated cells*'*>% Endothelial cells

also secrete extracellular matrix components like fibronectin, type IV and type V collagen,



laminin, and proteoglycans®’. Smooth muscle cells are the most abundant cell type in the blood
vessel and have a vital role in all stages of atherosclerosis. As mentioned above, SMCs are
involved in migration, proliferation, matrix synthesis (i.e. collagen, elastin, and proteoglycan,*
inflammation, and foam cell formation™®).

The composition of the extracellular matrix (ECM) also significantly impacts
atherosclerotic development. Important components of the ECM are collagens, elastin,
fibronectin, and laminin. Collagens are involved in endothelial attachment and therefore are
partially responsible for endothelial integrity. Elastin aids in the pliability of vessels and their
ability to regain their original shape after contraction or relaxation. Fibronectin plays a role in
cell-cell and cell-substrate adhesion, cell motility, and targeted molecule binding whereas

laminin is a key component of the basement membrane underlying the endothelium.*'

Genetics of Atherosclerosis

Because of the complexity of atherosclerosis, there are a multitude of genes that play a
role in the development of the disease. Some particularly important genes regulate inflammation,
proliferation, differentiation, and other processes that contribute to plaque formation, progression,
and rupture. Genes that code for endothelial nitric oxide synthase (eNOS), inducible nitric oxide
synthase (iNOS), estrogen receptor-alpha (ERa), estrogen receptor-beta (ERf), fibroblast growth
factor-2 (FGF2), hypoxia-induced factor 1-alpha (HIF-1a), extracellular superoxide dismutase,
nuclear factor k-B (NFkB), cyclooxygenase-2 (Cox-2), and eotaxin are all genes that are
implicated in atherosclerotic development as well as impacted by in utero exposures. eNOS and
INOS are both implicated in NO production, which is necessary for blood pressure regulation,

vascular tone, inhibition of platelet aggregation and leukocyte adhesion, and prevention of SMC
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proliferation®”. Without proper NO levels, vascular health is severely altered; however,
excessive NO production can result in oxidative stress from peroxynitrite formation®-**°.
Estrogens (natural antioxidants), mediated by estrogen receptors such as ERa and

ERp (receptors that could induce genes that combat oxidation), tend to protect vascular tissue
against oxidative stress”’. FGF is a growth factor that is implicated in development,
angiogenesis, and adipogenesis as well as cell growth, proliferation, migration, and
differentiation of different cell types®. HIF is a transcription factor that regulates many genes
involved in angiogenesis and is also associated with inflammatory pathways, such as those that
involve macrophages and neutrophils®*. NF«xB is a pro-inflammatory transcription factor that

has been implicated in atherosclerotic development. NFxB has been shown to play a role in the
initiation, organization, amplification, and progression of the inflammatory response. It also
initiates the necessary cascade for chronic inflammation.®>® Specifically, NFkB can mediate
induction of inflammatory genes such as TNF-a and adhesion molecules such as ICAM-1 and
VCAM-1. Both ICAM-1 and VCAM-1 aid in leukocyte transmigration, monocyte accumulation,
and SMC proliferation; all vital processes in the development of atherosclerotic plaques.®’ Cox-2
is another inflammatory molecule involved in the atherosclerosis process®. Cox-2 regulates
prostanoid production, where prostanoids impact cardiovascular function via vascular tone
regulation, vascular inflammatory response, leukocyte-endothelial cell adhesion, and platelet
aggregation®’’. Expression of Cox-2 can be induced by TNF-a stimulation’'. Eotaxin is an
eosinophil chemoattractant that plays a vital role in inflammatory responses and has been

. . .7
associated with atherosclerosis’>.
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Atherosclerosis and Diesel Exhaust

There have been multiple prior studies that have aimed to elucidate the mechanisms
behind diesel exhaust exposure and atherosclerosis. Because of the complexity of diesel exhaust,
it is difficult to decipher which component of the exhaust is causal for atherosclerosis; however,
PM is often credited with atherosclerosis due to its ability to stimulate cytokines that can
translocate to the systemic circulation, thus causing a system-wide inflammatory response and
contribute to ongoing inflammation. Previous studies have found cause and effect between
exposure to PM o and accelerated progression of atherosclerosis in rabbits prone to
atherosclerosis development”” and ApoE knockout mice*’, whereas an association has been
found between PM o exposure and atherosclerosis in human carotid arteries’ 7.

Previous animal studies of diesel exhaust exposure and atherosclerosis have indicated
various mechanistic pathways by which DE might alter normal physiology and leave the body
susceptible to atherosclerosis. In a study conducted by Yin et al., it was found that in ApoE -/-
mice, DE altered the antioxidant properties of high-density lipoproteins (HDLs) as well as the
anti-inflammatory properties that protect against atherosclerosis. DE was also found to increase
lipid peroxidation in the bronchoalveolar compartment and systemic tissues and to induce the 5-
lipoxygenase pathway in the liver, which would contribute to the oxidation of LDLs and further
progress plaque development.”®

Another study conducted by Bai et al. detected a relationship between DE exposure,
INOS upregulation, and atherosclerosis in mice. After DE exposure, iNOS expression was
increased in thoracic aorta and heart tissue. It was also found that iNOS levels were increased in
blood vessels, which consequentially resulted in reduced contractility. There was also a positive

correlation between iNOS expression and foam cell formation, a possible effect of increased
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oxidized LDLs due to oxidative stress by increased NO concentrations, and the number of SMCs
in the aortic lesions.”” Cox-2 expression in the thoracic aorta and aortic root, both in whole
protein and in mRNA, was also increased after DE exposure. It was also found that Cox-2
expression was positively correlated with aortic smooth muscle cell content after DE exposure.”®
On a cellular level, DE exposure increased the levels of phagocytizing and non-phagocytizing
alveolar macrophages, plaque cellularity, foam cell formation, lipid accumulation, and SMC

content”’.
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Fetal Proeramming and Epigenetics

The effects of DE and PM exposure on atherosclerosis in adults have been well studied,
however, little is known about the effects and mechanisms behind in utero exposures. A
phenomenon referred to as “fetal programming” captures the concern of maternal exposures
adversely altering fetal development. Fetal programming involves the “programming” of fetal
structural and physiological processes in response to chronic maternal exposures that result in
environmental stressors to the fetus®. Examples of intrauterine stressors could range from
transplacental passage of particulates to oxidized fatty acids to pro-inflammatory factors®', and
exposure to these intrauterine stressors could contribute to the development of adult
morbidities®* ™. Previous studies have positively shown that adverse intrauterine stressors have
affected birthweight and subsequently resulted in adult mortalities and morbidities. For example,
reduced birthweight was found to be associated with increased adult risk of cardiovascular
mortality and increased ventricular hypertrophy and hypertension®” ™. Another example of fetal
programming includes fetal exposure to arsenic and increased and accelerated onset of adulthood
atherosclerosis™. Weldy e al. observed that in utero DE exposure resulted in adult weight gain,
altered blood pressure, and increased susceptibility to pressure overload-induced heart failure,
indicating that exposure to DE during development yields long-term effects on adult myocardial
susceptibility to injury’’.

Environmental stressors that cause the mother to release inflammatory mediators can
result in fetal exposure to increased levels of cytokines, chemokines, and lipid mediators through
the circulation’*”. Because both exposure to DE and atherosclerosis development are known to
result in and from inflammatory response and oxidative stress, it is plausible that maternal

exposure to DE could expose the fetus to maternal inflammatory mediators and thus elicit
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cardiovascular fetal programming. This response could result in fetal cardiovascular alterations
and possibly increase the risk of atherosclerotic development in adulthood.

Programming can present itself in three forms: developmental disruption, which is a
direct response to suboptimum fetal conditions and interferes with normal fetal development;
immediate adaptation, which allows the fetus to alter normal fetal functions in order to conserve
insufficient resources for self-preservation; and predictive adaptation, which is a change in the
developing fetus that does not appear to have any immediate value but prepares the fetus for
future adverse environments®. Fetal programming can also result in epigenetic changes such as
DNA methylation, histone modification, and microRNA expression that could contribute to

disease onset in adulthood’*.

DNA Modification

The most studied epigenetic alteration involves direct DNA modification, specifically
DNA methylation through the action of DNA methyltransferases (DNMTs). There are three
primary DNMTs: DNMT1, DNMT3a, and DNMT3b. DNMTs utilize S-adenosylmethionine as
a universal methyl donor for DNA methylation.” Because DNA replication generally copies
methylated bases, DNA methylation is considered inheritable”. DNA methylation impacts gene
transcription by impeding access of DNA transcription factors to the DNA; therefore,
hypermethylation is generally indicative of gene silencing, and hypomethylation is generally
associated with increased gene transcription’®. Covalent binding of methyl groups further
impacts gene expression by recruiting methyl-CpG binding proteins. Methyl-CpG proteins
induce transcriptional silencing by directly blocking transcription factor binding and also by

recruiting transcriptional co-repressors and histone-modifying complexes.”” DNA methylation
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also plays a substantial role in maintaining genomic stability as well as chromatin structure’”*®.

DNA methylation impacting gene transcription generally occurs on 5’ cytosines. Approximately
1-4% of cytosines are methylated in healthy human somatic cells, of which 70-90% of the
methylated cytosines occur in CpG dinucleotides (CpG islands). CpG islands in 5’ regulatory
areas are generally unmethylated, whereas CpG islands in intronic and repetitive DNA elements
are often methylated.” "'

As previously mentioned, DNA methylation is considered heritable due to the nature of
DNA replication. Patterns in DNA methylation are mainly established during embryogenesis
and early postnatal life. Under normal circumstances, DNA methylation is a necessary cellular
process for long-term gene silencing, proper development, X chromosome inactivation, and
genomic imprinting. Early embryos contain DNA that is hypomethylated, but as tissues and
organs differentiate, DNA becomes progressively more methylated based on environmental
signals.'”'* In epidemiology studies associating maternal diet with fetal susceptibility in
adulthood to metabolic disorders like obesity, glucose intolerance, hypercholesterolemia, and
type Il diabetes, it was also shown that these susceptibilities could be permanently passed trans-
generationally from mother (FO) to F1 and F2 progenylog’l 10

Prior studies of epigenetics and atherosclerosis have identified several possible genes
involved in atherosclerosis development and progression that could be impacted by DNA
methylation. Atherosclerosis can be impacted by either increased or decreased methylation,
depending on the specific gene and its function in atherosclerosis. In general, atherosclerosis is
associated with global hypomethylation in SMCs sampled from human atherosclerotic lesions

62,111,112

and aortic samples . Hypomethylation of extracellular superoxide dismutase is

characteristic of atherosclerotic lesions''?, whereas hypermethylation of eNOS, nNOS,'"*
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iNOS'", FGF2''°, ERa''"''®, and ERB'" is associated with atherosclerosis. Hypomethylation
has also been associated with the promoter region of glucocorticoid receptors and PPARa, both
key transcription factors for regulatory metabolic pathways implicated in atherosclerosis

120-122

development . The gene encoding for 15-lipoxygenase (ALOX15), a lipid peroxidating

enzyme, is shown to be hypomethylated in the promoter region in samples taken from

100,123

atherosclerotic plaques , explaining the high levels of ALOX15 expression in atherosclerotic

plaques.

Histone Modification

Histone modification is another main method of epigenetic alteration. Histones have N-
terminal tails that can be modified through various methods and consist of four core histones:
H2A, H2B, H3, and H4'**. Histone modification includes acetylation, methylation,
ubiquitination, and SUMOylation of lysine residues, phosphorylation of serine residues, and
methylation of arginines. The most common form of histone modification involves histone
acetylation, in which acetyl groups are added to the e-portion of lysine residues. Histone
acetylation is accomplished by histone acetyltransferases (HATs), however, histones can also be
deacetylated by histone deacetylases (HDACs).”” Transcription activators and repressors regulate

transcription via HAT or HDAC recruitment'**

. Because there is action by both
acetyltransferases and deacetylases, histone acetylation can be considered reversible.
Acetylation tends to relax chromatin, and in general, relaxed chromatin results in increased gene
transcription; whereas tightly bound chromatin results in decreased gene transcription due to the

inability of transcription factors and RNA polymerase to reach binding sites on DNA.

Consequentially, HATs are known to induce transcription whereas HDACs are known to inhibit

17



transcription. Acetylation is also generally associated with hypomethylation of CpG islands in
DNA, therefore, non-acetylated histones are associated with hypermethylated CpG islands in
DNA.”

As with DNA methylation, there have been numerous previous studies that identify
histone acetylation as playing an important role in atherosclerosis development. HDACs and
HATSs have both been associated with regulating expression of inflammatory genes, which would
impact the initiation of atherosclerotic development'®>. Specific inflammatory genes involved in
atherosclerosis development that have been shown to be impacted by histone acetylation include
nuclear factor kappa B (NFkB), granulocyte macrophage-colony stimulating factor (GM-CSF),
eotaxin, cyclooxygenase-2 (Cox-2), and glucocorticoid receptors’>. NFkB activation has been
associated with HATs and HDACs: HATs generally activate NFkB via H3 and H4 acetylation at
the NFkB binding promoter regions whereas HDACs tend to repress NFkB®'*°. GM-CSF has
been shown to prevent progression of atherosclerosis'?’, and in response to NFkB-mediated
inflammation, GM-CSF expression is increased by hyperacetylation'**"*°. Eotaxin transcription
is reduced by inhibiting histone acetylation’”. Cox-2 is induced when HDACs are inhibited'*".
The glucocorticoid receptors have been shown to have increased acetylation of H3K9 and H4K9
in association with atherosclerosis'*>. In a study analyzing histone modification in endothelial
cells of atherosclerotic plaques, it was shown that the eNOS promoter region had increased
acetylation of H3K9 and H4K 12'%.

Differentiation, proliferation, and migration of vascular smooth muscle cells have also
been associated with histone acetylation. SMC differentiation and migration occur via
hyperacetylation, whereas deacetylation inhibits SMC differentiation and migration.'**'*

However, SMC proliferation appears to be inhibited by histone acetylation'*’. Serum response
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factor and cell-cycle regulators are specific factors of vascular SMC proliferation that are
impacted by acetylation.

As with DNA methylation, there is controversy about acetylation’s role in atherosclerosis,
due to variations in the physiological response to acetylation depending on the gene acetylated
and its role in atherosclerosis. It has been shown in atherosclerosis-prone mice that neointimal
lesions were worsened by HDAC inhibitors, leading to the assumption that atherosclerosis
development and progression is generally modulated by histone acetylation'**. In contrast,
studies performed by Findeisen et al. found that histone acetylation was inhibitory of cell

proliferation, and HDAC inhibition actually reduced neointima formation'*’,
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Specific Aims
The goal of this study is to examine the relationship between in utero and postnatal
exposure to DE on development of atherosclerosis in adulthood. This study hypothesizes that in
utero exposure of hyperlipidemic apolipoprotein E-deficient mice to DE will accelerate
formation of atherosclerotic lesions in adulthood, and epigenetic changes induced in utero will
be associated with the acceleration of atherosclerosis. Specific epigenetic changes include DNA
methylation and histone acetylation that could alter patterns of gene expression associated with
atherogenesis.
The hypotheses of this study will be tested using three specific aims, as follows:
Aim 1: Determine the effects of in utero exposure or in utero plus postnatal exposure to
diesel exhaust on atherosclerotic lesion development
Aim 2: Determine whether in utero or in utero plus postnatal exposure to diesel exhaust
leads to epigenetic reprogramming in the aorta
Aim 3: Identify transcriptional pathways in the aorta that were altered by in utero and
postnatal exposure to diesel exhaust.
These specific aims will elucidate the relationship between in utero and postnatal exposure to

diesel exhaust and their impact on the development of atherosclerosis in adulthood.
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Materials and Methods

Experimental Design

The study consisted of three treatment groups: a control group of pups and mothers only
exposed to filtered air (FA/FA); a group of pups and mothers exposed to DE during pregnancy
and immediately switched to FA after birth (DE/FA); and a group of pups and mothers exposed
to DE until weaning, with the pups then switched to FA for the remainder of the study (DE/DE).

The primary factors assessed were aortic sinus lesion area and global RNA in the aorta.

Study Setting

Timed matings of Apo E -/- mice took place in the Northlake Diesel Facility (NLD) at the
University of Washington (Seattle, WA). Mice were monitored at the NLD until weaning, at
which point they were transported to the South Lake Union (SLU) Brotman vivarium. Mice
were sacrificed in the Rosenfeld Laboratory at SLU. Mice were cared for in the centralized SPF
facilities of the NLD and the Brotman vivarium according to the University of Washington’s
Department of Comparative Medicine’s guidelines. All procedures were approved by the
University of Washington Institutional Animal Care and Use Committee prior to study initiation.

Tissues from sacrificed animals were analyzed in the Rosenfeld Laboratory at SLU.

Mouse Breeding

Apo E-/- breeder mice on a C57BL/6 background were taken from the Rosenfeld colony
at the University of Washington South Lake Union Brotman vivarium. Breeders used were
between the ages of 8 weeks and 36 weeks. Actual matings were performed at the University of

Washington NLD. Apo E -/- mice underwent timed matings in which two-thirds of the matings
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were performed in DE and one-third in FA. Males were placed in a cage with one female and
were removed after a vaginal plug was observed (generally by 48 hours post male introduction to
the female cage). DE was exposed at a concentration of 250 ug PM, s/m’.

Weekly weights were collected in order to assess the differences in week 1 weight, final
weight, and weight-gain over time between the different treatment groups. Apo E -/- mice were
weaned at four weeks of age; at which time all treatment groups were transported back to the
SLU vivarium and placed in FA for the remainder of the study.

Mice were eligible for study inclusion if they survived until 4 weeks (RNA/DNA
analysis) or 16 weeks (histological analysis) of age without any serious medical issues (i.e.
deformities, illness, etc.). All breeders and weaned mice were fed standard mouse chow with free
access to water. All animal housings were temperature- and humidity-controlled on a 12-hour

light/dark cycle.

Diesel Exposures

The diesel engine used for exposures was a Yanmar model YDG5500EV-6EI (Osaka,
Japan). The fuel used was ultra low-sulfur road diesel. The engine was powered and produced

exhaust for 6 hours per day, five days per week with an average PM, 5 concentration of 250
ug/m’. PM, s within the cage was measured using a nephelometer. The hourly time-weighted

average of PM, s was 45 ug/m’/hr.
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RNA Sequencing

RNA analysis was only performed on male mice. Male Apo E -/- mice were anesthetized
at weaning using isoflurane vapor. The DE/DE, DE/FA, and FA/FA groups consisted of 4, 3,
and 5 males, respectively. Whole blood was collected via retro orbital bleeds prior to sacrifice,
separated into plasma and cells by centrifugation at 16,300 x g for 10 minutes, and plasma was
collected and stored in -80 °C for possible lipid profiling tests. Animals were then euthanized
with 50 uL of 1:1 mixture of ketamine and xylazine and dissected. Prior to tissue extraction,
animals were perfused with 20 mL of sterile PBS to clear the remaining blood. The thoracic
aorta was then extracted, flash-frozen in liquid nitrogen, and stored in -80 °C until RNA and
DNA extraction and purification were performed by individuals in the Farin and Bammler labs at
the University of Washington. Hearts, livers, kidneys, spleens, and lungs were also collected
during dissection and stored in neutral buffered formalin at room temperature for possible future

studies.

RNA Profiling*®

RNA profiling was conducted at the Center for Ecogenetics and Environmental Health
CEEH) Function Genomics and Proteomics Core at the University of Washington. RNA
analysis was conducted according to the CEEH Functional Genomics and Proteomics Core
protocol. An ion proton platform (Life Technologies, Grand Island, NY) was used to sequence
the RNA samples. The sequences were then aligned to a mm10 mouse genome using a subred
aligner''. A Bioconductor Rsubread package was used to generate counts per gene. Each read
from the Ion Proton was then compared to the mm10 genome to determine where the read

aligned, after which all the reads that aligned to each gene were summed. The relative
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abundance of a gene’s transcript can be estimated by the number of reads that align to that gene.
These counts were then used to test for differential abundance of a transcript between the three
different treatments. Three comparisons were made between treatment groups: genes that were
altered in the DE/DE group compared to the FA/FA group, genes that were altered in the DE/FA
group compared to the FA/FA group, and genes that were altered in the DE/DE group compared
to the DE/FA group. Because a gene model was used and not a transcript model, it is assumed
that each read aligns to a particular gene, disregarding the fact that some genes can have multiple
transcript variants. This simplifies the analysis and increases power, but decreases the ability to
find genes that make different transcripts. Significant changes in gene expression were filtered
based on a fold change of 1.5 and a p < 0.05. A false discovery rate (FDR) of 5% was
established to determine the number of significantly altered genes across treatment groups.
Ingenuity Pathway Analysis (IPA) software (QIAGEN, Venlo, Limburg) was used to
associate altered genes to certain transcriptional pathways. RNA sequencing data was filtered in
IPA based on a fold change of 1.5 and a p < 0.05, but a FDR was not set. Using IPA, significant
pathways were determined by identifying those pathways that were associated with the highest

number of altered genes due to exposure.

Histological Analysis

Tissue Extraction

Mice used for the histological analysis were sacrificed at 16 weeks of age. Animals were
anesthetized with isoflurane vapor. Blood was then collected via retro orbital blood draws.
Whole blood was separated into cells and plasma by centrifugation at 16,3000 x g for 10 minutes.

Plasma was collected and stored at -80 °C. After blood collection, the animals were then
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euthanized with 50 uL of a 1:1 mixture of ketamine and xylazine. Euthanized animals were
perfused with 20 mL of sterile PBS and 10 mL of formalin to clear the remaining blood before
tissue extraction. Hearts and aortas were extracted and fixed in neutral buffered formalin at

room temperature for at least 24 hours before processing.

Tissue Processing

Hearts were bisected to separate the aortic sinus from the ventricles after fixation. The
heart was bisected such that the plane was precisely perpendicular to the angle at which the aorta
exits the top of the heart. The aortic hemisphere of the bisected heart was then placed in biopsy
cassettes and processed in a Shandon Citadel automatic tissue processor (ThermoFisher
Scientific, Waltham, MA). The ventricle hemispheres of the hearts were placed back in formalin
at room temperature. Paraplast Plus (Sigma-Aldrich, St. Louis, MO) paraffin wax was used for
tissue infiltration during processing. Prior to infiltration, tissue was dehydrated with a graded
ethanol series. Tissue was placed in 75% ethanol for 25 minutes, 95% ethanol for two sets of 25
minutes, and 100% ethanol for three sets of 30 minutes. After dehydration, the tissues were
placed in the automatic tissue processor following a protocol of fresh Slide Brite (ThermoFisher
Scientific, Waltham, MA) for three sets of 35 minutes each, paraffin for 60 minutes, and fresh
paraffin for 90 minutes. Paraffin-infiltrated tissue was stored at room temperature until

embedding.

Tissue Embedding

Stainless steel embedding molds were filled with molten paraftfin and the paraffin-

infiltrated aortic bisections were centered on the bottom of the molds such that the aortic valve
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was visible through the aorta under a dissecting microscope. Embedding molds were then placed
on a cooling tray and allowed to solidify overnight. Embedded blocks were removed from the
embedding molds and stored at room temperature after complete cooling and solidification of the

paraffin.

Tissue Sectioning

Hearts were sectioned into 5 wm sections using a Spencer Model 820 rotary microtome
(American Optical, Buffalo, NY). Negatively-charged slides (Tanner Scientific, Sarasota, FL)
were used to collect 3 sections of tissue at a time. Tissues were collected when the aortic sinus
started to form and collection was ceased when the aortic sinus was surpassed. Slides were
placed into staining racks to dry at room temperature overnight and were then transferred to an
oven set to 60 °C to bake overnight. After baking was complete, slides were stored at room

temperature in a slide cabinet.

Tissue Staining

Every other slide collected was chosen for Movat’s pentachrome stain. Movat’s
pentachrome stain was chosen to decipher between various components of the stained
cardiovascular tissue: nuclei (which appear blue after staining), elastic fibers (which appear
black after staining), collagen and reticular fibers (which appear yellow after staining),
proteoglycans (which appear light blue after staining), plasma proteins (which appears bright red
after staining), and muscle (which appears red after staining).

Slides were coverslipped using Richard-Allan Scientific Cytoseal XYL (ThermoFisher

Scientific, Waltham, MA) and Corning coverglass (Corning, Corning, NY) after staining was
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completed. Once coverslipped, slides were stored at room temperature in a slide cabinet until

imaging was performed.

Tissue Imaging

Stained tissues were imaged using a Nikon Eclipse E400 microscope coupled with a
Nikon DS-1 camera (Nikon, Chiyoda, Tokyo). Tissues were imaged at 4X magnification using
the Nikon Plan Fluor objective. NIS Elements F Package was used to view and save the images

for further analysis.

Tissue Analysis

Tissue analysis was done in a blinded fashion: analysis of the tissue was conducted
without knowledge of the treatment group of the tissue. The cross-sectional area of
atherosclerotic lesions was determined by analyzing the Movat-stained tissues using computer-
assisted morphometric analysis (Image Pro, Media Cybernetics, Silver Spring, MD). Only the
middle section of stained slides was analyzed for lesion area. This equates to tissues being

analyzed every 30 um, or approximately 17% of total tissue sectioned.

Lipid Profiling

Approximately 150 uL of whole blood were collected from all mice used for histology at
weeks 8, 12, and 16 for lipid profiling. Whole blood was centrifuged at 16,300 x g for 10
minutes. Plasma was collected and stored at -80 °C until profiling could be conducted.

Plasma lipoproteins were separated by high-resolution size-exclusion chromatography

(Superose 6 column) on an AKTA FPLC instrument (GE Healthcare). A 120-pL aliquot of
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plasma pooled from each group was separated at a flow rate of 0.2 mL/min with PBS. Aliquots
(100 pL) from each 0.5-mL fraction were used for cholesterol and triglyceride

determinations. Total cholesterol levels were determined colorimetrically (Sigma #401-25P)
with cholesterol standards (Sigma-Aldrich Corp., St. Louis, MO). Plasma triglyceride levels
were determined colorimetrically after removal of free glycerol (WAKO L-Type Triglyceride-M

and Multi Calibrator Lipids).

Statistic Analysis

All collected data were expressed as the mean + standard deviation. Statistically-
significant differences between treatment groups were determined by the Student’s T test. Data

were considered statistically significant at a p-value <0.05.

Study Power

No power calculations were needed for this study because the study was proposed as a
pilot study, in which it is required that there be 6 animals per group. Sample size was directly
correlated to the success of breeding. The data acquired from the completion of the pilot study

will be used to calculate power for the scaled-up study.
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Results

Breeding Success and Sample Sizes

A total of 13 pups in the DE/DE group: one litter of 6 and one litter of 7. Of these pups,
one litter (n = 6) was sacrificed for RNA analysis and only 4 pups from the second litter survived
until 16 weeks (n =7). This resulted in a total of 4 pups available for the 16-week histological
analysis: three males and one female.

Fourteen pups were available for the total DE/FA group: two litters of 7 pups each.
Three pups from the first litter were sacrificed for RNA analysis at 4 weeks, and only two of the
remaining pups survived until week 16. All pups from the second litter survived until the 16
week time point, resulting in 9 total mice for histological analysis: 3 males and 6 females.

Twenty-one pups were bred under FA/FA conditions. There were 5 litters that produced
viable pups with litter sizes of 3, 3, 7, 2, and 6. Six of the pups from the n=7 litter were
sacrificed for RNA analysis. Both of the pups from the n=2 litter and one of the pups from the
n=6 litter died at 4 weeks of age. All other pups survived until 16 weeks and were viable for the
histological analysis, resulting in 12 total pups for FA/FA: 7 males and 5 females.

Premature pup death per week across treatment groups is displayed in Figure 1.
Premature deaths were only observed through week 4. The DE/DE group had one death per
week starting at week 2 until week four, the DE/FA group had one death per week starting at

week 3 until week four, and the FA/FA group had three deaths during week 4.
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Figure 1: Total premature pup death across treatments
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Body Weight

Body weights were analyzed for week 1, week 16, and overall weight gain. There was a
significant difference in week 1 weights between the DE/DE group and both of the other
treatments. Significance could be determined for the overall treatment and for males only
because power was not strong enough for a female-only analysis. The sample size for DE/DE
Wwas Neotal = 13, Nmate = 3, Nfemale = 1, DE/FA was a1 = 14, Nimate = 3, Nfemate = 6, and FA/FA was
Niotal = 18, Nmale = 12, Ngematle = 5. The average week 1 weights for total (both male and female)
DE/DE, DE/FA, and FA/FA were 3.45+0.60 g, 2.74+0.48 g, and 2.93+0.49 g, respectively.
Male-only week 1 weights for DE/DE, DE/FA, and FA/FA were 4.2+0.10 g, 2.73+0.15 g, and
2.96+0.40 g, respectively. Categories that reached statistical significance (p < 0.05) were total
DE/DE vs. DE/FA (p = 0.003), total DE/DE vs. FA/FA (p = 0.007), male DE/DE vs. male
DE/FA (p =0.0002), and male DE/DE vs. male FA/FA (p = 1.2E-07). Results from the week 1
body weights for all subjects, males only, and females only are displayed in Figures 2, 3, and 4,

respectively.
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Figure 2: Week 1 Body Weight Distribution for All Subjects
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Figure 4: Week 1 Body Weight Distribution for Females Only

Statistical significance was not reached for any of the other analyses. Sample sizes for
week 16 and overall weight gain DE/DE was nota1 = 4, Nimate = 3, Nfematle = 1, DE/FA was niota1 = 9,
Nmale = 3, Nfemate = 60, and FA/FA was nyota1 = 12, Nmate = 7, Nfemate = 5. For the week 16 weights,
the total (both male and female) DE/DE, DE/FA, and FA/FA weights were 25.5+4.0 g, 23.1+£3.4
g, and 26.0+4.4 g, respectively. Male-only week 16 weights for DE/DE, DE/FA, and FA/FA
were 27.3+£2.1 g, 26.743.2 g, and 29.3+£2.0 g, respectively. Overall weight gain was 21.6+4.8 g,
20.4£3.3 g, and 22.9+4.0 g for total DE/DE, DE/FA, and FA/FA, respectively. For males only,
weight gain was 23.1+2.2 g, 23.9+£3.6 g, and 26+1.4 g for DE/DE, DE/FA, and FA/FA,
respectively. Results from the week 16 body weights for all subjects, males only, and females

only are displayed in Appendix 2; A, B, and C, respectively. Results for overall body weight
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gain for all subjects, males only, and females only are displayed in Appendix 3; A, B, and C,

respectively.
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Lipid Profiles

Triglyceride and total cholesterol summaries from the lipid profiling are displayed in

Table 1. Graphical representation of the triglyceride and cholesterol fractions is displayed in

Figures 5 and 6, respectively. Fractions 14-18 represent VLDL, 18-27 represent LDL, and 28-33

represent HDL.
Table 1: Triglyceride and total cholesterol summaries from week 8, week 12, and week 16 lipid
profiles
Triglycerides (mg/dL) Total Cholesterol (mg/dL)
DE/DE Week 8 102 336
DE/FA Week 8 69 378
FA/FA Week 8 96 345
DE/DE Week 12 48 432
DE/FA Week 12 42 465
FA/FA Week 12 57 477
DE/DE Week 16 45 531
DE/FA Week 16 38 492
FA/FA Week 16 53 531
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Figure 5: Fractional distribution of triglycerides for DE/DE, DE/FA, and FA/FA samples
at weeks 8, 12, and 16.
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samples at weeks 8, 12, and 16.

There was no significant difference between gross triglycerides and total cholesterol across
treatments and time points. However, there were significant differences between treatments and
time points when analyzing between VLDL, LDL, and HDL. It was found that HDLs were
significantly increased in the DE/DE group when compared to the DE/FA group at both weeks 8

(»=0.02) and 16 (p =0.01) and the FA/FA group at week 16 (p = 0.02). The fractions
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representing HDLs from Figure 6 are displayed in Figure 7.
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Figure 7: Fractional distribution of HDL for DE/DE, DE/FA, and FA/FA samples at
weeks 8, 12, and 16.
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Histology

Statistical significance (p < 0.05) was not reached for any of the treatment groups with
respect to lesion area in the aortic sinus. The total average lesion areas for DE/DE, DE/FA, and
FA/FA were 35,459+37,264 um®, 54,431+37,626 um?, and 31,123+16,484 um®, respectively.
Because of the lack of power with respect to the DE/DE females (n=1), comparative analysis
could only be conducted on the males. The male average lesion areas for DE/DE, DE/FA, and
FA/FA were 16,958+5413 um?, 19,652+13,584 um?, and 24,302+13,650 um?, respectively. The
distribution of atherosclerotic lesion area for all subjects, males only, and females only are

displayed in Figures 7, 8, and 9, respectively.
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Figure 8: Atherosclerotic Lesion Area Distribution for All Subjects
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Figure 9: Atherosclerotic Lesion Area Distribution for Males Only
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RNA Sequencing

The global RNA sequencing analysis resulted in 860, 1393, and 2049 unadjusted genes
that were altered between DE/DE vs. FA/FA, DE/FA vs. FA/FA, and DE/DE vs. DE/FA,
respectively, using filter criteria of p < 0.05 and a fold change of 1.5. After applying a filter for
false discovery rate of less than 5%, a total of 2,21, and 182 genes were altered between DE/DE
vs. FA/FA, DE/FA vs. FA/FA, and DE/DE vs. DE/FA, respectively. The two genes that were
significantly altered due to DE/DE exposure when compared to the FA/FA group using the FDR
were CYP2b10 and mrps23. It is interesting to note that CYP2b10 was downregulated in both
the DE/DE and DE/FA group when comparing both to the FA/FA group.

An analysis of genes purely altered by in utero exposure was conducted by comparing the
genes altered in both the DE/DE group and the DE/FA group when compared to the FA/FA
group. Using the criteria of a p < 0.05 and a fold change of 1.5, there were 179 genes that were
upregulated in the DE/DE group compared to the FA/FA group, 679 genes upregulated in the
DE/FA group compared to the FA/FA group, and 15 genes that were upregulated in both the
DE/DE and DE/FA groups when compared to FA/FA. Under the same filtering criteria, there
were 529 genes that were downregulated in the DE/DE group compared to the FA/FA group, 562
genes downregulated in the DE/FA group compared to the FA/FA group, and 137 genes that
were downregulated in both the DE/DE and DE/FA groups when compared to FA/FA. Figures
10 and 11 display Venn diagrams that show the number of genes that were upregulated and
downregulated, respectively, in both the DE/DE group and the DE/FA group when compared to

the FA/FA control group.
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DE_DE vs FA_FA DE_FA vs FA_FA

Figure 11: Upregulated genes in both the DE/DE vs. FA/FA comparison
and the DE/FA vs. FA/FA comparison

DE_DE vs FA_FA DE_FA vs FA_FA

Figure 12: Downregulated genes in both the DE/DE vs. FA/FA
comparison and the DE/FA vs. FA/FA comparison

Analysis using the IPA software produced 5 pathways for each treatment comparison that
contained the most altered genes. Results in parentheses are displayed as the p-value and the
number of genes that were found altered by the exposure out of the total number of genes
considered a part of the named pathway. Five pathways that were most changed from DE/DE to
FA/FA were mitochondrial dysfunction (p = 3.98E-20, 27/171 genes), oxidative phosphorylation
(p = 2.48E-15, 19/109 genes), TCA cycle II (p = 8.75E-10, 8/23 genes), glutaryl-CoA

degradation (p = 3.01E-07, 5/11 genes), and tryptophan degradation III (p = 3.34E-07, 6/20
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genes). Pathways changed between DE/FA and FA/FA were RhoGDI signaling (p = 6.77E-04,
11/173 genes), hepatic fibrosis/hepatic stellate cell activation (p = 1.94E-03, 11/197 genes),
regulation of actin-based motility by Rho (p = 2.18E-03, 7/91 genes), axonal guidance signaling
(p = 2.53E-03, 18/432 genes), and VDR/RXR activation (p = 4.46E-03, 6/78). Five pathways
that were most changed from DE/DE to DE/FA were hepatic fibrosis/hepatic stellate cell
activation (p = 3.07E-18, 42/197 genes), epithelial adherens junction signaling (p = 3.45E-12,
29/146 genes), actin cytoskeleton signaling (p = 2.18E-10, 33/217 genes), axonal guidance
signaling (p = 1.45E-09, 48/432 genes), and cellular effects of sildenafil (p = 2.70E-08, 22/129
genes).

The DE/DE vs. FA/FA results were the main focus in this study because this comparison
had the most severe difference in exposure. When filtering pathways by “molecular and cellular
functions,” energy production (5.60E-14<p<1.49E-02, 53 altered genes), lipid metabolism
(5.60E-14<p<1.49E-02, 74 altered genes), and molecular transport (4.40E-13<p<1.49E-02, 76
altered genes) were among the top five most dramatically impacted by DE exposure. There
were 18 total functions that were altered within “energy production,” with oxidation of lipids (p
= 5.60E-14, 24 total genes), oxidation of fatty acids (p = 1.59E-11, 19 total genes), and beta-
oxidation of lipids (p = 2.94E-11, 13 total genes) being the top three contributors. It was found
that most genes within “energy production” were downregulated after DE exposure. There were
67 total functions that were altered within “lipid metabolism,” with oxidation of lipids (p =
5.60E-14, 24 genes), concentration of fatty acids (p = 4.40E-13, 27 genes), and oxidation of fatty
acids (p = 1.59E-11, 19 genes) being the top three contributors. The majority of altered genes
within “lipid metabolism” were also downregulated after DE exposure. Molecular transport

contained a total of 37 functions that were altered by DE exposure, the top three being
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concentration of fatty acids (p = 4.40E-13, 27 genes), concentration of lipids (p = 3.84E-09, 42
genes), and quantity of reactive oxygen species (p = 2.12E-08, 16 genes). The majority of genes
within “concentration of fatty acids and concentration of lipids” were downregulated; however,
there was a noticeable group of genes that were upregulated within “quantity of reactive oxygen
species.”

It was also found that the top two most altered pathways when filtering for
“developmental disorder” were fatty acid oxidation disorder (p = 2.99E-08, 7 genes) and
mitochondrial respiratory chain deficiency (p = 4.12E-07, 8 genes). This filter was chosen in
order to elucidate specific developmental processes that would have been impacted by DE
exposure in utero, a period of time when the body is rapidly growing and is especially

susceptible to developmental toxicants.
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Discussion

Breeding Success

There was premature pup death in all treatment groups prior to weaning, however, there
were different patterns of death. The premature pup death plot in Figure 1 shows that there was
a constant rate of death beginning at week 2 in the DE/DE group whereas there was a steep
increase in pup death at week 4 for the FA/FA group. The constant rate of death in the DE/DE
group could have been due to adverse conditions created by the DE exposure; however, post-

death examination of the pups is necessary to determine the exact nature of death.

Body Weight

The observed trend among body weights showed a significant increase in week 1 weight
for the DE/DE group over the DE/FA and FA/FA group. This result contradicts expectations
because it was expected that early body weight would be decreased in the DE/DE group
compared to the FA/FA group, due to adverse in utero conditions resulting in fewer necessary
nutrients to reach a healthy body weight.

A possible explanation for the difference in results could be that the current study
substituted week 1 body weight for birth weight. This was done due to low sample size and the
fear of maternal rejection if the pups were handled at birth. It could be that pups exposed to DE
were in fact born with a lower birth weight than FA exposed, but quickly gained weight in the
first week due to an abundance of nutrient availability.

It was also expected that week 16 body weight and overall weight gain would be
significantly greater in DE exposed over FA exposed subjects, as seen in the Weldy ef al. results,

where significant weight gain was observed over time after in utero DE exposure’’. This pattern
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was not observed in the current study, however, it is possible that it could have been observed in
a study with larger sample sizes. It could also be that the study was not conducted long enough
(i.e. until 32 weeks) for sufficient changes in body weight to be observed. Using ApoE-deficient
mice might have attenuated differences in weight gain across treatment groups and thus
shadowed any subtle effects of the diesel exhaust exposure. Tibia length was also not measured
so the possibility that weight was due simply to bigger bodies rather than excess fat storage

cannot be excluded.

Lipid Profiles

It was expected that lipid profiles would be significantly altered between groups, with the
DE/DE group having higher values of triglycerides and total cholesterol, but more specifically,
higher values of VLDL and LDL and lower values of HDL. Such results would support the
hypothesis that DE exposure in utero created an environment that increased susceptibility to
cardiovascular disease long term. Although this study’s results contradict what was expected,
they correlate with the body weight findings. It would be expected that subjects with higher total
triglycerides would have higher body weights due to overall larger stores of fat within the body.
However, neither body weight nor triglyceride levels were positively correlated to in utero DE
exposure. It is possible that using a Western diet (i.e. high fat content) over the standard chow
diet could have increased the overall triglyceride and total cholesterol levels across treatments
and perhaps amplified any effects of the DE exposure in utero.

Another factor that could have impacted the lipid profiles was the pooling of the samples.
Male and female samples were pooled for each treatment. Due to small sample size, separating

the lipid profiles based on sex was not an option. It is possible that males and females had
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inherently different lipid profiles that would have hidden an underlying relationship between DE
exposure and total triglyceride and cholesterol levels.
In previous studies, it has been shown that exercise is associated with both increases in

oxidative stress and plasma HDL levels'*

. Using this platform, it could be theorized that
exposure to DE increased oxidative stress and thus stimulated production of HDLs to counteract

the increase in oxidative stress. In order to prove this theory, concurrent testing of both oxidative

stress markers and HDLs levels would need to be conducted throughout the study.

Histology

Although there was no statistically significant effect of DE exposure in utero, there was a
trend towards protection of atherosclerotic development in males when exposed to DE in utero.
This result aligns with a previous study conducted in the Rosenfeld lab in which it was observed
that in utero DE exposure also trended towards smaller atherosclerotic plaques in male mice at
16 weeks of age (results not shown). However, both of these studies had small sample sizes that
made it difficult to decipher a clear relationship between in utero DE exposure and
atherosclerotic plaque development.

An interesting finding was the trend towards protection against atherosclerotic
development in males when exposed to DE in utero. The DE/DE group for the lipid profiles was
strongly influenced by males (nmale = 3, Nfemate = 1). If DE exposure in fact increased the levels
of HDLs in males, it could explain why progression of atherosclerotic development trended
towards decreased lesion areas in males. If DE did not alter the antioxidant properties of HDLs
as observed in the Yin ez al. study’®, then higher levels of HDLs could have protected against the

lipid oxidation that highly contributes to atherosclerotic lesion development.
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A possible explanation for the lack of results, besides small sample size, could be the
short time frame. It is likely that significant trends of atherosclerotic progression could not be
deciphered at 16 weeks because 16 weeks is approximately the earliest time point at which
significant atherosclerotic lesion are observable. Because of the early time point, some subjects
had miniscule lesions whereas others had large plaques already. Thirty-two weeks, the time
point in atherosclerotic development in mice where atheroma is prominent, could have reduced
the variability in plaque size within individual treatments. DE exposure also might not impact
early stages of atherosclerotic development as significantly as later stages. A study of 32 weeks
could perhaps more easily elucidate a significant difference in lesion area if in utero DE

exposure increases the progression of later stages of atherosclerotic development.

RNA Sequencing

There were two genes that were significantly altered by DE/DE exposure when compared
to FA/FA samples. There is no evidence of either of these two genes being directly associated
with atherosclerotic development. As previously mentioned, CYP2b1(0 was downregulated in
both DE/DE and DE/FA when compared to FA/FA. This leads to the conclusion that CYP2b10
regulation could be significantly altered due purely to in utero exposure.

When comparing the Venn diagrams in Figures 10 and 11, it is apparent that there are
152 genes that were either upregulated or downregulated in both the DE/DE and DE/FA group
when compared to the FA/FA group (15 upregulated, 137 downregulated). Although these genes
are not filtered based on a false discovery rate, the data points towards genes that are impacted
due to in utero exposure to DE only. Because these genes were altered in both groups, it adds

weight, to the results despite the lack of a false discovery rate filter.
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This analysis only focused on differences between the DE/DE and FA/FA group because
these groups were most different with respect to exposure. Although the results from the IPA
analysis indicate pathways that could be potentially impacted by in utero DE exposure, results of
the IPA analysis are highly speculative and supplemental studies must be conducted to either
confirm or deny the findings of this study. The genes determined “significant” for the [PA
analysis did not include an FDR filter, therefore, there could be a substantial number of genes
that falsely appeared significantly altered between treatment groups. A strict FDR filter (less
than 5%) would show which genes and transcription pathways are most confidently impacted by
DE exposure in utero. If these genes and pathways were associated with atherosclerotic
progression, it could support the hypothesis that in utero exposure to DE does in fact alter fetal
programming, such that exposed fetuses are susceptible to lesion formation. It would also be
interesting to see how the associated genes and pathways change as the FDR becomes less and
less stringent. If the top genes and pathways with a strict FDR remain the most altered genes and
pathways as the FDR becomes less stringent, it would instill confidence on the validity and

significance of in utero DE exposure on genetic fetal programming.
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Limitations

The main limitations of this study were sample size and a short time frame. The first
round of breedings resulted in zero viable pups due to dam cannibalism. The loss of these litters
may be due to outside stressors (i.e. construction disturbances). Due to the shortened time frame,
only a second round of breedings was conducted. These breedings did not result in as many
DE/DE pups as desired, which severely limited study power for the DE/DE groups. A minimum
of 36 total pups (18 males and 18 females) should have been produced to determine statistical
significance for both treatment effects and sex effects. This would have allowed for 3 animals
from each sex to be analyzed for each treatment group, including 3 animals per sex per treatment
to be used for RNA sequencing. Ideally, 72 pups would have been produced, resulting in 6
animals per treatment per sex, including the RNA analysis. A total of 41 offspring were
produced; however, distribution of these animals was such that the FA/FA group had a much
larger sample size than DE/DE. Post-birth deaths also decreased overall sample sizes, with 3
deaths in the DE/DE group, 2 deaths in the DE/FA group, and 3 deaths in the FA/FA group. As
a result of the breeding distributions across treatment groups, only 4 total animals from DE/DE
were available for histological analysis. The lack of sufficient DE/DE animals made small
variations appear large and left no possibility for an analysis on sex effects in response to DE
exposure.

This study was also limited in the overall time available to finish the project. The
histological analysis was only done at 16 weeks of age, whereas a longer time point (i.e. 32
weeks) would have been more ideal. A longer time point would have allowed a more substantial
amount of time for atherosclerotic lesions to form. At 16 weeks of age, it is possible that

atherosclerotic lesions might not yet have formed in animals that would have formed them at 32
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weeks. Therefore, there could be more significant variation between subjects at 16 weeks than at
32 weeks. It is also possible that the shortened time frame shadowed effects of DE on
quickening atherosclerotic progression in later stages of disease development. Decreased study
time also resulted in the inability to conduct targeted DNA bisulfite sequencing and sufficient
follow-up studies on RNA results. This limits the validity of the RNA results; however, the
results may function as a base for future studies.

Another limitation of the proposed project includes the lack of a dose-response. It would
be beneficial to include another dose of diesel exhaust in order to analyze the lesion area in
response to increasing doses; however, time and resources did not permit the use of multiple
doses in the current study.

The nature of exposure of DE itself may not have been representative of real-world
experience. DE exposure was characterized by PM; 5 concentration. When time-weighted for
hourly PM, s exposure, the exposure level in the study (45 ug/m”) is still higher than EPA
regulated levels of atmospheric PM, s (35 ug/m’). It is unlikely that the average pregnant
woman would be exposed to PM; s levels this high on a daily basis, unless participating in a
pollution-prone occupation such as mining or working in loading-dock environments. On an
annual exposure level, the experimental exposure concentration is much higher than the average
real-world exposure level, excluding high-pollution areas like Eastern Asia.

A limitation to the initial design of the study may have been the lack of a FA/DE group.
Many of the significant changes were observed between the DE/DE and DE/FA group,
indicating that there are important changes occurring postnatally. Because there was no group
that was only exposed to DE postnatally, it is impossible to discern effects of postnatal exposure

to DE (either by direct inhalation of DE or by exposure to factors within maternal milk).
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Suggestions for Future Studies

The most crucial follow-up studies involve validating the RNA results. These studies
could include DNA methylation, histone acetylation, and qPCR of targeted genes from the RNA
results. If DNA methylation and histone acetylation studies show that genes found altered in the
RNA sequencing study were also altered via methylation or acetylation, then more specific
hypotheses can be formed regarding the epigenetic mechanisms of in utero DE exposure on
adulthood susceptibility to disease. qPCR of the most altered genes (either by upregulation or
downregulation) should also be conducted to determine the overall abundance of the gene in
relation to treatment group.

Another suggestion to validate the genetic analysis would include analyzing the levels of
oxidative stress throughout the study. A thiobarbituric acid reactive substances (TBARs) or 3-
nitrotyrosine (3-NT) test for lipid peroxidation would be especially pertinent for this study. A
TBARSs or 3-NT test showing higher levels of lipid oxidation for the DE/DE group over the
FA/FA group could bring validation to the hypothesis that DE exhaust in utero predisposes the
adult to increased oxidative stress. HDL levels should also be measured at time points
correlating to the oxidative stress tests to investigate the hypothesis that HDL production is
stimulated by increased ROS levels. To examine the viability of the HDL (i.e. the antioxidant
properties), a 2°,7’-dichlorofluorescein (DCF) fluorescence test could be conducted. Specifically,
the DCEF test estimates the ability of HDL to inhibit low-density lipoprotein oxidation. HDL
validity assays could also be coupled with RNA sequencing data conducted on liver tissue and
specific to HDL synthesis. If genes and pathways associated with HDL synthesis are
significantly upregulated in the DE/DE group, the results would further support the hypothesis

that HDLs are in fact increased due to DE exposure.
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To further correlate epigenetic changes with an adverse intrauterine environment,
maternal blood should be collected during pregnancy to analyze for possible cytokines,
chemokines, and other circulating proinflammatory factors. If there are significant differences
between control and DE-exposed circulating proinflammatory factors, it could be hypothesized
that these factors either directly or indirectly create an adverse intrauterine environment, thus
resulting in possible epigenetic and adulthood histological alterations in the in utero-exposed
pups.

An in vitro study to examine cell-types specifically affected by DEP exposure could also
provide mechanistic information as to how DE exposure actually impacts atherosclerotic
development at a cellular level. For instance, if leukocytes happen to be directly impacted by
DEP, DEP exposure could hypothetically increase their ability to adhere to vessel walls, thus
increasing the likelihood of monocyte infiltration and subsequent formation of the fatty streak

due to foam cell formation.
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Appendix 1

National Ambient Air Quality Standards (NAAQS) as of October 2011°

Pollutant Primary/Secondary Averaging Level Form

Time

Carbon Monoxide

Primary

8-hour

9 ppm

1-hour

35 ppm

Not to be
exceeded more
than once per
year

Lead

Primary and
Secondary

Rolling 3 month
average

0.15 ug/m’

Not to be
exceeded

Nitrogen Dioxide

Primary

1-hour

100 ppb

98" percentile,
averaged over 3
years

Primary and
Secondary

Annual

53 ppb

Annual Mean

Ozone

Primary and
Secondary

8-hour

0.075 ppm

Annual fourth-
highest daily
maximum 8-
hour
concentration,
averaged over 3
years

Particle | PM,s
Pollution

Primary

Annual

12 ug/m’

Annual mean,
averaged over 3
years

Secondary

Annual

15 ug/m’

Annual mean,
averaged over 3
years

Primary and
secondary

24-hour

35 ug/m’

98" percentile,
averaged over 3
years

PM;o

Primary and
Secondary

24-hour

150 ug/m’

Not to be
exceeded more
than once per
year on average
over 3 years

Sulfur Dioxide

Primary

1-hour

75 ppb

99" percentile
of 1-hour daily
maximum
concentrations,
averaged over 3
years

Secondary

3-hour

0.5 ppm

Not to be
exceeded more
than once per
year
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Appendix 2

Week 16 Body Weight Distributions for All Subjects, Males Only, and Females Only
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2.C: Week 16 Body Weight Distribution for Females Only
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Appendix 3

Overall Body Weight Gain Distributions for All Subjects, Males Only, and Females Only
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3.B: Overall Body Weight Gain Distribution for Males Only
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