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Abstract

The global population breathes unsafe levels of pollutants. In recent years, electronic cigarettes
(e-cigs) have become a significant source of particulate matter (PM), which causes injurious effects
across organ systems. E-cig users and bystanders are exposed to concentrated aerosols, commonly
called vapor, that we now know can have harmful long-term consequences due to PM and chem-
icals contained within. E-cigs are diverse in design, and e-liquids vary dramatically, making it
difficult to draw broad conclusions from studies of different devices, brands, and flavors.With the
rise in popularity of e-cigs, it is important to define the health effects across the body. In this com-
prehensive review, we dissect and summarize the known organ-specific effects of e-cigs, including
underlying molecular mechanisms. Notably, e-cig aerosols broadly cause increased cytokine re-
lease and oxidative stress, which are associated with a heightened risk of organ dysfunction. We
also highlight ways to minimize harmful e-cig constituents to develop safer products.

INTRODUCTION

One of the main self-induced inhaled exposures is cigarette smoke. Cigarette smoking is the
leading cause of preventable disease and death in the United States and has accounted for approxi-
mately 20million deaths in theUnited States since 1964 (1, 2).While traditional cigarette smoking
rates have declined in recent decades in the United States, an estimated 5.6 million American
children alive today will die prematurely from a smoking-related disease. Cigarette smoke has
high levels of particulate matter (PM)2.5 (PM < 2.5 µm; considered fine PM), which are small
enough to reach the alveoli, thus driving lung damage and inflammation throughout the lungs (3).

Electronic nicotine delivery systems (ENDS), including electronic cigarettes (e-cigs), were in-
vented as a supposedly healthier alternative to conventional cigarettes and were introduced to the
commercial market in 2007 (4). E-cigs include a wide range of battery-powered devices using an
array of different e-liquids. E-liquids consist primarily of a mixture of propylene glycol (PG) and
glycerol (commonly called vegetable glycerin or VG), chemical flavorants, and nicotine ranging
from 1.6 to 59 mg/mL (5, 6). Different ratios of PG:VG, such as 70:30, 50:50, or 20:80, pro-
duce different quantities of PM, with increasing VG associated with the greatest production of
PM2.5 (7). Furthermore, wattage applied to e-liquids during aerosolization also impacts PM size
(8). While e-cigs produce lower levels of toxins, they have been found to contain volatile organic
compounds (VOCs), heavy metals, aldehydes, and diacetyl (9). Recently, the World Health Or-
ganization has commented that it is currently unclear whether ENDS products are dangerous as
compared to traditional cigarettes.

E-devices use lithium batteries to heat e-liquids and create an aerosol for inhalation. E-cig
aerosols consist of both fine PM2.5 and ultrafine PM0.1 (PM < 0.1 µm) that users and nonusers
are exposed to via primary and secondary routes, respectively (10). Due to the rising rates of e-cig
usage and the emerging variations of e-cigs, these concentrated particles will play a significant role
in shaping air pollutants, and their influence will likely continue to grow in the future. Currently,
multiple studies report alarming levels of nicotine and toxicants in the latest generation of e-cigs
that pose significant harm to multiple organ systems. However, many studies have investigated
the health effects of e-cig exposure in older adults who are former conventional cigarette smokers
or concurrent conventional cigarette smokers, which introduces bias into the results. One way to
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deal with this bias biologically is to focus studies on younger subjects (12–30 years old) who have
had much less exposure to combustible tobacco (and other lung-altering inhalants, such as air
pollution). Adolescents and young adults typically start vaping e-cigs before adding in or transi-
tioning to combustible tobacco, making them an ideal population to study to define the biological
effects of e-cig aerosol inhalation.Another challenge is that a wide variety of e-cigs have been stud-
ied, including differences in e-device, PG:VG ratio, nicotine type and concentration, and types of
chemical flavorants, which makes drawing conclusions across studies difficult. This comprehen-
sive review attempts to describe these phenomena and point out methodological issues impacting
these findings.

In this comprehensive review, we describe the organ-specific effects of e-cig exposure. There
are numerous interactions between organ systems that we address throughout (Figure 1). Un-
derstanding how variations of e-cig exposures play a role in disease initiation and progression will
allow us to design effective mitigation strategies, including a push for change in policy. As the
use of e-cigs continues to rise in both indoor and outdoor settings, so does concern regarding the
health effects of these readily available, novel, self-induced exposures.

E-CIGARETTE OVERVIEW

The modern form of the e-cig was invented in 2003 as an alternative nicotine delivery device
with the aim of helping combustible (conventional) cigarette smokers quit altogether. As e-cig
use became popular in the 2010s, an inverse trend was seen with diminished rates of conventional
cigarette smoking by children and young adults, but a concomitant increase in rates of e-cig va-
ping (11). However, while e-cigs have led to lower rates of initiation of combustible tobacco use
in adolescents, e-cigs have had no overt impact on tobacco quit rates in adults, with the decline in
adult tobacco use continuing at the same pace since 1964,when the first SurgeonGeneral’s Report
of the harms of smoking was published (12). Approximately 40% of adult vapers also smoke con-
ventional tobacco, which is known as dual use (13). Because e-cigs only entered the international
market in 2007 and only became popular around 2013–2016, there is very little known about the
long-term health effects of these products as compared to conventional tobacco and PM in gen-
eral, which have been studied for decades. Further, dual use of e-cigs with conventional tobacco
has been studied even less so, although there is growing concern that the combined impact of
these inhalants on the respiratory tract may be more detrimental than either alone (14).

E-cigs got their name because these devices use electricity, from a battery, to heat and aerosolize
nicotine-containing solutions. All e-cigs are composed of a battery, heating coil, resistor, and
tank, pod, or cartridge to hold the e-liquid. While e-cigs were originally designed to look like
a conventional cigarette, garnering the name cig-a-like, all generations of e-cigs since have been
designed to look different from conventional tobacco cigarettes.While there exists a large variety
of sizes, shapes, and colors of e-cigs on the market, e-cigs across all generations have the same
core components.

The heating and aerosolization of e-liquids by e-cigs leads to the emission of aerosols contain-
ing harmful PM2.5 and PM0.1 (15). Different solvent compositions of e-liquids release different
sizes of PM. For example, e-cigs with solvents containing lower ratios of PG:VG emit higher lev-
els of PM2.5 (8). E-liquids were designed with one goal in mind: delivering nicotine via inhalable
aerosols. Thus, the solvent PG became the main ingredient in e-liquids, as base nicotine is soluble
in PG at high concentrations. VG became the second core ingredient due to its solvent properties
and because it makes e-cig vapor clouds visually denser. Base nicotine (nicotine in its unproto-
nated form) was used in the first through third generations of e-cigs, but fourth-generation devices
evolved to use nicotinic salts (e.g., protonated salts) because much higher concentrations are more
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1. Increase in oxidative stress
2. Potential increased risk

of urothelial cancer

1. Endothelial injury
2. Blood pressure
3. Cardiovascular disease risk

1. Stroke risk
2. Neurocognitive changes
3. Disruption of BBB

1. E�ects in utero
2. E�ects on reproductive organs
3. Alteration to circulating

metabolites (e.g., glucose,
triglycerides, LDL/HDL, adipose)

•  Increased Th2, IL-13
•  Decreased TGF-β1

1. Epithelial and 
endothelial cells

2. E�ects on pulmonary
function

3. E�ects on leukocytes

1. Change in microbiome 
2. Liver steatosis and �brosis

Reduced
exhalation
of CO and NO

Airway in�ammation
Free radical production
Reduced ciliary beating
Mucus hypersecretion
Increased vascular permeability

Increased development
of obstructive
pulmonary diseases
(asthma, COPD)

•  Decreased NO production
•  Impaired vasodilation

•  Increased arterial sti�ness
•  Increased oxidative stress

•  Disruption of mitochondrial membrane
potential of endothelial cells

•  Increased permeability across BBB
•  Increased in�ammatory markers

•  Decreased interest
•  Reduced short-term

memory function

•  Decreased expression
of GLUT1 and GLUT3

•  Increased brain
oxidative stress

•  Liver in�ammation
•  Altered bile and fatty acid metabolism
•  Hepatic oxidative stress
•  Hepatic mitochondrial damage

•  Decreased sperm counts
•  Decreased sperm viability
•  Decreased plasma testosterone
•  Decreased percentage of normal follicles
•  Decreased estradiol concentration

•  Increased total protein
and sulfhydryl groups

•  Increase in damaged DNA
•  Increased pro�brotic markers

Figure 1

Overview of e-cig effects on organ systems. E-cig aerosol chemicals impact organ systems in different ways. Inflammation within each
system is commonly driven through increased cytokine expression and release, which leads to organ system–specific disorders. While
not entirely comprehensive, this figure highlights several effects that e-cig exposure may have on the pulmonary, cardiovascular, central
nervous, gastrointestinal, renal, and endocrine systems with the associated mechanism(s) of action. Abbreviations: BBB, blood-brain
barrier; CO, carbon monoxide; COPD, chronic obstructive pulmonary disease; GLUT, glucose transporter; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; NO, nitric oxide; TGF-β1, transforming growth factor β1. Figure adapted from images
created in BioRender; Wold L. 2025. https://BioRender.com/si8nbc2.

palatable and can be inhaled with less severe throat burning sensations. While the first through
third generations typically used nicotine concentrations of 3–12 mg/mL, fourth-generation de-
vices typically use upwards of 59 mg/mL. Finally, chemicals added to contribute flavor are the
other key ingredient to e-liquids, as unflavored e-liquids are highly unpalatable.With thousands of
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flavors on the market, there are thousands of different flavor chemicals and combinations. Beyond
these intentionally added ingredients, many other chemicals have been found within e-liquids and
the aerosols generated during vaping, including aldehydes, heavy metals, VOCs, nitrosamines, and
polycyclic aromatic hydrocarbons. Thus, while e-cig aerosols typically contain fewer toxic chem-
icals than conventional cigarette smoke, toxicological findings indicate that e-cig aerosols contain
harmful substances (16, 17).

There are also tetrahydrocannabinol (THC)- and terpene-containing e-cigs as well.Users tend
to refer to these e-cigs containing marijuana concentrates with different terminology, including
dabbing or dab pens. Since THC has different solubility characteristics relative to nicotine, these
THCdevices typically use coconut oil, polyethylene glycol,medium-chain triglycerides, and other
solvents. They also have been found to contain or produce toxic chemicals, including benzenes,
vitamin E acetate (VEA), pesticides, and heavy metals (18). THC-containing e-cigs were the cul-
prits behind the e-cig- or vaping product–associated lung injury (EVALI) epidemic of 2019, with
VEA being identified as the chemical leading to acute lung injury and subsequent respiratory fail-
ure (19). Beyond THC vapes, consuming cannabis via vaporizers is also becoming common and
is also referred to as vaping. Typically, a vaporizer heats a solid or semisolid version of cannabis to
similar temperatures as e-devices to create an inhalable vapor.While we have begun to understand
some of the rapidly toxic effects of some chemicals within e-cig devices and aerosols, much work
remains to be done to understand the ongoing cases of EVALI and the chronic diseases that will
occur with long-term use (20).

As of 2016, the US Food and Drug Administration (FDA) has regulatory authority over all
tobacco products sold in the United States, including e-cigs. All e-cig manufacturers are required
to submit a premarket tobacco product application to the FDA to obtain authorization to sell
their products. Requirements include submitting ingredient lists and including health warnings
on packages, among several others. Currently, e-cigs are not FDA approved as smoking cessation
devices or authorized to make claims regarding risk reduction relative to cigarettes. Following a
congressional hearing in 2019, the FDA issued a warning regarding youth-facing advertisement
strategies employed by JUUL Labs. Subsequently, in 2020, the FDA passed legislation to reduce
sales of e-cigs to underage (less than 18 years old) users, banning the sale of most flavored cartridge
pods.However, this legislation did not apply to e-cigs using synthetic tobacco free nicotine, which
became widespread in the months following. This loophole was closed with legislation passed in
March 2022.

PUBLIC HEALTH RELEVANCE OF SECOND- AND THIRDHAND
E-CIGARETTE AEROSOL EXPOSURE

While the chemical contents of numerous e-cig aerosols have being identified, including toxins,
multiple studies have demonstrated that their usage results in the emission of high concentra-
tions of PM2.5. One study mimicked e-cig use in a thoroughly ventilated office space, where three
study subjects vaped a tobacco-flavored nicotine-free e-cig from 10 AM to 12 PM. The study
found that after vaping, the average mass concentration for PM2.5 increased from 6 µg/m3 to
197 µg/m3, with maximum values reaching 514 µg/m3 (21). In another study examining second-
hand exposure, PM2.5 levels were measured among a group of 59–86 e-cig users at an e-cig event
(10). Initially, PM2.5 levels were measured at a median range of 1.92–3.20µg/m3. However, these
levels skyrocketed to alarmingly high concentrations of 819µg/m3 as the event progressed. It is
evident that e-cigs have the potential to contribute heavily to PM2.5 exposure; therefore, e-cigs are
highly likely to contribute to increasing mortality rates and other major health impacts, making
them a major public health concern.

www.annualreviews.org • Multisystem Toxicity of E-Cigarettes 329
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Specific for indoor air quality, there is concern for second- and thirdhand exposures to
e-cig aerosols. Several studies have established that e-cig use contributes to worsening air quality
through emission of highly concentrated PM2.5 and other toxicants, such as nicotine, following
user exhalation (22).These emitted particulates can be directly inhaled (secondhand) and have also
been found to significantly deposit on surfaces (thirdhand), including windows,walls, floors, wood,
and metal (23). Studies are needed to further define the extent to which e-cigs contribute to wors-
ening indoor air quality when accounting for the variation in device design, e-liquid composition,
and patterns of use.

Utilizing a model of a business as usual emission scenario, mortality from air pollution is
predicted to double by 2050 (24). These projections, while alarming considering current mor-
tality rates, are not surprising given the popularity and availability of e-cig devices. These devices
possess the potential to emit highly toxic pollutants, and the market is witnessing an increas-
ing emergence of new variants of ENDS that seem to produce more and more dangerous
chemicals. However, preventative measures could blunt this projection. A 2012 projection study
estimated that worldwide implementation of 14 emission control measures could prevent 0.64 to
4.92 million premature deaths annually after 20 years; these projections are based on seemingly
unrealistic worldwide synergy, but they clearly highlight the potential for significant mitigation
from existing technologies and policies (25).

E-CIGS AND THE RESPIRATORY SYSTEM

Due to the relative novelty, variability, and the rapid evolution of e-cig devices and e-liquid
compositions, even animal data may not be rapidly applicable to current e-cig users. Here we
focus on physiological aspects of the use of e-cigs, as well as susceptibility to respiratory infec-
tions and their effect on conditions such as asthma and chronic obstructive pulmonary disease
(COPD).

Physiological Effects of E-Cigs on the Respiratory System

E-cig aerosols can lead to inflammatory dysregulation in the airways and lungs, which has im-
mediate implications in the physiology and function of the lungs. For instance, data show that
inhalation of e-cig aerosols for even 5 min can increase airway flow resistance and decrease vi-
tal capacity, indicating obstruction of the conducting airways (26–28). Similarly, another study
showed that vaping mint-flavored e-cigs with 5% nicotine for 20 min increases breathing fre-
quency and decreases blood oxygenation levels, although the forced vital capacity was not affected
(29). Moreover, reductions of exhaled carbon monoxide levels and fractional exhaled nitric oxide
(NO) have also been observed (28). Related to this, NO in exhaled breath is primarily produced
by airway epithelial cells and promotes bronchial hyperreactivity, mucus hypersecretion, vascular
permeability, free radical production, airway inflammation, and tissue damage and reduces ciliary
beat frequency (30). These findings are aligned with the observation that airway mucus is altered
in e-cig users, concomitantly with elevated concentrations of mucin MUC5AC in nasal mucosa
(31). Therefore, it is not surprising that in two large longitudinal observational cohorts, chronic
usage of e-cigs was associated with greater loss of lung function and a higher risk of COPD ex-
acerbations (32), although larger longitudinal studies are needed before final conclusions can be
made about this claim, as well as expanded studies to assess other variability in e-cig design and
contents. Similar to what has been determined in humans, murine models have shown that e-cig
aerosols can result in respiratory dysfunction and modified pulmonary vasculature hemodynamics
(33, 34).

330 Mears et al.
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Respiratory Infections

It is well established how smoking of conventional cigarettes can lead to susceptibility to infec-
tions and bacterial colonization of the airways. Similarly, e-cigs have been shown to render the
host prone to worse respiratory infections due to alterations in host defenses and inflammatory
responses caused by e-cigs. Although several studies have shown that e-cig aerosols can increase
the virulence of specific bacteria (35–37), just a few studies have addressed the direct effect of
e-cigs in susceptibility to infections in vivo. For instance, in the context of human infection, a
study showed that infection of e-cig users with live-attenuated influenza virus leads to higher viral
loads in nasal lavage fluid (31). In the context of mouse models, a study showed that exposure to a
commercial e-cig (NJOY menthol bold, containing 1.8% nicotine) for 2 weeks leads to increased
colony-forming units in the lungs upon challenge with Streptococcus pneumoniae (38). Finally, mice
exposed for 3months to e-cig aerosols (PG:VGwith 33mg/mLof nicotine) showed increasedmor-
tality after challenge with influenza A (39). In aggregate, these few studies demonstrate the need
for future studies addressing how e-cig use can impact susceptibility to infections and colonization
of potential pathogenic bacteria in the airways.

Asthma

Multiple studies have associated asthma and respiratory symptoms with e-cig use or secondhand
e-cig exposure in humans, although most of these studies are survey based. For instance, adoles-
cent surveys assessing inhaler use and asthma found an association of current e-cig use (within
30 days) with current asthma and previous asthma (40). Another study utilizing the 2017 Youth
Risk Behavior Survey data identified an association between current e-cig use and self-reporting
of asthma,with 29% of the e-cig cohort reporting a diagnosis of asthma, although they found ever-
use of an e-cig to be 42% and current use to be 13%, with most current users being dual users
of both combustible tobacco and e-cigs (41). Similarly, a large study surveying 16–19-year-olds
reported asthma to be more common in current e-cig users and an association between second-
hand exposure to e-cigs and incidence of wheeze and uncontrolled asthma symptoms in general
(42).

To better define the effect of e-cigs in asthma, several studies have used murine models. A study
exposing mice to e-cig aerosols concomitantly with ovalbumin-induced allergic inflammatory air-
way disease, a mouse model of asthma, found that the inflammatory response in mice exposed
to e-cig aerosols had increased airway recruitment of immune cells and higher levels of the Th2
cytokine IL-13 but reduced transforming growth factor β1 (TGF-β1) levels (43). In addition, a
different study assessing house dust mite–induced asthma in mice exposed to e-cig aerosols with
and without different flavorants showed reduced airway inflammation in all mice exposed to e-cig
aerosols containing nicotine. In addition, they also found an increase in peripheral airway hyper-
responsiveness with specific flavorants but not with others, suggesting that flavored e-cigs without
nicotine had significant but heterogeneous effects on features of allergic airways disease (44). Fur-
ther research elucidating the effects of various e-cig components, such as chemical flavorants, on
asthma is necessary to better characterize the associated pathophysiology.

COPD

A common disease in chronic smokers is COPD,which is a chronic inflammatory lung disease that
causes obstructed airflow from the lungs. A significant association has been found between e-cig
use and COPD among former combustible cigarette smokers and those who reported never using
combustible cigarettes, where the odds of having COPD were significantly greater for daily e-cig
users, occasional users, and former users compared with never e-cig users (45). Moreover, it has
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been found that COPD patients that use e-cigs have higher neutrophil and lower macrophage cell
counts in sputum as compared to those COPD patients using conventional cigarettes only (46).
Finally, in a mouse model of COPD, it was observed that exposure to e-cig aerosols can increase
airway enlargement, mucus secretion, and fibrogenesis. In addition, multiple cytokines such as
macrophage colony stimulating factor (M-CSF), IL-1ra, IL-10, and TGF-β1 were increased in
bronchoalveolar lavage (47). Thus, it is important to consider that switching to e-cigs may not
necessarily help reduce the effects of smoking on COPD symptoms, although more studies are
necessary to determine this.

Respiratory System Summary

The respiratory tract is the primary entry for e-cig aerosols and cigarette smoke (including sec-
ondhand exposures), which are well-known causes of numerous deleterious effects on respiratory
systems. Our understanding of the mechanisms by which e-cig aerosol exposure affects the respi-
ratory system is paramount to determining their impact on other coexposures, lung diseases, and
lung injury. The use of e-cigs has significant implications for pulmonary physiology and function.
Furthermore, the effects of e-cig aerosols in lungs remain mostly reliant on animal studies. Due
to the known effects of e-cigs on physiology and inflammation, there is a need for more studies
addressing susceptibility to infections as well as to inflammatory conditions such as asthma and
COPD, our current knowledge of which is primarily based on observational studies. Since asthma
andCOPD are diseases with both airway obstruction and inflammation, it is likely that e-cig use by
patients with either disease will worsen the severity of their underlying lung disease. The clinical
and physiologic effects caused by e-cig vaping may be less than those caused by tobacco cigarette
smoking, but we cannot draw concrete conclusions without more longitudinal studies and further
investigations into the effects of the various e-cig components and e-liquid contents.

E-CIGS AND THE CARDIOVASCULAR SYSTEM

Conventional cigarette smoking is well-known to cause a multitude of harmful effects on the hu-
man cardiovascular system (48–50). Whether the more recent nicotine delivery devices (e-cigs)
will do the same remains unknown. Current prospective data are limited to short-term e-cig use
or acute effects and focus on young, healthy adults who have a lower incidence of cardiovascular
disease. Furthermore, e-cigs vary greatly in their chemical composition, and new e-cig develop-
ment has outpaced research. Therefore, to what degree the available data we have are applicable
to these newer devices is unknown.

Systemic Blood Pressure and Arterial Stiffness

Current evidence demonstrates that e-cig use causes acute increases in systemic blood pressure
(51–54). A systematic review found that e-cigs increased systolic and diastolic blood pressure by
an average of 2 mm Hg in a pooled analysis (55). These findings are mostly attributed to sym-
pathetic nervous system activation by nicotine (51); however, one study did show an increase in
blood pressure with nicotine-free e-cigs (56). In people who switch from conventional cigarettes to
e-cigs, there is a reduction in systemic blood pressure (57) by a mean of 7 mm Hg (55). Con-
ventional cigarette smokers who use an e-cig do not have an increase in blood pressure, unlike
when they smoke conventional cigarettes (53). Thus, it appears that e-cigs increase systemic blood
pressure, but switching from conventional cigarettes to e-cigs decreases blood pressure.

Several clinical studies have shown that e-cigs increase arterial stiffness (56, 58–60), although
whether this effect is nicotine dependent is unclear. However, there is some variability in the way
arterial stiffness is measured, and some studies do not show an increase (53). A cross-sectional
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study did not find an increase in arterial stiffness in e-cig users versus non-e-cig users (61). Thus,
data are currently mixed.

Heart Rate and Cardiac Function

Multiple studies have shown an increase in heart rate with e-cig use (62). In a pooled analysis, heart
rate was increased by a mean of 2 bpm, although there is significant variability in these data (55).
Only a single clinical study has examined the effect on cardiac function using echocardiography
and did not identify any changes (63). This study was examining acute effects of e-cig use, but in
animals, no changewas seen in heart rate, stroke volume,or cardiac output after chronic (8months)
e-cig use (64).

Vascular Endothelium

Many studies show that e-cigs cause acute endothelial dysfunction, including impaired vasodila-
tion (56, 60, 65, 66), decreased bioavailability of NO (61), and decreased NO production from
endothelial cells (66).Whether these effects are nicotine dependent remains unclear. In vitro, ex-
posure to e-cig extract increases endothelial permeability (67), and while nicotine itself damages
the endothelium, other e-cig constituents, including acrolein, PG, and glycerol, also damage the
endothelium (67).

In humans, the data are mixed. In a study of never smokers, nicotine-free e-cig use did not
cause acute changes in endothelial function, as measured by flow-mediated vasodilation (68). Fur-
thermore, a study of traditional cigarette smokers who were randomized into four groups to quit
with the aid of behavioral therapy, nicotine-replacement therapy, and nicotine-containing and
nicotine-free e-cigs found that there were no differences in cardiovascular outcomes (mean arte-
rial pressure, flow-mediated dilation) between groups (69). Yet, another study found that cigarette
smokers who switch to e-cigs have lower blood pressure and heart rate and some markers of
improved endothelial function (70). One possible explanation for these conflicting data is the
variation of nicotine content within e-cig devices. These studies were conducted with users of
second- and third-generation e-cigs, which had far lower concentrations of nicotine (2–6 mg/mL)
relative to both conventional cigarettes and the e-cigs on the market today (59 mg/mL). Several
studies show that e-cig use increases biomarkers related to endothelial damage (66, 71, 72) and
biomarkers of oxidative stress (51, 56, 59, 65, 66). These effects were seen in e-cigs with and with-
out nicotine, although the effects are less than those seen in traditional cigarettes (59, 65, 66). Yet
again, a large observational study did not demonstrate an increase in markers of oxidative stress
and inflammation in sole e-cig users, unlike in traditional cigarette or dual users (73).

Long-Term Cardiovascular Effects and Risk of Myocardial Infarction

Long-term effects of e-cigs in humans are not yet known due to their recent introduction into
the market. In mice, 8 months of nicotine-containing e-cig exposure increased arterial stiffness,
enhanced sensitivity to vasoconstriction, and reduced simulated vascular relaxation, similar to con-
ventional cigarettes (64). Animal studies demonstrate that nicotine-containing e-cigs cause early
atherosclerotic changes inmice. Both nicotine-containing and nicotine-free e-cigs cause increased
platelet activation, reactivity, and aggregation (74, 75). However, in general, the prothrombotic
effects of e-cigs are less than those of traditional cigarettes (76). Results from clinical studies are
mixed. In a retrospective study using UK National Health Service self-reported data between
2014 and 2016, daily e-cig use was independently associated with increased odds of having a myo-
cardial infarction (77). However, many of the e-cig users were former conventional smokers, and
thus separating specific effects of e-cigs is difficult. A study of the same data set between 2016 and
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Vascular e�ects
Arterial sti�ness

Endothelial damage
Oxidative stress

Platelet aggregation
In�ammation

Increased vascular tone
Increased systemic

blood pressure

Cardiac e�ects
Increased heart rate

Oxidative stress
Possible increased risk of MI

Figure 2

Effects of e-cigs on the cardiovascular system. E-cig use has been associated with significant vascular
alterations, including arterial stiffness, endothelial damage, oxidative stress, platelet aggregation, and
inflammation. These changes can contribute to increased heart rate, heightened oxidative stress, and
increased risk of myocardial infarction (MI). Additionally, e-cig-induced vascular changes are characterized
by increased vascular tone and systemic blood pressure. Figure adapted from images created in BioRender;
Wold L. 2025. https://BioRender.com/jgc1s2a.

2017 did not show any association (78), and a review of US self-reported data from 2013–2019
did not demonstrate a difference in cardiovascular disease risk in sole e-cig users versus nonusers
of tobacco products; however, nonusers included former smokers. Further, the risk of dual use
(e-cigs and conventional cigarettes) was similar to pure cigarette use (79).

Cardiovascular System Summary

Despite the multitude of both clinical and nonclinical studies investigating the effects of e-cigs
on cardiovascular outcomes, the data remain incomplete. Many clinical studies include former
conventional cigarette smokers, and few have examined the effects of e-cig use on people with
preexisting cardiovascular conditions. Many studies examining the acute effects of e-cigs on
cardiovascular measures demonstrate adverse effects, including increases in systemic blood pres-
sure, heart rate, arterial stiffness, and markers of endothelial damage (Figure 2). Whether the
acute effects of e-cigs will translate into a higher risk of cardiovascular disease remains to be
seen, and prospective clinical trials of long-term e-cig use and variations in e-cig products are
needed.

CENTRAL NERVOUS SYSTEM

When compared to studies on tobacco smoking, there is a paucity of knowledge regarding the
effects of ENDS on the central nervous system.With thousands of vapers in their 40–60s, it is im-
portant to understand the impact on cerebral vasculature and stroke risk. Furthermore, the impact
of e-cig use on the blood-brain barrier (BBB) is important to unpack. Finally, given that their core
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ingredients are highly addictive, their impact on mood, behavior, memory, and neurocognition is
of great interest.

Cerebrovascular Effects

Several animal studies have investigated mechanisms by which e-cigs may affect cerebral vas-
culature and stroke pathophysiology. Mice exposed to e-cig aerosols and subsequently to
oxygen-glucose deprivation to simulate ischemic stroke conditions were noted to have decreased
expression of glucose transporters GLUT1 and GLUT3 and overall decreased glucose utilization
in brain tissue, thought to enhance brain injury following ischemic stroke (80). Complementary
results were found by Kaisar et al. (81) via transient middle cerebral artery occlusion (tMCAO),
a model of ischemic stroke. Mice exposed to e-cig aerosols had increased brain oxidative stress
following stroke conditions with decreased activation of Nrf2, a transcription factor involved in
antioxidant defenses. Another murine study utilizing tMCAO found that ischemic brain injury
was significantly worsened after JUUL exposure, also with downregulation of Nrf2, although the
impact was not as great as that seen after tobacco smoking (80). Both tobacco smoke and e-cig
aerosols were found to disrupt the mitochondrial membrane potential of brain microvascular en-
dothelial cells, which may increase the risk of cerebrovascular disease. E-cig aerosols also seem to
affect the brain lipidome, with rats exposed to e-cig aerosols having significantly increased satu-
rated fatty acids and decreased polyunsaturated fatty acids; fatty acid composition determines an
atherogenic index as well as a thrombogenic index (82).

Data on human studies regarding stroke and e-cig use are conflicting and currently limited to
cross-sectional observational work. Several studies have shown an increased risk of stroke in hu-
mans utilizing e-cigs (83–85). However, a 2022 meta-analysis showed that the increase in stroke
risk due to e-cig use was no longer statistically significant when a subgroup analysis removed indi-
viduals who had previously used combustible tobacco (86). Another human cross-sectional study
found that sole e-cig users did not have increased risk of stroke compared to nonsmokers; however,
the findings were not age matched, with sole e-cig smokers being much younger than conven-
tional cigarette smokers (87). As a 2023 viewpoint article states, understanding the relationship
between e-cig use and stroke in humans requires further high-quality, longitudinal, epidemiolog-
ical data, especially given adolescent usage and reverse causality in current cross-sectional data
(88).

Effects on the Blood-Brain Barrier

E-cigs may also impact the BBB. Kaisar et al. (81) demonstrated that tobacco smoke and e-cig
aerosol exposures both decrease the expression of tight junctional proteins involved in the BBB,
increase the permeability of dextran across the BBB, and increase inflammatory markers at the
same site. Subsequent studies have shown that inhalation of e-cig aerosols alters the transcriptome
of the BBB (89). Interestingly, this effect was more pronounced after exposure to nicotine-free e-
cig aerosols than with nicotine-containing e-cigs. This study also utilized a dextran tracer as a
marker of BBB permeability and found that while e-cig exposure without nicotine increased BBB
permeability, e-cig exposure with nicotine did not, suggesting a potential neuroprotective role of
nicotine (89). While these studies conclude that e-cigs have adverse effects on the BBB, the role
of aerosol components remains incompletely understood.

Neurocognitive Effects

Another area of interest is the neurocognitive effects of e-cigs. Broadly, studies have identified
decreased interest and reduced short-term memory function associated with e-cigs (90), as well
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as more compulsive withdrawal behavior relative to tobacco smoke (91), with changes in visual
attention, depressive behavior, compulsive behavior, and anhedonia. E-cig flavors may modulate
addictive behavior, independent of other e-cig constituents (for a full review of neurocognitive
effects, please see the Supplemental Appendix).

Central Nervous System Summary

E-cig exposure can potentially lead to increased stroke risk and deterioration of the BBB. Further-
more, various rodent studies show that e-cig exposure leads to changes in neurocognitive function.
Different components of e-cigs show variable effects in the central nervous system, and further
studies on individual components and flavors of e-cigs are needed.

DIGESTIVE SYSTEM

There are relatively few studies on the effects of e-cigs on the digestive system,most of which focus
on the liver, and almost all are preclinical studies. There are very few clinical data linking e-cigs
to digestive health, even though 77% of patients with EVALI present with gastrointestinal (GI)
complaints, including nausea, vomiting, diarrhea, and abdominal pain, and 47%have elevated liver
enzymes (92). There are case reports of non-EVALI-associated liver damage (93). Despite this,
a retrospective review of National Health and Nutrition Examination Survey (NHANES) data
from 2015–2016 showed increased, but not significant, reports of GI symptoms in e-cig users,
including nausea, vomiting, constipation, and diarrhea (94).

Hepatic Effects

E-cigs have been shown to have multiple detrimental effects on the liver in preclinical studies, in-
cluding inducing liver inflammation (95), oxidative stress (96), and altered lipid metabolism (97).
Chronic (3–6 months) daily exposure to e-cig aerosols containing nicotine induces hepatic fibro-
sis in mice (98). E-cig (with nicotine) aerosol exposure has also been shown to increase hepatic
steatosis in animal models of metabolic-associated fatty liver disease (99). The exact constituents
of the e-cigs that are responsible for these findings are not clear. Certain ingredients, such as glyc-
erol and PG, are well-documented hepatotoxins (100). However, the roles of other ingredients,
including nicotine itself, are less well-defined. For instance, in some studies, the addition of nico-
tine to the e-cig vape was necessary to alter bile acid and fatty acid metabolism and cause histologic
liver damage (101), hepatic oxidative stress, and mitochondrial damage (102). However, specific
flavors such as mango and mint from JUUL e-cigs did not induce liver fibrosis at 1 or 3 months
(103). Thus, while most data suggest that e-cigs have harmful effects on the liver, more research
is needed to assess how variations of e-cigs induce liver pathology.

Effects on the Gut

Most of the data we have on the effects of e-cigs on the gut come from animal models and are
focused on the colon. E-cig aerosol inhalation causes inflammation and reduces gene expression
associated with the epithelial barrier in the colon of mice after chronic (3 months) exposure
(104). In vitro studies using human colon organoids similarly show a disruption of epithelial
barrier function and increased inflammation, as well as increased susceptibility to infection with
Escherichia coli (104). What is interesting about this study is that these findings are only seen with
the nicotine-free e-cig vape. When nicotine is included, these findings are reversed (104), which
is not completely unexpected given that nicotine has been shown to have barrier-tightening
and anti-inflammatory effects in the large bowel (105, 106). However, another study found that
4 weeks of nicotine-containing e-cig vape exposure induced colonic damage in rats (107), and in
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a study examining two different flavors of JUUL e-cigs, subacute (1 month) vape exposure led to
increased inflammatory cytokines in the colons of mice, but this effect disappeared at 3 months
(103). Thus, these contradictory effects on colon inflammation are likely due to differences in
exposure, duration, and e-cig constituents.

Gut Microbiome

In mice, e-cig exposure has variable effects on the gut microbiome, with some studies showing no
effect (97) and others showing a shift in diversity with e-cig exposure independent of whether they
contained nicotine. Human data are limited, and in a small study (n = 30), e-cigs did not alter the
gut microbiome, although this cohort was mostly men (108). Of note, e-cigs appear to adversely
alter the oral microbiome (109).

Summary of the Digestive System

Preclinical data suggest that e-cigs cause liver damage, including inflammation, oxidative stress, al-
tered lipid metabolism, increased metabolic-associated liver diseases, and even fibrosis (Figure 3).
E-cigs may also cause colonic inflammation and disruption in the epithelial barrier, although the
impact of nicotine in e-cigs is unclear. Effects of e-cigs on the gut microbiome are not well studied,
and effects on other GI organs, including the pancreas, have not been investigated. Furthermore,

E-cigarette exposure
(preclinical studies only)

Liver

Colon

Gut microbiome

Pancreas

Unknown e�ects

Small intestine

Unknown e�ects

Altered in some
studies

In�ammation
Oxidative stress
Fibrosis
Risk of steatohepatitis
Altered lipid metabolism

In�ammation
Disruption of
epithelial barrier
Susceptibility to
bacterial infection

Figure 3

Effects of e-cigs on the gastrointestinal system. Preclinical studies into the effects of e-cig exposure have
revealed adverse impacts on both the liver and colon. E-cig exposure is known to elicit inflammation,
oxidative stress, and fibrosis in the liver, heightening the risk of steatohepatitis and altering lipid metabolism.
Similarly, in the colon, e-cig exposure has been associated with inflammation, compromised epithelial barrier
integrity, and increased susceptibility to bacterial infections. Studies exploring alterations in the gut
microbiome have yielded conflicting findings, and studies investigating effects on the pancreas and small
intestine remain unclear. Figure adapted from images created in BioRender; Wold L. 2025. https://
BioRender.com/hd40u0g.
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there are few clinical data on the role of e-cigs in digestive health, despite GI complaints being
relatively common among e-cig users.

ENDOCRINE SYSTEM

Systemic E-Cig Effects

Given the systemic effects of e-cigs in extrapulmonary tissues, there is a need to review the impact
of e-cigs on circulating metabolites, particularly regarding systemic inflammation, dyslipidemia,
and glucose intolerance that may alter the risk for disease development.

Several cross-sectional studies have investigated the association between e-cig use and glucose
intolerance (110–113). Dual users of e-cigs and conventional tobacco had significantly higher
HbA1c than nonsmokers (110). Female dual users were more likely to have high fasting plasma
glucose levels compared to nonsmokers [odds ratio (OR) 2.73, 95% confidence interval (CI)
1.02–7.31] (111). Further, current e-cig users were more likely to have self-reported prediabetes
compared to never e-cig users (OR 1.97, 95%CI 1.26–3.10), especially male e-cig users (OR 2.36,
95%CI 1.26–4.40) (112).However, no significant differences between e-cig users and nonsmokers
in glucose tolerance and insulin sensitivity were found (113).

Although human data remain inconclusive, animal data support an association between e-cig
exposure and impaired glucose tolerance. A study of ApoE knockout mice exposed to e-cigs with
and without nicotine, conventional cigarettes, and ambient air found that mice exposed to ei-
ther e-cigs with nicotine or conventional cigarettes had significantly decreased insulin sensitivity.
However, exposure to e-cigs without nicotine did not have this effect, suggesting nicotine may
drive glucose dysregulation (114). Conversely, intraperitoneal administration of e-cig liquids with
and without nicotine in rats had a negative impact on glucose metabolism, resulting in higher
plasma glucose levels and reduced hepatic glycogen storage (102), suggesting that non-nicotine
e-cig components may also contribute to the development of metabolic syndrome (MetS).

One in vivo study investigated the effect of switching from conventional cigarettes to e-cigs
during pregnancy. Dams were exposed to conventional cigarette smoke and half the dams were
switched to e-cig aerosol exposure during mating, pregnancy, and feeding until pups were weaned.
In dams, glucose metabolism was altered after exposure to conventional cigarettes compared to
air, as evidenced by lower plasma insulin levels and higher hepatic glucose metabolism markers
(GLUT4, PPAR-γ, PGC-1α, and FOXO1) (115). Switching to e-cigs normalized plasma insulin
levels and all hepatic glucose metabolism markers except GLUT4. Offspring mice demonstrated
decreased glucose tolerance in the pups of dams exposed to conventional cigarettes, which per-
sisted even when dams were switched to e-cig exposure (115), thus reinforcing complete smoking
and vaping cessation during pregnancy.

An examination of the plasma of e-cig users compared to never smokers and vapers found
e-cig use to be associated with decreased concentrations of several tricarboxylic acid (TCA)
cycle metabolites: (2R,3S)-2, 3-dimethylmalate, d-glucose, (R)-2-hydroxyglutarate ((R)-2-HG),
O-phosphorylethanolamine, malathion, d-threo-isocitrate, malic acid, and 4-acetamidobutanoic
acid (N-acetyl-GABA) (116). Assessment of the plasma metabolome of mice found alterations to
TCA metabolites as well (117): specifically, alterations to amino acid metabolism in relation to
the α-ketoglutarate in the TCA cycle. Interestingly, the dysregulated TCA metabolites in hu-
mans were unique to e-cig users, highlighting the differences in exposures between e-cigs and
conventional cigarettes.

Circulating Lipid Mediators

Cross-sectional studies, using Korean National Health and Nutrition Examination Survey
(KHANES) data, support an association between e-cig use and altered lipid metabolism (111,

338 Mears et al.
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118). Conventional cigarette smoking and dual use in females were found to have an increased
risk of developing MetS compared to nonsmoking females (OR 1.80, 95% CI 1.02–3.18 and OR
4.02, 95% CI 1.48–10.93, respectively). Female dual users were also more likely to have elevated
triglycerides (OR 3.90, 95% CI 1.54–9.89) (111). Current e-cig users were shown to have sig-
nificantly greater waist circumference, higher triglycerides, and higher diastolic blood pressure
compared to nonsmokers, contributing to a higher risk of MetS (118). Indeed, e-cig users were
more likely to haveMetS (OR 1.40, 95%CI 1.08–1.81); however,most e-cig users included in this
study were dual users, obscuring the effects of e-cigs alone (118). A secondary analysis of the 2015–
2018 US NHANES found data in agreement with findings from the KHANES data. Among the
included NHANES participants there was increased prevalence of MetS reporting among pre-
vious [percentile rank (PR) 1.15, 95% CI 1.03–1.28] and current (PR 1.30, 95% CI 1.13–1.50)
e-cig users compared to never users (119). The authors found similar elevations in triglycerides
in current e-cig users (PR 1.42, 95% CI 1.15–1.75) and former (PR 1.23, 95% CI 1.07–1.41) e-
cig users. However, these associations may be driven in part by dual users who were even more
likely to report MetS (PR 1.53, 95% CI 1.22–1.91) and elevated triglycerides (PR 1.40, 95%
CI 1.11–1.75) compared to never e-cig users as no significant elevation was found among ex-
clusive e-cig users that never used conventional tobacco. Another clinical study analyzing various
lipid species in smokers demonstrated that e-cig use did not significantly alter the plasma lipidome
when compared to nonsmokers (120). These findings are notable in highlighting the added risk of
combining conventional tobacco smoking with e-cig use, with higher rates of MetS and elevated
triglycerides, in particular. Also highlighted was a lack of benefit in switching from conventional
tobacco to e-cigs in terms of lipid profile effects (120).

Animal models of the effects of e-cigs on lipid metabolism have conflicting results. ApoE
knockout mice exposed to e-cig aerosols, with and without nicotine, and conventional cigarette
smoke had significantly higher total cholesterol (TC), triglycerides, and low-density lipoprotein
(LDL) and lowered high-density lipoprotein (HDL) compared to control mice exposed to am-
bient air, suggesting that dyslipidemia may be induced by e-cig exposure regardless of nicotine
content and to a similar degree as with conventional cigarettes (114). However, in rats, e-cig ex-
posure, with and without nicotine, showed a favorable impact on lipid metabolism, with lowered
TC and LDL. Rats also had lower TC/HDL and LDL/HDL ratios, suggesting decreased car-
diovascular and atherogenic risk (102). These data may represent species-specific responses to
inhalants.

A comprehensive survey of inflammatory mediators found increased IL-1β, IL-6, IL-8,
IL-13, interferon (IFN)-γ, matrix metalloproteinase-9, and intercellular cell adhesion molecule-1
in e-cig users (121). The survey also found significantly decreased concentrations of the prore-
solving lipid mediators resolvin D1 and D2 in plasma from e-cig users compared to nonusers
(121).

Summary of E-Cig Systemic Endocrine Effects

E-cig aerosols have been associated with increased insulin resistance, altered glucose tolerance,
increased reactive oxygen species production, and adipose inflammation that may contribute to
risk for development of subsequent cardiometabolic diseases (Figure 4).

Effects of E-Cigs on Hormones

In addition to circulating metabolites, there are several hormones produced by the endocrine sys-
tem that exert varying effects on their target tissues. Currently, data on the effects of e-cigs on
the endocrine system are limited, highlighting a need for more research that includes population
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Endocrine metabolic e�ects

Glucose tolerance

Dyslipidemia

Risk of metabolic syndrome
Downregulated TCA metabolites

Triglycerides
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TC

HDL

Figure 4

Impact of e-cigs on the endocrine axis. E-cigs induce a variety of endocrine metabolic effects, including
decreased glucose tolerance, dyslipidemia, downregulation of TCA metabolites, and an increased risk of
developing metabolic syndrome. Abbreviations: HDL, high-density lipoprotein; LDL, low-density
lipoprotein; TC, total cholesterol; TCA, tricarboxylic acid. Figure adapted from images created in
BioRender; Wold L. 2025. https://BioRender.com/y1gsod0.

studies. Epidemiological data on the effects of e-cig use on reproductive hormones are limited.
A cross-sectional study that analyzed 1,221 Danish men found that there were no differences in
plasma concentrations of reproductive hormones [follicle-stimulating hormone (FSH), luteiniz-
ing hormone (LF), sex-hormone binding globulin (SBH), testosterone, estradiol, or inhibin-B]
between e-cig users and nonusers (122) (Figure 5). However, e-cig users did have significantly

Men Women

No changes in
FSH, LH, or SBH

Lack of evidence

?

Reproductive (body-wide) e�ects

Figure 5

Impact of e-cigs on hormones. Currently, no effects have been found from e-cig exposure on male levels of
follicle-stimulating hormone (FSH), luteinizing hormone (LH), and sex-hormone binding globulin (SBH).
The effects of e-cig exposure in females remain largely understudied. Figure adapted from images created in
BioRender; Wold L. 2025. https://BioRender.com/1iel70o.
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lower sperm concentrations and total sperm counts. Notably, a third of e-cig users included in
this study were dual users, so it is unclear whether these effects can be attributed to e-cigs alone
(122).

E-Cig Effects on Reproductive Organs, Gestation, and Development

Animal studies suggest that e-cigs have an adverse effect on the reproductive organs. Intraperi-
toneal injection of e-cig liquid, with and without nicotine, into male rats resulted in significantly
decreased sperm count and sperm viability, as well as decreased plasma testosterone levels (102).
Additionally, altered morphology of the testes was observed based on disorganized tubular con-
tents, germ cell desquamation, and decreased expression of testosterone synthesis genes and
enzymes involved in testosterone production (102). Similarly, inhalation of e-cig aerosol in rats
was associated with decreased catalytic activity of 3β-hydroxysteroid dehydrogenase (HSD),
17β-HSD, and glucose-6-phosphate dehydrogenase and testicular toxicity evidenced by lower
testicular weight and gonadosomatic index (123). The activity of sorbitol dehydrogenase, a
testosterone-dependent enzyme, was also decreased (123). Both studies hypothesized oxidative
stress as a mechanism of testicular toxicity, supported by the increased activity of antioxidant en-
zymes, presence of sulfhydryl groups, and increased protein carbonyl formation and lipid oxidation
products (102, 123) (Figure 6).

E�ect of e-cigarettes on reproductive organs

Ovary

Testes

Oxidative stress

Antioxidant capacity

Sperm count, motility,
concentration, viability

Steroidogenic enzyme
(17β-HSD, 3β-HSD)

Altered follicle
morphology

Oxidative stress

Antioxidant capacity

Figure 6

E-cig effects on reproductive organs. E-cig exposure in males has been shown to decrease steroidogenic
enzymes, antioxidant capacity, and sperm count, motility, concentration, and viability, as well as increase
oxidative stress within the testes. E-cig exposure in females has been shown to alter ovarian follicle
morphology as well as increase ovarian oxidative stress and decrease ovarian antioxidant capacity.
Abbreviation: HSD, hydroxysteroid dehydrogenase. Figure adapted from images created in BioRender;
Wold L. 2025. https://BioRender.com/459zwkv.
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Morphological assessment of rat ovaries cultured in vitro and exposed to e-cig liquids contain-
ing low and high nicotinic salts or flavor demonstrated decreased percentages of normal follicles
and decreased estradiol concentrations (124). Further analysis of the exposed ovaries found in-
creased markers of oxidative stress, including impaired super oxide dismutase (SOD), catalase, and
glutathione peroxidase activity (124). Thus, oxidative stress may serve as a common mechanism
underlying altered reproductive organ function (Figure 6).

Reproductive Organs Summary

Within the male reproductive system, e-cig exposures correlate with decreased sperm motility,
sperm concentration, and sperm viability and overall testicular toxicity and infertility. In the fe-
male reproductive system, effects of e-cig exposure on oocytes, ovaries, and infertility are largely
unknown (Figure 6). Most existing studies investigate associations observed in animal studies,
highlighting a need for longitudinal studies to determine causality and mechanisms underlying
these changes. Data thus far have shown that prenatal exposure to e-cigs alters the physiology
of every organ system, indicating that e-cig use is not safe during pregnancy, particularly for the
developing fetus (for a full review of in utero effects, please see the Supplemental Appendix).

E-CIGS AND THE URINARY SYSTEM

Traditional cigarettes are associated with reduced renal function, particularly with a background
of hypertension or diabetes, but there are limited data on the effects of e-cigs on the kidney (125,
126). E-cigs are thought to potentially impact chronic kidney disease pathophysiology via ultrafine
particles and flavoring, not just nicotine (127).

Rats treated with intraperitoneal e-liquid without nicotine for 28 days had no increase in cre-
atinine and no histological evidence of damage to the glomeruli. However, kidneys from the rats
showed dark nuclei in the collecting ducts and increased total protein and sulfhydryl groups, in-
dicating oxidative stress (102). Another study found that daily inhalation of e-cig aerosols for
3–6 months led to an increase in profibrotic genes and decreased glomerular filtration, raising
concerns regarding renal-toxic effects of e-cigs with long-term use (98). Interestingly, a study
combining the impact of a high-fat diet and nicotine e-cigs in a mouse model showed that after
5 weeks of exposure, there was an increase in damaged DNA and profibrotic markers in the kid-
ney. Even with the high-fat diet and nicotine-free e-cig vapor there was a suppression of kidney
mitochondrial oxidative phosphorylation complexes (128). In humans, a cross-sectional study of
young volunteers showed that 94% had albuminuria, which is higher than among conventional
tobacco smokers (129).

The next area of concern is risk of urothelial cancer, given the existing association with nicotine.
There are limited murine studies; however, findings showed increased levels of mutagenic O6-
methyldeoxyguanosines and γ-hydroxy-1,N2-propano-deoxyguanosines in the bladders of mice
exposed to e-cigs (130). Furthermore, 58% of mice exposed to e-cig aerosols daily for 54 weeks
showed bladder urothelial hyperplasia, versus 6% of controls (131). There is evidence that there
are increased levels of carcinogens in the bladder after e-cig use.However, only one cross-sectional
human study showed an increase in bladder cancer in e-cig users compared to nonsmokers
(132).

To summarize,murine studies on the effects of e-cig exposure on the urinary system are scarce,
with only a few investigating mechanisms of action through changes in gene expression, oxidative
stress, and increased markers of renal tubule injury. Although it may still take several years to
obtain human epidemiologic data on the incidence of bladder cancer following exposure to e-cigs,
these studies suggest that e-cigs are carcinogenic and drive pathologic changes in the urothelium.
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Further investigation that focuses on the various constituents of e-cigs may also elucidate the
pathophysiology driving the carcinogenic effects on the urinary system.

E-CIGS AND THE MUSCULOSKELETAL SYSTEM

Conventional cigarettes have negative effects on muscles, cartilage, tendons, and ligaments and
reduce bone density, leading to increased risk of fracture (133). The potential for e-cigs to have
similar adverse effects is especially important, given the high prevalence of e-cig use in adolescents
who still have maturing bones.

Most data on e-cigs and the skeletal system come from in vitro studies. E-liquid causes re-
duced cell viability in osteoblast-like cells, with variations between different flavorants (134–136).
However, there are conflicting results regarding whether these effects are independent of nico-
tine content (134, 136). E-liquid appears to be cytotoxic to these cells, as well as to impair bone
marrow–derived mesenchymal stem cell differentiation into osteoblasts (137). E-cig vapor also
impairs osteoblast function (138). The exact e-cig constituents responsible for these findings have
yet to be identified, although certain chemicals, including acetaldehyde and acrolein, have been
shown to impair bone health in vitro (139, 140). Despite these in vitro data, only one in vivo study
has been performed, where 6 months of e-cig vapor exposure did not decrease bone density in
ApoE−/− mice, but it did negatively impact bone architecture, with microfractures noted in the
femurs. Of note, this study was performed in ApoE-deficient mice in order to best model cardio-
vascular outcomes; however, these mice have increased bone mass when compared to wild-type
mice, so it is unclear whether these results are applicable to other models (141).

Clinical data are limited regarding bone health and e-cig use. A 2021 study using pooled 2017–
2018 NHANES data showed a significantly higher prevalence of self-reported fragility fracture in
e-cig users compared with nonusers (142). More clinical studies are needed to further assess the
relationship between bone health and e-cig use, as was recently highlighted in a systematic review
(143).

Less is known regarding the effects of e-cigs on muscles, tendons, and cartilage. In vivo, skele-
tal muscle from mice exposed to e-cig aerosols containing nicotine showed increased oxidative
stress and poorer muscle health (144). Nicotine-containing e-cig exposure impairs muscle force
development, running speeds, and regeneration from injury in mice (145). E-cigs alters tendon
properties, and rats exposed to e-cigs have impaired tendon healing (146).

To summarize, preclinical data suggest that e-cigs negatively impact osteoblast differentiation
and functioning, leading to compromised bone health; however, more in vivo experiments and
clinical studies are needed to investigate this further. Effects on tendons and skeletal muscle are
similarly negative, with animal data suggesting reductions in running speeds and recovery from
injury. More studies, especially in humans, are needed to further define possible adverse effects.

METHODOLOGICAL CHALLENGES

Understanding the health effects of e-cigs is complicated by several methodological issues. One
challenge is that many e-cig users in epidemiological studies are current or former cigarette smok-
ers. This overlap is problematic, as health effects observed among e-cig users may partially result
from prior or concurrent cigarette use. To address this issue, it is important that studies adjust
for cigarette use and, where possible, analyze groups separately (e.g., e-cig users, dual users, never
smokers) (147–150). Additionally, longitudinal studies that follow never smokers who begin using
e-cigs can help clarify the independent health effects of e-cigs (147–150).

Another methodological challenge in interpreting the health effects of e-cigs is the diversity
of e-cig devices and e-liquid composition (e.g., PG to VG ratios, nicotine concentration, chemical
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flavorants) (147–150). These variations lead to significant differences in chemical exposures and
may lead to different health outcomes in e-cig users. Thus, grouping all e-cig users together risks
overlooking these important differences. To address this challenge, it is important for future stud-
ies to incorporate detailed e-device and e-liquid characteristics. Translational and basic science
studies should prioritize the standardization of these variables whenever possible. Additionally,
meta-analyses may be particularly useful, as they may be able to categorize studies by e-device
type or e-liquid composition, leading to more precise conclusions.

CONCLUSIONS

The impacts of e-cigs are vast and encompass nearly all organ systems. While many have been
extensively studied (e.g., cardiovascular and pulmonary systems) (147–150), many others are not
well-described (e.g., musculoskeletal system). The most common effects of e-cig exposure occur
through increased oxidative stress and inflammatory responses, which are seen in almost every
organ system. However, the mechanisms underlying these changes in each organ system need
further study. Paradoxically, a protective role of nicotine is observed in many organ systems, and
with the increase in nicotine concentrations among new generations of e-cigs, it is important
to define the cellular and molecular mechanisms underlying these effects along with other e-cig
constituents, such as e-device type and flavors. With many similarities between general PM and
e-cig exposure effects, there is a concerning potential for a notable increase of these health effects
as e-cigs continue to become a large source of general PM. Further work must be done to educate
the public, policymakers, and health-care providers about the health effects of e-cigs.

SUMMARY POINTS

1. Electronic cigarette (e-cig) usage has grown substantially over their 15 years on the mar-
ket, and inhalation of the aerosol produced, commonly called vapor, is now known to
cause organ-specific effects.

2. E-cig vapor is an avoidable exposure.

3. E-cig aerosols are a significant source of particulatematter and have diverse effects across
the body.
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