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Abstract

Air pollution is a silent killer. Considered the
largest environmental health risk globally, air
pollution has been implicated in the develop-
ment of cardiovascular and respiratory
conditions as well as various cancers. Air pol-
lution poses a serious global threat, as 91% of
the world’s population resides in areas that fail
to meet WHO air quality guidelines. Air pol-
lution in the form of particulate matter
(PM) contributes to increased arrhythmia
development. Exposure to unhealthy PM
levels coupled with those suffering from
arrhythmias necessitates analysis into their
shared underlying causes.

Epigenetics is defined as alterations, herita-
ble and acquired, to gene expression with pres-
ervation of the original DNA sequence. These
modifications naturally occur during develop-
ment but can be modified by external stimuli,
ultimately resulting in differential gene
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expression in offspring. A handful of
modifications constitute the essential pillars
of this domain, often working concurrently to
induce changes: DNA methylation, chromatin
remodeling, histone modification, and
RNA-based modifications. This chapter aims
to discuss the influence of air pollution on
epigenetic mechanisms and how these affect
the development of cardiovascular disease,
including arrhythmia development.
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Abbreviations

AERP atrial effective refractory period

AF atrial fibrillations

AHA American Heart Association

Ang II Angiotensin II

ARIC Atherosclerosis Risk in
Communities

CHD chromodomain, helices,
DNA-binding complexes

CpG cytosine preceding guanosine

CTGF connective tissue growth factor

Ccv cardiovascular

DEP diesel exhaust particles
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DNMT DNA methyltransferase

EGC electrocardiogram

ERK extracellular signal-related kinase

HATSs histone acetyltransferases

HDAC:s histone deacetylases

HMTs histone methyltransferase

HopX'® homeodomain protein

HR heart rate

HRV heart rate variability

1ICD implantable cardioverter
defibrillators

INOS8O inositol-requiring 80 complexes

iNOS inducible nitric oxide synthase

ISWI imitation switch complexes

IncRNA long noncoding RNA

MetS metabolic syndrome

miRNAs microRNAs

ncRNA noncoding RNA

PMy ultrafine PM, diameter of <0.1 pm

PM;, coarse PM, diameter of <10 pm

PM,; 5 fine PM, diameter of <2.5 pm

PNS parasympathetic nervous system

pri- primary miRNA transcripts

miRNAs

RISC RNA-induced silencing complex

ROS reactive oxygen species

SAM S-adenosylmethionine

sncRNAs  small noncoding RNAs

SWI/SNF  Switching defective/sucrose
nonfermenting complexes

TNF tumor necrosis factor

TSA trichostatin A

UTR untranslated region

25.1 Introduction: Particulate

Matter and Cardiovascular
Function

Environmental factors can induce profound phys-
iological and pathophysiological consequences
on the cardiovascular system [1, 2]. Obesity,
stress, and air pollution, among other external
stimuli, exemplify established risk factors for car-
diovascular disease (CVD), which continues to be
the leading cause of death in the United States.
The dynamic interplay between genetics and
environmental factors is complex: does one
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develop heart disease from obesity caused by a
poor diet? Or are obese people genetically prone
to developing cardiovascular disease via exposure
to air pollution? Epigenetics is the balance of
these dynamics via mechanisms induced by envi-
ronmental triggers and those that occur during
development.

Particulate matter (PM) is the sum of solid
particles and liquid droplets suspended in the
air. Sources of particulate matter include
emissions from automobiles, smokestacks, con-
struction sites, unpaved roads, and the black car-
bon and/or elemental carbon from these sources
[3]. Many forms of air pollution exist alongside
PM, such as carbon monoxide, ozone, oxides of
nitrogen, etc. WHO estimates that PM exposure is
responsible for the death of nearly seven million
people annually. A number of studies have linked
PM exposure to stroke, heart disease, several lung
diseases, and pneumonia [4-6]. Another review
by the American Heart Association (AHA) stated
that CVD has resulted in over 17 million deaths
annually. Of these 17 million, nearly 3.3 million
were associated with exposure to ambient air
pollution. The AHA has also stated that short-
term exposure to PM contributed to the develop-
ment of CVD and long-term exposure reduced
life expectancy [5].

PM penetrates the body primarily through
inhalation, where it enters the lungs and gains
access to the bloodstream via alveoli. PM;,
(coarse PM, diameter of <10 pm) has been exper-
imentally linked, via in vivo and in vitro models,
to acute and chronic CVD, whereas PM, 5 (fine
PM, diameter of <2.5 pm) and PM, ; (ultrafine
PM, diameter of <0.1 pm) have been shown to
penetrate further into the airways, alveoli, and
systemic circulation, inducing the development
of atherosclerosis, CVD, and provoking acute
cardiac episodes and arrhythmias [7]. Recent
studies of PM and CVD have demonstrated
PM-induced development of cardiomyopathy,
myocardial infarction, and hypertension, leading
to cardiovascular (CV) dysfunction including
arrhythmias, specifically tachycardia [§—11]. PM
exposure is also associated with variations in
heart rate (HR) in the form of tachycardia and
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heart rate variability (HRV). HRV, as its name
states, is the variation in between heartbeats
within a timeframe, measured by differences in
the beat-to-beat interval. Decreased parasympa-
thetic nervous system (PNS) activity exhibits
decreased HRV, which is associated with respira-
tory sinus arrhythmia [12]. Furthermore, research
of the underlying mechanisms of PM exposure
and its proarrhythmic effects on CVD is lacking.
Some studies suggest that PM affects the balance
of autonomic control on the heart, increases reac-
tive oxygen species (ROS), and changes the abil-
ity of blood to coagulate [11, 13]. This section
will review the proarrhythmic effects of PM
exposure and its long- and short-term effects.

25.1.1 Clinical Observations

Clinical examinations of the proarrhythmic
effects of PM, s have been conducted utilizing
data from implantable cardioverter defibrillators
(ICD), surveys, and clinical records of patients
who experienced heart arrhythmias in correlation
with PM concentrations recorded via satellite
remote sensing, meteorological, and land-use
analyses. To study the short-term effects of expo-
sure to PM, s, ICDs were used to detect and
record episodes of ventricular arrhythmias in a
study of over 200 patients. There was a positive
association between ventricular arrhythmia
events and recorded PM levels; the strongest
associations found over a 24-h moving average
compared to the mean air pollution concentration
for the calendar day and the previous day
[9]. Patients with previous episodes of ventricular
arrhythmias and other CVDs were more suscepti-
ble to ventricular arrhythmias correlated with PM
exposure [9]. While short-term studies examine
the effects of fluctuating PM emissions associated
with certain occupations and shifts in weather
patterns and development of CVD, long-term
studies usually involve exposure of PM levels
comparable to industrialized countries.

Recent studies of long-term PM exposure have
demonstrated that exposure to PM, s has been
associated with the onset of tachycardia. An epi-
demiological study in China of over ten million
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reproductive-aged adults exposed to PM
investigated this phenomenon over a span of
3 years. This study showed that 16% of
participants, mean age of 28 years, were classified
as having tachycardia. Older individuals (aged
40-64 years) showed a greater increase in HR
than younger individuals (<30 years old) after
long-term PM exposure, suggesting that older
individuals may be more vulnerable to the effects
of PM. This study showed a positive relationship
between long-term PM exposure and tachycardia,
increases in resting HR, and a 4% increase in
ventricular tachycardia [14]. This work is
supported by another study, which showed
increases in PM by as little as 5 pg/m’® were
positively associated with HRV by 4.1% and
increased diastolic blood pressure [10]. Thus,
individuals exposed to prolonged elevation of
PM emission are more susceptible to the devel-
opment of tachycardia. Older individuals and
individuals with a medical history of CVD and
arrhythmia are more prone to further development
and frequent episodes of arrhythmias.

As an increasingly industrialized society,
where the combustion of carbon-based fuel is
the primary source of PM, the findings of these
epidemiological studies are concerning. If
increased exposure to PM caused the develop-
ment of cardiac pathological defects, a decrease
in the input of PM would result in the decrease in
future developments of PM-induced CVD and
arrhythmia. Implementing higher industry and
transportation emission standards would provide
a means of limiting emitted PM; however, these
standards must be implemented at a global level
since air, and its associated PM levels, are not the
same between cities and countries. When consid-
ering the populations that exhibited increased
susceptibility to PM-induced CVD presented
above, it is also crucial to further investigate
what populations are more vulnerable to the
effects of PM. Research focused on specific
demographics (i.e., socioeconomic status, educa-
tion level, race, sex, etc.), and the presence of
existing disease should be conducted.
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25.1.2 Experimental Studies

Variations in HR and HRV have shown mixed
results when reproduced in animal studies of PM
exposure. One study showed that increased expo-
sure to concentrated air particles, analogous to
PM, increased heart rate during and one hour
after exposure, and caused a small increase in
ventricular premature beats, though the Ilatter
was not statistically significant. These effects
were short lived, which may be the result of a
short exposure timeframe or the short window of
observation [15].

A long-term in vivo study that investigated
PM exposures comparable to those of
industrialized countries demonstrated that PM, 5
caused cardiovascular remodeling as well as vari-
ous features of heart failure [16]. Long-term
exposure to fine PM was shown to result in car-
diac phenotypes consistent with heart failure,
spontaneous arrhythmias, and increased HR. A
short-term PM exposure in rats further supported
these findings providing evidence that daily
exposures to PM were shown to generate ROS
up to two-fold of control levels [17]. ROS has
been associated with increased risk of arrhythmia
via several pathways as discussed below in the
Underlying Mechanisms section.

Additionally, rats with metabolic syndrome
(MetS) show increased susceptibility to the devel-
opment of cardiac pathophysiology caused by
PM exposure, including arrhythmia development.
MetS rats showed altered HRV and increased HR
after exposure to PM for 5 h/day over 12 days
[18]. These rats, fed a high fructose diet and
exposed to PM, exhibited altered cardiac electro-
physiology, including a fourfold increase in atrio-
ventricular arrhythmias, a diminished baroreflex
response, and a decreased vagal influence on car-
diac function, which provides another example of
a population more susceptible to the development
of arrhythmias. These results are similar to those
from an epidemiological study in China, which
found that older individuals and those afflicted
with comorbidities were more susceptible to CV
dysfunction after PM exposure [14].
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25.1.3 Underlying Mechanisms

Recent epidemiological studies in adolescents
have found that increased PM exposure caused
an abnormal shift from parasympathetic control
of the heart to predominant sympathetic control,
associated with decreased HRV [11, 12]. As men-
tioned in the introduction, decreases in HRV are
associated with respiratory sinus arrhythmia.
Explanations for the imbalance of autonomic con-
trol of the heart may be explained by the produc-
tion of ROS caused by PM exposure [19]. After
long-term exposure to PM, the increase in ROS
triggers ROS-dependent cell-signaling pathways,
which result in an acute increase in blood pressure
and a shift toward activation of the sympathetic
nervous system, which results in arrhythmia.

PM exposure has also been linked to increased
activity of NADPH oxidase, which generates *O,
upon phosphorylation of p47P"*, a subunit of
NADPH, and binds to p22Ph°X in the cell mem-
brane resulting in increased ROS in the vascula-
ture [20]. ROS in the vasculature results in the
activation of inflammatory response via several
pathways including focal activity, disruption of
cardiac ionic currents, increased cardiac fibrosis,
and impaired gap junction function [13]. Focal
activity caused by ROS has been shown to pro-
long action potential duration, and induce early
and delayed after depolarization, which facilitates
arrhythmia development [13]. ROS disrupts ion
currents as a result of residual Na* flow after the
action potential peak, abnormal release, and reup-
take of Ca®* in the sarcoplasmic reticulum, as
well as inhibiting Katp channels which prolongs
action potential duration.

Other studies have suggested that exposure to
PM caused an inflammatory response in the
alveoli and release of cytokines, ultimately
changing blood coagulation. The ultrafine PM is
retained in the interstitial tissue of the lungs where
an inflammatory response follows. This retention
is likely due to the macrophages’ inability to
phagocytize ultrafine PM particles. Changes in
blood coagulation have been linked to increased
susceptibility to CVD event (i.e., myocardial
infarction) [21]. Further research is still needed
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to fully understand the mechanisms of PM expo-
sure on heart arrhythmias.

25.2 Epigenetic Modifications
Overview

Epigenetic modifications are essential for normal
physiological processes. However, there is clear
evidence for the role of epigenetic processes in
the development of cancers, cardiovascular dis-
ease, neurological, and autoimmune disorders.
An increased understanding of the mechanisms
that drive epigenetics could offer the missing link
in developing more effective therapeutic
approaches for cardiovascular disease. While epi-
genetic modifications can be detrimental to car-
diovascular health, the epigenome possesses
reversible properties that enable it to be
reprogrammed. This feature has been established
and applied to the development of cancer thera-
peutics: epigenetic drugs, termed epidrugs, are
currently being developed to target the epigenetic
modifications responsible for inhibiting tumor

suppressor  and DNA  repair  genes
[22, 23]. Epidrugs are designed to target enzymes
responsible for  completing epigenetic

modifications including DNA methyltransferases
and histone deacetylases. By inhibiting such
enzymes, epidrugs prevent unwanted silencing
of genes and help to reestablish normal function
within the epigenome. Thus, certain epigenetic
modifications relevant in the development of dis-
ease can be reversed. Mounting evidence
suggests the coupling of epigenetic drugs with
chemotherapy could provide an effective treat-
ment option for diseases such as cancers.
Although still in its infancy, this research
suggests that epigenetic modification may be
utilized to treat cardiovascular diseases [24].

A description of each epigenetic mechanism,
providing the foundation for this chapter, is
depicted in Fig. 25.1. The subsequent sections
will expand on the links between external stimuli,
induced epigenetic modifications, and the
resulting cardiac dysfunction.
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25.2.1 DNA Methylation

DNA methylation, an essential epigenetic regula-
tor in many eukaryotic organisms, occurs when a
methyl (CH3) group is covalently added to the
5-C position of a cytosine on DNA. The execu-
tion and maintenance of this modification is deter-
mined by a family of three DNA
methyltransferase (DNMT) enzymes: DNMT3a,
DNMT3b, and DNMTI. Common changes
induced by DNA methylation include regulation
of gene expression, suppression of transposable
elements, genomic imprinting, and
X-chromosome inactivation [25, 26]. DNA is
highly methylated in vertebrates: ~60-90% of
cytosine preceding guanosine (CpG) sites are
methylated, with the exception of “islands” of
unmethylated areas called CpG islands
[27]. Methylation plays a highly regulatory role
in gene expression at CpG sites; however, its role
changes when CpG islands are the targets of
modification.

CpG islands comprise around 1000
CpG-dense base pairs. Under normal conditions,
CpG islands lack methylation [28]. These islands
are nonrandom; they encompass ~1% of genomic
DNA and are located at the promoter regions (5’
N-terminus) of many genes. Housekeeping genes,
which act to maintain cellular function and to
normalize expression values of variable genes
for experimental and computational studies, are
among the most common genes possessing CpG
islands [29, 30]. Housekeeping gene promoter
regions must remain unmethylated to ensure
their constitutive expression to maintain normal
cell functionality. However, when methylation
within CpG islands occurs, access to DNA is
decreased, blocking transcription factor binding
and gene expression [28]. Methylation of CpG
islands and dysregulation of prevalent methyla-
tion patterns (60-90% of CpG) potentiate an
array of consequences, ranging from develop-
mental disorders to various diseases, including
CVD [27, 28, 31].

DNMTI1 is the primary methyltransferase
responsible for maintaining the covalent attach-
ment between methyl groups and cytosines upon
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Fig. 25.1 Particulate  matter-induced  epigenetic
modifications of chromosome in cardiomyocyte including
DNA methylation, histone modifications, chromatin

DNA replication. DNMT 1 acts to copy the parent
strand methylation pattern onto the unmethylated
daughter strand, transforming the double-
stranded DNA from hemi-methylated to fully
methylated. DNMT3a and DNMT3b (de novo
methyltransferases) aid in establishing novel
patterns of methylation early on in development
by adding methyl groups to unmethylated CpG
bases [32]. DNA methylation is vital to cell dif-
ferentiation and embryonic development, and
DMNT1 plays a crucial role in subsequent meth-
ylation pattern maintenance [32, 33]. Genetic
knockout experiments have revealed DMNT]I,
DMNT?2, and DMNT3 are essential to offspring
viability, though DMNT?2 is not directly involved
in the DNA methylation process. DNMT1 inacti-
vation resulted in embryonic lethality, and

remodeling, and RNA-based modifications and resulting
dysfunction. Figure created with BioRender.com

DMNT3a/DNMT3b inactivation caused death
shortly after birth in mice. Reduced or disrupted
patterns of these enzymatic catalysts contribute to
genomic destabilization, promoting cancer, and
disease development [34]. Hypermethylation of
CpG island promoter regions exemplifies abnor-
mal DNMT activity, causing transcriptional
silencing effects on cellular pathways (mimicking
those of mutations/deletions). Hypermethylation
of DNA repair genes has also been associated
with cancer and disease development [34]. Proper
DNA methylation is essential to the growth,
development, and maintenance of the human
genome.

Methylation can be reversibly modulated by
demethylation, accomplished through both an
active and passive approach: demethylases are
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the active enzymatic agents responsible for com-
bating the effects of malfunctioning DNMTs and
methylation of CpG islands, often at promoter
regions, where hyper/hypomethylation can
silence gene expression and result in cancer and
disease development [34]. The passive mecha-
nism involves failure to retain methylation
patterns during DNA replication and cell division.
However, demethylation remains a highly
uncharted concept, limiting its current application
for therapeutics. Furthermore, the S5C-methyl
modification is thought to be highly stable, and
it has yet to be determined if breaking the carbon—
carbon bond necessary to remove the methyl
group from the 5-methylcytosine is possible.
Still, cytidine deaminases, elongator complexes,
base excision repairs, nucleotide excisions, DNA
methyltransferases, and DNA glycosylases are
candidate gene families and pathways suspected
to play a role in the biochemical mechanisms
associated with DNA demethylation [35]. With
the increasing potential to reverse methylation of
undesirable regions with accuracy, there is hope
for detecting and treating diseases caused by epi-
genetic modifications by offering a directed ther-
apeutic approach [32, 35].

25.2.2 Chromatin Remodeling

DNA is tightly packaged by wrapping around an
octamer of duplicate histone proteins (H2A, H2B,
H3, and H4) to form a nucleosome, which is the
structural unit of the chromatin complex
[36]. This system offers an effective way of hous-
ing large amounts of genetic material while divid-
ing the genome between transcriptionally active
and inactive/repressed zones [37]. Nucleosomes
provide a primary means of genomic compaction
and a “signaling hub” for chromatin-templated
processes. During chromatin  remodeling,
ATP-dependent enzymes manipulate the function
of nucleosomes, resulting in post-translational
modifications [38]. Energy from ATP hydrolysis
is used to elicit changes from nucleosome move-
ment to destabilization or restructuring by altering
associations between histones and DNA on the
nucleosome [26, 39].
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There are four classes of ATP-dependent chro-
matin remodeling complexes that are powered by
ATP hydrolysis and function to slide or eject
nucleosomes. The complexes manage nucleo-
some grouping and configuration by communi-
cating with histone chaperones and swapping
histones and histone variants [40]. The classes
include switching defective/sucrose
no-fermenting complexes (SWI/SNF); imitation
switch complexes (ISWI); chromodomain,
helicase, DNA-binding complexes (CHD); and
inositol-requiring 80 complexes (INO8O0)
[26]. The chromatin remodeling complex families
contain varied levels of domains, subunits, and
accessory subunits, which dictate their target
specificity and role in gene expression regulation
[40]. Regardless of differences in domain and
subunits, the complexes serve a common purpose
of altering gene expression at some capacity.
Some protein complexes promote access to
nucleosomal DNA, while others inhibit access
by retightening and reforming the DNA-protein
complexes that comprise the nucleosome
[36]. The degree that chromatin is condensed
modulates transcription, DNA replication, and
DNA damage response. Chromatin remodeling
complexes function to modulate the state of chro-
matin and its degree of accessibility, effectively
altering gene expression [40]. Furthermore, chro-
matin remodeling directs protein access to DNA
and plays a regulatory role in DNA damage-
induced signaling pathways [41]. Irregular func-
tionality of the ATP-dependent chromatin
remodeling complexes is linked to disease devel-
opment, since they are key players in fundamental
cellular processes (i.e., transcription, DNA repli-
cation, and repair).

25.2.3 Histone Modifications

Histones are protein structures that organize DNA
into nucleosomes as a means of packing a signifi-
cant amount of genetic information into a
condensed structure. Histone modifications pro-
vide a means of post-translational control of gene
expression by modulating the degree of chroma-
tin compaction. Histone modifications include
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phosphorylation, ubiquitination, sumoylation,
acetylation, deacetylation, ADP-ribosylation,

proline isomerization, deamination, methylation,
and demethylation [42]. Histone acetylation
refers to the introduction of an acetyl group
(CH3CO) to a member of a histone tail (com-
monly lysine). It is the most studied modification
and dysregulation that has been implicated in the
development of CVD [43]. Acetylation provides
greater access to chromosomal domains that are
highly compacted and elicits increased access to
promoter regions, ultimately activating transcrip-
tion. Without acetylation, nucleosomes will con-
tinue folding into more complex and inaccessible
structures. Accessibility is thus a balance of the
synergistic actions between acetylation and chro-
matin remodeling via ATPases and methylation
[44]. Histone acetyltransferases (HATs) transfer
an acetyl group to histone proteins and play a
crucial role in the activation of genes and tran-
scription. Histone deacetylases (HDACsS) effec-
tively remove the acetyl group from histone
tails, resulting in a reversal of DNA accessibility
and an increased level of nucleosomal fiber
folding, inducing repression [45]. A disruption
of the balance between HAT and HDAC standard
functionality can elicit cardiac pathologies, which
will be discussed later in this chapter.

Histone methyltransferase (HMT) enzymes
use S-adenosylmethionine (SAM) as a cofactor
to catalyze the methylation of basic residues
(lysines, arginines, and histidines) in histone
tails. Individual residues and different residues
of the same histone can be methylated to varied
degrees. For example, lysine can be mono-, di-, or
tri-methylated [46]. The extent of methylation
affects the condition of differential gene expres-
sion, causing either activation or repression of a
methylated gene [47]. Protein recruitment may
cause additional chromatin folding or increased
access to the DNA [36]. Demethylation refers to
the reversal of methylation via removal of methyl
group(s) from histone tails. Similar to histone
methylation, demethylation can promote or
inhibit gene activity [34]. Experimental rat
models have associated heart failure development
to two histone modifications: trimethylation of
histone H3 on lysine-4 or lysine-9, thus revealing
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the implications few epigenetic modifications can
have in cardiovascular disease development [48].

25.2.4 RNA-Based Modifications

The central dogma of molecular biology in which
DNA is transcribed into RNA and RNA is trans-
lated into protein oversimplifies the relationship
between DNA, RNA, and protein. DNA is tran-
scribed into RNA, which can later be translated
into protein; however, this is not always the case.
In fact, genomic DNA is predominately tran-
scribed into noncoding RNA (ncRNA), which
fails to be translated into proteins. ncRNAs main-
tain a highly purposeful role in epigenetics and
the evolution of disease [49]; ncRNA is divided
into small noncoding RNAs (sncRNAs), which
includes microRNAs (miRNAs) and long non-
coding RNA  (IncRNA), greater than
200 nucleotides in length [50]. miRNA—an
endogenous form of sncRNA that is ~22
nucleotides long—is the most understood form
of sncRNAs to date. miRNA dysregulation has
been found to play a major role in the formation
of cancer and disease [51-53].

The biogenesis of miRNA involves a multistep
process beginning with the transcription of
miRNAs into long primary transcripts
(pri-miRNAs). Next, pri-miRNAs form unique
precursor stem loop structures ~77 nucleotides
in length (pre-miRNAs) that are cleaved by
RNase III nuclease [54]. The transcripts are then
exported from the nucleus to the cytoplasm and
cleaved by RNase III Dicer, resulting in a final
miRNA ~22 nucleotides in length [54]. Upon
reaching mature form, one strand of miRNA is
organized into an RNA-induced silencing com-
plex (RISC) that can recognize and bind short
fragments of mRNA [55]. The seed region of
miRNA is between nucleotides 2 and 8 at the 5’
end of the strand. This region is essential for
target recognition, functioning to identify the 3’
untranslated region (UTR) of the mRNA to which
it binds. Targeting of 3 UTR regions is wide-
spread, though regions such as 5 UTR or coding
regions may be targeted instead. The normal
function of mRNA can effectively be repressed
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by miRNA binding, and a single miRNA is capa-
ble of targeting several mRNAs [56]. High com-
plementarity between the miRNA and target
mRNA promotes degradation of target mRNA
by a process termed RNA interference. Low com-
plementarity yields translational inhibition of tar-
get mRNA, via induced ribosomal alterations,
which is highly prevalent in human cells. The
interplay between high and low complementarity
and their mechanisms offers an effective way of
maintaining  homeostasis. In addition to
interacting with mRNA, organized actions
between miRNAs and other epigenetic
modifications also exist [56, 57].

The descriptions above detailing each com-
mon epigenetic modification provide an overview
of their properties, elucidating the highly complex
and cooperative nature of  epigenetic
modifications and their ability to influence cellu-
lar function and genetic expression. These
mechanisms apply to various systems throughout
the body and can be affected by many external
triggers, such as air pollution. Although epige-
netic changes can induce unfavorable expression,
since alterations are not at the DNA sequence
level, the possibility to reverse detrimental
modifications is within reach. Throughout this
chapter, the relationships between epigenetics,
arrhythmias, and air pollution in the form of PM
exposure will be introduced. First, we will con-
sider the connection between epigenetics and
arrhythmias. We will then highlight the effect of
PM on arrhythmias and the epigenome. Lastly,
we will consider what role other pollutants,
including traditional cigarettes, have on the devel-
opment of arrhythmias.

25.3 Epigenetics as a Mechanism
for Particulate Matter-Induced
Cardiovascular Disease

25.3.1 Role of DNA Methylation

in Arrhythmogenesis

Abnormal patterns of DNA methylation have
been closely associated with many CVDs, such
as arrhythmias [58]. Parental atrial fibrillation
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(AF) is a risk factor for arrhythmia development,
indicating a genetic component [59, 60]. A vari-
ety of remodeling changes, such as fibrosis and
signaling pathways, lead to physiological changes
and cardiac disease conditions, in which AF is a
common endpoint [60-62]. Additionally, regula-
tion of extracellular matrix proteins, which cause
fibrosis that leads to arrhythmias, has been shown
to be regulated by DNA methylation [63]. Fibrosis
slows the electrical function by jeopardizing the
electrical impulse propagation. There are some
discrepancies in the literature concerning the uni-
formity of methylation across the atrium of the
heart. Methylation was largely found to be
conserved across atrial tissue of coronary bypass
surgery patients where after surgery 25% of the
patients developed AF, which contrasts starkly
with another study involving induced heart failure
in rats that found CpG islands to be
hypermethylated in the atria with fibrillation
[64, 65]. The link between DNA methylation
and gene expression in heart disease needs to be
further studied before it can be a predictive indi-
cator of gene expression in human populations
[66]. DNA methylation has been shown, how-
ever, to play a central role in the maintenance of
cardiac fibrosis, which contributes to the patho-
genesis of AF [62, 63].

SERCAZ2a, an ATPase that plays an important
role in transporting calcium into the sarcoplasmic
reticulum, contains CpG islands in the promoter
region of its gene [67]. When the expression of
SERCAZ2a is altered, calcium handling becomes
abnormal, a lower expression leads to less capac-
ity for calcium handling, leading to a change in
contractility and arrhythmia [67]. The methyla-
tion of the SERCA2a promoter region is affected
by DNMT levels. In one study, DNMT levels in
HL-1 cardiomyocytes were increased after intro-
duction of tumor necrosis factor alpha (TNF-a),
leading to an enhancement in methylation of
SERCAZ2a, reducing its expression [67]. Activity
of SERCA2a and phospholamban can impera-
tively influence the calcium handling leading to
potential risk to developing an arrhythmia as well
as heart failure [68]. When cardiac fibrosis was
induced via isoproterenol injections in rats,
DNMT3a was found to silence RASSFIA via
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extracellular signal related kinase (ERK1/2)
upregulation, which caused increased fibroblast
proliferation [69]. Inhibition of this methylation
may be a novel treatment for impaired heart func-
tion and arrhythmogenesis [67].

The homeobox gene Pitx2c plays arole in AF,
and contains CpG islands in its promoter region,
allowing it to be silenced through methylation
[65]. Heart failure induces Pitx2c promotor
hypermethylation, in part due to increased levels
of DNMT 1, which decreases the protein levels of
Pitx2c [65]. Pitx2c promotor methylation in HL-1
cells (atrial cell line) and DNMT are increased
when treated with Angiotensin II (Ang II),
thereby downregulating the protein levels of
Pitx2c and Kir2.1 [65]. When cultured with the
Ang II receptor blocker losartan, the effects of
hypermethylation on Pitx2c expression in HL-1
cells that had been treated with Ang II is reduced
[65]. Thus, Losartan may be beneficial for
blocking Ang II receptors which may be a novel
therapeutic target [65]. Pitx2c regulates expres-
sion of the sodium channel subunit Na,1.5; as
well as rectifier channels KCNA3, KCNC4, and
Kir2.1; all of these potassium channels play a role
in contractility. A study of both mouse and human
atria samples that had atrial arrhythmias found
Pitx2c to exhibit increased methylation
[70]. Dysregulation of Pitx2c promotes suscepti-
bility to AF by modifying calcium handling, alter-
ing function of melanocytes, (melanin producing
cells that are found in the valves and septum of
the heart among other areas of the body) and
changing cell-to-cell communication [70].

SURI and SUR?2 are two gene subunits that
form ATP sensitive potassium channels in cardiac
myocytes that combine with Kir6.2, a major
potassium channel subunit, whose expression is
also susceptible to DNA methylation [71]. By
using RNAzol on HL-1 cells cultured from atrial
myocytes, it was shown that SUR2 can be
silenced by CpG methylation, ultimately leading
to changes in K5tp density and composition, and
may eventually lead to dysfunction in the heart
[71]. Bisulfate sequencing on these same HL-1
cells has shown that SUR2 is much more prone to
methylation versus SUR1 (57.6% vs 0.14%) at
CpG sites within their promotor regions
[71]. Investigated as a potential treatment,
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decitabine caused a decrease in SURI and
increased the unmethylated fraction of SUR2
mRNA and CpG island expression [71]. More
avenues to study these epigenetic changes are
needed to explore this multi-faceted function, as
the targeted silencing of gene expression can
imbalance the structural proteins compromising
overall function.

25.3.2 Role of DNA Histone
Modifications
in Arrhythmogenesis

HDAC: are another way in which expression can
change epigenetically via post-translational mod-
ification. Alteration of HDAC enzymes may
cause DNA to be less accessible to transcription
factors. Reduced DNA transcription can lead to a
range of arthythmogenic diseases, including long
QT syndrome, Brugada syndrome, short QT syn-
drome, catecholaminergic polymorphic ventricu-
lar tachycardia, and arrhythmogenic right
ventricular cardiomyopathy [72]. Knockout of
HDACI and HDAC2 in a mouse model resulted
in neonatal lethality, which severely altered
growth and function of the hearts by upregulating
calcium channel subunits, resulting in cardiac
arrhythmias among other cardiac defects
[73]. Much like DNA methylation, histone
deacetylases are epigenetic modulators and can
influence cell proteostasis, prompting investiga-
tion of the role of HDACs in the structural
remodeling associated with AF and potential ther-
apeutics to abate AF.

HDACSs are vital to calcium homeostasis; AF
patients have CaMKII-hyperphosphorylated
ryanodine receptors, causing sarcoplasmic reticu-
lum leak, sodium-calcium exchanger over-
activation, and delayed after-polarizations
[74]. In cardiomyocytes found in the pulmonary
vein, the use of MPTOEQ14 (an HDAC inhibitor)
modulated the regulatory proteins for calcium
homeostasis, helping negate AF inducibility
[75]. Tachypacing, (induced rapid pacing) of
HL-1 atrial cardiomyocytes resulted in
deacetylation, depolymerization, and degradation
of a-tubulin by calpain [76]. HDACS6 activated by
the tachypacing, leads to this imbalance in
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a-tubulin which modifies the microtubule struc-
ture in cardiomyocytes causing contractile dys-
function [76]. Additionally, inhibition of HDAC6
via tubastatin A was protective in a dog model of
AF, suggesting that the TDAC domain of
HDACS is a potential upstream target to reduce
cardiomyocyte remodeling and protect a-tubulin
proteostasis [76]. Inhibiting a targeted HDAC
may help regulate natural levels of DNA tran-
scription as a means to inhibit adverse cardiac
remodeling.

Histone deacetylase inhibitors have been
examined as a therapeutic target of fibrosis in
chronic conditions. The HDAC inhibitor
mocetinostat was shown to be antifibrotic in the
hearts of rats with myocardial infarctions, where
HDAC1 and HDAC2 were upregulated via left
anterior descending coronary artery occlusion
[77]. Valproate, an anticonvulsant drug, impairs
HDAC6 and HDACS8 when elevated by cardiac
hypertrophy, making it a possible inhibitor to
treat or prevent cardiac dysfunction [78]. HDAC
inhibitors trichostatin A (TSA), valporic acid, and
SK-7041 partially reversed hypertrophy in a rat
model [78]. In primary mouse myocytes, TSA
inhibits Ang-IlI-induced cardiac hypertrophy
response [70]. TSA has also been shown to
reduce cardiac hypertrophy in a mouse model of
heart failure [79]. In another mouse model, mice
with overexpression of homeodomain protein
(HopX'®), which induces cardiac hypertrophy
through HDAC activity, saw reduced atrial
arrhythmia after TSA treatment [80]. It also
normalized size distribution, expression of
connexin4(, and Angiotension II levels between
wild type and HopX' mutant mice [80]. Thus,
HDAC inhibition has its therapeutic uses in
reversing connexin40 remodeling, atrial fibrosis,
and atrial arrhythmia vulnerability where hyper-
trophy is present.

25.3.3 Role of miRNA Reprogramming
in Arrhythmogenesis

Studies have demonstrated a clear impact of
miRNAs on arrhythmogenesis by regulating
gene expression related to AF. Many recent
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studies have investigated the functions of how
miRNA contribute to the genesis of AFs and
have been implicated largely in fibrosis and ion
channel remodeling, two of the main mechanisms
that lead to AF [81]. miRNA may be used as
therapeutic target or biomarker for AF. Some
miRNAs (miRNA1, miRNA133, miRNA208,
and miRNA499) are capable of reprogramming
fibroblasts, both in vivo and in vitro, to become
cardiac myocyte-like [82]. Many fibrosis-
regulating miRNA bind to profibrotic targets
[83]. Most atrial fibrosis promoting miRNA are
down-regulated in AF conditions, except
miRNA-21, which is up-regulated [83].

The table below has a list of the known
miRNAs and their likely role in altering heart
function, potentially contributing to arrhythmia
development. Many miRNAs contribute to elec-
trical and structural remodeling in the heart;
miRNA1, miRNA26, miRNA106b-25 cluster,
miRNA-133, miRNA 208, miRNA328, and
miRNA499 all up- or down-regulate genes that
affect  electrical remodeling. MiRNAZ2I,
miRNA26, miRNA29b, miRNA30, miRNA499,
and miRNA 590 play a role in dysregulating
genes that lead to structural remodeling. In vivo
manipulation of miRNA has been investigated in
AF:  miRNA1, miRNA21, miRNA26,
miRNA29b, and miRNA328 have all been
manipulated in either mouse, rat, dog, or rabbit
and have been shown to reduce atrial remodeling
and fibrillation [62]. Looking into the miRNA
that lead to AF can give clues to what may be
triggering the onset, and potentially how to abate
the disease therapeutically. The Table 25.1
outlines the miRNA that have been found to be
linked to AF regulation. miRNA targets for
expression and the consequences associated with
their dysregulation are also presented.

25.4 Particulate Matter
and the Epigenome

The reactive, pro-oxidant nature of PM makes it a
prime target for environmentally caused changes
to the epigenome. As PM enters the body, it has
the ability to readily interact with cell populations
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Table 25.1 AF-associated miRNAs and corresponding regulatory targets

miRNA

miRNA
1

miRNA
21

miRNA
26

miRNA
29

miRNA
30
miRNA
106

miRNA
122
miRNA
133

miRNA
146
miRNA
150
miRNA
206
miRNA
328

miRNA
499

Target of Regulation

Suppresses expression of KCNJ2, KCNE1, KCNB2,
GJA1 [62], expression of CACNB?2 is lower in
control settings, regulates Kir2.1

CACNAIC, CACNB2, SPRY1 [62]

Represses KCNJ2 [84], Kir2.1, IK1 TRPC3 [84, 85]

COL1Al, COL3Al, FBN

Inversely related to CTGF, targets CTGF [86]

Loss of mi-RNA 106 enhances RyR2 (ryanodine
receptor type 2), mi-RNA 106b-25 suppresses gene
TBx3, required for sinoatrial node development
Caspase 3, Bel-x [87]

Modulate post transcriptional expression of HCN4
gene expression, downregulated in atrial fibrillation,
targets CTGF [86]

Negative inflammation regulator

Regulates genes implicated in atrial remodeling

Autonomic nerve remodeling

KCNN3, CACNAILC,p and CACNAI1B [62]

KCNN3

Alterations

* Represses phosphate proteins

* Reduced in atrial fibrillation

« Shorter atrial effective refractory period (AERP)

* Decreases intracellular Ca2+ concentration

* Electrical remodeling, upregulates/increases
Iy *

* Increased mi-RNA 21 correlates positively with
atrial collagen content

* Reduces expression of Spryl and increases
expression of connective tissue growth factor
(CTGF), lysyl oxidase, and Rac1-GTPase

* Profibrotic inhibition prevents fibrosis.
Increased in AF when knocked down. Reduces
promotion and suppresses AF

* Represses Kir2.1 protein

* Causes TRPC3-dependent enhancement of
fibroblast proliferation and differentiation

» Downregulation of miRNA?26 increases
expression of KCNJ2/Ik; in fibroblasts and
cardiomyocytes [84]

» TRPC overexpression allows for greater Ca*
entry [84, 85]

* Targets extracellular matrix proteins [62]

* mi-RNA 29 expression is decreased in plasma
from AF patients

* Negatively regulated by TNF- [62]

» Targets collagen and fibronectin [86]

* Suppression enhances collagen production [86]

* Higher levels of mi-RNA 30 has less collagen
production; downregulated in AF

* Increased RyR2 protein, total Ca2+ leak in
sarcoplasmic reticulum, and spark frequency

* Associated with cardiomyocyte apoptosis [87]

» Higher amounts reduces collagen

* Targets TNF-$ [62]

* Targets collagen 1 [70]

» Upregulated with collagen in AF patients

* Downregulated in patients with AF

* Increases post ablation

* Overexpression increases ROS levels in vitro
and in vivo

» Elevated in AF patients, atrial remodeling

» Knockdown restores Cav1.2 and CavB1
expressions [62]

* Electrical remodeling, reduction of L-type Ca*
current and shortening and density

* Upregulated in the AF atria

» Downregulated SK3 protein expression

(continued)
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Table 25.1 (continued)
miRNA | Target of Regulation

miRNA ‘ TGF-pR2

590

from the lung, blood, and vasculature. How PM
affects these cells and its relevance to human
health is under investigation at the cellular level,
in animal-based research, and in clinical cohorts.
The highlight of current clinical investigations is
based primarily upon the fact that interactions
with PM causes changes in the epigenetic layout.
Primary evidence for this involves repeated-
element methylation and methylation of specific
genes during PM exposure. However, emerging
work is centered around the adult origins of
developmental disease hypothesis. This hypothe-
sis stipulates that the insults (e.g. PM exposure)
that occur during germ cell or in utero develop-
ment affect phenotypes at adulthood, indicating
that epigenetic modifications may play an
important role.

25.4.1 In Vivo Modifications

to the Epigenome

As the ability for real-time PM exposure monitor-
ing in human subjects is limited, many studies
have utilized clinical cohorts and examined the
significance of local PM levels on epigenetic
markers using patient data. Altered methylation
of repeated elements have been correlated with
PM or PM markers in several of these studies.
Decreased methylation of long interspersed
nuclear element —1 (LINE-1), which comprises
approximately 17% of the human genome, has
been positively associated with black carbon and
SO, levels [88-90], and blood levels for several
persistent organic pollutants [91]. Similarly,
hypomethylation of the transposable element
Alu has been found to be associated with PM
and its constituents [37, 38, 41], confirming the
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Alterations

* Inhibitors upregulate SK3, downregulated in
human atrial AF patients
* Antifibrotic
* Targets TNF-f [62]

presence of global changes to the epigenome in
humans exposed to PM. How such changes con-
tribute to disease severity, alter development, and
change the genetic makeup of offspring is cur-
rently under investigation.

Additional studies have examined altered epi-
genetic modification and function of specific
genes with PM exposure. PM exposure in a
cohort of children was negatively associated
with inducible nitric oxide synthase (iNOS) pro-
moter methylation [92], which was also found in
a cohort of foundry workers, where the NOS2A
gene had decreased expression following three
days of work [93]. This decrease in iNOS pro-
moter methlyation was also found to be
PM-associated and was suggested to be of func-
tional relevance in respiratory outcomes due to
increased expression after PM exposure [94]. Cor-
relation of PM levels with methylation of specific
genes have also been found including Foxp3 [95],
TLR-2, ICAM-1 [90], and TLR4 [96]. One study
found PM to be associated with genes in the
MAPK pathway, but not the Nf-kB pathway
[97], demonstrating that PM can cause specific,
nonglobal changes to the epigenome. As to whether
these changes are adaptations to organic pollutants
providing protection or are damaging and
contributing to the phenotype found with PM expo-
sure remains undetermined.

25.4.2 Germline and In Utero Exposure
to PM

The Barker hypothesis, or the developmental
origins of adult disease hypothesis, was initiated
with the observation that those born following
periods of in utero stress, such as famine, and
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thus had reduced birth weight, are at a greater risk
for heart disease later in life [98]. Data therein
thus implies fetal genetic imprinting, and thus
epigenetics is a clear candidate for these
outcomes. How PM affects the developmental
timeline, and if there are relevant cardiac effects,
is thus a target of important study.

Determining how PM affects the developing
human and what changes manifest during adult-
hood are by nature very difficult, thus several
studies in animals have been used to further
understand the biology and mechanism. Mice
were exposed during pregnancy to a relevant
level of PM, and then removed from exposure at
birth; resulting pups from these mice compared to
pups from dams exposed to filtered air had
reduced cardiac output, cardiac electrical
remodeling and alterations in gene expression of
deacetylases and DNA methyltransferases at
adulthood [8]. These mice were born with
reduced bodyweight and had an impaired cardiac
phenotype merely from exposure to PM in utero.
Continuing work is also indicating a germline
effect, as preconception exposure of mice to PM
has been found to cause a decrease in cardiac
function of male offspring [99], perhaps due to
the fact that hypermethylation of sperm DNA has
been shown to occur after PM exposure
[100]. Indeed, pups from mice undergoing trans-
placental exposure of diesel exhaust particles
(DEP) have been found to have genetic deletions
[101], adding to the evidence that PM causes
gene-level alterations during development.

25.5 Cigarette Smoke
and Arrhythmogenic Potential

Several conditions exhibit arrhythmogenic poten-
tial including heart failure, endocarditis, heart
valve disease, diabetes, and asthma. Furthermore,
lifestyles such as consuming alcohol may impact
the likelihood of developing arrhythmias
[102]. Epidemiological studies examining tradi-
tional cigarette smoking demonstrate mixed
results on arrhythmogenic risk potential; how-
ever, many in the scientific community posit cig-
arette smoking as a risk factor. The
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epidemiological evidence linking PM with
increased CVD and respiratory disease incidence
has been widely published and accepted
[103]. Cigarette smoke is comprised of thousands
of chemicals, including PM, that are carcinogenic
and include tar, benzene, formaldehyde, and arse-
nic. While the chemical profile of cigarette smoke
contains several similar compounds found in PM,
key differences arise in the source and concentra-
tion of particles. Automobile emissions, industrial
wastes, agricultural practices, and roadside dust
are all sources of ambient PM. Therefore, due to
regional differences in the production of these
pollutants, PM profiles are variable and difficult
to characterize. Cigarette usage also bears the risk
of complications caused by nicotine, an addictive
substance associated with many acute cardiovas-
cular responses [104-107]. Cigarette smoke,
however, has a much more consistent compound
profile allowing for more standardized and repli-
cable studies. Here, we compare cigarette smoke-
induced arrhythmogenesis to particulate matter
induced arrhythmia.

25.5.1 Epidemiology of Atrial
Fibrillation and Cigarette

Smoking

AF has been the focus of many population-based
studies of smoking. These large analyses have
produced varying results, complicating our
understanding of the role of smoking on AF.
The Atherosclerosis Risk in Communities study
(ARIC) analyzed participants over an average
follow-up period of 13.1 years. In this study,
current smokers exhibited a 2.05 relative risk
score of developing AF compared to those who
never smoked [108]. Benefits to smoking cessa-
tion were found. While those who ceased ciga-
rette use still had a relative risk score of 1.32
compared to never smokers, this score is consid-
erably lower than current smokers [108]. Similar
trends in data are seen in the Rotterdam and
Hordaland studies as both show an increased
risk of AF for current smokers [109, 110], how-
ever, these studies resulted in different
conclusions on the incidence of AF in former
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smokers. Interestingly, the Rotterdam study
found no benefit for former smokers [109] as the
relative risk of AF development was nearly iden-
tical between former and current smokers. In con-
trast, the Hordaland study observed former
smokers carried no increased risk for AF [111],
thus suggesting substantial benefits for cessation.
These studies outlined the adverse association of
smoking behavior and AF; however, questions
regarding the potential benefits of cessation on
arrhythmogenesis must be understood more
clearly.

Contradictory to the above correlation
between smoking and AF, several notable studies
of similar design demonstrated no significant risk
of AF with smoking habits. In a cohort of 15,000
men and women, current or former smoking sta-
tus was not found to correlate with higher inci-
dence of AF [110]. In a retrospective analysis of
the Framingham Heart Study, this result was fur-
ther solidified, as no correlation was found
between smoking and AF [112]. However, car-
diac disease traditionally related to smoking was
linked to AF development through a 10-year risk
assessment ~ thus  suggesting  that any
arrhythmogenic potential due to smoking may
require long-term exposures to first establish
conditions such as heart failure or ventricular
hypertrophy.  Additionally, the Manitoba
Follow-up Study showed similar findings
[112, 113]. These results are significant since
they question the association of smoking behavior
and AF development. Therefore, further studies
are warranted to understand the potential correla-
tion and identify whether smoking directly or
indirectly leads to AF.

25.5.2 Epidemiology of Ventricular
Arrhythmogenesis
and Cigarette Smoking

Ventricular — arrhythmias have also been
associated with traditional cigarette usage. Sev-
eral studies have analyzed electrocardiogram
(ECG) recordings of chronic heavy smokers and
never smokers and found altered ventricular
repolarizations with changes in
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electrocardiographic T wave (T,.) to QT ratios
(Tp-/QT), an index of arrhythmogenesis and pre-
dictor of future arrhythmia [114]. In an echocar-
diographic analysis of healthy male and female
subjects (24 smokers and 23 nonsmokers),
chronic smoking was found to correlate with
prolonged T, . interval and increases to T, /QT
ratio and T, ./QTc ratio [115]. These ECG
markers indicate global cardiac electrical dys-
function, a possible pathophysiological mecha-
nism that can be targeted for therapeutic
development. The evidence for altered electrical
instability in arrhythmogenesis was further con-
firmed by a large study revealing similar results.
Comparing 121 smokers to 70 control subjects,
the authors found increases in the following
intervals of smokers: QTd, cQTd, Ty., cTp.
[116]. Additionally, T,./QT and T,./QTc ratios
were significantly increased in smokers compared
to nonsmokers [116]. The large body of evidence
examining the relationship between smoking,
ECG abnormalities, and arrhythmogenesis thus
provides a clear framework for clinicians to treat
and monitor arrhythmia in the early stages of
disease.

25.5.3 Nicotine Exposure on Molecular
Mechanisms Associated
with Arrhythmogenesis

The most widely studied constituent of tobacco
smoke is nicotine, an addictive substance that acts
on nicotinic acetylcholine receptors. The hemo-
dynamic responses to nicotine exposure, regard-
less of the route of administration (intravenous,
nasal spray, and ingestion), have been
characterized by increases in heart rate and
blood pressure [117, 118]. Since the type of nico-
tine exposure does not significantly impact the
effects of nicotine on the body, studies
investigating molecular mechanisms altered by
nicotine can be easily translated to other
exposures. The implications of adverse cardio-
vascular responses thus extend clinically to the
many nicotine delivery products that exist such as
cigarettes, e-cigarettes, and nicotine replacement
therapy.
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In a case—control study examining the role of
nicotine on fibrosis, atrial tissue slices from
patients (both smokers and nonsmokers)
undergoing elective coronary artery bypass
grafting were studied for fibrosis [119]. In this
analysis, the authors found that pack years, a unit
of measurement in cigarette smoke research to
identify tobacco exposure, was the only parame-
ter associated with the magnitude of fibrosis
[119]. Furthermore, the authors exposed cultured
atrial tissue to increasing doses of nicotine and
found an increase in collagen IIl mRNA expres-
sion [119]. Fibrosis changes the composition of
atrial  tissue and  subsequently  alters
cardiomyocyte electrophysiology, leading to
atrial arrhythmias like AF [120]. To find a molec-
ular pathway for nicotine-induced fibrosis,
researchers analyzed canine atrial fibroblasts
incubated with nicotine for 24 hours. These
fibroblasts demonstrated an increase in collagen
production and upregulation of TGF-fl1 and
TGF-BRII via downregulation of miR133 and
miR590 [121]. The resulting response is an
increase in CTGF signaling, a known fibrotic
mechanism [121]. In addition to induced cardiac
remodeling, nicotine has been shown to directly
interact with potassium ion channels. In a study
assessing the pharmacologic effects of nicotine
on A-type K" channels in dog ventricular
cardiomyocytes, it was discovered that nicotine
is a potent blocker of the outward Ky4 current
[122]. This interaction delays cardiomyocyte
repolarization by inhibiting the outward flow of
potassium and may contribute to
arrhythmogenesis. Nicotine has also been shown
to alter sodium current expression in rabbits fol-
lowing in utero exposure. Using a device to con-
tinually deliver nicotine subcutaneously, similar
to nicotine replacement therapy, researchers
found an increase in the I, amplitude of off-
spring due to upregulated Na, 1.5
[123]. Continuing to understand the role of in
utero nicotine exposure and its impact on sodium
currents, the same group investigated sodium
channel response following isoproterenol stimu-
lation, an agonist of B-adrenergic receptors. They
found that isoproterenol did not affect Iy,
suggesting myocyte dysfunction in response to
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sympathetic activity [124]. This data, paired
with alterations in potassium ion flow, shows
the potential for nicotine to induce
arrhythmogenesis via directly impairing the elec-
trical signaling in the heart. Pharmacological
analysis must be further investigated for addi-
tional ion channels affected by nicotine to under-
stand changes in cardiac electrical currents.
Additionally, since many new nicotine products
have entered the market in recent years
(e-cigarettes and nicotine replacement therapy),
it is imperative to understand the variety of
adverse alterations that nicotine may induce on
the cardiovascular system.

25.6 Conclusion

Mounting evidence suggests that global cardiac
fibrosis, a preclinical factor associated with
arrhythmogenesis, is induced through adverse
epigenetic alterations. Analyses of changes in
several epigenetic pathways (DNMTs, HDACs:,
and miRNAs) provide a framework for potential
areas of focus. Changes in specific targets due to
these mechanisms have previously shown
increased fibrosis of cardiac tissue, which creates
an environment conducive to development of
arrhythmias. However, the precise progression
from fibrosis to arrthythmic phenotype is
unknown since both cardiac fibrosis and arrhyth-
mia may exist independently of one another.
PM, a pollutant known to be associated with
CVD development and mortality, has been shown
to alter the epigenome in several experimental
models. Research has demonstrated that DNA
methylation, particularly hypomethylation, of
many genes related to oxidative stress and
immune function is changed due to PM exposure.
Whether these modifications are adverse or pro-
tective adaptations has yet to be discovered. Tran-
sient elevations in regional PM concentration
correlate with higher incidence of ventricular
arrhythmia and overall CVD events. Interest-
ingly, sustained exposure over a long period of
time leads to tachycardia. Therefore, the public
health implications of PM exposure must not be
ignored. Further study into the mechanisms of
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acute and long-term PM exposure is an important
topic, especially in areas where transient changes
in PM concentration are common.

Cardiac arrhythmias occur via alterations in
the normal conduction sequence of a heartbeat,
including tachycardia, bradycardia, or irregular/
erratic patterns. Clinically, these conditions can
range from life-threatening occurrences to harm-
less transient episodes. This variation in presenta-
tion has caused difficulties in identifying precise
pathological mechanisms of arrhythmogenesis. In
this chapter, we have discussed how epigenetics
is a promising target for arrhythmogenesis
research, and how the use of environmental
triggers has contributed to our understanding of
arrhythmogenesis via epigenetic mechanisms.
Elucidating these precise mechanisms will pro-
vide targets for epigenetic treatments that are
currently being investigated in many diseases
including cancer, cardiovascular, neurological,
and metabolic diseases.
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