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Abstract

As the use of electronic cigarettes (e-cigs) continues to in-
crease, especially among the youth and pregnant women, so
does the need for investigations into the effects of e-cig
aerosols on prenatal development and early life. Herein, the
most recent findings on the effects of e-cig aerosols during
pregnancy and early life are reviewed. The results of these
studies support the need for immediate action to further un-
derstand the potential harm that e-cigs may cause to pregnant
women and their children. The effects of e-cigs are completely
unknown in regard to human development. This review pro-
vides evidence that e-cigs may be harmful to early-life devel-
opment and that the use of e-cigs should be avoided during
pregnancy.
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Introduction
Tobacco product use during pregnancy is known to be a
major factor contributing to numerous adverse outcomes

that can affect both the mother and fetus [1]. Electronic
cigarettes (e-cigs) are one of the latest forms of tobacco
products and have gained increasing popularity since
their introduction in the United States in 2007. E-cigs
are advertised as a harm reduction tool to help in the
cessation of cigarette smoking [2]. E-cigs can be highly
addictive and have the capacity to deliver as much or
more nicotine as traditional cigarettes [3,4]. The e-cig
device is composed of a battery, heating element, and e-
cig liquid cartridge. E-cig liquid typically contains
Current Opinion in Toxicology 2019, 14:14–20
nicotine, flavorings, and humectants such as propylene
glycol and glycerol, which are vaporized by the heating
element and inhaled by the user.

The perception that e-cigs are a safer alternative to
traditional cigarettes because of reduced exposure to
hazardous chemicals and tar may lead some cigarette
smokers to switch to e-cigs during pregnancy. However,
the effects of e-cigs on early human development are
not currently understood, and there is little evidence to
support the claim that e-cigs are safer than traditional

cigarettes. Vaping of e-cigs changes the chemical
makeup of the e-cig liquid, producing aerosols that
contain a number of harmful by-products including
formaldehyde, trace metals, and small particulate matter
[5,6]. E-cigs may also pose a threat to nonusers through
second-hand exposure to e-cig aerosols or by third-hand
exposure through the accumulation of aerosol residues
on objects in the vicinity of vaping. As the use of e-cigs
continues to increase, so does the need for studies
investigating the health effects of e-cigs on pregnancy
and early development. Herein, we will review the most

recent findings related to e-cig use and its effects on
multiple facets of pregnancy and development.
Incidence of e-cig use
According to the 2017 National Health Interview
Survey, approximately 47.4 million US adults (19.3%)

are currently using tobacco products of any kind, and an
estimated 30% of these tobacco consumers are using
both e-cigs and traditional cigarettes [7]. Although
traditional cigarette smoking has diminished among
adults in the US, there is still a need to reduce overall
tobacco product consumption and exposure. Despite
efforts to reduce the incidence of tobacco product
consumption during pregnancy, global reports show that
as much as 52.9% of daily smokers continue to use to-
bacco products while being pregnant [8]. Smoking
during pregnancy exposes fetuses to nicotine and other

harmful chemicals in utero and raises the risk of adverse
outcomes for the mother and child.

Since their introduction to the market, e-cigs are being
used by both smokers and nonsmokers, including teens
and young adults. The 2018 National Youth Tobacco
Survey reports e-cigs as the most common form of to-
bacco product used among middle and high schoolers,
with 20.8% of high schoolers currently using e-cigs in
www.sciencedirect.com
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2018 [9]. The popularity of e-cigs among younger gen-
erations and people of childbearing age raises concern
for their impact on pregnancy and fetal development.
The addictive properties of nicotine and the perception
that e-cig vaping is a safer alternative to traditional
smoking may lead some individuals to use e-cigs during
pregnancy. In a study conducted in 2015, 11.9% of
pregnant women were categorized as current e-cig users

in a cohort of 382 women, which may indicate a sub-
stantial risk for public health [10]. There are limited
data investigating the effects of e-cigs during pregnancy,
and with an increasing trend of e-cig use among
vulnerable populations, it is necessary that short- and
long-term consequences of e-cig vaping be identified.
Current models
Owing to the nascent stage of e-cig consumerism, there
are few studies that report the short-term health effects
of e-cig vaping, and there are no examinations on the
effects of e-cig use during pregnancy or long-term health
effects of e-cigs on humans. For this reason, animal
models are necessary for identifying potential health
risks associated with e-cig use and pregnancy. To date,
the small number of animal studies that have investi-

gated the use of e-cigs during pregnancy reports com-
plications to fetal development ranging from physical
morphology to major organ system development and
function, having the potential to further impact adult
health (Figure 1), and they are summarized in the
following three sections. Recent animal models use
several species including rodents, amphibians, and fish.
A number of studies have also examined the effects of e-
cig liquid or condensed e-cig vapors on cell lines from
different organs [11e13]. Many of these studies propose
that nicotine is the major component attributing to
Figure 1

Effects of e-cig aerosols on pregnancy and early development. Summary of p
animal studies that have documented the effects of e-cigs on fetal developme
and function.
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negative health outcomes for the developing fetus.
Although studies have reported effects of nicotine
replacement therapies such as dermal patches, gum, and
inhalers during pregnancy, the current review is focused
on e-cig exposure [14e16]. Nicotine can easily pass into
fetal circulation and can reach blood nicotine concen-
trations that are equivalent to maternal levels [17]. In
animal models, there has also been evidence that re-

ported constituents other than nicotine in e-cig aerosols
may have harmful effects on the developing fetus [18e
24]. The current literature on e-cig use during preg-
nancy demonstrates that e-cigs can potentially harm the
fetus and necessitates tighter regulation of e-cig prod-
ucts and their use during pregnancy.
Impact of e-cigs on the cardiovascular
system
During pregnancy, the workload on the maternal car-
diovascular system increases dramatically. To compen-
sate, significant vascular adaptations occur, especially in
the uterine artery, the main vessel that delivers oxygen
and nutrients to the fetoplacental compartment [25].
Chronic nicotine exposure during pregnancy can impair
maternal vascular adaptations and decrease uterine

artery blood flow by approximately 40% in gestational
animal models, effectively reducing oxygen and nutrient
delivery [26e28]. The effects of nicotine may perma-
nently alter the intrauterine environment, which could
further compromise the physiological development of
major fetal organ systems [29]. Animal models of nico-
tine exposure during gestation reveal that nicotine can
have immediate and lasting effects on fetal and adult
offspring cardiovascular health. In sheep, prenatal
nicotine (25e30 mg/kg), delivered intravenously in late
gestation, resulted in increased arterial pressure and
otential health risks associated with e-cig use during pregnancy based on
nt ranging from physical morphology to major organ system development
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umbilical vascular resistance with diminished umbilical
blood flow and decreased heart rate accompanied by
various arrhythmias [27,30]. In the adult rat offspring,
early-life exposure to nicotine (6 mg/kg/day; osmotic
minipump) resulted in vascular oxidative damage,
increased contractility of the aorta, and reduced
maximal dilation of the aorta in the male offspring
[31,32]. These changes to the adult cardiovascular

system further increase the risk of major cardiovascular
diseases such as hypertension, atherosclerosis, and cor-
onary artery disease later in life.

Although there are a number of studies investigating the
effects of nicotine on the developing cardiovascular
system, there are only two reports on the effects of e-cig
aerosols. A recent study observed the effects of chronic
e-cig aerosol exposure during and shortly after preg-
nancy (gestational day 5 to postnatal day 10) on
maternal and fetal hemodynamics in a rat model [33]. A

custom-engineered vaping system was used to generate
and deliver e-cig aerosols that mimic the aerosols
Figure 2

Effects of e-cig aerosols on fetal and postnatal growth. Following gestational
day (GD) 20 and postnatal day (PND) 10, respectively, one day after the last
decreased compared with the pair-fed control and pair-fed juice groups (P <
compared with both the pair-fed control (P = 0.0002) and pair-fed juice group
decreased compared with the pair-fed control and the pair-fed juice groups on
P < 0.05. Adapted with permission from Orzabal et al [33]. SEM, standard er
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produced by commercial e-cigs to dams and neonates
(3 h/day, 5 days/week). In animals exposed to e-cig
aerosols containing nicotine, blood flow was significantly
decreased in the maternal uterine artery (Y49.50%) and
the fetal umbilical artery (Y65.33%) when compared
with pair-fed control animals near the end of gestation.
Decreased blood flow through these vessels was
accompanied by a reduction in fetal and pup weight and

crown-rump length (Figure 3). E-cig aerosols without
nicotine did not appear to have any significant effect on
hemodynamic measurements or growth parameters;
however, other studies have shown that postnatal
exposure to flavored e-cig aerosols without nicotine can
significantly decrease offspring weight [18]. In another
experiment utilizing a zebra fish model, Palpant et al.
[34] demonstrated that e-cig aerosol extracts (16 mg
nicotine/cartridge) can negatively affect overall heart
development and function in the embryo but to a lesser
extent than traditional cigarette extracts. The cardio-

vascular effects of e-cig aerosols during pregnancy
closely resemble those of tobacco smoke exposure
and postnatal vaping, fetal and pup weight were measured on gestational
vaping episode. (a) Mean fetal weight in the juice + nicotine group was
0.0001). (b) Pup weight in the juice + nicotine group was decreased
s (P < 0.0001). (c) Postnatal pup weight in the juice + nicotine group was
PND 4–10. Values are mean ± SEM, * indicates statistical significance,

ror of mean.
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Figure 3

Decreased cell proliferation in airspaces of neonatal mice exposed to 1.8% nicotine/PG. (a) Arrows point to KI67 staining in the airspaces of 10-day-old
neonatal mice. (b) Quantification of KI67 staining showed significantly less KI67 staining in 10-day-old neonatal mice chronically exposed to 1.8%
nicotine/PG compared with room air and 0% nicotine/PG-treated mice. (n = 8 per group; error bars reflect standard error of the mean). Adapted from
McGrath-Morrow et al [18]. NIC, nicotine; PG, propylene glycol.
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during pregnancy and prenatal nicotine exposure,
suggesting that much of the cardiovascular complica-
tions due to tobacco product use during pregnancy may

be derived from nicotine.
Impact of e-cigs on the pulmonary system
Prenatal nicotine exposure can alter fetal lung devel-
opment and is implicated as a source of pulmonary

dysfunction in the offspring of women who used tobacco
products during pregnancy [35]. In mouse (2 mg/kg/day;
osmotic minipump) and rhesus monkey (1.5 mg/kg/day;
osmotic minipump) models of prenatal nicotine expo-
sure, offspring lung development and function reflected
phenotypes that were similar to those found in human
studies of children who were exposed to tobacco prod-
ucts in utero [36e38]. Nicotine-induced disruptions to
fetal lung development are thought to be mediated by
an increase in nicotinic acetylcholine receptors located
on macrophages, epithelial lining cells, and fibroblasts

by promoting an abnormal pattern of growth throughout
the lungs [37,39]. In a mouse model, it was demon-
strated that the fetal lung was most sensitive to
nicotine-induced (2 mg/kg/day; osmotic minipump)
changes during the period from gestation day 14 to
postnatal day 7, similar to the later stages of lung
development in humans [37,40,41]. Histological exam-
ination of the rhesus monkey fetal lung after prenatal
nicotine exposure (1 mg/kg/day; osmotic minipump)
www.sciencedirect.com
showed decreased lung size and volume, with an in-
crease in collagen, wall thickness, and alveolar volume
[42]. Observations on the effects of tobacco products on

humans reveal that the reduced size and surface area of
the lungs after gestational tobacco use restricted normal
lung function by reducing respiratory compliance, forced
expiratory flow, and the tidal breathing ratio [1,43].
Impaired lung function after nicotine or cigarette smoke
exposure in utero is strongly correlated with incidence of
sudden infant death syndrome [44]. In addition to the
consequences directly to the offspring of mothers who
used tobacco products during pregnancy, it is now re-
ported that there may also be consequences to the
second generation of offspring because of epigenetic

factors induced by nicotine exposure [45]. The effects
of gestational nicotine exposure on lung development
may be lifelong and increase the risk of future respira-
tory complications, as well as impacting second-gener-
ation offspring by epigenetic mechanisms.

The dangers associated with gestational tobacco product
use and lung development are well documented and
raise concern for e-cig use during pregnancy; however,
there are only two studies that have investigated the
relationship between early lung development and

exposure to e-cig aerosols. To examine the effects of e-
cig aerosols with or without nicotine on postnatal lung
development in mice, McGrath-Marrow et al. [18] used
Current Opinion in Toxicology 2019, 14:14–20
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a whole-body environmental exposure technique to
expose neonatal mice to e-cig aerosols (18 mg/ml) from
postnatal day 1 to 9. In this study, they found that ne-
onates exposed to flavored e-cig aerosols with and
without nicotine resulted in decreased overall weight,
suggesting that constituents other than nicotine in the
aerosol may have harmful effects on offspring health. In
the neonates who were exposed to e-cig aerosols with

nicotine, postnatal alveolar growth was significantly
impaired compared with that of a room air control group
as determined by mean linear intercept measurements
taken from histological lung samples to measure the
distance between gas exchange surfaces. Exposure to e-
cig aerosols containing nicotine also decreased cell
proliferation in the airspaces, but there was no evidence
of apoptosis or oxidative stress among the three groups
(Figure 2). In a more recent study conducted by Chen
et al. [20], gestational exposure to e-cig aerosols with
nicotine (18 mg/ml; inhalation) and without nicotine

altered the levels of proinflammatory cytokines within
the lungs of adult offspring. This study also proposed
that DNA methylation may be a potential mechanism
for adverse effects on offspring health because of an
increase in global DNA methylation in the lungs of
offspring who were exposed to e-cig aerosols with and
without nicotine. It is important to note that the ob-
servations made in this study show that the effects were
only partially due to nicotine and that e-cig aerosols
other than nicotine may still be harmful to the devel-
oping fetus. These studies support the notion that

exposure to e-cig aerosols during early life can signifi-
cantly disrupt lung development and growth, which can
increase the risk of later respiratory morbidities.
Neurobehavioral effects of e-cigs
Because the effects of e-cig aerosols during pregnancy

and early life are still largely unknown, researchers are
exploring many different components of development
to understand the impacts of these next-generation to-
bacco products. The developing central nervous system
is particularly sensitive to nicotine exposure; thus,
several studies regarding the effects of developmental e-
cig exposure have focused on the neural and behavior
outcomes in the offspring [46]. Studies investigating
different regions of the brain in mice have found that
exposure to e-cig aerosols in early life can increase global
DNA methylation of the brain (18 mg/ml; inhalation),

alter the transcriptome of the frontal cortex (13e16 mg/
ml; inhalation), and dysregulate gene expression in the
hippocampus (13 mg/ml; inhalation) [21,22,24]. Mod-
ulation of DNA methylation and the transcriptome of
select brain regions suggests risk of chronic neuropa-
thology later in life. Reports of reduced cognitive
function and altered behavior patterns in adult offspring
were reported in mouse models of early-life e-cig
exposure (18e24 mg/ml; inhalation) [24,47]. Craniofa-
cial malformations have also been reported in an
Current Opinion in Toxicology 2019, 14:14–20
amphibian model of prenatal e-cig aerosol exposure (6e
24 mg/ml; extracts), and the strong correlation between
physical defects and neurological deficits implies that
central nervous system development may also be
impaired [23]. Nicotine-free e-cig aerosol exposure
during early life has been reported to induce increased
adiposity in offspring with dysregulation of neuronal
metabolic regulatory pathways [19]. Many of these

studies recorded neurological deficits after early-life e-
cig exposure even in the absence of nicotine, further
demonstrating the toxicity of e-cig aerosols on devel-
opment, and that e-cig use during pregnancy should be
avoided.
Concluding remarks
The popularity of e-cigs is increasing across all
demographics and especially among vulnerable popula-
tions such as teens and young adults [9]. The lack of
evidence in regard to e-cigs perceived safety over other
conventional tobacco products has raised great concern
for public health. The effects of e-cig aerosols on preg-
nancy and early human development are currently un-
explored because of the novelty of this tobacco product;
thus, animal models are critical in revealing and under-

standing the outcomes of e-cig use during pregnancy
[48]. The reports outlined within this review offer great
insight into the potential harm that exposure to e-cig
aerosols during early life may have on offspring devel-
opment. For these reasons, e-cigs may not be as safe as
previously believed, and pregnant women should not be
advised to use e-cigs or any tobacco product during
pregnancy.
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