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Abstract: Electronic cigarettes (e-cigs) recently increased their popularity as “safer” alter-
natives to traditional tobacco smoking, including among pregnant women. However, the
effect of e-cig exposure on fetal and neonatal developing lungs remains poorly investi-
gated. In this review, we analysed the impact of e-cig aerosol components (e.g., nicotine,
solvents, and flavouring agents) on respiratory system development. We particularly em-
phasized the role of e-cig-related oxidative stress and inflammation on lung impairment.
Nicotine contained in e-cigs can impair lung development at anatomical and molecular
levels. Solvents and flavours induce inflammation and oxidative stress and contribute to
compromising neonatal lung function. Studies suggest that prenatal e-cig aerosol exposure
may increase the risk of future development of respiratory diseases in offspring, such as
asthma and chronic obstructive pulmonary disease (COPD). Preventive strategies, such
as smoking cessation programs and antioxidant supplementation, may be essential for
safeguarding respiratory health. There is an urgent need to explore the safety profile and
potential risks of e-cigs, especially considering the limited studies in humans. This review
highlights the necessity of regulating e-cig use during pregnancy and promoting awareness
of its potential consequences on fetal and neonatal development.

Keywords: air pollution; asthma; COPD; e-cigarette; lung development; neonates; oxidative
stress; pregnancy

1. Introduction
In the last decade, researchers warned the global population about indoor and outdoor

pollution’s harmful effects on respiratory health in adults and children [1]. Despite the
increased knowledge about the deleterious impact of nicotine and other additives on the
lungs, new electronic nicotine delivery systems (ENDSs) became popular among consumers
and often suggested for smoking cessation and reported as safer than tobacco cigarettes [2,3].
Electronic cigarettes (e-cigs) are one of the most popular ENDSs in commerce. These devices
may also not contain nicotine, and, in this case, they can be classified as electronic non-
nicotine delivery systems (ENNDSs) [4]. E-cigs are non-combustible systems comprising
a battery, a microprocessor, a start button, a heating part, and a liquid reservoir [5]. The
solution in the reservoir is vaporized during use, producing an aerosol (or vapour) of
highly concentrated droplets mainly formed by sub-micrometre particles [6]. In addition
to the potential presence of nicotine, the liquid solution may contain a wide variety of
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flavours, solvents (e.g., propylene glycol (PG), vegetable glycerine (VG), glycerol), and
preservatives [7,8]. Trace metals and additional impurities (e.g., polyaromatic hydrocarbons,
aldehydes, and acrolein) have also been detected in the aerosol [9–11].

ENDS use during pregnancy was reported in percentage rates ranging from 0.6% to
15% in different analyses [12–15]. An online national survey conducted in the United States
(USA) on 445 pregnant women reported that 6% and 7% used only tobacco cigarettes or only
e-cigs, respectively, while 9% used both tobacco cigarettes and e-cigs [16]. These findings
must be read considering the general perception that e-cigs are a healthier alternative to
traditional cigarettes and may assist with smoking cessation during pregnancy [17].

The fetal lungs are organs sensitive to toxins, which can alter their normal neonatal
development and predispose them to respiratory diseases later in life [18]. Few data are
available on the short- and long-term influences of e-cigs on respiratory development dur-
ing the fetal and neonatal period due to the lack of safety studies [19]. The latest evidence
suggests that nicotine and chemical products generated from e-cigs during the perinatal
period could promote the activation of inflammation and the production of oxidative com-
pounds, altering lung development and increasing the incidence of respiratory diseases in
offspring [20,21].

In this review, we summarized and critically analysed the existing literature about
the impact of e-cigs on fetal and neonatal lung development. There is an urgent need
to determine if these electronic devices could be safe for offspring or potentially related
to functional and structural lung impairment. By combining the key terms “e-cigarettes”
OR “e-cigs” AND “lung development” OR “airway” OR “lung” AND “pregnancy” OR
“neonates” in a computerized search of PubMed limited to the last 10 years, we provided a
comprehensive overview of the literature, based on a critical evaluation without standard-
ized methodologies or statistical analyses.

2. Stages of Normal Lung Development
Lung development is a sequential, multistep process that begins prenatally and con-

tinues postnatally, reaching completion in early adulthood [22,23]. This extended timeline
makes the respiratory system vulnerable to prenatal and postnatal influences, including
prematurity, low birth weight, maternal and personal nutrition, exposure to smoking,
environmental pollutants, and early-life infections. These factors interact with individual
genetic and epigenetic backgrounds to shape respiratory function [22]. Lung function
at birth is a key determinant of lung health across the lifespan, and supporting optimal
lung development during early life is crucial to mitigate the natural decline in respiratory
function with ageing [22].

Prenatal lung development is classically divided into five stages from 3 to 36 weeks
of gestation: the embryonic, pseudo-glandular, canalicular, saccular, and alveolar stages
(Figure 1). Each phase represents a critical window during which specific structural and
functional components of the lungs are established [23].

During the embryonic stage (0–7 weeks), the first rudiment of the respiratory system,
which is called the laryngotracheal groove, appears on the ventral wall of the anterior
foregut, extending caudally into the respiratory diverticulum [22]. The trachea separates
from the oesophagus via tracheoesophageal septa, and the “branching morphogenesis”
begins [22,24]. This process first generates the two main bronchi and progresses to lobar
and segmental bronchi until the development of 18 major lobules, laying the groundwork
for the airway tree. Simultaneously, angiogenesis begins around the developing respiratory
structures, initiating the formation of the pulmonary vasculature [22].

In the pseudo-glandular stage (7–17 weeks), vasculogenesis and branching morpho-
genesis advance rapidly, forming terminal bronchioles by 14 weeks of gestation. By the
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end of this stage, approximately 70% of the airway tree is complete [22]. Airway epithelial
cells also begin to differentiate, with columnar cells appearing in the proximal airways and
cuboidal cells in the distal regions [22]. Fetal breathing movements and airway contrac-
tions play a pivotal role in stimulating epithelial proliferation, differentiation, and early
surfactant production. These mechanical stimuli stretch the lung tissue, promoting cellular
development through pathways like serotonin upregulation [25,26].
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The canalicular stage (17–27 weeks) is characterized by the development of respiratory
bronchioles, alveolar ducts, and primitive alveoli, establishing the functional units of the
lungs known as “pulmonary acini” [24]. During this stage, type I and type II pneumo-
cytes differentiate, with type II cells beginning to produce surfactant precursors, known as
lamellar bodies, by 24 weeks of gestation [24]. Early surfactant production reduces surface
tension within the lungs, stabilizes alveoli during inflation, and facilitates effective breath-
ing [24]. At the end of this stage, the formation of the alveolar–capillary barrier and the
onset of gas exchange capability makes it possible for a preterm newborn to survive [24].

Branching morphogenesis concludes in the saccular stage (28–36 weeks of gestational
age), with saccules developing from pulmonary acini, accompanied by a significant increase
in gas exchange potential and surfactant production [24].

The alveolar stage (36 weeks–early childhood) begins shortly before birth, and it
involves the development of new alveoli through secondary septation of terminal sac-
cules [22]. The alveolar number increases rapidly during the first 2–4 years of life, reaching
an estimated 300–800 million at around 8 years of age; then, alveolarization slows, though
alveolar size continues to grow until adolescence, with interindividual variability and slight
gender differences [27,28]. Recent advances in imaging techniques, such as high-resolution
tomography and helium-3 magnetic resonance imaging, suggest that alveolarization may
persist into adulthood, though the exact timeline and molecular mechanisms remain under
investigation [29–31]. During this period airways expand proportionally in diameter and
length, maintaining a constant length-to-diameter ratio [32]. Concurrently, the pulmonary
microvasculature undergoes remodelling, with the double-layered network fusing into a
single-layered structure through capillary fusion and thinning of the alveolar septa. The
resulting alveolar–capillary membrane, composed of alveolar epithelial cells, capillary
endothelial cells, and their shared basement membrane, becomes the key site for efficient
respiratory gas exchange [22,24].
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The respiratory system remains highly sensitive to environmental and genetic factors
throughout its development, with long-term outcomes depending on the timing and nature
of exposures during critical windows of susceptibility (Figure 1) [33].

Adverse exposures occurring before 18 weeks of gestation may disrupt airway branch-
ing and major pulmonary vessel development, resulting in severe congenital anomalies,
such as pulmonary agenesis or aplasia, which are often incompatible with life, or condi-
tions like diaphragmatic hernia with pulmonary hypoplasia and tracheoesophageal fistula,
which carry significant morbidity and mortality [24].

Instead, later exposures, occurring after 18 weeks of gestation, generally affect lung
volume, alveolarization, and capillary development. For example, alveolar capillary dys-
plasia (ACD) may result from insults during this stage, characterized by reduced capillary
density, misaligned pulmonary veins, and thickened alveolar septa, leading to pulmonary
hypertension [34]. Additionally, disturbances in the normal pattern of angiogenesis and
alveolar maturation can impair gas exchange efficiency and lung compliance, often leading
to chronic respiratory complications [35].

Finally, adverse exposures after birth, such as air pollution, second-hand smoke,
or recurrent respiratory infections, might impair lung growth and the development of
pulmonary microvasculature [22]. Young children are particularly vulnerable to inhaled
pollutants due to their relatively higher airway flow rates and greater deposition of small
particles than adults [36]. These vulnerabilities highlight the importance of protective
measures and early interventions to preserve respiratory health and promote optimal
lung development.

3. Are E-Cigarettes Safe?
3.1. Impact on Lung Development

In recent years, especially among young people, the interest in e-cigs has increased.
Furthermore, their use is intensifying in pregnant women due to the perception of their safety
compared to tobacco cigarettes [17,37]. The reservoir of these devices contains e-liquid, which
is converted into aerosols by a heating process. E-liquid is a mixture of water, different nicotine
levels, solvents, flavours, preservatives, and other potential additives [7,8] (Table 1).

Nearly 40% of pregnant women believe that e-cigs do not contain nicotine [12]. Nico-
tine is a dinitrogen alkaloid extracted from tobacco plants. It is a parasympathomimetic
stimulant and a dependence-forming constituent of e-cigs and tobacco cigarettes [38]. In
pregnant women, nicotine crosses the placenta and reaches high concentrations in fetal
blood and amniotic fluid [39,40]. During breastfeeding, nicotine levels are higher in breast
milk than in maternal plasma [41,42]. No amount of nicotine is known to be safe during
pregnancy [43]. ENDSs contain diverse nicotine concentrations, and previous studies
conducted on animals and humans reported similar or higher nicotine levels in e-cigs com-
pared to tobacco cigarettes [44,45]. In a study conducted on rodents, nicotine concentrations
were eight times higher after e-cig exposure (JUUL type) compared to tobacco cigarette
exposure [44]. A study conducted on 13 healthy adult e-cig users who took 15 puffs from
their usual e-cigs revealed that nicotine levels were comparable to or higher than classic
tobacco cigarettes [45]. These results are relevant for understanding the potential impact of
e-cigs during pregnancy. However, the most important limitation of these findings is the
different nicotine levels in the diverse formulations of e-cigs studied.

Few data are reported in the literature about the effects of nicotine contained in e-cigs
on human lung development. Most studies have been conducted on animal models and
not exclusively during the in utero period. However, they can assist in comprehending the
effect of maternal e-cig use and exposure during the critical first few weeks of life on the
lung development of offspring. Ozekin et al. tested the impact of maternal vaping on fetal
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lung development in mice by low–moderate daily exposure to 2.4% nicotine vapour during
the entire gestational period [46]. They specifically focused on the mouse E18.5 timepoint,
considered as the last day of the embryonic stage, and reported that maternally vaped wildtype
mouse lungs have smaller airspaces compared to room-air-exposed mice [46]. This finding
was consistent with the disruption of the saccular stage of lung development in the same
model [46]. A separate study analysed the impact of the daily inhalation of 36 mg/mL of
nicotine cinnamon-flavoured e-cig aerosols during the preconception period (12 days before
mating) and during gestation in a murine model [47]. Lung morphometry evaluations of
preconception e-cig-exposed offspring reported a notably increased tissue fraction at birth
related to a delayed thinning of the lung epithelium during the saccular stage [47]. Both of
these studies showed wide gene expression changes in maternally vaped embryos dominated
by the downregulation of developmental signalling pathways such as Notch and Wnt [46,47].
Notch and Wnt are pivotal regulators of lung development. Notch regulates ciliated versus
secretory cell expression in the developing airways, and ciliated cell loss associated with
downregulated Notch expression was reported in smokers and in patients with chronic
obstructive pulmonary disease (COPD) [48,49]. The Wnt signalling pathway is essential in the
saccular stage, promoting the proliferation and differentiation of alveolar epithelial cells, stem
cell maintenance, and lung branching morphogenesis [50]. These findings confirm, at both
the anatomical and molecular levels, that the nicotine contained in e-cigs impairs fetal lung
development. Another study on mice compared e-cig aerosol exposure during pregnancy
with and without nicotine to room-air controls at gestational day (GD) 21, at postnatal day
(PND) 4, and at PND 10 [19]. The group exposed to e-cig aerosol vaping containing nicotine
reported decreased lung size, increased free space within the lung parenchyma, and decreased
alveolar septation compared to the other two groups at PND 4 [19]. In humans, the equivalent
developmental stage of murine PND 4 occurs in the alveolar stage. These results suggest
the specific role of nicotine contained in e-cig vapours (without the confounding factor of
flavours) in determining an emphysematous phenotype with larger and fewer distal air spaces
in neonatal mice [19]. Postnatal lung growth and weight gain were also reduced in neonatal
mice after exposure to e-cigs containing 1.8% nicotine and PG for the first ten days of life
compared to room air controls [51]. Based on these results, we can conclude that nicotine
contained in e-cigs can affect lung development by altering airway growth, especially during
the embryonic, saccular, and alveolar stages, inducing a final emphysematous phenotype and
low lung size at birth.

Mucociliary clearance is essential to defend against the organisms that cause respi-
ratory infections or the inhalation of irritants [52]. A bullfrog palate paradigm (a well-
established model used to study mucociliary clearance) confirmed a modest dampening
effect of e-cig aerosol on mucociliary clearance [53]. The impact on the mucociliary function
seems principally related to the nicotine contained in e-cigs. In a study conducted on a
murine model, chronic (3 weeks), daily, 20 min-exposure to nicotine and PG (e-cigs) slowed
mucociliary clearance in murine lungs. Conversely, exposure to PG alone did not impact
mucociliary clearance [54]. A study conducted in both in vitro human bronchial epithe-
lial cells obtained from never-smoking individuals and in vivo sheep bronchial epithelial
cells showed that nicotine-containing e-cig vapour induced mucociliary dysfunction by
acting on TRPA1 (transient receptor potential ankyrin 1) [55]. TRPA1 is a nicotine-sensitive
receptor that belongs to the TRP ion channel family, and it is extensively distributed in
the cellular membranes of humans and mammals [56]. The impairment in mucociliary
clearance, by altering mucus viscoelasticity, increasing mucus/mucin concentrations, and
damaging mucociliary transport, may affect the protection of the airway and increase
infectious diseases in neonates and infants born to vaping women. Studies on the neonatal
period are needed to confirm this hypothesis.
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The two solvents most frequently included in e-cigs are PG and VG. Both PG and VG
were initially considered innocuous components of e-cigs. However, recent studies have
analysed their impact on lung development. During vaping, the thermal decomposition of
PG generates acetone, acetaldehyde, and formaldehyde, while the thermal decomposition
of VG produces principally acrolein and formaldehyde [57]. Among these substances,
acetaldehyde and formaldehyde are classified as carcinogens, while acrolein is considered
a human carcinogen able to irritate the upper respiratory tract after inhalation [58]. An
in vivo study on human bronchial epithelial cells (HBECs) obtained from never-smoking
individuals revealed that a one-week exposure to VG and PG/VG-containing e-cigs (in
the absence of nicotine and flavours) decreased the function of cystic fibrosis transmem-
brane conductance regulator (CFTR), an anion channel important for mucus hydration [59].
In volunteers exposed to VG-containing e-cigs, the reduction in CFTR function was as-
sociated with high inflammatory biomarkers, such as Interleukin-6 (IL-6), IL-8, matrix
metalloproteinase-9 (MMP9) mRNAs, MMP-9 activity, and mucin 5AC (MUC5AC) expres-
sion levels [59]. These modifications induced a reduction in ciliary beating and increased
mucus concentration as a possible consequence of goblet cell hyperplasia [60]. Exposure
during pregnancy to PG/VG-containing e-cig vapour with and without nicotine was tested
in murine neonates at 5 months of age [61]. Female mice exposed to PG/VG-containing e-
cig vapour with and without nicotine reported goblet cell hyperplasia. The group exposed
only to solvents (without nicotine) showed increased lung and alveolar stiffness (both
genders) and decreased lung compliance (only female mice) [61]. This last finding could be
the result of increased extracellular matrix (ECM) deposition, which was reported as a cause
of PG/VG-containing e-cig aerosol exposure (without nicotine) during pregnancy [62].

Few studies consider the impact of flavours contained in e-cigs during pregnancy, and
most of them consider the preferences of pregnant women. Among flavouring agents, fruit and
mint are the most used in this population [8]. However, the impact of specific flavours on lung
development in the fetal and neonatal periods was not critically analysed in previous research.
Each flavouring agent may potentially have different inflammatory and toxic effects on lung
morphogenesis and function. Moreover, e-cigs containing several flavours are more toxic and
induce a higher inflammatory response than single flavours [63]. Maltol, ethyl maltol, ethyl
vanillin, vanillin, and furaneol have been reported as the most cytotoxic flavouring agents in
e-cigs [64]. By considering the respiratory system, cinnamaldehyde, 2-methoxycinnamaldehyde,
O-vanillin, and pentanedione seem to have cytotoxic effects on airways [65]. Further studies are
needed to analyse the role of different flavours on the developmental lungs.

Table 1. An overview of the main harmful effects of e-cigarette compounds on lung development.

Chemical Compound Harmful Effect References

Nicotine
Crosses the placenta, accumulates in fetal blood and amniotic fluid, disrupts
lung development (embryonic, saccular, and alveolar stages), reduces lung

size, induces the emphysematous phenotype, impairs mucociliary clearance.
[19,39,40,46–51,53–55]

PG/VG

Their thermal decomposition generates carcinogens and irritants (PG produces
acetone, acetaldehyde, and formaldehyde, while VG produces acrolein and

formaldehyde); PG/VG exposure reduces CFTR function and increases
inflammatory biomarkers, leading to lower ciliary beating and higher mucus
concentration; PG/VG exposure decreases lung compliance, increases alveolar

stiffness, and induces extracellular matrix deposition.

[57–62]

Flavouring agents Some flavours (e.g., cinnamaldehyde, O-vanillin, pentanedione) have cytotoxic
and inflammatory effects on airways. [63–65]

PM2.5 and UFPs Oxidative stress by generating ROS; activation of inflammatory pathways. [66]

CFTR = cystic fibrosis transmembrane conductance regulator; PG = propylene glycol; VG = vegetable glycerine;
UFPs = ultrafine particles; PM2.5 = particulate matter 2.5.
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3.2. The Role of Oxidative Stress

Oxidative stress has a central role in the development and maintenance of numerous
lung diseases [67]. E-cigs can directly or indirectly induce oxidative damage to human
lungs due to the presence of reactive chemical substances in their aerosols, the activation of
pro-inflammatory compounds, and the modulation of intracellular pro-inflammatory path-
ways. E-cig aerosols contain diverse toxic compounds (e.g., formaldehyde, acetaldehyde, and
acrolein), reactive oxygen species (ROS), heavy metals, flavours, and propylene oxide, which is
derived from PG heating [68]. It was reported that e-cig vapour contains 7 × 1011 free radicals
per puff, eliciting an important increase in oxidative stress [69]. Moreover, several studies have
described the presence of significant amounts of fine (PM2.5) and ultrafine particles (UFPs)
in e-cig aerosol [66] (Table 1). Nicotine, PG, and VG play a pivotal role in determining the
cytotoxic and pro-inflammatory effects of these aerosols. PG and VG induce cytotoxic effects
depending on puff number, while nicotine seems protective against cellular toxicity [66]. Lung
inflammation is secondary to the activation of the pro-inflammatory NF-kB pathway, which
induces IL-1β and tumour necrosis factor (TNF)-α production [66]. Interestingly, a study
on murine models reported an abnormal inflammatory environment in the airways of both
mothers and offspring after e-cig exposure during pregnancy [70]. In that research, TNF-α was
increased in the lungs of both the mothers and offspring; and IL-1β was increased only in the
mothers [70]. An in vivo study conducted on human bronchial airway epithelial cells (H292)
and human fetal lung fibroblasts (HFL1) showed that the inflammatory response and the
stress phenotype depended on nicotine content and flavour type [71]. For example, cinnamon-
flavoured e-liquid produced a higher IL-8 response than cigarette smoke extract [71]. The
exposure of wild-type mice to e-cig aerosols decreased lung glutathione levels, increasing
oxidative airway damage [71]. A recent study on rat lung tissues confirmed that exposure to
e-cig aerosols reduced the activity of antioxidant compounds, such as superoxide dismutase,
catalase, and glutathione peroxidase [72]. Pulmonary microvascular endothelial cells can also
be the target of oxidative stress damage. Exposure to e-cig vapour contributes to vascular
endothelial dysfunction in the cardio-respiratory system, predisposing to hypertension and
atherosclerosis [73,74]. E-cig vapour exposure (with or without nicotine) increases the ex-
pression of NADPH oxidase (NOX), an enzymatic source for ROS during inflammation [75].
Furthermore, it induces endothelial nitric oxide synthase (eNOS) uncoupling, increasing
superoxide generation and peroxynitrite production, as well as tetrahydrobiopterin (BH4)
reduction [75]. All these changes decrease nitric oxide (NO) synthesis and availability, induc-
ing endothelial dysfunction and long-term cardio-respiratory system impairment [75]. These
findings are useful in improving our understanding of the potential oxidative harm produced
by e-cigs on the airways (Figure 2). However, studies on fetal and neonatal lungs may be
helpful in understanding the effects of e-cig-induced oxidative stress during pregnancy.
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3.3. Long-Term Effects on Respiratory Health

Maternal smoking during pregnancy is related to a twofold increase in the risk of
wheezing and asthma in offspring [76,77]. Several studies reported that this increased risk
seems to be associated with nicotine alone during perinatal smoke exposure [18]. During
gestation, the use of devices containing tobacco, such as heated tobacco products (HTPs),
was associated with an increased risk of onset of allergic diseases (e.g., asthma, allergic
rhino/conjunctivitis, atopic dermatitis) in offspring [78]. However, few studies have been
conducted on e-cigs, and most of the literature is based on the effect of tobacco cigarettes.
Nicotine is the primary agent responsible for impaired lung development. Maternal
smoking exposure is associated with reduced forced expiratory flows, decreased passive
expiratory compliance, higher hospitalization rates for respiratory infections, and increased
prevalence of childhood wheezing and asthma [20]. A study conducted in a murine model
analysed e-cig aerosol exposure (with and without nicotine) during pregnancy [19]. The
findings of that research revealed increased respiratory resistance and reduced compliance
in mice exposed to nicotine-containing e-cigs compared to controls [19]. Infants and
children exposed to passive smoking during pregnancy showed higher airway resistance
and increased rates of persistent wheezing [79,80]. Adolescents using e-cigs are more likely
to have chronic cough, bronchitis, and asthma [81]. Asthmatic children and adolescents
exposed to second-hand e-cig smoke at home have more daily respiratory symptoms
compared to unexposed controls [82]. In adults, an association between e-cigs and the
development of asthma or COPD was found, especially in non-smokers [83]. E-cig vapour
may also suppress the immune response to viral and bacterial infections, increasing the
host susceptibility by impairing pulmonary anti-microbial defences [69]. The literature on
the long-term effects of e-cigs on respiratory health is still lacking. However, asthma and
COPD seem to be the two conditions more associated with e-cig exposure.

4. Prevention Strategies
The adoption of effective prevention strategies represents a pivotal step in mitigating

the adverse effects of e-cig use on fetal lung development. These strategies are essential
not only for safeguarding the fetus’s health but also for enhancing maternal health out-
comes [84]. Prevention strategies require a multifaceted approach that integrates smoking
cessation programs, legislative efforts, dietary interventions, and the active involvement of
healthcare providers [20].

Smoking cessation remains the cornerstone of preventing the harmful effects of e-cigs
on both the mother and fetus [84]. Despite the well-documented risks to lung development
and overall fetal health, a significant number of pregnant women continue smoking due to
addiction, limited access to support, or socioeconomic barriers [85–87]. Successful cessation
strategies, therefore, play a critical role in reducing these risks [84]. The effectiveness of
various smoking cessation interventions has been extensively evaluated. Behavioural coun-
selling is one of the most effective interventions for smoking cessation during pregnancy.
Evidence from systematic reviews demonstrated that intensive psychosocial support, in-
cluding motivational interviewing and behavioural therapies, can significantly increase
cessation rates. Counselling programs tailored to the unique needs of pregnant women
are especially effective, particularly when delivered through multiple sessions by trained
professionals [85,88]. Physical activity programs have been explored as adjunct strategies
to traditional behavioural support [89]. Although their effectiveness in promoting smoking
cessation during pregnancy remains uncertain, physical activity contributes to overall
health benefits and has been shown to reduce smoking urges in non-pregnant individuals.
These findings suggest the potential for further research of these interventions in future
studies [89]. Emerging technologies such as Artificial Intelligence (AI) have introduced
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innovative approaches to smoking cessation [90]. AI-powered tools can provide real-
time, personalized support, analyse individual behavioural patterns, and predict relapse
risks [90]. For instance, mobile applications can deliver motivational messages, monitor
smoking habits, and recommend tailored coping strategies. Virtual support groups facili-
tated by AI platforms have also proven effective in fostering community engagement [90].
Financial incentives have been identified as another effective tool in promoting smoking
cessation among pregnant individuals, particularly those from disadvantaged socioeco-
nomic backgrounds. Studies reveal that offering monetary or voucher-based rewards
for achieving abstinence significantly increases cessation rates and reduces the economic
burden of smoking-related complications [91–93].

Healthcare providers, particularly midwives and obstetricians, play a critical role in
smoking cessation efforts during pregnancy. Routine screening for tobacco use during
prenatal visits, combined with timely referrals to cessation resources, is essential. However,
challenges such as time limitations and resource restrictions often hinder the consistent
implementation of these interventions [88,94–96]. Overall, integrating evidence-based
strategies like counselling, financial incentives, and healthcare provider engagement into
prenatal care can significantly enhance smoking cessation rates during pregnancy, im-
proving both maternal and fetal outcomes [95]. Additionally, systematic reviews and
population-based studies have highlighted both the potential benefits and risks associated
with Nicotine Replacement Therapy (NRT) and other pharmacological interventions, such
as bupropion and varenicline, for smoking cessation during pregnancy [97–101]. NRT is
commonly used to support smoking cessation in the general population and is sometimes
prescribed during pregnancy to mitigate nicotine withdrawal symptoms [98]. Studies
have demonstrated that NRT can increase the likelihood of smoking cessation during
pregnancy when combined with behavioural support. A Cochrane review showed that
NRT improves cessation rates by approximately 37% compared to placebos, although with
low-certainty evidence [98,99]. Faster-acting formulations, such as nicotine gum or tablets,
have been suggested as potentially safer options compared to nicotine patches, which
provide continuous nicotine delivery [102]. However, concerns persist about potential
risks, including increased rates of infant colic and attention-deficit/hyperactivity disorder
(ADHD) in children exposed to nicotine during gestation [97,103]. Consequently, the use
of NRT during pregnancy remains controversial due to its potential effects on fetal devel-
opment [98]. Bupropion, an atypical antidepressant, and varenicline, a partial nicotine
receptor agonist, are other pharmacological options that have been studied for smoking
cessation during pregnancy [100]. Evidence suggests that bupropion can be effective with-
out significantly increasing the risk of adverse perinatal outcomes, such as preterm birth
or congenital anomalies [100,101]. Varenicline, while effective in the general population,
has limited data on its safety in pregnancy, and guidelines generally recommend caution
due to insufficient evidence [100,101]. To date, no information is currently available re-
garding the effects of either bupropion or varenicline on fetal lung development. Overall,
while pharmacological interventions such as NRT, bupropion, and varenicline may support
smoking cessation during pregnancy, their use should be carefully balanced against poten-
tial risks [100]. Healthcare providers should adopt a patient-centred approach, tailoring
pharmacological strategies to individual needs and circumstances, and should ensure that
such treatments are complemented by behavioural and psychosocial support [99,101,104].
Further research is needed to provide clearer evidence regarding the safety and efficacy of
these interventions in pregnancy.

Legislative measures could have a pivotal role in promoting smoking cessation during
pregnancy. Policies that restrict the sale of e-cigs prohibit their use in public spaces and
mandate clear labelling of nicotine content can discourage use. Additionally, public health
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campaigns focused on raising awareness about the risks of e-cigs, particularly during preg-
nancy, can enhance the effectiveness of these legislative actions by educating individuals to
make healthier choices [105].

The use of antioxidants during pregnancy for smoking mothers has shown promise
in mitigating respiratory issues in offspring. Vitamin C has been extensively studied
for its protective effects against oxidative stress induced by maternal smoking [106–108].
A randomized trial demonstrated that daily supplementation with 500 mg of vitamin C
during pregnancy improves newborn pulmonary function, reduces wheezing, and prevents
DNA methylation changes associated with maternal smoking [109]. These changes suggest
that vitamin C mitigates the epigenetic alterations linked to reduced lung development
and long-term respiratory risks.

Vitamin E, another powerful antioxidant, has been shown to synergize with vitamin
C to contrast oxidative stress in placental tissues, thereby protecting fetal development
from the adverse effects of nicotine [110]. Similarly, N-acetylcysteine (NAC), by enhancing
glutathione synthesis, has demonstrated protective roles in reducing oxidative stress and
supporting placental function [110]. Meanwhile, L-carnitine has shown efficacy in reducing
inflammation and oxidative damage in animal studies, improving birth weight and partially
normalizing inflammatory markers in offspring exposed to maternal smoke [111].

5. Conclusions
E-cigs are significant modifiable risk factors for short- and long-term respiratory

damage in fetal and neonatal airways. Nicotine and other compounds are responsible for
anatomical and molecular modifications of the lungs during pregnancy and the perinatal
period. Oxidative stress has a pivotal role in the activation of inflammatory damage in the
respiratory system. Studies in humans are urgently needed to confirm the sequelae of the
exposure on the developing airways.

A comprehensive prevention strategy should integrate multiple interventions to ad-
dress the diverse factors influencing e-cig use during pregnancy (Figure 3). Legislative
measures and counselling are the most relevant strategies for mothers and their children.
The use of antioxidants and/or NRT without stopping the smoking habit can increase
the nicotine burden on fetal and neonatal lungs and encourage the mother to continue
nicotine dependence and transfer it to the next generations. Community-based programs
that involve partners, family members, and social networks can create a supportive en-
vironment for behaviour change. Similarly, collaborations between healthcare systems,
public health agencies, and advocacy groups can amplify the reach and effectiveness of
prevention efforts.
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