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Abstract

Electronic cigarette (e-cigarette) use has risen as individuals look for heal-
thier nicotine delivery systems than conventional cigarettes, but recent stu-
dies have demonstrated variable physiological responses to e-cigarette va-
por. The safety of e-cigarette vapor remains an open question. We investi-
gated the molecular cellular response of adenocarcinoma human alveolar
basal epithelial (A549) cells to flavored e-cigarette vapor. E-cigarette and
cigarette vapor were extracted via a vacuum-percolating system into PBS.
The effects of a flavored e-liquid containing nicotine (eCSE) and nicotine
free e-liquid (NFeCSE) were compared to cigarette smoke extract (CSE),
pure nicotine, glycerol, and PBS. Cells exposed to eCSE and NFeCSE had
decreased cell viability and proliferation. An increase in active caspase-3
was observed in cells exposed to NFeCSE, while cells exposed to eCSE and
CSE displayed no change, suggesting nicotine-mediated protection from
apoptosis. However, phosphorylated Akt, which regulates cellular prolife-
ration, was elevated in response to eCSE, NFeCSE, CSE, and glycerol. As the
glutathione-oxidative stress response was known to integrate cellular factors in-
cluding carcinogenesis, inflammation, and cell proliferation, GSH/GSSG levels
were measured in cells exposed to e-cigarette smoke. An increase in oxidative
stress was observed in cells treated with CSE, but not eCSE, suggesting com-
ponents in CSE independent of nicotine may be contributing to an imbalance
in the stress response. These results indicate e-cigarette vapor affects A549
cell viability dependent on nicotine, and is distinct from CSE-induced me-
chanisms of oxidative-stress.

Keywords

E-Cigarettes, Oxidative Stress, Nicotine, Apoptosis

DOI: 10.4236/jbm.2019.77010

Jul. 22,2019 121

Journal of Biosciences and Medicines


http://www.scirp.org/journal/jbm
https://doi.org/10.4236/jbm.2019.77010
http://www.scirp.org
https://orcid.org/0000-0003-1408-1844
https://doi.org/10.4236/jbm.2019.77010
http://creativecommons.org/licenses/by/4.0/

S. Rigg, L. M. Gielda

1. Introduction

One of the leading causes of preventable morbidity and mortality in the U.S. is
tobacco use, with the most common form being cigarette smoking. Smoking is a
causative agent of multiple chronic diseases including: stroke, heart disease,
pneumonia, diabetes, vascular disease, and lung disease including chronic ob-
structive pulmonary disease (COPD), asthma, and a variety of cancers [1]-[16].
E-cigarettes are promoted as a safer alternative to tobacco cigarettes, purportedly
secondary to the production of fewer toxins and carcinogens [17] [18]. With the
sudden rise in e-cigarette use, studies aimed at identifying that the risks of
e-cigarette use have found mixed results.

E-cigarettes vaporize a solution, referred to as e-liquid, which contains variable
components including nicotine and flavoring additives in solvents such as pro-
pylene glycol and glycerol. The composition of e-liquid, as well as concentration
of nicotine in the solution, varies extensively across manufacturers. Studies in-
vestigating the effects of e-cigarettes have shown variable outcomes, dependent
on the model, e-liquid composition, and delivery method. However, several stu-
dies have found that e-cigarette vapor exposure altered the redox physiology of
lung epithelial cells, induced proinflammatory cytokine secretion in bronchial
alveolar lavage fluid in mice, and induced gene expression in a similar manner to
carcinogens [19] [20] [21] [22].

Cigarette smoke can induce an upregulation of pro-inflammatory cytokines,
as well as activation of apoptotic and necrotic signaling pathways in mammalian
cell cultures in response to oxidative stress [23] [24] [25]. Prolonged oxidative
stress due to cigarette smoke results in the activation of caspase-mediated apop-
totic pathways [24]. However, nicotine suppresses caspase-mediated apoptosis
through the upregulation of the PI3K-Akt pathway, a signal transduction cas-
cade that promotes cellular survival and growth [23] [24] [25]. As demonstrated
in A549 cells, in the presence of apoptosis-inducing oxidative damage due to
cigarette smoke, nicotine up-regulation of Akt results in the phosphorylation of
downstream substrates that ultimately increase cell survival and tumorigenesis
[26]-[31].

Nicotine vaporization through e-cigarettes has the potential to induce similar
cellular effects seen with cigarette smoking, including the upregulation of oxida-
tive stress responsive genes, nicotine-mediated inhibition of apoptosis and
upregulation of Akt cell signaling pathways [27] [28] [29] [30] [31]. The objec-
tive of this study was to determine the effects of e-cigarette vapor exposure on
A549 cells compared to cigarette smoke in terms of cell proliferation and activa-
tion of Akt and apoptotic pathways. Smoke extracted from flavored e-liquid
containing nicotine (eCSE), flavored nicotine free e-liquid (NFeCSE), and ciga-
rette smoke (CSE) were added to cultured A549 cells. Nicotine, glycerol, and
PBS were used as controls to assess the contribution of the individual components
of e-liquid. Changes in cellular viability and characterization of molecular pathways

demonstrated e-cigarette components which decreased A549 proliferation through
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mechanisms dependent on nicotine and flavoring components.

2. Materials Methods

Cell Culture

A549 cells were cultured in F12K media (ATCC) to contain 10% FBS (ATCC)
and 5% Penicillin and Streptomycin (ATCC). Cells were incubated in a 50 mL
flask containing 20 mL media with 5% CO, at 37°C for 48 hours. Media was then
replaced, and the cells were incubated an additional 24 - 48 hr. with 5% CO, at
37°C, until a confluency of 80% - 90% was reached. The media was removed,
and the cells were released using 2 mL trypsin. Cells were then passaged at 20%
volume in a new 50 mL flask as well as seeded in 24 or 96 well plates at 3 x 10° or
1 x 10° cells per well respectively. Plates were incubated with 5% CO, at 37°C for
48 hr. The media was replaced along with the addition of the test reagents and
incubated an additional 48 - 72 hr.

Smoke Extraction

Cigarette smoke extract (CSE) was extracted through a modified water perco-
lator system using vacuum filtration. The cigarette smoke was drawn through a
Pasteur pipette and bubbled into 1x PBS. 25 mL of PBS was used per 1 cigarette
(Marlboro Gold, 0.8 mg nicotine, Phillip Morris, Richmond, VA). Electronic
cigarette smoke extract (eCSE) and nicotine free electronic cigarette smoke ex-
tract (NFeCSE) were extracted through a modified water percolator system us-
ing vacuum filtration. The vapor was drawn through a Pasteur pipette and bub-
bled into 1x PBS. 25 mL of PBS was used per 6 drops of e-liquid (Mitten Vapors,
Titty Sprinkles 6 mg nicotine or Titty Sprinkles 0 mg nicotine). 6 mg nicotine
e-liquid was used as an equivalent to 1 light type cigarette and 6 drops of e-liquid
was determined to be the equivalent of smoking 1 cigarette. The CSE, eCSE and
NFeCSE were stored at 4°C.

High Performance Liquid Chromatography Analysis

Nicotine concentrations in CSE and eCSE were quantified by reverse-phase
high performance liquid chromatography (HPLC). The e-juice standard con-
taining 6 mg nicotine per 25 mL solution was diluted to a nicotine concentration
of 0.6 ug/mL and 0.06 pg/mL and compared to a pure nicotine standard. HPLC
and MS-MS analysis were performed by Dr. Bruce Cooper at Bindley Bioscience
Center, Purdue University, West Lafayette Indiana.

Cell Viability Assay

To test cell viability, A549 cells were seeded in a Falcon 24 well plate at 3 x 10°
cells/well and incubated overnight in 5% CO, at 37°C. Test reagent (50 pL either
PBS, CSE, eCSE and NFeCSE) were added to wells, and cells were incubated in
5% CO, at 37°C for 48 hrs. Cells were washed with PBS 2x, trypsinized as pre-
viously described, and quantified using a hemocytometer.

Cell Proliferation Assay

Cellular proliferation was measured via Bromodeoxyurdine (BrdU) colorime-

tric assay kit (ExAlpha Biologicals Inc). BrdU colorimetric assay was performed
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in accordance with the manufacturer’s instructions. Briefly, A549 cells cultured
in 96 well plates seeded at 1 x 10° cells per well for 24 hours were exposed to 1 ul
of each test reagent, and 10 pl/well of the BRAU labelling solutions was added to
each well. Cells are incubated for 24 hours under standard conditions. The me-
dia was aspirated from each well, and 200 pl of fixative solution is added to each
well, and incubated for 30 minutes. Cells were washed 3X with 1X Tris/Tween
solution, and 100 pl of anti-BrdU antibody is incubated at 1 hr at room temper-
ature. Cells were washed 3X with 1X Tris/Tween solution. 100 pl of Peroxidase
conjugated goat anti-mouse IgG was added to each well and incubated for 30
minutes at room temperature. Cells were washed 3X with Tris/Tween solution,
and a final distilled water wash. 100 pl of a TMB development solution was add-
ed to each well and incubated at room temperature for 30 minutes in the dark.
100 pl of ELISA stop solution is added to each well, and incorporation of BrdU
was analyzed using ThermoFisher Multiskan spectrophotometer.

Apoptosis Assay

Apoptosis was measured using the Caspase-3 colorimetric assay kit (Biovision
Incorporated). Caspase-3 colorimetric assay was performed in accordance with
the manufacturer’s instructions. A549 cells were seeded at 4 x 10° cells/well in 24
well plates as described previously and 50 pl of test reagents were added, and in-
cubated for 24 hours. Trypsinized cells were quantified, resuspended in 50 ul of
cell lysis buffer, and incubated for 10 minutes. Cells were centrifuged for 1
minute at 10,000 xg. The supernatant was transferred to a new tube and protein
content quantified. Each sample was diluted in cell lysis buffer to 100 pg protein
in 50 pl total. 50 pl of 2X reaction buffer, and 5 ul of 4 mM DEVD-pNA sub-
strate were added and incubated at 3°C for 1 hour. Samples were read at 405 nm
in a ThermoFisher Multiskan spectrophotometer.

Akt Assay

Active phosphorylated Akt was quantified using the Pierce Akt colorimetric
in-cell ELISA kit (Thermo Scientific). ELISA was performed in accordance with
the manufacturer’s instructions. Briefly, A549 cells were seeded in 96 well plates
at 1 x 10° cells/well as previously described and incubated for 24 hours with 1 ul
of each test reagent. Media was removed, 100 pl of 4% formaldehyde added to
each well, and incubated at room temperature for 15 minutes. Wells were
washed 2X with 100 pl of 1X TBS. 100 ul of 1X Permeabilization Buffer was
added and incubated for 15 minutes at room temperature. Wells were washed
with 100 ul of 1X TBS, and 100 pl of Quenching solution added. Following 20
minutes incubation at room temperature, cells were washed with 100 pl 1X TBS,
and 100 ul of Blocking Buffer was added and incubated at room temperature for
30 minutes. The blocking Buffer was removed, and 50 ul of primary antibody
were added and incubated overnight at 4°C. Cells were washed with 100 ul of
buffer, and 100 pl of Diluted HRP Conjugate was incubated for 30 minutes at
room temperature. Wells were washed 3X with 200 ul of wash buffer, and 100 pul

of TM substrate was added to each well. Following 10 minutes of incubation, 100
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ul of Stop Solution was added, and absorbance was measured at 450 nm in a
Thermo Fisher Multiskan spectrophotometer.

GSH/GSSG Assay

Glutathione (GSSG/GSH) detection kit (Enzo) was used to quantify the total
GSH and GSSG in the cells when exposed to test reagents. GSSG/GSH assay was
performed in accordance with the manufacturer’s instructions. Briefly, A549
cells were seeded at 3 x 10° cells/well and 50 ul of each test reagent was added to
individual wells and incubated for 24 hours. Trypsinized cells were centrifuged
at 300 xg for 10 minutes, were quantified using a hemocytometer, and washed
with cold PBS. Pelleted cells were suspended in 500 pl of 5% (w/v) me-
ta-phosphoric acid, and sonicated. The suspension was centrifuged at 120,000 xg
for 5 minutes at 4°C, and the supernatant was transferred to a clean 1.5 mL tube.
To quantify oxidized glutathione, 1 pl of 2 M 4-vinylpyridine was added to 50 ul
of each prepared sample and 4 M of GSSG as a standard. To quantify total glu-
tathione, 50 pl of each sample was added directly to a 96 well plate. Following
serial dilutions, 150 ul of Reaction Mix was added to each well and absorbance
read at 504 nm at 1-minute intervals for 10 minutes. Samples were compared to
prepared standards.

Statistical Analysis

Data analysis were performed using the mean and standard deviation of a
population. For each experiment, each sample was tested in triplicate, and expe-
riments were repeated three times. Comparisons in the data were made using the
student’s t test. Significance were determined based on p < 0.05, **p < 0.001,

***p < 0.0001 compared to the PBS treated control unless otherwise indicated.

3. Results

eCSE and NFeCSE Decrease Cell Viability and Proliferation

To determine the effects of e-cigarette vapor on human lung cells, cigarette
smoke (CSE), e-cigarette vapor (eCSE), and nicotine-free eCSE vapor (NFeCSE)
were extracted through a modified water percolator system using vacuum filtra-
tion into PBS. HPLC analysis was performed on smoke extracts to quantify the
retention and thus delivery of nicotine to cells. To assess cell viability upon
smoke exposure, increasing concentrations of CSE, eCSE, NFeCSE, or PBS
(2.5%, 5%, or 10% total volume) were added to cultured A549 cells, and incu-
bated for 72 hr. Quantified via direct cell counts, eCSE and NFeCSE treated cells
display a significant reduction in cell number compared to PBS treated cells,
while treatment with CSE did not have a significant effect (Figure 1). This sug-
gests that eCSE and NFeCSE have a negative effect on cell viability compared to
CSE. HPLC analysis was performed on smoke extracts to quantify the retention
and thus delivery of nicotine to cells. Addition of 5% extracted smoke solution
equated to 0.009 ug/mL nicotine for CSE and 0.0165 pg/mL nicotine for eCSE,
and was used for subsequent analysis.

To test whether the decrease in cell viability was due to a decrease in cellular
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proliferation or cellular death, BrdU incorporation was examined in CSE and
eCSE treated cells as a marker of cellular proliferation. CSE treated cells dis-
played no significant change in BrdU incorporation compared to the buffered
control, while eCSE and NFeCSE both had a significant decrease in BrdU incor-
poration (42% and 31% respectively) (Figure 2). These results indicate a reduc-
tion in cellular growth for cells treated with e-cigarette vapor compared to the
control and CSE, and are consistent with the decreased cell number observed
with the direct count assay (Figure 1).

In order to ascertain whether the decrease in cell count and proliferation were
due to the specific components in the e-juice, the effects of pure nicotine and
glycerol (a key component in the e-juice) on A549 cells were examined. Viability
of cells treated with glycerol, had no significant change compared to the control,
indicating that glycerol alone was not causing the significant reduction in cell
viability in cells exposed to e-cigarette vapor. Viability of cells treated with pure
nicotine, eCSE and NFeCSE were significantly reduced (Figure 3). This suggests

that nicotine is contributing to the significant reduction in cell number in the
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Figure 1. Effect of Vapors on Cell Viability. The effects of 5% by volume of CSE, eCSE,
and NFeCSE on cell viability of A549 cells. Cells were exposed to 2.5%, 5%, or 10% total
volume of the indicated extracts, incubated for 72 hr and quantified by enumeration us-
ing a hemocytometer. Data represents the percentage of cells compared to the PBS treated
control, and is the mean of three independent replicates with standard deviation (n = 9).
(**p < 0.001 compared to PBS treated control).
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Figure 2. Effect of Vapors on Cellular Proliferation. The effects of 5% by volume of CSE,
eCSE, and NFeCSE on cell proliferation of A549 cells after 24 hr, as measured by BrdU
incorporation into new DNA. Data represents the range and mean OD405 with standard
deviation (n = 30). (***p < 0.0001 compared to 5% by volume PBS treated control).
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Figure 3. Effect of Individual Components of eCSE on Cellular Viability The effects of
5% by volume of CSE, eCSE, NFeCSE, 0.1 uM nicotine, and 0.1% glycerol on cell viability
of A549 cells. Cells were exposed to the indicated test for 48 hr, and quantified by enu-
meration using a hemocytometer. Data represents the mean percentage of cells compared
to the PBS treated control, and is representative of three independent replicates with
standard deviation (n = 6). (**p < 0.001 compared to PBS treated control).

eCSE treated cells compared to the CSE treated cells (average values; 5% eCSE,
0.0165 pg/mL and 5% CSE, 0.009 pg/mL). Additional factors in the e-cigarette,
including flavor additives, could be affecting the decrease in cell viability.

NFeCSE Increases Apoptosis in A549 Cells

Apoptosis is a tightly regulated mechanism of cell death that occurs normally
during development or as a defense mechanism in response to damage. Due to
the decrease in cellular proliferation and viability upon exposure to eCSE and
NFeCSE, cells were examined for the activation of the apoptotic pathway. Cas-
pase-3, the primary activator of apoptotic DNA fragmentations, is a common
indicator for the activation of apoptosis. As cell count and proliferation were sig-
nificantly reduced in eCSE and NFeCSE treated cells, we hypothesized that there
would be an increase in active caspase-3, indicative of an increase in apoptosis.
However, there was no significant change in the presence of active caspase-3 in
cells exposed to eCSE and CSE compared to the control, indicating cells were
not undergoing apoptosis in response to smoke exposure (Figure 4).

NFeCSE exposed cells had a significant increase (64%) in apoptosis compared
to the control and eCSE. As the lack of nicotine is the only variable between
NFeCSE and eCSE, the effects of nicotine on apoptosis were examined to ad-
dress whether it is contributing to the observed difference. The addition of nico-
tine decreased levels of active caspase-3, consistent with previous reports of ni-
cotine inhibition of caspase mediated apoptosis [25] [26] [27]. Additionally, cells
exposed to glycerol had no significant change in active caspase-3. These results
suggest that nicotine present in CSE and eCSE are contributing to the inhibition
of caspase mediated apoptosis in A549 cells.

Akt Upregulation in Response to Glycerol

To assess the effects of e-cigarette mediated delivery of nicotine on cellular

apoptosis, additional regulators of cellular survival, including activation of protein
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Figure 4. ENDS Effects on Apoptosis, the effects of 5% by volume of CSE, eCSE,
NFeCSE, 0.1 uM nicotine, and 0.1% glycerol on active caspase-3 in A549 cells. Cells were
exposed to the indicated test for 48 hrs, and active caspase-3 quantified via a colorimetric
assay and reported as optical density (OD). Data represents the range and mean OD 405
nm with standard deviation (n = 6) and is representative of three independent replicates.
(*p < 0.001 compared to PBS treated control).

kinase B (Akt) were examined. As Akt activity is a regulator of cellular prolifera-
tion and apoptosis, measuring phosphorylated Akt (P-Akt) in cells exposed to
extracted smoke and pure components would help identify the molecular path-
ways responsible for the observed cell proliferation and nicotine-mediated cas-
pase-3 inhibition. Previous studies have shown that nicotine derivatives suppress
apoptosis through upregulation of the Akt pathway and inhibition of caspase-3 ac-
tivation, thereby promoting cell survival [28] [29]. To test whether nicotine
mediated caspase-3 inactivation seen in CSE and eCSE is due to nicotine-mediated
activation of the Akt pathway, P-Akt was measured in treated cells.

Cells treated with CSE, eCSE, NFeCSE and glycerol had increased levels of
P-Akt, while cells treated with nicotine had no significant change compared to
PBS control (Figure 5). The results correlate with the lower levels of caspase-3
seen in the previous apoptosis assay and indicates that the decrease in cell viability
observed after exposure to eCSE is due to a caspase-independent mechanism. In
contrast, the decrease in cell viability after exposure to NFeCSE is due to caspase
mediated apoptosis, suggesting that while lack of nicotine in NFeCSE is making
cells vulnerable to apoptosis, additional components of the smoke extract can
decrease cellular proliferation in A549 cells through alternative mechanisms.

Modulation of GSH:GSSG ratio in CSE Treated Cells

As cigarette smoke and nicotine have been shown to induce DNA damage due
to high oxidative stress, the effects of eCSE and the role of nicotine on inducing
oxidative stress in A549 cells was determined by measuring GSH and GSSG.
Oxidative stress can be measured by the ratio of GSH to GSSG, where a decrease
in the GSH:GSSG ratio as indicative of oxidative stress [30]. A549 cells treated
with NFeCSE had an increase in GSH:GSSG compared to the PBS control, CSE,
and eCSE treated (Figure 6). There was a slight decrease in GSH:GSSG in cells
treated with CSE, compared to PBS and eCSE, and is consistent with other studies
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Figure 5. Akt The effects of 5% by volume of CSE, eCSE, NFeCSE, 0.1 uM nicotine, and
0.1% glycerol on P-Akt in A549 cells. Cells were exposed to the indicated test for 24
hours, and quantified by active, phosphorylated AKT(P-Akt). Data represents the range
and mean OD 405/615 nm with standard deviation (n = 6) and is representative of 3 in-
dependent replicates. (**p < 0.001, **p < 0.0001 compared to PBS treated control).
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Figure 6. ENDS Effects on Oxidative Stress The effects of 5% by volume of CSE, eCSE,
NFeCSE, 0.1 pM nicotine, and 0.1% glycerol on GSH and GSSG levels in A549 cells. Cells
were exposed to the indicated test for 24 hr, and total GSH and GSSG quantified and re-
ported as GSH:GSSG (pmol). Data represents the range and mean with standard devia-
tion (n = 3) and is representative of three independent replicates. (*p < 0.05, compared to
PBS, CSE, eCSE, nicotine, and glycerol.)

[31]. While these results suggest an overall decrease in oxidative stress in
NFeCSE treated cells, the increase in caspase-3 activation in response to NFeCSE
(Figure 4) suggests an overall imbalance of the oxidative stress response amidst

apoptosis activation.

4. Discussion

E-cigarettes are perceived as a safer alternative to cigarettes and are generally be-
lieved to produce fewer harmful toxins and carcinogens in the body [17]. How-
ever, studies investigating the cellular response to e-cigarettes are limited. Since
the effects of cigarette smoke and nicotine were well known, these were used as

controls in examining the effects of e-cigarette vapor on A549 cells. While both
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eCSE and NFeCSE exposure result in a decrease in cell viability, our results sug-
gest that this occurs through different molecular mechanisms and highlights the
role of nicotine in modulating cellular pathways. NFeCSE induced caspase-3
mediated apoptosis, while this pathway was suppressed in eCSE treated cells
through the upregulation of Akt [23] [24] [25].

While no significant effects on cell viability were observed when exposed to
CSE, eCSE and NFeCSE treatment resulted in a significant reduction in cell via-
bility and proliferation. Nicotine is known to influence cell survival pathways in-
cluding proliferation and apoptosis, as well as antioxidant and redox pathways in
various animal models and cell lines including A549 [26] [27] [28] [32] [33]
[34]. Pure liquid nicotine was used as a control, however production of nicotine
derivatives due to vaporization of e-cigarettes and heating of cigarettes could
result in variable results [35]. The concentrations of nicotine in the smoke and
e-cigarette vapor were determined using HPLC analysis and were biologically
relevant concentrations being delivered to the cells in our model [36].

Exposure of cells to pure 0.1 uM nicotine significantly reduced cellular viabil-
ity compared to PBS but could not explain the reduction in cell number of eCSE
exposed cells as NFeCSE had a similar decrease in viability. The decrease in cel-
lular proliferation of nicotine-exposed cells was surprising, as nicotine and its deriv-
atives are known to induce cellular proliferation and inhibit caspase-mediated
apoptosis [25] [26] [27]. However, a recent study has shown that nicotine had
significant growth inhibitory effects on A549 cells at doses of 0.1 uM and higher
[37]. In this study, Gao et al. noted apoptotic phenotypic changes of the cell in-
cluding stress fiber formation and apoptotic blebs in a dose-dependent manner
in cells treated with 1 pM or more. These morphological changes were not
shown in cells treated with 0.1 uM nicotine. Our findings are in support of Gao
et al,, indicating that A549 cell exposure to 0.1 pM nicotine significantly inhi-
bited cell proliferation and viability in a caspase-independent manner, and sug-
gest that other components of eCSE and NFeCSE, including glycerol and flavor-
ing agents, could be affecting cellular pathways.

Cigarette smoke and nicotine are known to affect oxidative stress pathways in
several models, increasing reactive oxygen species and resulting in damage to
intracellular proteins and DNA [19] [36] [38]. Glutathione neutralizes free radi-
cals by acting as an electron donor. In a resting cell, glutathione is almost exclu-
sively in its reduced form. In response to reactive oxygen species, antioxidative
enzymes and genes involved in GSH homeostasis are upregulated, including
glutathione reductase. Nicotine has been shown to inhibit glutathione reductase,
which catalyzes the reduction of oxidized glutathione disulfide (GSSG) back to
the reduced form, replenishing free GSH levels [39]. Therefore, in the presence
of nicotine, there is a decrease in GSH:GSSH, indicative of oxidative stress.
While a change in GSH:GSSG levels in cells exposed to pure nicotine was not
observed, there was a slight increase in oxidative stress in cells treated with CSE,
as denoted by a decrease in the GSH:GSSG ratio. NFeCSE exposed cells had a
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decrease in oxidative stress, as measured by an increase in the ratio of
GSH:GSSG, compared to PBS, CSE, eCSE, and nicotine treated cells. These re-
sults could be an artifact of general cellular stress, as NFeCSE treated cells were
shown to have an increase in caspase-3 activation (Figure 4) and decrease in cell
viability (Figure 3). Alternatively, the absence of oxidative stress induction in
our model could be due differences in our model compared to other studies. Our
findings are in accordance with a study by Tayler ef a/, which found that nico-
tine flavored e-liquid resulted in lower oxidative stress in H292 human bronchial
epithelial cells than in cells exposed to cigarette smoke [40]. Additional studies
into the varying effects of flavor and solvent additives of e-liquid, on oxidative
stress would aid in determining the overall effect of e-cigarettes on A549 cells.

This study found that while exposure to vapor induces a cellular response, the
specific mechanism is dependent on vapor components, and highlights the limi-
tations of this study and the necessity for ongoing research in this area. This
works serves as a foundational study and current work is aimed at testing va-
riables associated with vapor components; including the inclusion of multiple
brands of cigarettes and e-cigarette liquid, and the composition of e-cigarette
liquid (Ze. varying nicotine content, flavoring, solvents, and other additives).
Assessment of cell viability, caspase activation, and oxidative stress of A549 cells
with the inclusion of these variables will aide in determining the molecular cel-
lular response to e-cigarette vapor.

With the results of our study indicating e-cigarettes cause an increase in cel-
lular death, it begs the question whether e-cigarettes are a safer alternative to
cigarette usage, especially in light of the effects of nicotine alone. However, the
induction of cell death of a cancer-derived cell line in this study highlights the
possible application of e-cigarette technology in the development of novel the-
rapeutic cancer treatments. Further study into the effects of exposure of
e-cigarettes on cancerous and non-cancerous cell lines, in addition to the effects

of the variable e-liquid composition, is warranted.
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