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Abstract

Electronic cigarette use has grown exponentially in recent years, and while their popularity has increased, the long-term effects on
the heart are yet to be fully studied and understood. Originally designed as devices to assist with those trying to quit traditional
combustible cigarette use, their popularity has attracted use by teens and adolescents who traditionally have not smoked combust-
ible cigarettes. Acute effects on the heart have been shown to be similar to traditional combustible cigarettes, including increased
heart rate and blood pressure. The main components of electronic cigarettes that contribute to these arrhythmic effects are found
in the e-liquid that is aerosolized and inhaled, comprised of nicotine, flavourings, and a combination of vegetable glycerin (VG) and
propylene glycol (PG). Nicotine can potentially induce both ventricular and atrial arrhythmogenesis, with both the atrial and ven-
tricular effects resulting from the interactions of nicotine and the catecholamines they release via potassium channels. Atrial arrhyth-
mogenesis, more specifically atrial fibrillation, can also occur due to structural alterations, which happens because of nicotine
downregulating microRNAs 133 and 590, both post-transcriptional growth factor repressors. Liquid flavourings and the combin-
ation of PG and VG can possibly lead to arrhythmic events by exposing users to acrolein, an aldehyde that stimulates TRPA1 that in
turn causes a change towards sympathetic activation and autonomic imbalance. The design of these electronic delivery devices is
constantly changing; therefore, it has proven extremely difficult to study the long-term effects on the heart caused by electronic
cigarettes but will be important to understand given their rising popularity. The arrhythmic effects of electronic cigarettes appear
similar to traditional cigarettes as well; however, a comprehensive review has not been compiled and is the focus of this article.
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1. Introduction

Electronic cigarettes, or e-cigarettes, were introduced and marketed to be
used as an alternative to combustible tobacco cigaret‘ces.1 Since their intro-
duction in the early 2000s, e-cigarette popularity has grown among adults
as a means to facilitate cessation of traditional cigarettes as well as a ‘safer’
alternative since they hypothetically emit fewer toxic chemicals in the aero-
solized vapour than combustion of a traditional cigarette. However, the
largest growth in use has been among adolescents due to the marketing
of e-cigarettes as ‘chic’ and ‘fashionable’.>® Despite their introduction as
a way to curb combustible cigarette smoking, young people using e-cigar-
ettes often have no history of combustible cigarette use, termed ‘never
smokers’.! Adolescents report curiosity, peer-pressure, and appealing fla-
vours as reasons for e-cigarette initiation." Another contributing factor to
increased adolescent interest is the targeting of youth by e-cigarette com-
panies through ads on social media.* In contrast, the intent to cease com-
bustible tobacco cigarette use is the main reason for e-cigarette use among
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adults, yet some of the youth and adult population claim to have not
smoked combustible cigarettes previously.®

Although there has been a notable decrease in combustible cigarette use
in the past decade, the overall use of tobacco among the youth population
does not follow that same trend. This could be due to other methods of
tobacco use increasing in popularity, including, but not limited to, e-cigar-
ettes.® According to the 2009 National Youth Tobacco Survey (NYTS),
23.2% of high school seniors reported to have smoked a cigarette in the
last 30 days, while the 2021 NYTS reported 43.6% of high school students
reported using e-cigarettes on 20 or more of the past 30 days and 27.6%
reported daily use.”® The Centers for Disease Control and Prevention
(CDC) also reported that 2.55 million school-aged adolescents reported
e-cigarette use in the year 2022, and of those who reported, it is estimated
that 85% of them used e-cigarettes containing flavourants.” Although ado-
lescent cigarette use has declined, tobacco use as a whole has increased
largely as a result of the increasing popularity and access to flavoured
e-Cigarettes.
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E-cigarettes can be considered a valid alternative for combustible cigar-
ettes, but the evidence lacks on whether or not they can be considered
safer. Despite the promotion of e-cigarettes as a ‘safer’ combustible cigar-
ette alternative, tobacco use remains a global health burden. According to a
2019 study, among those who were considered current smokers, 89% of
their deaths were attributed to their use of smoking tobacco.” In 2022, the
CDC reports an estimated 7 million deaths can be attributed to tobacco
use per year; a statistic that will rise to 8 million deaths within the next
10 years due to the lasting effects of smoking tobacco."" The unprecedent-
ed occurrence of a global pandemic has also affected the rate of combust-
ible cigarette use. According to a study sampling from current and former
smokers, the rate of smoking during the pandemic increased, which can be
attributed to increased stress experienced during that time."> A majority of
the studies focusing on the effects of e-cigarettes on systems in the body
focus on short-term effects. In this regard, e-cigarettes have the potential
to be safer than combustible cigarettes. However, the amount of clinical
studies investigating the long-term effects of e-cigarette use is significantly
limited."

Most e-cigarette devices are composed of three main elements: a source
of power, a heating element, and a liquid or solvent that is aerosolized and
inhaled.? Nicotine and aerosol constituent yield, or the amount of aerosol-
ized solvent emitted from the e-cigarette and inhaled by the user, can be
influenced by factors such as user behaviour, voltage, and liquid ingredi-
ents.! Usage varies among factors such as puff volume and duration of
puff, with a longer puff resulting in a higher nicotine yield." The voltage
in an e-cigarette can vary depending on the battery or power source;'
not only can increasing the power of the e-cigarettes increase the yield
of nicotine, but it also can increase the number of toxicants emitted
from the device."'* Glycols, aldehydes, metals, and volatile organic com-
pounds are examples of such harmful materials.” The aerosolized vapour
can differ in composition but is usually a mixture of nicotine, a flavourant,
and a solvent, typically made up of propylene glycol (PG), vegetable glycerin
(VG) or a combination of the two.

The ratio of the PG/VG solvent is an important factor when considering
nicotine yield). These solvents differ in boiling point, as well as aerosol par-
ticle size.” Other aspects of the liquid, such as pH, must also be taken into
consideration when determining aerosol constituent yield and, more spe-
cifically, the form of nicotine. Depending on the pH, nicotine can either be
in its free-base or protonated forms."* One study found that although the
form of nicotine did not influence its yield, it did influence nicotine delivery
to the blood." There has been limited investigation on the impact of fla-
vourants on aerosol constituent yield;1 however, these flavourants may
be responsible for the increase in e-cigarette popularity among youth.

While proposed as a way to combat the toxic effects of combustible
cigarette use, e-cigarettes present problems of their own. The use of
e-cigarettes has impacts on many systems in the body including the cardio-
vascular, respiratory, and nervous systems.! Studies indicate that short-
term use of e-cigarettes contributes to mild acute effects, but the potential
long-term effects remain unknown due to a limited amount of research and
since they have only been on the market since the early 2000s.'>'®
Examples of such acute effects include negative effects on arterial stiffness,
risk of thrombogenesis, high levels of inflammatory cytokines, and in-
creased oxidative stress.'® A recent study indicated that short-term expos-
ure to e-cigarette use increased angiogenesis in mouse heart tissue,®

2. E-cigarettes and their components

E-cigarettes have grown to be the most popular form of nicotine delivery
devices in the United States; the current (4th) generation e-cigarettes,
which are known as ‘pod-mods’ or ‘pod-mod’-like disposable e-cigarettes
are the most popular type of e-cigarette, especially among adolescents. A
national youth tobacco survey found that 72.4% of student e-cigarette
users reported the use of 4th generation e-cigarettes.'” These latest forms
of e-cigarettes are characterized by their new sleek, portable design, and a
more enjoyable user experience as a result of appealing flavours and
increased nicotine concentrations compared to prior generations.18

There is a widely held belief that e-cigarettes may be safer than tradition-
al cigarettes due to lower levels of harmful substances that are linked to
cardiovascular and pulmonary issues. However, numerous studies have de-
termined that both acute and chronic use of e-cigarettes can be detrimen-
tal to the body. Studies have demonstrated that during short-term
exposure, human subjects demonstrate elevated blood pressure and heart
rate (HR), similar to the effects seen with conventional cigarettes.'
Additionally, prolonged exposure in mice has been shown to result in
more severe effects, including increased sympathetic activity, increased
arterial and vascular stiffness, impaired endothelial function, angiogenesis,
and the formation of atherosclerotic plaque formation.® These effects
are a result of exposure to a combination of components of e-cigarettes
including solvents, flavourings, and nicotine. However, it is crucial to also
assess the health risk posed by each of these individual components.

2.1 Nicotine

Nicotine is a chemical used in e-cigarettes and other forms of nicotine
delivery systems that acts as the main contributor of psychoactive and ad-
dictive effects on users. The presence of nicotine in e-cigarettes plays a ma-
jor role in the development of negative cardiovascular and arrhythmic
effects in users. E-cigarette use without nicotine does not produce the
same detriments.”! Nicotine is absorbed in the mouth and lungs, where
it enters the pulmonary venous circulation and passes through the heart,
before entering the arterial circulation and entering the brain.*? After
the nicotine crosses the blood-brain barrier and enters the brain, it binds
to nicotinic acetylcholine receptors (hnAChRs) which, in turn, activate a sig-
nal transduction pathway that releases neurotransmitters such as dopa-
mine, norepinephrine, serotonin, GABA, glutamate, and endorphins.??
The release of dopamine in the brain signals a pleasurable experience
and increases brain reward function. Withholding nicotine leads to de-
creased amounts of dopamine, which can further lead to reduced brain re-
ward function and is an important part of nicotine addiction.?® The release
of these neurotransmitters, especially dopamine, in the brain facilitates the
addictive aspects of e-cigarettes, while also contributing to arrhythmic ef-
fects that also occur in traditional cigarette smokers.

Nicotine also induces various vascular effects, including constriction of
blood vessels, increased HR, increased blood pressure, increased myocar-
dial contractility, fibrosis, endothelial dysfunction, oxidative stress, and
arterial stiffening.’”** Although the specific mechanisms in which these ef-
fects occur are not fully understood, they likely begin in a similar manner to
the effects that occur in the brain, with nicotine stimulating the sympathetic
nervous system. One study found that when users who used e-cigarettes
with nicotine had significant increases in pulse wave velocity, aortic pulse
pressure, augmentation index corrected for HR, and sub-endocardial via-
bility ratio, while the e-cigarettes without nicotine did not elicit the same
effects.”® Other studies have shown that e-cigarettes without nicotine
are capable of increasing aortic pulse wave velocity and resistivity index,
which makes it unclear as to whether or not nicotine is solely responsible
for the vascular effects, and shows that other factors like the e-cigarette
itself, and the other e-liquid constituents also play a role in inducing these
effects.®

2.2 Nicotine salt vs. free-base nicotine

Early generation e-cigarettes used free-base nicotine in their e-liquid, which is
nicotine in its unprotonated form with a pH of around 7-9. Free-base nico-
tine is harsher to inhale, so the nicotine levels in early generation e-cigarettes
were generally lower. Free-base nicotine is also lipophilic, which means it
can diffuse across membranes and can increase bioavailability via lung
absorption, whereas protonated nicotine salt is hydrophilic and membrane
diffusion does not readily occur."” The pod-mod and pod-mod-disposable
e-cigarettes have incorporated salt-based nicotine, which produces a more
acidic pH that lessens the harshness and irritation with inhalation (as shown
in Figure 1).2” With the decreased harshness, newer generation e-cigarettes
are able to increase their nicotine concentrations, thus furthering the ad-
verse health effects. A study on one of the most popular pod-mod
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e-cigarettes, JUUL, showed that vaping one 5% pod was the equivalent of up
to 30 cigarettes, depending on factors such as the flavour and user
behaviour.?’

2.3 Nicotine yield

Factors that influence nicotine yield include the concentration of nicotine
itself, the power of the e-cigarette, the pH of the e-liquid, user behaviour,
and PG/VG ratio.?® Bioavailability of nicotine is largely influenced by the pH
of the inhaled aerosol, and the pH is directly influenced by the concentra-
tion of the nicotine in the e-liquid, with higher concentrations of nicotine
leading to higher pH.?* Nicotine is a weak base, which means at a higher
pH, a large amount of nicotine is present in a gas phase of the aerosol
that is inhaled; the increased presence of nicotine in its gaseous phase leads
to increased buccal and upper respiratory tract absorption, but also comes
with a more unpleasant taste and increased irritation during inhalation. At a
lower pH, more nicotine is present in a liquid phase of the inhaled aerosol,
which creates a more pleasant taste from the aerosol. In turn, this allows
the user to inhale deeper and longer, thus influencing user behaviour. The
ability to inhale deeper causes increased lung deposition of the aerosol and
increased nicotine absorption in the lungs.*> With the newer generation of
e-cigarettes predominately using salt-based nicotine, the two most variable
factors that influence the yield are the concentration of nicotine and user
behaviour. Higher concentrations of nicotine, longer puff durations, and
larger puff volumes all lead to more nicotine entering the bloodstream.

2.4 Liquid flavourings

Flavourings contained in e-cigarette liquids have driven e-cigarette demand,
especially among secondary school-aged students.”” In one study, 97% of
middle and high school-aged e-cigarette users report using a flavoured
product, while 70% of these users claim flavourings to be their reason
for use.’® These flavourings are mixed in the liquid cartridge along with
other solvents and chemicals such as PG, VG, and nicotine. The most com-
mon flavours among users are fruity, tobacco, desserts, drinks, candies, and
menthol.>" While PG, VG, and nicotine can cause significant damage to
multiple organ systems in the body, the common additive flavourings are
just as harmful to the cardiovascular system. While these flavourings are
approved by the Food and Drug Administration (FDA) for consumption,
they are not approved for inhalation and heating of the flavouring-
containing solvent releases chemicals in addition to those released by
heating PG/VG and/or nicotine.>® Increased concentration of flavourings
is associated with increased production of aldehydes including formalde-
hydes, acrolein, and vanillin, indicating that flavouring compounds are a
key source of toxic aldehyde production. Furthermore, these compounds
are not part of the mixture of flavouring compounds, and are instead
formed during chemical reactions of the e-liquid constituents during
heating.*®

2.5 Solvents

The final component of e-liquid is the solvent, which plays a dual role in
diluting the nicotine to the target concentration and giving the liquid a con-
sistency that allows it to be easily vapourized.** Exposure to aerosolization
products of VG has been associated with eye, lung, and oesophagus irrita-
tion; PG exposure has been correlated with symptoms of upper respira-
tory infection. The ratio of the two solvents in the liquid is capable of
forming reactive oxygen species, which have been linked to cardiovascular
diseases such as arteriosclerosis, hypertension, restenosis, and ischae-
mia.>*>7 Early generation e-cigarettes, while displaying similar reactive
oxygen species reactivity profiles to traditional cigarette filters and smoke,
also output 6.1 times more copper per puff than reported for traditional
cigarettes.*® Along with the formation of reactive oxygen species, the ratio
of PG to VG also plays a large role in the delivery of nicotine. In a recent
research study on pod-mod and pod-mod-disposable e-cigarettes, all 4th
generation e-cigarettes use a combination of both solvents ranging from
80PG:20VG to 50PG:50VG.* An increased ratio of PG in the e-liquid re-
sults in higher amounts of nicotine delivery to the user.”® Other studies

have shown additional relationships between the ratio and nicotine deliv-
ery, but since the ratio changes depending on the brand of e-cigarette,
and often the actual ratio is different than the listed ratio, the direct rela-
tionship between PG:VG and nicotine yield is difficult to study.

2.6 Battery

The battery of the electronic cigarette plays a role in e-liquid delivery as a
result of varying levels of voltage and resistance that alter the power, which
can affect how the e-liquid and its constituents are exposed to the user.
Power of an e-cigarette can be calculated by dividing the square of the volt-
age by the resistance.*” In older generation e-cigarettes, users were able to
customize certain settings, like the voltage, to affect the power, but that
feature is not common in current generation e-cigarettes. The power of
an e-cigarette can affect the total nicotine emission, total particular matter,
and the amount of carbonyls produced by an e-liquid after vapourization. A
study using various pod-mod-like disposables showed that higher power
tends to lead to higher nicotine emission, higher total particulate matter
emission, and higher emission of carbonyls, but variables such as nicotine
concentration, PG/VG ratio, brand, and flavour can also play a role in
affecting these results, so more research needs to be done to truly under-
stand the effects of battery power.*”

3. Arrhythmias induced via
e-cigarettes

Arrhythmias can appear in various forms, such as inappropriate slowing or
accelerating of the HR, termed bradycardia and tachycardia, respectively.*
Bradycardia, tachycardia, and abnormal HR variability heart can be caused
by dysfunction in the sinoatrial node, or can be secondary to another con-
dition, disease, or disorder.*' Atrial and ventricular cells can also depolarize
out of rhythm and cause arrhythmias due to dysfunction in sodium cur-
rents (Ina), calcium currents (lc, or Inex), and/or potassium currents
(Ikr Iks Ity hos €tC.), causing atrial and ventricular arrhy‘chmias.42 Fibrosis,
typically characterized by the abnormal accumulation of extracellular ma-
trix proteins, is also predictive for propensity to arrhythmias by perturbing
normal action potential conduction.* Atrial fibrillation (AF), a type of atrial
arrhythmia, is the most common type of arrhythmia in the world.* In
2019, AF and atrial flutter were estimated to affect 59.7 million people
worldwide, which is double the number of cases in 1990+

3.1 Clinical evidence of pro-arrhythmogenic

markers associated with e-cigarette use

The current literature on e-cigarettes is widely varied and sparse on
information due to the ever-changing landscape of e-cigarette technol-
ogy and use. Therefore, many current hypotheses about e-cigarettes
and their arrhythmogenic effects are relegated to pre-clinical animal
studies. However, a handful of studies have shown some epidemiological
evidence between e-cigarette use and pre-arrhythmogenic markers.
One systemic review of 19 studies found e-cigarette use to increase
sympathetic excitation, which translated into increases in heart rate vari-
ability (HRV), HR, and blood pressure, which they attributed to the nico-
tine (rather than other non-nicotine constituents in e-cigarettes).
However, sympathetic excitation was not as dramatic as in traditional
cigarette smokers.*> Another study analysed the Fast Fourier transform
components of HRV in habitual e-cigarette users and compared them to
non-e-cigarette users. Habitual users generally had decreased high-
frequency (HF) component, increased low-frequency (LF) component,
and increased LF/HF ratio of HR when measured after not using
e-cigarettes for at least 12 h; all are consistent with increased sympathet-
ic activity.*® Low-density lipoprotein oxidation, a common measure of
oxidative stress, was also elevated in habitual e-cigarette users.*® This
increased sympathetic activity has been shown to result in increased
propensity to arrhythmias in traditional cigarette smokers.3*°
However, one recent study that specifically explored the acute effects



2160

C.A. Jones et al.

of 4th generation e-cigarettes in habitual users, although still identifying
increased sympathetic tone via increases in blood pressure and HR, re-
ported decreases in HRV acutely after e-cigarette use.*” They also re-
ported other negative indicators of cardiovascular and pulmonary
health such as reduced exercise capacity 90 min following e-cigarette
use and reduced 60 s HR recovery. A 60 s HR recovery of less than
25 beats per minute (bpm) after exercise increases the risk of sudden
cardiac death by a factor of 228

3.2 HR and HRV

Exposure to aerosol from e-cigarettes in mice decreased HR, termed
bradycardia, and increased HRYV, the variation of time between consecutive
heartbeats.*” HRV is a useful index in cardiovascular disease and can be a
prognostic tool for poor clinical cardiac outcomes when abnormally high
or low.*>>3 HR is modulated by both the sympathetic and parasympathet-
ic nervous systems, and therefore, abnormal HRV can indicate imbalance in
sympathetic and parasympathetic tone.>' Exposure in male mice in
nicotine-containing aerosols with just flavourings (no PG or VG) experi-
enced significant but smaller changes in HR and HRV. Bradycardia in re-
sponse to PG/VG solvent was apparent after just five puffs, but HR
began to recover immediately following exposure.*” Male mice experi-
enced more significant bradycardia, with decreased HR by a mean of
300400 bpm upon first exposure interval to PG/VG aerosolized solvent.
Female mice generally experienced about a 100 bpm decrease in HR upon
first exposure interval in response to PG/VG.** However, another study
identified decreased HRV in 8-10-week-old rats of both sexes when
chronically exposed to JUUL e-cigarette aerosol for 5 min per day over
2 months alongside increased sympathetic innervation.>* Another mouse
study published similar findings after chronic exposure to e-vapour for
2 h per day over 10 weeks, which indicates that chronic e-cigarette expos-
ure likely causes long-term sympathovagal disbalance.> Interestingly, these
numerous animal studies exploring HR and HRV effects of e-cigarette
aerosol exposure consistently find acute decreases in HR, which is in stark
contrast to many of the clinical studies.

3.3 Ventricular arrhythmogenesis from

nicotine

Along with the release of various neurotransmitters, the binding of nico-
tine to the nAChRs stimulates the release of catecholamines, which itself
can play a role in causing arrhythmogenic effects in the ventricle.*® The
release of catecholamines and direct interaction of nicotine with channel
proteins blocks the cardiac inwardly rectifying potassium K1 current (Ix+),
which is generated by Kir 2.1 and 2.2 channels, inhibiting the inward flow
of potassium ions.>®>” Along with Ix1, nicotine can block the cardiac rapid
delayed rectifying potassium current (l,), which is generated by K,11.1
(or hERG) channels, even without the involvement of catecholamines,
but at nicotine levels higher than realistic concentrations such as 1-50
pM, of nicotine in the blood.”® However, the inhibition of the cardiac
transient outward potassium current (l,) by nicotine is relevant to the
amount of nicotine in the blood of high-nicotine users. Nicotine inhibits
li» current and the Kv4.3 channel by blocking the outward flow of potas-
sium ions via tonic and use-dependent blocking (as shown in Figure 2).>°
The blocking of I, causes a depolarization of the resting potential and a
delay of the late phase of membrane repolarization as a result of the
change in concentration in potassium ions, thus affecting the normal
rhythm of the heart and inducing arrhythmic effects.

Adverse alterations in ventricular repolarization can be an indicator of
ventricular arrhythmogenesis, with these changes resulting from nicotine
entering the blood circulation, increasing the workload and oxygen
demand of the myocardium.®® Abnormal Tp-e interval, the interval be-
tween the peak of the T-wave and the end of the T-wave, and Tp-e/QT ratio
(QT is the interval between the beginning of the Q wave to the end of
the T-wave), were observed in e-cigarette users, which have been
said to be electrocardiographic indicators of irregular dispersion of
ventricular arrhythmogenesis and sudden death.®® Observations of these

electrocardiographic characteristics have been reported on people with
Brugada syndrome, a condition that increases the risk of irregular ventricu-
lar heart rhythms. Electrocardiograms can help determine arrhythmogenic
effects of e-cigarettes by comparing the Tp-e interval and the Tp-e/QT
interval of the two. Exposure to e-cigarette aerosols increases ventricular
arrhythmia, measured as ventricular premature beats.*’ Prenatal nicotine
exposure in rats resulted in higher ventricular arrhythmias (premature ven-
tricular contractions) at 4-5 months of age, which was exacerbated in re-
sponse to adult nicotine exposure.®”

3.4 Atrial arrhythmogenesis from nicotine
The molecular and electrophysiological mechanisms that cause atrial
arrhythmogenesis are similar to those that cause ventricular arrhythmo-
genesis, but the atria are also subject to structural alterations that are likely
to cause AF, a type of atrial arrhythmia. Similar to what occurs in ventricu-
lar arrhythmogenesis, the blocking of K+ channels affects the electrophysi-
ology of the atrium, causing it to become unstable as a result of the
influence on the cardiac repolarization and membrane transport pro-
cesses.®? The structural mechanism of atrial arrhythmia has been studied
in canine models and is characterized by the severe slowing of local con-
duction and heterogeneous electrical activities associated with structural
abnormalities with prominent fibrosis between and within atrial muscle
bundles.®® These structural alterations make the atria more susceptible
to AF, as a result of nicotine downregulating microRNAs 133 and 590.
The production of miR-133 and miR-590 act as post-transcriptional
repressors of transforming growth factor (TGF) Betal and TGF-Beta, so
the downregulation of miR-133 and miR-590 causes an increase in growth
factors TGF-Beta1 and TGF-Beta receptor type Il, which regulates the pro-
duction and deposition of collagen.®®

Various factors negatively affect the ability of researchers to determine
the specific chronic effects, specifically cardiac structural remodelling, of
vaping in humans, but pre-clinical evidence found that chronic exposure
to e-cigarette aerosol is capable of forming multi-organ fibrosis in the heart,
kidneys, and liver.®* In this experiment, mice were exposed to e-cigarette
aerosol daily, for 5 days a week, for 3—6 months. Heart tissues were as-
sessed with Masson’s trichrome staining and identified a 2.75-fold fibrosis
increase (P < 0.05) in the C57BL/6 mice, which were known to be suscep-
tible to emphysema.®* The study was done to best mimic human use and
they determined that humans using e-cigarettes (with PG, VG, and nico-
tine), could be at risk of developing fibrosis. Although there is still much
work that needs to be done before this effect is fully understood, there is
reason to be concerned about cardiac fibrosis as a result of e-cigarette use.

Male mice exposed to repeated e-cigarette aerosol puffs containing
either PG, VG, PG/VG mix, e-tobacco, or e-menthol (91 mL puff, 2
puffs/min, 18 puffs/session) experienced prolonged P-wave duration during
exposure. PG/VG (286.7 mg) and menthol (191.9 mg) exposure (9 min)
also resulted in prolonged PR interval during exposure. Male mice also ex-
perienced supraventricular block (non-conducted P-waves) during e-cigar-
ette aerosol exposure, which were especially pronounced in response to
PG/VG and VG aerosols. However, P-wave and PR interval durations
were both generally shortened within the following 5-30 min post-
exposure to the various e-cigarette aerosols, indicating an acceleration in
supraventricular conduction. These data indicate that the individual com-
ponents of e-cigarette aerosol cause supraventricular conduction defects
during and after exposure.*’ Conduction defects play a significant role in
AF initiation and propagation. Sources of AF within the heart are generally
found near conduction blocks.®®

3.5 Liquid flavourings and arrhythmia

Aldehyde exposure from liquid flavourings in e-cigarettes is known to elicit
various arrhythmia conditions. Researchers have discovered that increasing
formaldehyde vapour levels in rat models can induce profound bradycardia
and non-sustained polymorphic ventricular tachycardia.®® Acrolein expos-
ure, also known as propylene aldehyde, increases HR variability, occur-
rence of arrhythmias, and left ventricular developed pressure in mice
models through TRPAT activation and autonomic imbalance.®” Mice
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Figure 1 Comparison of the pH and inhalation effects of free-base vs. salt-based nicotine. Free-base nicotine has a higher pH that leads to increased lung
irritation and in turn, reduced nicotine absorbance. Salt-based nicotine has a lower pH that leads to decreased lung irritation and higher nicotine absorbance.
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Figure 2 Depiction of the potential effects of interactions of catecholamines and nicotine with K* channels on ventricular action potentials. Catecholamines
and nicotine block potassium channels via use-dependent, which is the block of an open channel, and tonic block, which is the block of an already closed channel.
The blocking of these channels leads to a prolonged I, current and subsequent action potential depolarization prolongation.
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Figure 3 Various arrhythmogenic effects known to occur as a result of e-cigarette use. The reduction and blocking of I, channels, sympathovagal disbalance,
Ca®" signalling dysfunction, and downregulation of certain miRNAs all lead to arrhythmogenic effects in e-cigarette users. Which effects are felt and the extent
to which they are experienced can be determined by e-cigarette characteristics that alter toxic emissions, such as the nicotine concentration, type of nicotine,

PG/VG ratio, flavourants, battery power, and user behaviour.

exposed to acrolein (3 ppm for 9 min) experienced a moderate yet
significant decrease in HR and increased HRV when exposed to
acrolein. Post-exposure, mice experienced QTc prolongation, signifying
alterations in ventricular repolarization in response to acrolein (as shown
in Figure 3).*

The presence and combustion of PG and VG also contribute to the
production and inhalation of toxic carbonyl compounds, including formal-
dehyde, acetaldehyde, and acrolein. However, the extent of this produc-
tion is strongly dependent on the power levels of the e-cigarette device.
Of the toxic compounds that are inhaled, acrolein plays the most significant
role in increasing the risk of experiencing arrhythmic effects in users; the
increase in arrhythmic susceptibility was shown in rats that were exposed
to diesel exhaust, an air pollutant that contains acrolein.®® The research
that was done on these rats suggests that the arrhythmic response came
as a result of acrolein stimulating TRPA1, a chemosensor that is located
on airway sensory nerves, causing a change towards sympathetic activation
and autonomic imbalance.®® Similar to the effects that nicotine has on the
heart, the activation of TRPA1 affects the cardiac electrical conduction sys-
tem, potentially via the alteration of thresholds, which can in turn increase
the risk of experiencing arrhythmic effects after inhalation of significant
amounts of acrolein.®® Additionally, aldehydes in vanilla and apple jax
flavours such as vanillin and cinnamaldehyde are associated with cardiac
electrophysiological instability and inducible arrhythmogenesis in mice
independent of nicotine and solvent concentrations.>

3.6 Particulate matter exposure and

arrhythmia

E-cigarette aerosol is known to contain both fine and ultra-fine particu-
lates.*” As shown above, e-cigarette exposure can have dramatic effects
on both heart function and arrhythmogenesis, similar to particulate matter
(PM)-induced effects on the heart.”° An additional factor in the induction
of arrhythmic effects is the production of fine and ultra-fine particles—
particles that have a diameter of 2.5 um or less. Studies have shown that
e-cigarette users are exposed to significant and unhealthy amounts of these

particles.”! The cardiovascular effects that are caused by these particles are
achieved through two pathways: an indirect and a direct pathway. In the
direct pathway, the particles enter the bloodstream directly and expose
users to an increased risk of developing cardiac arrhythmias by increasing
the concentration of intracellular calcium.”? The indirect pathway is char-
acterized by the deposition of the particles in the lungs, which causes de-
velopment of inflammatory responses and inflection of the autonomic
nervous system; the modulation of the autonomic nervous system causes
an increase in vasoconstriction and change in HRV, which has the potential
to increase the risk of experiencing arrhythmic effects.”? However, studies
have yet to show a direct relationship between e-cigarettes, particulate
matter, and arrhythmias, so we have extracted findings based on combust-
ible cigarettes since e-cigarettes produce a similar amount of PM.

4. Traditional combustible cigarettes

Numerous studies have shown an association between AF and traditional
combustible cigarette smoking. In older populations (55 years of age or
older), smokers had more than a 50% increase in AF risk than non-
smokers.”® Multiple other studies have identified an AF hazard ratio of
1.41-2.05 in cigarette smokers compared to never smokers.”*7® Not
only have studies identified propensity to AF in smokers but also an
increase in AF in the offspring of smokers. For every pack/day of parental
cigarette smoking, the child experienced an 18% increase in likelihood of
experiencing AF.”” Even after catheter ablation to treat AF, cigarette smo-
kers with pulmonary vein plus right atrial non-pulmonary vein triggers had
higher rates of recurrence.”® Cigarette smoking has also been associated
with increased atrial fibrosis, which is a substrate for atrial arrhythmia.79
A common measurement of ventricular repolarization, the Tp-e/QT ratio
measured via electrocardiogram, has been associated with ventricular ar-
rhythmias when prolonged.®° Heavy smoking has been associated with
prolonged Tp-e/QT intervals 8! Patients with ischaemic left ventricular dys-
function that smoked had increases in ventricular arrhythmias.®> HRV,
which some suggest as a precursor for arrhythmia, is shown to increase
in smokers, particularly within the first 5-10 min of smoking traditional
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combustible cigarettes.®> Beat-to-beat alternations in systolic Ca®" transi-
ent amplitude, defined as cardiac alternans, are markers for susceptibility to
severe ventricular arrhythmias and sudden cardiac death.®* In male mice,
secondhand smoke at levels relevant to real-world exposure increased sus-
ceptibility to cardiac alternans after 12 weeks of exposure.®

In a study that compared 18 otherwise-healthy traditional cigarette
smokers and 20 non-smokers, smoking menthol cigarettes increased
tricuspid early diastolic peak flow velocity deceleration time and right ven-
tricular isovolumic contraction time and decreased right ventricular early
peak velocity compared to traditional cigarettes without menthol.
However, both traditional and menthol cigarettes had negative acute
effects on both left and right ventricular function. This potentially suggests
that the menthol component in some traditional cigarettes may further
negatively impact right ventricular excitation, contraction, and relaxation.®
However, the nicotine is hypothesized to be the main component in ar-
rhythmogenic pathogenesis. Therefore, the mechanisms of arrhythmia
are hypothesized to be similar for traditional combustible cigarettes and
e-cigarettes. The role of the autonomic nervous system in arrhythmogen-
esis is well studied. The sympathetic and parasympathetic nervous system
can incite heterogeneity in the function of ion channels that regulate exci-
tation—contraction coupling. Modified autonomic nervous system has been
shown to play a role in long QT and Brugada syndrome, and this can be
displayed via HRV.%88

5. Conclusion

This current review has summarized the concerning potential that 4th gen-
eration e-cigarettes have on inducing various arrhythmias within the heart.
With the recent advent of 4th generation e-cigarettes, studies investigating
the health effects are limited and ongoing. In fact, while numerous compo-
nents of e-cigarettes are known to induce arrhythmias, the exact mechan-
ism(s) remain undetermined. This knowledge gap is due in part to the
variability within 4th generation e-cigarettes, with differences in flavourings,
nicotine levels, and solvent ratios. This makes it increasingly difficult to con-
clusively determine health risks of e-cigarettes, as each e-cigarette is differ-
entand can produce distinct health effects. Future research should continue
to focus on the long-term effects of 4th generation e-cigarettes, attempting
to characterize the health effects of the multiple variables in e-cigarettes.
Additionally, longitudinal studies investigating the cardiovascular health of
e-cigarette users should be utilized to characterize physiological changes.

Unfortunately, e-cigarette popularity continues to grow exponentially,
especially among adolescents. With limited research on health user data,
the FDA has yet to place strict regulations on the distribution of
e-cigarettes. Therefore, it becomes increasingly critical to research every
aspect of these newly introduced e-cigarettes, to not only initiate FDA reg-
ulations but to begin to find new approaches in treating health issues
caused by e-cigarette use.
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