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Abstract

The impact of e-cigarette use on the inflammatory state and function of the lungs is not

well understood. Here we review the latest studies on the impact of short and long term e-
cigarette aerosol inhalation on molecular pathways, cellular recruitment, gas exchange and airway
physiology. Inflammatory cytokines IL-6 and IL-8 were increased by e-cigarette exposures, and

a variety of immune cells were recruited to the parenchyma and airways across models. While
there are few consistent signals across /n vitro, in vivo and human studies, due to the multitude of
different e-devices and the combination of chemicals within different aerosols generated, it is clear
that use of e-cigarettes does alter the inflammatory state and function of the lungs with both acute
and chronic use. This is evidenced by the multitude of inflammatory lung diseases already tied to
e-cigarette use, but the causal chemicals are primarily remain at large.

Introduction

Cigarette smoking is well known to cause many detrimental effects across the human

body. Because the lungs come in direct contact with conventional tobacco smoke, they

are more affected than any other organ. Electronic cigarettes (e-cigarettes) were introduced
to the international market in 2003, and have been aggressively advertised as a healthy
alternative to conventional cigarettes and as smoking cessation aids, but without supportive
data [1,2°]. E-cigarettes produce an aerosol, commonly called e-cigarette vapor, by heating
and aerosolizing e-liquids containing nicotine, propylene glycol, glycerol, flavorants, and
other chemicals. E-cigarette aerosols typically contain 40-120 chemicals, such that the cells
of the lungs are regularly exposed to this milieu in the setting of chronic use.
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While cigarette smoking has continued to decline worldwide, e-cigarette use has increased
rapidly. E-cigarettes are used by approximately 9% of the US population, with the highest
rates in teenagers and young adults (16—-28%) [3]. Rapid evolution of e-devices and their e-
liquids have made it difficult to define their acute and chronic health effects [2°]. Moreover,
the variety of experimental approaches used to assess their impact have resulted in different
and sometimes opposing findings [2°,4]. It is important to mention that some of these studies
have been performed using different e-devices and different e-liquid constituents (flavorants,
vehicles and other additives) [2°]. With the epidemic of e-cigarette or vaping product use-
associated lung injury (EVALLI), that affected thousands of vapers, began in 2019 and is
ongoing, the relevance of studying pulmonary effects of e-cigarettes has become even more
urgent. In addition, the unknown inflammatory and physiologic effects of e-cigarettes in
individuals with COPD, asthma, lung cancer and cystic fibrosis are of great concern. Here,
we review the known acute and chronic effects of e-cigarette use on lung physiology and
inflammation based on published, peer-reviewed data generated with /n vitroand in vivo
models, and with human subjects.

E-cigarette effects on lung inflammation

Acute

The majority of data regarding inflammatory effects of e-cigarettes and their components
are from /n vitro approaches, with a focus on the production and release of cytokines and
chemokines upon exposure to e-cigarette vapor. Using the definition of e-cigarette exposures
of 4 weeks or less as acute, we discuss recent findings in the field across experimental
models.

In vitro and ex vivo studies—Data from /n vitroand ex vivo cell cultures represent

the bulk of studies to date assessing inflammatory responses to acute e-cigarette aerosol
exposures (Table 1). These exposure models either incorporated the aerosols into the growth
media as vapor extracts, direct addition of e-liquids to media, or exposure of cells via

the air-liquid interface (Table 1). Most studies have used epithelial cells [5-11,12°,13,14°],
although a few have evaluated endothelial cells [15°], leukocytes [16] and fibroblasts

[5,17]. One of the most common cytokines assessed is IL-8 (an important neutrophil
chemoattractant). Most studies found that e-cigarettes induce IL-8 expression in epithelial
cells [5,9,11,13,14°,17,18], while a few showed no induction or downregulation [12°,19].
Moreover, IL-8 has been also shown to be induced in fibroblasts [17]. IL-6 is also frequently
assessed, and has been found to be increased upon e-cigarette exposure in epithelial cells
[6,8,10,17], fibroblasts [17] and alveolar macrophages [16]. Similarly, a few studies show
decrease or downregulation of I1L-6 [8,18,19]. While changes in powerful inflammatory
cytokines IL-6 and IL-8 are most consistent with a significant impact of e-cigarette aerosols
on lung inflammation, the lack of consistency across studies suggests that the exact type of
e-device and e-liquid (including factors such as flavorants and nicotine concentration), and
duration of exposure, may be playing key roles, leading to disparate findings when different
devices and liquids are used.

Curr Opin Physiol. Author manuscript; available in PMC 2024 March 28.
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Beyond IL-6 and IL-8, other important inflammatory mediators that have been shown to

be impaired using /n vitroand ex vivo approaches are: TNFa [8,16], TGF-B [12°], CXCL8
[6,8,16], MCP-1 [16], and MMP-9 [8,16], PGE, [11,18], T/MPI1[8], SLP/[8], NFxB [8],
P13 [8], IL10 [8] and IL13 [8]. Relatedly, Chatterji et al. showed that human serum harvested
2 hours after subjects used nicotine-free e-cigarette for 3 min induced inflammation in
human pulmonary microvascular endothelial cells [15°]. These findings show that acute
exposures as short as 3 min alter the systemic inflammatory state in e-cigarette vapers.
Across studies, flavoring and nicotine were found to play key roles in the inflammatory
modulation caused by acute e-cigarette aerosol exposures [5,8,10,11,16].

In vivo studies—The majority of /n vivo e-cigarette studies have been carried out in
rodents, specifically with C57BL/6 mice [9,12°,18,20,21]. Multiple immune cells have
been found to be recruited to the lungs and airways upon acute e-cigarette exposure,
including macrophages [9,20,21,22°*,23], neutrophils [12°,18,22*,23], eosinophils [22°**,23]
and T cells [18,20,23]. Moreover, a recent study showed that exposure to e-cigarette
aerosols downregulates innate immunity against viral pathogens in resident macrophages
[24°°]. In one model, an e-cigarette or vaping product use-associated lung injury (EVALI)-
like condition was observed in rats exposed to e-cigarette aerosols for only for two

hours, inducing alveolar wall thickening with foci of inflammation, red blood cell
congestion, obliteration of alveolar spaces, and pneumonitis in some cases; bronchi showed
accumulation of fibrin, inflammatory cells, and mucus plugs [25].

A Wide variety of cytokines and chemokines have been shown to be increased upon e-
cigarette exposure, including Th2 cytokines: 1L-3 [18], IL-4 [18], IL-5 [18,20], IL-9 [18,20],
IL-13 [18], Th1 cytokines: IFN-y [18,20], IL-2 [20], IL-12p70 [18], proinflammatory
cytokines: IL-1a [18,20], IL-1p [12°,18,20,21], TNF-a [18,20], IL-6 [7,18,21], IL-17a
[18], G-CSF [18], GM-CSF [18,20], chemokines: CCL4/MIP-1p [18,20], CCL11/eotaxin
[18], inhibitory cytokines: IL-10 [18], growth factors: TGF-B1 [23], proteolytic enzymes
that degrade extracellular matrix proteins: MMP2 [18,23], MMP8 [20] and MMP9 [20].
IL-1pB [12°,18,20,21], IL-6 [7,18,21], TGF-B1 [23], IL-1a [18,20], MCP-1 [20], GM-CSF
[20], IL-2 [20], IL-3 [18], IL-4 [18], IL-9 [18,20], IL-10 [18], IL-12p70 [18], IL-13

[18], IL-17a [18], IFN-y [18,20], RANTES [18,20], TNFa [18,20], MIP-1a [18], MIP-1B
[18,20], IL-5 [18,20], KC [18], G-CSF [18], GM-CSF [18], eotaxin [18], MMP2 [18,23],
MMP8 [20] and MMP9 [20]. Related to this, e-cigarettes have been shown to induce the
pro-inflammatory NF-xB pathway activation in a dose-dependent fashion, with and without
nicotine [12°]. In the context of pre-existing conditions, it has been shown that e-cigarette
aerosol exposure can alter significantly airway inflammation in murine models of asthma
[22*,23]. In addition, inflammatory responses driven by e-cigarettes seem to be strongly
dependent on the sex of mice, and components of the e-liquid (including propylene glycol,
flavorings and nicotine) [18,20,22°°]. Thus, lung inflammation induced by e-cigarette aerosol
inhalation in mice is variable across models and exposure systems. But the intensity of the
signals seen, both in the cellular and molecular domains, again confirm that inhalation of
these aerosols is not benign, and has direct effects on the inflammatory state of the lungs.

Curr Opin Physiol. Author manuscript; available in PMC 2024 March 28.
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Human studies

Chronic

A few studies have assessed acute effects of e-cigarette use in human subjects. A recent
study suggested that cessation of vaping after 5 days of use can increase serum club cell
protein-16 concentration in BAL, indicative of decreased lung inflammation [26]. Another
study performed transcriptomic analyses on lung epithelial cell brushings and found no
differences between subjects that vaped for 4 weeks versus control subjects. In addition, no
significant differences in BAL inflammatory cell counts or cytokines were found [27]. Thus,
it is not yet clear whether animal models accurately mimic the effects of e-cigarette use in
humans.

Data concerning the chronic effects of e-cigarettes on lung inflammation are lacking. There
is a significant gap in knowledge about chronic effects of vaping and more studies are
needed. Cigarette smoking is well known to have different effects on lung inflammation
depending on the years to decades of use, and it is likely that other inhalants, such as
e-cigarettes, will also induce changes that evolve over duration of use. Because human users
vape a wide variety of e-cigarette devices and e-liquids, studies of chronic effects are so far
limited to the few devices and e-liquids studied to date.

Animal studies—Although some studies assessing chronic e-cigarette exposures in mice
have found no changes in lung inflammation [14°,24**,28], other have shown increased
dendritic cells, CD4"* T cells and CD19* B cells, irrespective of the presence of flavoring
[29]. Furthermore, it has also been shown that e-cigarette aerosols can impair inflammatory
lipid mediators such as 2-arachidonoylglycerol (2-AG), an anti-inflammatory mediator
and 12-hydroxyeico-satetraenoic acid (12-HETE), an inflammatory mediator, after chronic
inhalation, regardless of the flavoring [29]. In challenge models, e-cigarettes were found to
downregulate innate immunity against viral pathogens in resident macrophages, although
mice had enhanced lung inflammation and tissue damage upon challenge with influenza
[24°°]. Chronic e-cigarette aerosol inhalation was found to enhance hyperresponsiveness

to methacholine, regardless of the presence or absence of nicotine [28]. And a pregnancy
study using maternal nicotine and nicotine-free e-cigarette aerosol exposures, mothers’
lungs developed increased levels of proinflammatory cytokines IL-1B, IL-6, and TNF-a
(regardless of presence of nicotine) and the adult offspring had increased TNF-a levels,
whereas IL-1p was suppressed [30].

Human studies

A recent transcriptomic study from bronchoscopies found 181 transcripts that were related
specifically to e-cig use as compared to smokers and non-smokers, which included genes
involved in inflammation with significant differences between e-cig users and never-smokers
for IL-1pB, IL-6 and IFN-+y [31]. In addition, it has been determined that use of nicotine and
flavor-containing e-cigarettes upregulates pro-inflammatory cytokines and inflammasome-
related genes in bronchial epithelial cells, such as CCL5, CCR1, CXCL1, CXCL2, NOD2,
and ASC [32]. In terms of cellular changes, one study found no differences in neutrophil

and macrophage counts in the airways of e-cigarette users versus non-vapers [31]. However,

Curr Opin Physiol. Author manuscript; available in PMC 2024 March 28.
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another study found high lipid-laden macrophages (LLM) in the airways of e-cigarette users,
with no THC or conventional tobacco exposures. Furthermore, LLM were significantly
associated with inflammatory cytokines IL-4 and IL-10 in e-cig users [33].

Case studies have associated e-cigarette use with chronic inflammation and have defined
vaping as a risk factor for bronchiectasis, ground glass opacities, and nodule formation [34].

One series of three e-cigarette users hospitalized for acute shortness of breath found

airway inflammation (mostly eosinophilic) and demonstrated a likely response to high-dose
systemic corticosteroid treatment [35]. Over the last 10 years, e-cigarette use has been
found to induce numerous inflammatory lung diseases. However, the driving chemicals and
e-devices of these pathologic lung effects remain almost entirely unknown.

Physiology studies—While alterations in the inflammatory state of the lung due to
e-cigarette use are important and are indicative of the lung diseases and susceptibility to
clinical challenges to come, defining changes in the physiologic state of the lungs induced
by inhalants also helps determine the long and short term pathologic effects. Only a small
number of human and animal studies have been published in the last two years, since our
comprehensive review of e-cigarette effects on lung and cardiac physiology [4]. These recent
studies are reviewed here.

Human studies

Of the studies in human subjects, one focused on changes relative to conventional tobacco
products and found that mean mid-expiratory phase of forced expiratory (FEF25%—75%)
and blood pressure were no different in JUUL users versus conventional cigarette smokers
[36] (Table 2). Chaumont et al. assessed acute effects of vaping and found transcutaneous
partial pressure arterial O, (TcpO,) to be decreased after acute nicotine and nicotine-free
vaping, while transcutaneous partial pressure arterial CO, decreased after acute nicotine
vaping alone. These findings are likely due to transient gas exchange disturbance induced
by vaping. Baseline heart rate was also found to be decreased after short-term e-cigarette
cessation, suggesting improvements in gas exchange [26]. Assessment of short-term
respiratory responses after acute e-cigarettes use found decreased FeNO and airflow indices
(PEF, MEF75), as well as increased exhaled airway temperature [37]. Together, these recent
studies in human subjects consistently show an impact of short-term e-cigarette use on
airway resistance and gas exchange.

Animal studies—Female C57BL/6 mice exposed daily for six weeks to VG-rich e-
cigarette aerosols (70%/30% VG/PG), without nicotine or flavoring, were found to have
increased populations of immune cells within the lung. This suggests that e-cigarette
delivery vehicles alone influence the lung immunophenotype [29]. In contrast, exposure

to e-cigarette aerosols containing chemicals to convey vanilla flavor led to physiologic
changes, including higher tidal and minute volumes than air controls [29]. Consistently,
across recent and past studies of e-cigarettes, different chemical compositions of the aerosols
lead to variable effects on lung physiology, with both vehicle components (PG/VG), active
components (nicotine), flavorants and contaminants leading to adverse effects on lung
function.

Curr Opin Physiol. Author manuscript; available in PMC 2024 March 28.
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Conclusions

Funding

More studies are desperately needed in define the inflammatory and physiologic effects of e-
cigarette use on the lungs. In particular, the kinetics of lung inflammation upon exposure to
e-cigarette aerosols remains unclear, with current data pointing to induction of inflammation
during acute exposures, with evolution of inflammation over time such that acute patterns

of lung inflammation and injury are vastly different than those seen with chronic exposure.
While airway resistance, lung compliance and gas exchange have all been found to be
adversely impacted by some, but not all, e-cigarette exposures, the exact chemicals causing
the pathologic effects have not yet been defined. We can be clear with e-cigarette users,
policy makers and regulatory bodies: e-cigarette use fundamentally alters the immunologic
and physiologic state of the lungs and causes disease.

Dr. Crotty Alexander’s salary was supported by a Department of Veterans Affairs (VA) Merit Award
(1101BX004767) and a National Institutes of Health (NIH) National Heart, Lung, and Blood Institute RO1 (parent
RO1HL147326 and administrative supplement 3R01HL147326).
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