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Abstract

Cigarette smoking is the most preventable risk factor related to cardiovascular morbidity and mortality. Tobacco

usage has declined in recent years; however, the use of alternative nicotine delivery methods, particularly e-ciga-

rettes, has increased exponentially despite limited data on their short- and long-term safety and efficacy. Due to
their unique properties, the impact of e-cigarettes on cardiovascular physiology is not fully known. Here, we sum-
marize both preclinical and clinical data extracted from short- and long-term studies on the cardiovascular effects

of e-cigarette use. Current findings support that e-cigarettes are not a harm-free alternative to tobacco smoke.

However, the data are primarily derived from acute studies. The impact of chronic e-cigarette exposure is essen-

tially unstudied. To explore the uniqueness of e-cigarettes, we contemplate the cardiovascular effects of individual

e-cigarette constituents. Overall, data suggest that exposure to e-cigarettes could be a potential cardiovascular

health concern. Further preclinical research and randomized trials are needed to expand basic and clinical investiga-

tions before considering e-cigarettes safe alternatives to conventional cigarettes.
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1. Introduction

Traditional cigarette smoking continues to be a major public issue as it
has continuously been shown to have many pathogenic and negative
effects on the heart. Presently, cardiovascular diseases (CVDs) are the
number one cause of death among Americans, killing approximately
630 000 persons annually.” Despite strong efforts to reduce smoking,
traditional smoking continues to be one of the most preventable risk fac-
tors for heart disease as 15% of the population use combustible ciga-
rettes.” Resultantly, marketing for alternatives to tobacco smoking and
nicotine replacements has skyrocketed in recent years. More specifically,
since being introduced in 2006, electronic cigarettes (e-cigarettes) have
become more popular due to their perceived safety when compared
with traditional cigarette smoking. These public perceptions of safety
have made e-cigarettes not only appealing to smokers attempting to quit
but have also gained popularity among non-smokers, who constitute a
substantial segment of the e-cigarette market. From 2011 to 2015, the
use of e-cigarettes among middle school and high school students grew
from 1.5% to 16%, making it the most used tobacco product by teens

and young adults®> As of 2018, the National Youth Tobacco Survey
reported that 20.8% of the same population reported current use of e-
cigarettes.* While e-cigarettes have generally been advertised to contain
less toxic constituents than traditional cigarettes, they do contain a vari-
ety of potentially toxic compounds that have yet to be thoroughly stud-
ied in preclinical and clinical research.”

In this review, we discuss recent, relevant studies from the available lit-
erature, focusing on the components of and potential cardiovascular
risks associated with exposure to e-cigarette vapour. In their recent
work, Benowitz and Fraiman® evaluated a related topic with a focus on
the cardiovascular effects of e-cigarettes vs. tobacco cigarettes. Here, we
focus on evaluating and extensively discussing data from preclinical and
epidemiological studies regarding the cardiovascular effects of acute
(short-term) and chronic (long-term) e-cigarette exposure (summarized
in Table 1). Furthermore, we have reviewed various constituents of e-cig-
arettes for their potential cardiovascular toxicity and disease burden.
Few studies have reported no adverse effects associated with e-cigarette
usage, while others suggest that e-cigarettes could increase a users’ risk
of CVDs. Heightened concern over the safety profile of e-cigarettes
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Key points

® E-cigarette use has increased dramatically in the past decade, par-
ticularly among teens and young adults.

® The general public perception is that e-cigarettes are harm-free
and safer alternatives to traditional tobacco cigarettes.

® |n contrast, there is growing evidence that e-cigarettes and their
aerosol constituents, nicotine, carbonyl compounds, particulate
matter, metals, and flavourings, can have adverse effects on the
cardiovascular system.

® While there is paucity of data, recent studies have also suggested
that e-cigarette use is associated with inflammation, oxidative
stress, and haemodynamic imbalance leading to increased cardio-
vascular diseases risk.

® Additional experimental and clinical studies investigating acute and
chronic use of e-cigarettes are needed to establish their cardiovas-
cular safety profile and their potential as a smoking cessation aid.

from these studies displays an urgent need for additional studies to es-
tablish and better understand the acute and chronic health consequen-
ces of e-cigarette use.

2. Design of e-cigarettes

Since the e-cigarette was first introduced, its design has diversified greatly
with very little regulation.>* Common forms are first-generation dispos-
able ‘cigalikes’, second-generation rechargeable e-cigarettes, and third-
generation tanks, pens, and personalized large tank devices. Recently, the
development of pod-based devices such as the popularized JUUL’ has
significantly changed how e-cigarettes are marketed and now constitute
the largest portion of the e-cigarette market.>> These pod devices are
believed to have shown success because of their discrete design, high
nicotine concentrations and flavourings making them especially appealing
to youth.*® Despite the diversity of their shape, all e-cigarettes function
similarly, typically consisting of three major parts: a lithium battery power
source, a cartridge containing e-liquid and an atomizer or heating device
that vapourizes the liquid. When a user inhales through the mouthpiece,
the airflow triggers the atomizer and the e-liquid is vapourized, produc-
ing a smoke-like vapour. Each additional generation has been designed to
hold larger amounts of e-liquid, require less airflow to produce vapour
and run at increased heating voltages, allowing users to intake much
larger and more concentrated puff volumes for longer periods.

3. Potential cardiovascular toxicity
of e-cigarette constituents

The e-liquids used in e-cigarettes typically contain a mixture of propyl-
ene glycol and glycerine as solvents with added nicotine and flavour-
ings>**”; however, the concentrations of these and other compounds
present in e-cigarette vapour remains controversial. There are many var-
iables that play a role in e-cigarette vapour composition, including the
propylene glycol to glycerine ratio, manufacturer of the e-liquid, type of
e-cigarette, coil temperature, air flow rate,® nicotine content, and the
flavourings added to the e-liquids. That being said, a majority of analyses
confirm the presence of nicotine, carbonyl compounds, particulate mat-

) S .39
ter, metals, and flavouring compounds in significant concentrations.

The potential cardiovascular effects associated with these compounds
and their additive effects are summarized in Figure 1.

3.1 Nicotine

Nicotine has been shown to induce a multitude of effects on the cardio-
vascular system. Nicotine systemically binds to nicotinic cholinergic
receptors, which are present in the autonomic ganglia and adrenal
gland resulting in release of norepinephrine and epinephrine. The result-
ing sympathetic nervous predictable plasma
nicotine concentration-dependent increases in haemodynamic measure-

stimulation causes

ments."”*® Through persistent sympathetic stimulation, nicotine has
been shown to cause fibrosis which is associated with arrhythmias*' and
myocardial remodelling in animal models.** A study conducted in preg-
nant rats exposed to nicotine aerosol inhalation demonstrated reduction
and irregular fluctuations in uterine artery blood flow, which is associ-
ated with cardiac arrhythmias and fluctuations in systemic blood pres-
sure.* Additionally, mice subjected to subcutaneous nicotine for 4
weeks demonstrated significant hypertrophy and remodelling in models
of systemic hypertension.** In vitro and in vivo studies comparing ciga-
rettes with normal and low nicotine content suggest that nicotine may
modulate platelet activation by decreasing aggregation and therefore de-
creasing thrombogenesis.*® This claim is controversial as other studies
suggest that there is no effect on platelet activity.*® Some studies have
shown that e-cigarettes produce lower plasma nicotine levels than tradi-
tional cigarettes,19 while others have shown comparable levels believed
to be a result of newer e-cigarette models and e-liquids.40 Most e-liquids
contain approximately 0-36 mg/mL of free-based nicotine, however,
pod devices like the JUUL use tobacco leaf protonated nicotine salts at
concentrations above 50 mg/mL>> and have been almost entirely unstud-
ied. Differences in the distribution kinetics of nicotine in e-cigarettes
have created discrepancies in its effects on the cardiovascular system, so
further studies are essential to determine if nicotine delivery of e-ciga-
rettes produces similar toxicity to that of regular cigarettes.*’

3.2 Carbonyl compounds and oxidizing

agents
The main carbonyl compounds found in e-cigarette vapour*® (formalde-
hyde, acetaldehyde, and acrolein) are believed to result from the thermal
decomposition of propylene glycol and glycerine*® and some flavour-
ings>® and are known to cause oxidative stress and inflammation.”’
Concentrations of these carbonyl compounds are voltage dependent,
yielding higher concentrations when a higher battery voltage and higher
coil temperatures are used, causing increased thermal degradation
products.‘r’z'53

Exposure to acrolein, a reactive o,B-unsaturated aldehyde, has been
shown to cause oxidative stress that can lead to accelerated atheroscle-
rosis. Acrolein can modify A-l protein in HDL, impairing its antiathero-
genic function.>* It also oxidizes thioredoxins, an essential protein in the
regulation of oxidation and reduction balance in endothelial cells, leading
to dysfunction and cell death, and further contributing to atherogene-
sis.>> One study found that intravenous acrolein depressed myofilament
Ca*t responsiveness and caused myocardial dysfunction in a closed-
chest mouse model, likely through the modification of proteins involved
in myocardial contractility and metabolism.>® The inhalation of acrolein
has also been shown to enhance platelet activation and decrease bleed-
ing time in exposed mice, suggesting a prothrombotic state®’ making
them susceptible for an increased risk of thrombosis.
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CVD and e-cigarette use

Table | Preclinical and clinical studies showing acute and chronic cardiovascular effects of e-cigarette exposure

Acute exposure studies

Cytotoxicity
Type of Exposure
study
Preclinical  Human umbilical vein endothelial cells (HUVECs) incubated in first-

generation e-cigarette aerosol extract (EAE) or 3R4F cigarette
smoke extract (CSE) for 24-72 h.

HUVECs incubated with 11 different e-cigarette vapours from
disposable or refillable devices for 48 h.

Cardiomyoblast cells incubated in varying concentrations of

e-cigarette (EC) or cigarette smoke (CS) liquid extracts for 24 h.

Murine fibroblasts incubated in varying concentrations of EC or
CS liquid extracts for 24 h.

HUVECs incubated with e-cigarette or 3R4F cigarette aqueous
aerosol extracts (AqE) for 20 h.

Reactive oxygen species, DNA damage, and cell death observed in
HUVECs following exposure to either EAE and CSE.’

HUVEC:s displayed high cytotoxicity, cell proliferation inhibition, and
changes in cell morphology following exposure to various e-ciga-
rette vapours of varying flavour and nicotine content.®

4 of 20 EC extracts at 100% and 50% concentrations and CS extracts
at concentrations diluted to 12.5% showed cytotoxic effects on
cardiomyoblasts.”

1 of 21 EC extracts at 100% concentration and CS extracts at concen-
trations diluted to 12.5% showed cytotoxic effects on fibroblasts."

Scratch wound assay showed e-cigarette AqEs had no significant effect

on migration of HUVECs, while cigarette AqE induced complete in-

hibition at >20% concentration."!

Preclinical

Clinical

rimary rat lung endothelial cells exposed to e-cigarette
liquid or condensed vapour or CS extract.

Human coronary artery endothelial cells (HCAECs) exposed to ciga-
rette smoke extract (CSE) or e-cigarette aerosol extract (eCAE)
and lysed after 16 h.

Male mice exposed to 200 puffs of menthol flavoured e-cigarette
vapour per day for 5 days.

Platelets drawn from 50 healthy volunteers exposed to tobacco
smoke extracts, e-cigarette vapour extracts, or pure nicotine.

Blood drawn from 16 healthy seldom smokers either exposed
to or not exposed to 10 puffs of e-cigarette vapour (ECV) from a
second-generation device for 10 min was measured for
endothelial progenitor cells (EPCs) and microvesicles (MVs).
Blood drawn from 40 healthy subjects (20 smokers and 20 non-
smokers) before and after smoking a traditional cigarette and
1 week later before and after an e-cigarette (rechargeable cigalike).

E-cigarette liquid and vapour and CS extract exposure significantly in-
creased permeability associated with inflammation and oxidative
stress in RLECs."?

HCAEC:s displayed oxidative stress (activation of NFR2 and up-regula-
tion of cytochrome p450) following exposure to CSE but not
eCAE

Significant platelet hyperactivity was demonstrated through decreased
bleeding and occlusion times and increased aggregation and dense
and o granule secretion when compared with air exposed mice."

Enhanced expression of pro-inflammatory gC1qR and cC1qR and in-
creased platelet activation, aggregation, and adhesion potential was

observed following exposure.15

Blood levels of EPCs significantly increased following exposure to ECV

indicative of endothelial activation or stress.'®

Increases in levels of soluble NOX2-derived peptide and 8-iso-prosta-
glandin F20 and decreases in NO bioavailability, vitamin E levels, and
FMD were observed indicating oxidative stress and altered vascular

function."”

Cardiovascular function

Preclinical

Clinical

Cleavage stage zebrafish embryos exposed continuously to nicotine, e-
cigarette, or tobacco extracts in fish water for 3 days. Human embry-
onic stem cells exposed to the same extracts during directed differ-
entiation (14 days).

23 chronic smokers (>10 cigarettes per day for >12 months) used 50
puffs (at 30's intervals) of one of five e-cigarettes (rechargeable ciga-
likes) or one cigarette.

15 traditional smokers randomized to three groups of using 10 puffs of

e-cigarettes (third-generation vapourizer) containing nicotine, e-

Developmental defects including severe heart malformation, pericar-
dial oedema, and reduced heart function observed following expo-
sure in zebrafish. Additionally, e-cigarette exposure decreased
cardiac transcription factors in cardiac progenitor cells and de-
creased sarcomeric gene (MLC2v and MYL6) expression in
cardiomyocytes.'®

Significantly lower nicotine plasma levels, blood pressure, heart rate,
and no increase in exhaled CO were observed when compared
with cigarette use.'

Individuals using nicotine-containing e-cigarettes experienced short-

term elevations in peripheral SBP and DBP and PWV (a measure of

Continued
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Table |

Continued

Cardiovascular function

cigarettes without nicotine, or traditional cigarettes over three sepa-
rate exposures (>48 h between).

24 smokers on four occasions used either a tobacco cigarette (TC) for
5 min, EC for 5 min (unspecified type), EC for 30 min, or nothing for
60 min.

25 occasional tobacco smokers randomized to three groups of using
25 puffs of e-cigarettes (last-generation high powered device) con-
taining nicotine, e-cigarettes without nicotine, or a sham (making the
motion with the device turned off) over three separate exposures.

36 heavy (15 cigarettes per day for >5 years) smokers (SM) smoked
one cigarette and 40 e-cigarette (>1 month) users (ECIG) used a
second-generation device with 11 mg/mL e-liquid for 7 min.

33 not current tobacco or electronic cigarette users (within 1 year)
used 60 puffs of a cigalike device with nicotine e-liquid, with nicotine-
free e-liquid and a sham control (no e-liquid) over three exposures
(4 weeks between).

105 smokers (10 cigarettes a day for >12 months) were randomized to
clinically confined exclusive cigalike e-cigarette use, dual (both e-ciga-
rette and tobacco cigarette) use and complete cessation groups for
5 days.

15 female smokers (>5 cigarettes a day for at least 2 years) smoked
10-12 puffs of a tobacco cigarette and 15 puffs of an e-cigarette (sec-
ond-generation device) on two separate exposures (1 day between).

arterial stiffness) when compared with nicotine free e-cigarette
use.”

Significant increases in blood pressure and PWYV following 30 min EC
vaping were observed, similar to those measured after 5min of TC
smoking.’

Only nicotine-containing e-cigarettes resulted in increased PWYV, aug-
mentation index, blood pressure and heart rate, as well as impaired
acetylcholine mediated vasodilation and increased plasma myelo-
peroxidases (a measure of oxidative stress).”

No changes were observed in the ECIG group compared with baseline
measurements. Significantly higher mitral annulus diastolic velocity
and diastolic strain rate, and lower isovolumetric relaxation time
and myocardial performance index were reported following e-ciga-
rette use compared with tobacco cigarette use.”?

Increased cardiac sympathetic nerve activity was observed following
use of e-cigarettes with nicotine but not in nicotine free e-
cigarettes.“

Significant reductions in blood pressure and heart rate were observed
in exclusive e-cigarette use and cessation groups. Small non-statisti-
cally significant improvements in lung function were observed com-
pared with baseline for all groups.25

No significant increases in arterial stiffness (SI and RI) or blood pres-
sure and heart rate were measured following e-cigarette

exposure.”®

Preclinical

Clinical

Female mice were exposed to e-cigarette vapour, cigarette smoke or
filtered air for 4 h/day, 5 days/week for 8 months.

Female mice underwent nose exposure to e-cigarette vapour (24 mg/
mL nicotine e-liquid) or air 1 h/day, 5 days/week for 6 months.

20 male mice were randomized into two groups and exposed to e-ciga-
rette smoke (ECS) or filtered air (FA) for 3 h/day, 5 days/week for
12 week.

Heart rate variability and oxidative stress measures in the participants
plasma were taken on 23 habitual e-cigarette (unspecified type)
users (most days for at least 1year) and 19 non-tobacco or elec-
tronic cigarette users.

Fluorodeoxyglucose positron emission tomography/computer tomog-
raphy (FDG-PET/CT) was performed on nine habitual tobacco ciga-
rette smokers, e-cigarette (unspecified type) users (most days for at
least 1year) or non-users (27 total).

Using the National Health Interview Surveys (NHIS) of 2014 and 2016
the cross-sectional association between e-cigarette (unspecified
type) use, cigarette smoking, and myocardial infarction (Ml) was
examined.

145 smokers (at least 10 tobacco cigarettes/day for at least 5 year)
were randomized to three arms receiving either 2.4%, 1.8%, or 0%
nicotine cigalike e-cigarettes for 52 weeks.

Increased aortic stiffness (measured by PWV) and impaired vascular
reactivity responses were observed in e-cigarette vapour and to-
bacco smoke groups.27

Increased systemic inflammation, 2.75 greater levels of heart fibrosis,
along with increased SBP and upward trending DBP were observed
in mice exposed to e-cigarette vapour when compared with those
exposed to air.2®

ECS mice demonstrated increased DNA mutagenic adducts, y-OH-
PdG and O°medG, in various tissues including the heart when
compared with FAY

Habitual e-cigarette use was associated with a shift towards sympa-
thetic predominance and increased systemic oxidative stress when

compared with non-users.>°

Increased FDG uptake in the spleen and aortic tissues, indicating acti-
vation of the Splenocardiac Axis, was observed in both habitual e-

cigarette and cigarette users.®!

Daily e-cigarette users were found to be 1.79 times more likely, when
accounting for other risk factors such as cigarette smoking, to expe-
rience a Ml than individuals who had never used e—cigaret’ces.32

No change in HR was observed, but statistically significant lowering of
blood pressure after switching to e-cigarettes was measured after
52 weeks. >
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E-Cigarette aerosol inhalation

Nicotine Particulate matter Flavorings
Metals Carbonyl compounds

| | |

Arrhythmia Atherogenesis Inflammation
Myocardial remodeling Endothelial dysfunction Oxidative stress
Altered hemodynamics Thrombogenesis Altered hemodynamics

Altered hemodynamics Thrombogenesis
Mitochondrial damage
Apoptosis

4 Cardiovascular disease burden

Figure | Potential adverse cardiovascular effects induced by various
constituents of e-cigarette aerosol.

Aside from the classification of formaldehyde as a carcinogen, it has
been shown to elicit a number of effects on the cardiovascular system.
Rat hearts exposed to formaldehyde solution showed decreases in left
ventricular end-systolic pressure, heart rate, and cardiac output indicat-
ing acute pumping failure.>® Additionally, formaldehyde gas-exposed
mice exhibit a significant increase in platelet counts,>® as well as increased
oxidative stress in cardiac tissue.*’

In a rat model of acetaldehyde administration, moderate to high doses
not only decreased the number and density of myocardial mitochondria
but also caused significant damage.®” Additionally, acetaldehyde has been
found to promote alcoholic cardiomyopathy through mitochondrial dys-
function in mice.*? Systemic changes resulting from the inhalation of ac-
etaldehyde are likely different, however, the effects of e-cigarette
exposure on cardiac mitochondria should still be examined.

3.3 Particulate matter
Ultrafine and fine particulate matter (PMo.1, PM,s) found in significant

6364 are known to elicit a number of car-

concentrations in e-cigarettes,
diovascular effects and contribute to a number of health conditions in-
cluding atherosclerosis, thrombosis, coronary heart disease, and
hypertension. Mechanistically, these effects occur through both direct
and indirect pathways.65 PMp 4 and PM, 5 can pass through the alveolar—
endothelial interface into the systemic circulation directly affecting the
heart, vasculature, and other organs. Specifically, the mechanisms by
which PM directly induces cardiovascular effects are through oxidative
stress and direct calcium ion channel interference.®® Activation of ANS
and pulmonary inflammation results in PM-induced indirect cardiovascu-
lar effects.®” The thrombogenic effects of PM are believed to arise from
the promotion of clot formation after entering the systemic circulation
as well as from pulmonary inflammation caused from prolonged expo-
sure.®® Additionally, PM, 5 has been shown to cause direct dysfunction of

vascular endothelial cells,”® a contributing factor to the development of
CVDs, particularly atherosclerosis.

3.4 Metals

The presence of a large number of metals in e-cigarette vapour has been
demonstrated by previous studies®®’% however, these studies are sur-
rounded by discrepancies in the types and concentrations of the metals
present in the vapour. Based on a current review of metals found in e-
cigarette vapours, even the highest reported metal exposures based on
extreme daily e-cigarette use (1200 puffs/day), generally, still fall below
exposure guidelines.”" The authors concluded that overall exposure to
metals from e-cigarette use is not expected to be of significant health
concern for smokers switching to e-cigarettes but is an unnecessary
source of exposure for never-smokers. However, metals have been
shown to act as a catalyst in the oxidative reactions of cellular proteins
by the compounds in cigarette smoke (CS),”? so their role related to
other e-cigarette constituents is likely similar.

3.5 Flavourings

Based on comprehensive internet searches of English-language websites,
Zhu et al.”?
all brands of e-cigarettes. The concentration of these molecules in e-lig-

stated that over 7700 unique flavours were identified across

uid was reported to range from 0 to 36 mg/mL.”* Many of the chemicals
are deemed safe via ingestion75; however, limited data are available on
their effects following chronic inhalation. For example, cinnamaldehyde
is considered safer via oral administration; however, inhalation induces
dysfunction of pulmonary immune cells through alterations of proinflam-
matory cytokines, a theorized mechanism for adverse cardiac func-
tion.®>® In a recent study, monocytes treated with flavouring chemicals
and flavoured e-liquid without nicotine caused dose-dependent cytotox-
icity. The authors concluded that the flavourings used in e-juices can trig-
ger an infllmmatory response in monocytes, mediated by reactive
oxygen species (ROS) production.”” In another study, freshly isolated
endothelial cells from participants treated with different flavouring com-
pounds impaired nitric oxide production and induced inflammation con-
sistent with endothelial dysfunction.”® A multitude of studies have
shown proinflammatory and cytotoxic responses in the lungs, with cer-
tain flavour molecules also known to cause pulmonary disease via inhala-
tion.””®® Given the general lack of knowledge, but potential
inflammatory and toxic effects of inhalation of flavouring additives, stud-
ies analysing cardiac-specific alterations in response to e-cigarette fla-
vours are imperative for determining health risks.

3.6 Synergistic/additive effects

It should be pointed out that exposure to individual e-cigarette aerosol
constituents in isolation as described above does not occur for a user.
Instead, exposure to all of these compounds in e-cigarette vapour likely
has various additive and synergistic effects. For example, the oxidative
stress and inflammatory pathways of acrolein, PM, and flavouring com-
pounds could all contribute to a greater risk of developing atherosclero-
sis. Similarly, increases in platelet activity demonstrated by exposure to
acrolein and PM could be joint contributors to potential prothrombotic
issues for the user. Therefore, while individual constituents found in e-
cigarette aerosol have been shown to individually induce negative effects
on the cardiovascular system, the extent to which they act (as agonists
or antagonists to one another) likely effects the overall harmfulness of e-
cigarette use.
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4. Experimental and
epidemiological studies on the
cardiovascular effects of e-cigarette
use

4.1 Acute exposure effects

While chronic e-cigarette exposure studies are generally limited, more
studies evaluating their short-term impacts on the cardiovascular system
have been conducted. Acute study exposures are typically one-time
exposures, while chronic studies typically include multiple exposures
over a significant period of time or observe measures in populations of
long-term e-cigarette users. Different durations and populations used in
current studies are examined in Table 1. Large discrepancies in findings
of acute exposure studies have resulted due to a variety of factors, in-
cluding differences in methods of measurement, device voltage, e-liquid
(nicotine content and flavouring) used, and the amount and duration of
vapour inhaled.®" These discrepancies create difficulty in drawing abso-
lute conclusions about the short-term impacts of e-cigarettes on the car-
diovascular system, however, current evidence suggests that they are
not without harm.2?

4.1.1 Preclinical studies

4.1.1.1 Cytotoxicity and inflammatory effects. Human umbilical
vein endothelial cells (HUVEC:) treated with e-cigarette aerosol demon-
strated an induction of ROS, DNA damage, reduced cell viability, apo-
ptosis and necrosis, inhibition of cell proliferation, and alterations in cell
morphology.”® Farsalinos et al.” evaluated the cytotoxic potential of 20
e-liquid samples on cultured H9C2 cells. Their results demonstrated
three e-cigarette extracts were cytotoxic at 100% and 50% extract con-
centrations and one was only cytotoxic at 100% concentration. A similar
study was conducted by Romagna et al.'® using 21 e-liquid samples on
mammalian fibroblasts, where only one vapour extract was cytotoxic at
100% extract concentration. Both studies demonstrated e-cigarette va-
pour cytotoxicity to be far less than CS, likely due to the lower number
of toxic compounds present in e-cigarette vapour.”'® Primary lung mi-
crovascular endothelial cells treated with e-cigarette solution, con-
densed e-cigarette vapour, or CS with and without nicotine
demonstrated that nicotine-free e-cigarette liquids and vapours and
nicotine-containing e-cigarette and cigarette extracts caused significantly
greater endothelial permeability compared with nicotine free-CS extract
(10-20%). These effects were associated with oxidative stress and in-
flammation'? and suggest that e-cigarettes can induce cytotoxic and in-
flammatory effects. However, caution must be used in interpreting these
in vitro studies for their extrapolation to the in vivo setting as both the
concentrations and contents of e-liquids and vapours and their effects
likely differ once heated, aerosolized, and metabolized in vivo.

4.1.1.2 Cardiac development. In a recent study, human embryonic
stem cells and a zebrafish model were used as tools to study the effects
of e-cigarettes on cardiac differentiation and development. The authors
concluded that e-cigarette exposure decreased expression of cardiac
transcription factors in cardiac progenitor cells, suggesting a persistent
delay in differentiation. They also found decreased expression of MLC2v
and MYL6 (sarcomeric genes). In zebrafish, the authors observed devel-
opmental defects such as severe heart malformation, pericardial oe-
dema, and reduced heart function as evidenced by decreased contractile
proteins cmlc2 and tnnt2, the transcription factor meflca, and the

junctional protein cx43, responsible for heart electromechanical con-
duction." It is important to note that this study used a cigarette extract
group, e-cigarette extract group, and nicotine extract as a control expo-
sure group. Significant effects were observed in groups exposed to ciga-
rette and e-cigarette extracts, but not in the nicotine controls. This
suggests that the cardiac developmental effects observed in the study
resulted from the constituents other than nicotine present in e-cigarette
aerosol.

4.1.1.3 Platelet function. In a 1-week exposure study, platelets from
mice exposed to e-cigarette aerosol showed significant hyperactivity
through enhanced aggregation and dense o granule secretion, increased
resistance to inhibition by prostacyclin and decreased bleeding and oc-
clusion times when compared with controls.'* The effect on platelet
function in this study was proposed to be caused by either the PM or
acrolein present in e-cigarette aerosol," which have previously been
shown to individually increase platelet function. In another study, plate-
lets from healthy volunteers exposed to e-cigarette vapour extract
showed significant up-regulation in proinflammatory markers gC1qR and
cC1qR and deposition of C3b similarly to traditional tobacco smoke
extracts. Additionally, platelet activation, aggregation, and adhesion were
also significantly enhanced after exposure to e-cigarette vapour
extracts." Taken together, this hyperactivity shows a pro-thrombotic
state that arises following short-term exposure to e-cigarettes, suggest-
ing chronic exposure may increase the risk of thrombogenic events.

4.1.2 Clinical studies

4.1.2.1 Heart rate and blood pressure/haemodynamic function.
Use of e-cigarettes causes significant short-term elevations in heart rate
and systolic blood pressure (SBP) and diastolic blood pressure (DBP).
The magnitude of this effect was originally shown to be much less when
compared with conventional cigarettes.'” Increased sympathetic nerve
activity (SNA) has also been reported after e-cigarette use (with nico-
tine) but not nicotine-free e-cigarette use,”* which predisposes users to
increased cardiovascular risk.2® The acute increases in SNA, blood pres-
sure, and heart rate are typically attributed to the vasoactivity of nicotine.
Aside from the addictive properties, the effects of nicotine likely result
from its role in sympathetic nervous system activation causing increased
heart rate, blood pressure, and myocardial contractility.*” The lower
magnitude of effect on heart rate and blood pressure observed in e-ciga-
rette users vs. traditional cigarette users has been attributed to the lower
plasma nicotine concentrations that result from e-cigarette use.
However, newer model devices with higher voltages, lower resistances,
and higher e-liquid nicotine concentrations produce blood-nicotine lev-
els comparable to traditional cigarettes.®* More recent studies have
demonstrated that acute e-cigarette use is associated with increased
SBP, DBP, and arterial stiffness similar to tobacco cigare'ctes.zw22
Extrapolation of this more recent acute exposure data suggests that the
chronic elevations in haemodynamic function and arterial stiffness may
induce the adverse cardiovascular effects and increased CVD risk.*’

4.1.2.2 Oxidative stress, endothelial dysfunction, and vascular
injury. Levels of endothelial progenitor cells (EPCs) in blood samples of
healthy volunteers were significantly increased 1 h following exposure to
e-cigarette vapour (10 puffs for 10 min) and returned to baseline values
after 24 h."® EPCs play a key role in endothelial repair and therefore ele-
vated levels serve as a biomarker of vascular injury.85 Ina recent s‘cudy,17
following e-cigarette exposure, users showed increases in serum soluble
NOX2 derived peptide and 8-iso-prostaglandin F2¢, and decreases in
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serum nitric oxide bioavailability, indicating an increase in oxidative
stress. Flow mediated dilation (FMD), a conventional measure of vascu-
lar function in humans,®® was also found to be significantly reduced after
exposure, showing that participants experienced significant endothelial
dysfunction. Similar decreases in FMD have been shown to be associated
with coronary artery disease.)” These results were believed to arise
from the multitude of compounds found in e-cigarette aerosol that can
elicit negative effects on inflammatory status including nicotine, PM, and
flavourings.” A more recent study of 25 occasional smokers found ele-
vated myeloperoxidase levels following acute exposure to e-cigarettes,
indicative of oxidative stress*> and positively correlated with risk of
experiencing a CVD event.®’ Interestingly, the authors observed ele-
vated myeloperoxidases after vaping nicotine containing e-cigarettes, but
not after nicotine-free vaping suggesting that nicotine is possibly respon-
sible for the observed effect.

4.2 Chronic exposure effects

4.2.1 Preclinical studies

4.2.1.1 Cardiac function. Only three studies using mouse models have
evaluated the effects of chronic e-cigarette exposure on the cardiovascu-
lar system.y’29 Olfert et al.*’ demonstrated that chronic exposure to e-
cigarettes (conducted over 8 months and equivalent to ~25years in
humans) even at relatively low levels leads to significantly increased arte-
rial stiffness, reduced vascular relaxation to vasodilators, and enhanced
responses to vascular constrictor agents. These findings are associated
with impaired cardiac function and development of CVD. No impact on
heart rate, stroke volume, and cardiac output was reported; however,
modest decreases in fractional shortening and ejection fraction were ob-
served compared with exposure to traditional CS. It was extrapolated
that the degree of vascular dysfunction caused by chronic e-cigarette ex-
posure in this study when compared with other well-known CVD risk
factors was similar to traditional cigarette smoking.”’ Various other
short-term studies support this effect that e-cigarette exposure can have

on endothelial dysfunction,'®"’

which is closely associated with acceler-
ated atherosclerosis and CVD.28 While the mechanism for this result
was not examined, the authors proposed it to be a result of the similar
PM levels in e-cigarettes and traditional cigarettes. In another recent
study,”® increased systemic inflammation, greater levels of heart fibrosis,
along with increased SBP and an upward trending DBP in mice exposed
for 3—6 months to e-cigarette vapour was shown, compared with those
exposed to air. The e-cigarette vapour used in this study was composed
of 50/50 propylene glycol/glycerine solvent mix with 24 mg/mL of nico-
tine, indicating that the adverse effects resulted from nicotine, the sol-
vents and their byproducts of aerosolization and metabolism.
Additionally, mice exposed for 3 months to e-CS demonstrated in-
creased DNA mutagenic adducts y-OH-PdG and O%-medG formation
in various tissues including the heart.”’ The authors suggested that the
observed effect was due to the small amount of nicotine (~10%) which
is metabolized into nitrosamines, capable of inducing DNA damage.”’
This important study clearly suggests that chronic e-cigarette use may
put the user at an increased risk of both the development of cancers and
various CVDs.

4.2.2 Clinical studies

4.2.2.1 Cardiac sympathetic activity, inflammation, and oxida-
tive stress. A cross-sectional case—control study by Moheimani et al.*
analysed habitual e-cigarette users to identify the adverse effects of e-cig-
arette use during a year-long study. Their findings demonstrated that

e-cigarette use was associated with a shift in cardiac autonomic balance
towards sympathetic predominance. Compared with non-user controls,
LDL oxidizability (indicative of the susceptibility of apolipoprotein B-con-
taining lipoproteins to oxidation) and markers of oxidative stress were
also significantly increased in e-cigarette users. Both of these effects of
chronic e-cigarette use are associated with increased cardiovascular risk.
A recent study by Boas et al®’ reported activation of the splenocardiac
axis (an inflammatory signalling network initiated by increased SNA
which underlies the development of atherosclerosis and acute myocar-
dial infarction) following chronic exposure to both traditional cigarettes
and e-cigarettes. Using '8F-flurorodeoxyglucose positron emission to-
mography/computer tomography, investigators demonstrated increased
metabolic activity of haematopoietic and vascular tissues through in-
creased "®F-flurorodeoxyglucose uptake in spleen and aortic tissue of
habitual (most days for >1year) e-cigarette and traditional cigarette
users (not dual-users). This activation is suggestive of an underlying
mechanism by which e-cigarette use may lead to an increased risk of car-
diovascular events. Overall, this increased chronic use risk is supported
by a recent study analysing data from the National Health Interview
Study (NHIS) of 2014 and 2016 which found that daily e-cigarette users
were 1.79 times more likely, when accounting for other risk factors such
as cigarette smoking, to experience myocardial infarction than individuals
who had never used e-cigarettes.> It is necessary to note that due to
this being an observational study, it is potentially limited by non-random
misclassification bias.2’ Even since the systematic review of e-cigarettes
by Skotsimara et al. was published in 2019, this study remains the only ev-
idence available directly associating e-cigarette use and cardiovascular
risk, suggesting the need for confirmation and validation from other
studies.

5. The ongoing controversy/
e-cigarette debate

There is an existing argument in considering e-cigarettes as a safe alterna-
tive to traditional cigarettes as some studies have reported no adverse
effects. Such findings give rise to the controversy regarding risk associ-
ated with e-cigarette use and advocates for its use as a tool for smoking
cessation.

5.1 Preclinical studies

To investigate the effect of e-cigarettes on stress response, Teasdale et
al® exposed human coronary artery endothelial cells to cigarette
smoke extract (CSE) or e-cigarette aerosol extract (¢CAE). Their results
demonstrated activation of NRF2 and up-regulation of cytochrome
p450 following CSE exposure but the effect was not observed following
eCAE exposure. The investigators concluded that eCAE does not in-
duce the same stress response as CSE and therefore could be used as a
substitute for conventional cigarettes as it is likely to reduce immediate
tobacco-related cardiovascular effects. Another study performed on
HUVECs to measure cell migration (scratch wound assay) reported that
CS had an inhibitory effect on endothelial migration while no significant
inhibition of HUVEC migration was measured following e-cigarette ex-
posure. The scratch wound assay enables a comparative assessment be-
tween conventional cigarettes and e-cigarettes in vitro and demonstrates
the usefulness and versatility of this assay for the assessment of e-ciga-
rettes.'’ The evidence shown by these in vitro models suggests e-ciga-
rettes could be effective as a harm-reduction alternative to traditional
cigarettes by reducing oxidative stress, inflammation, and cytotoxicity.
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However, these findings are in direct contrast to the majority of studies
to date, so caution should be used when interpreting findings for inter-
vention in smokers.

5.2 Clinical studies

Fifteen healthy chronic smoking (>5 cigarettes a day for >2 years) partic-
ipants were subjected to smoking a traditional cigarette or e-cigarette to
evaluate the effect on arterial stiffness. The use of e-cigarettes resulted in
no change in the stiffness index and reflection index, coupled with an in-
significant increase in SBP and DBP and heart rate.”® Another study con-
ducted in 105 clinically confined smokers investigated the effect of acute
e-cigarette on cardiovascular functions (SBP and DBP and heart rate), re-
spiratory function (FVC, FEV1, and exhaled CO and NO), and adverse
events.”® The subjects were randomized into groups that either
completely or partially switched from conventional cigarettes to e-ciga-
rettes or completely discontinued using tobacco and nicotine products
altogether. The authors reported that the use of e-cigarettes for 5 days
under the various study conditions (subjects who had completely or par-
tially switched from conventional cigarettes to e-cigarettes or
completely discontinued using tobacco and nicotine products alto-
gether) did not lead to higher blood pressure or heart rate values, nega-
tive respiratory health outcomes, or serious adverse health events.
Instead, lower blood pressure and heart rate and better lung function
were reported in participants who switched to e-cigarettes or ceased
smoking altogether. Similarly, a recent study conducted by Farsalinos
et al*® demonstrated that smokers who reduce or quit smoking by
switching to e-cigarettes may lower their SBP in the long term, and this
reduction is apparent in smokers with elevated BP. An additional study
by Farsalinos et al? conducted on 40 electronic cigarette users demon-
strated higher mitral annulus diastolic velocity and diastolic strain rate,
and lower isovolumetric relaxation time and myocardial performance in-
dex after seven minutes of e-cigarette use compared with chronic smok-
ers who smoked one tobacco cigarette. The observed differences were
significant even after adjusting for changes in heart rate and blood pres-
sure. These studies used their findings to advocate for the potential of
e-cigarettes as a safer alternative to tobacco cigarettes and use as a ces-
sation tool.

5.3 Limitations

Limitations of clinical studies impact their applicability to the general pub-
lic. Many studies have low statistical power and enroll volunteers who
were previous or current smokers, impacting the validity of results to
cover all profiles of e-cigarette use such as the large population of never-
smoking youth who are being introduced to vaping. The primary re-
search question addressed in the majority of studies is the efficacy and
safety of c-cigarette use as an aid to quit traditional cigarette smoking. As
shown in Table 1, there is very little replicability amongst current studies
in terms of methods and exposure protocol for evaluating the effects of
e-cigarettes, making it difficult to compare results and draw concrete
conclusions. Additionally, the wide variety of flavourings, device models,
and populations that vape further decrease the replicability across stud-
ies and hinders the ability to accurately determine the safety profile of e-
cigarette use. The generalizability of many findings is limited as many
older and even some recent studies continue to use older e-cigarette
models, while the majority of users now use pod-based devices not yet
studied in an exposure model.

E-Cigarette aerosol

Translocation into
blood stream

Lung inflammation
and ROS production

| |

Endothelial dysfunction  Sympathetic predominance
Systemic inflasmmation Hemodynamic alteration
T Platelet activity
T Arterlal stiffness
1 Oxidative stress

Figure 2 Mechanisms of e-cigarette induced cardiovascular
dysfunction.

5.4 Current/future studies

From available NIH data (clinicaltrials.gov) and the search term ‘elec-
tronic cigarette’, there appear to be multiple major clinical studies ongo-
ing evaluating the cardiovascular effects of e-cigarette use. These studies
vary but include evaluations of both acute and chronic use.
Measurements include biomarkers for inflammation, oxidative stress, en-
dothelial function, platelet function, blood pressure, heart rate, myocar-
dial function, and arterial stiffness. Data regarding current in vitro and
in vivo studies is unavailable however our laboratory is currently assisting
with this goal in various mouse model exposures. Measures of cardio-
myocyte function, ventricular function, heart tissue fibrosis, and inflam-
matory and oxidative stress markers are being conducted on various
populations including adolescent and adult mice exposed to e-cigarette
aerosol (tnicotine) for one week (acute) up to 3 months (chronic).
Current clinical and preclinical studies still lack consistency using various
devices, e-liquids, and exposure protocols; however, they will hopefully
provide more valuable data to fill many of the gaps in and build upon the
current knowledge presented from the studies in this review.

6. Conclusion

While the current but still limited literature suggests that e-cigarette use
may lead to fewer negative cardiovascular effects than conventional ciga-
rettes, our review supports that there is not sufficient data to conclu-
sively make these resolutions. These studies have expanded the existing
knowledge on e-cigarettes and their potential in the development of
CVDs, but whether or not these results can be translated into clinical
practice is still a cause for concern. The studies presented in this review
have shown that e-cigarettes can induce negative cardiovascular effects
through various mechanisms such as oxidative stress, inflammation,
DNA damage, arterial stiffness, and altered haemodynamics and platelet
activity (shown in Figure 2). Individually and in combination with one
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another, these effects suggest pathways that chronic e-cigarette use
could increase the development of CVD. As a result, great caution and
hesitation should remain concerning e-cigarette use until its health risk
profile is better established. Therefore, additional high-quality random-
ized controlled trials are needed to conclusively establish the safety and
efficacy of e-cigarettes. The focus of future studies should continue to be
placed on investigating both the long- and short-term effects of e-ciga-
rette exposure and their potential role in CVD development. Currently,
a majority of studies evaluating the effects of e-cigarettes on the cardio-
vascular system focus on the addition of nicotine to e-liquid and heavily
neglect to include flavourings as a variable. Flavouring molecules add sig-
nificant variations to e-cigarette aerosol composition and while most are
deemed safe when ingested orally, little is known of their systemic effects
following inhalation. Recognizing this gap in knowledge of the chronic in-
halation of flavourings, additional studies analysing cardiovascular specific
alterations in response to common e-cigarette flavours must be con-
ducted to truly determine potential risks. Experimental studies should
also further explore other populations including cardiovascular develop-
mental effects of e-cigarette exposure during the in utero period to ex-
amine their perceived safety as a cigarette cessation method during
pregnancy. With the addition of these future experimental and clinical
trial data determining the general safety profile of e-cigarettes, regulatory
guidelines defining their proper use and public perception can be better
formulated.
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