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of carbonyls, is cytotoxic, and alters gene
expression in human bronchial epithelial cells
exposed at the air-liquid interface
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Abstract

Background: Exposure to electronic-cigarette (e-cig) aerosols induces potentially fatal e-cig or vaping-associated
lung injury (EVALI). The cellular and molecular mechanisms underlying these effects, however, are unknown. We used
an air-liquid interface (ALI) in vitro model to determine the influence of two design characteristics of third-generation
tank-style e-cig devices—resistance and voltage—on (1) e-cig aerosol composition and (2) cellular toxicity.

Methods: Human bronchial epithelial cells (H292) were exposed to either butter-flavored or cinnamon-flavored
e-cig aerosols at the ALl in a Vitrocell exposure system connected to a third-generation e-cig device. Exposures were
conducted following a standard vaping topography profile for 2 h per day, for 1 or 3 consecutive days. 24 h after AL
exposures cellular and molecular outcomes were assessed.

Results: We found that butter-flavored e-cig aerosol produced under ‘sub-ohm’ conditions (< 0.5 Q) contains high
levels of carbonyls (7-15 pg/puff), including formaldehyde, acetaldehyde and acrolein. E-cig aerosol produced

under regular vaping conditions (resistance > 1 Q) and voltage >4.5 V), contains lower carbonyl levels (< 2 ug/puff).
We also found that the levels of carbonyls produced in the cinnamon-flavored e-cig aerosols were much lower than
that of the butter-flavored aerosols. H292 cells exposed to butter-flavored or cinnamon-flavored e-cig aerosol at

the ALl under‘sub-ohm’conditions for 1 or 3 days displayed significant cytotoxicity, decreased tight junction integ-
rity, increased reactive oxygen species production, and dysregulated gene expression related to biotransformation,
inflammation and oxidative stress (OS). Additionally, the cinnamon-flavored e-cig aerosol induced pro-oxidant effects
as evidenced by increases in 8-hydroxy-2-deoxyguanosine protein levels. Moreover, we confirmed the involvement of
OS as a toxicity process for cinnamon-flavored e-cig aerosol by pre-treating the cells with N-acetyl cysteine (NAC), an
antioxidant that prevented the cells from the OS-mediated damage induced by the e-cig aerosol.

Conclusion: The production of high levels of carbonyls may be flavor specific. Overall, inhaling e-cig aerosols pro-
duced under ‘sub-ohm’conditions is detrimental to lung epithelial cells, potentially via mechanisms associated with
OS. This information could help policymakers take the necessary steps to prevent the manufacturing of sub-ohm
atomizers for e-cig devices.
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Background

The advent of electronic nicotine delivery systems
(ENDS), commonly called electronic-cigarettes (e-cigs),
has had a profound effect on cigarette smoking habits
in the United States. In 2006, the year before the intro-
duction of ENDS to the United States’ market, 21% of
adult Americans were cigarette smokers. By 2018 that
percentage had been reduced to 13.7% [1, 2]. While
10 million of the 13 million ENDS users in the United
States are adults, 3.5 million ENDS users are preteens
and teens [3, 4]. Battery-operated ENDS devices use
heat to produce an inhalable aerosol from a liquid mix-
ture of nicotine, flavoring chemicals and humectants
[5]. The e-cig aerosol is a complex mixture of fine and
ultrafine particles and gases, that contains in addition
to nicotine, at least 30 different chemicals, including
metals [6, 7]. Although ENDS devices use similar scien-
tific principles to generate an aerosol from an e-liquid,
there are significant differences in device configura-
tions between the various generations of ENDS. This
creates major challenges for ENDS-related research, as
(1) standardized assessments are absent; (2) there are
more than 2800 different models of ENDS from 466
identified brands [8]; plus (3) over 7700 unique e-liquid
flavors [8]. This is a significant public health concern,
since, as demonstrated by the 2019-2020 outbreak
in the United States, exposures to ENDS aerosols can
induce potentially fatal e-cigarette or vaping-associ-
ated lung injury (EVALI) [9]. This clearly demonstrates
that little is known regarding the long-term pulmo-
nary effects of inhaling ENDS heated and aerosolized
humectants, nicotine as well as flavors.

In dual-users of both conventional cigarettes and
e-cigs, use of e-cigs leads to declines in lung function,
increased airflow resistance and significantly increased
risk of having a myocardial infarction [10, 11]. Inhal-
ing a 2-s e-cig puff can result in airway deposition of
6.25 x 10'% particles that can interact with epithelial
cells along the entire respiratory tract [12]. Studies
of human bronchial epithelial cells exposed to e-cig
aerosol at the air-liquid interface (ALI) showed that
compared to air-controls, e-cig aerosol decreased cell
viability, metabolic activity and ciliary beat frequency,
while increasing oxidative stress and the release of
inflammatory cytokines, including IL-1pB, IL-6, IL-8
and IL-10 [13-15]. Augmented cellular levels of oxida-
tive stress have been linked to the emission of reactive
oxygen species (ROS) from e-cig aerosols [16]. While

further in vitro studies are necessary to provide insight
into the cellular and molecular toxicity induced by e-cig
aerosol, the studies to date strongly suggest that ENDS
aerosols may not be ‘safe’ for lung cells.

Propylene glycol (PG) and/or vegetable glycerin (VG),
the base constituents of e-liquid formulation, are used
almost exclusively in all ENDS. While PG and VG are
“generally recognized as safe” (GRAS) food additives,
their safety for the lungs following aerosolization has
not been established. Furthermore, thermal degrada-
tion of VG and the chemical interactions of the e-liquid
components produce emissions of carbonyls, including
formaldehyde and acetaldehyde, known to be potent
threats to human health [17, 18]. Unlike first-generation
e-cigs, where aerosol levels of toxic chemicals, includ-
ing formaldehyde (0.02 to 0.37 pg/puff), were up to 600
times lower than those found in cigarette smoke (0.9 to
11.9 pg/puff), second and third-generation e-cig aero-
sols contain formaldehyde at similar or higher levels
(1.8 pg/puff) than those found in cigarette smoke [17,
19-23]. Design features of third-generation e-cigs allow
for user adjustment of: (1) atomizer resistance, respon-
sible for heating the e-liquid, and (2) battery voltage,
that provides power to the device [8]. The combination
of a given resistance and voltage affects e-cig aerosol
physicochemical composition. Low resistance com-
bined with high voltage increases the amount of aero-
sol produced, the intensity of the taste and the ‘throat
hit’ [6, 19]. Those user-altered settings are used to cre-
ate different vaping styles, including sub-ohm vaping or
‘cloud chasing) popular among younger e-cig users [13].
Sub-ohm atomizers (resistance <0.5 Q) produce large
exhaled clouds, potentially leading to exposure to ele-
vated levels of carbonyls [24—26]. Besides heating con-
ditions, the composition and constituents’ ratios in the
e-liquid also influence chemical levels found in the aer-
osol, as do effects related to the chemistry of the e-cig
flavoring agent. Cinnamaldehyde, the major flavoring
chemical found in cinnamon-flavored e-liquids, and
diacetyl, associated with butter flavors, are two of the
Flavor and Extract Manufacturers Association high-
priority flavoring chemicals for respiratory hazard,
when inhaled by workers. These flavoring chemicals
impair lung function and cause irreversible lung dam-
age (bronchiolitis obliterans, i.e., ‘popcorn lung’) [27].
These user-modifiable factors can significantly impact
toxicity of the inhaled e-cig aerosol. Thus, studies (a)
examining how e-cig devices’ adjustable components
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affect aerosol composition and (b) comparing the tox-
icity of these generated aerosols are urgently required.

The present study was designed to determine the
influence of atomizer resistance and battery voltage—
on (1) e-cig aerosol composition and (2) cellular toxic-
ity. A physiologically-relevant ALI in vitro model was
employed to investigate the effects on lung cells of cin-
namon- and butter-flavored e-cig aerosols produced
under sub-ohm vaping conditions. Since e-cig use among
youth and young adults is rising [4], it is imperative to
better understand the characteristics and toxicity of the
e-cig aerosols to provide scientific evidence supporting
regulations on e-cig device design features and e-liquid
manufacturing.

Methods

Generation of e-cig aerosols and chemical analysis

The e-liquids composed of 36 mg/mL of nicotine, 50/50
PG/VG ratio, and with either butter or cinnamon fla-
vors were purchased from EC Blend (Medford, OR).
The 36 mg/mL concentration of nicotine was selected to
mimic the exposures of heavy smokers (>1 pack of ciga-
rette per day). The e-liquids were analyzed independently
for nicotine and propylene glycol content by Bureau Veri-
tas (Buffalo, NY) using gas and liquid chromatography
(GC/LC) techniques. The butter-flavored e-liquid had a
nicotine content of 36.0 mg/mL and the PG concentra-
tion was 44.1%, while the cinnamon-flavored e-liquid
had a nicotine content of 37.1 mg/mL and the PG con-
centrations was 31.8%. The e-liquids were aerosolized
by a Scireq® (Montreal, QC, Canada) third-generation
e-cig generator, as we previously described [28]. The
e-cig device was operated with three different atomiz-
ers (resistance of 0.15, 0.5 and 1.5 Q) and different bat-
tery voltages (2.8, 3.8 and 4.8 V), which represent e-cig
devices’ operational settings that are accessible to e-cig
users. This yields a total of 9 distinct heating conditions
that were evaluated for e-cig aerosol composition [29].
Vaping was conducted under a topography profile of
3-s puff duration, and a 55-mL puff volume every 30-s.
This vaping regime is in accordance with the method
recommended by the Cooperation Centre for Scientific
Research Relative to Tobacco (CORESTA) CRM N° 81
[30]. E-cig aerosol chemical composition characterization
was performed as per the method described in Flora et al.
[31]. Briefly, 10-puff e-cig aerosol samples were collected
in our laboratory. Samples for nicotine, glycerin and
propylene glycol were collected on 44-mm Cambridge
filter pads at a loading regimen of 1 L/min. Quantifica-
tion (Enthalpy Analytical, LLC, Durham, NC) was by gas
chromatography with a flame ionization detector (GC-
FID). Samples for carbonyls were collected in 2,4-dinitro-
phenylhydrazine (DNPH) tubes at a loading regimen of 1
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L/min and were subsequently analyzed (Enthalpy Analyt-
ical, LLC) using the EPA method TO-11A based on high
performance liquid chromatography (HPLC). All samples
were collected on site at the Inhalation Research Facility
at Louisiana State University and were shipped overnight
on dry ice to Enthalpy Analytical, LLC.

Cell culture
We exposed human bronchial-epithelial cell line (NCI-
H292, H292; American Type Culture Collection, ATCC
CRL-1848, Manassas, VA) to e-cig aerosols. We selected
H292 cells based on their life span, passage and stabil-
ity, for which they are frequently used as a model system
for ALI exposures, particularly for studying long-term
toxicity of aerosols [14, 32, 33]. H292 cells were grown
in RPMI 1640 medium containing 10% FBS, penicillin
(100 U/ml) and streptomycin (100 mg/ml) at 37 °C in a
humidified 5% CO, incubator. H292 cells (1-2 x 10°/mL)
were seeded on 24 mm transwells with a 0.4-um pore size
polyester membrane insert (Corning) and inserted into
6-well culture plates. Cells were maintained on RPMI-
1640-supplemented medium (ATCC 30-2001). Before
initiation of differentiation at the ALI, we supplied both
the apical and basal chambers with serum-free medium
[32]. Differentiation was initiated by removing the api-
cal medium [34, 35]. For H&E staining of the cells, the
transwell inserts were first embed in agarose as per
STEMCELL Technologies Product procedures, and then
paraffin-embedded and sectioned (5 pm thin). H&E
staining was performed using standard protocols [36].
All experiments were performed with cells from pas-
sages 2 to 6. This cell line grown in our laboratory was
authenticated by ATCC using the short tandem repeat
(STR) technique, following ISO 9001:2008 and ISO/IEC
17025:2005 quality standards. The cells showed an exact
match for the CRL-1848 cells of the ATCC STR database.
In addition, to evaluate the implication of oxida-
tive stress-induced e-cig aerosol responses, sub-groups
of H292 cells grown at the ALI were pre-treated with
N-Acetyl-L-cysteine (NAC) (Sigma-Aldrich) at a concen-
tration of 5 mM, 12 h before the ALI exposure to either
medical grade compressed air or e-cig aerosols.

Air-liquid interface (ALI) exposures

The ALI exposures allow cells to be exposed to all the
aerosol components, including the particulate and gas
phases. We used a customized ALI exposure system
from Vitrocell Systems GMBH (Waldkirch, Germany)
that enables direct exposure of cells to various aerosols.
Our customized ALI system is composed of a Vitrocell
6/4 stainless steel exposure module for 4 x 6 well/24 mm
diameter inserts, which is connected to a distribution sys-
tem for the Vitrocell 6 modules. This exposure system is
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also equipped with a quartz crystal microbalance (QCM)
sensor for Vitrocell 6, which has a performance resolu-
tion 10 ng/cm? per second. This is in addition to a Vit-
rocell 6/3 stainless steel exposure module for 3 x6
well/24 mm diameter inserts, which is connected to a
clean air distribution system for air control-exposed cells.
We used medical grade compressed air to supply our
clean air distribution system, and thus this air was used
for aerosol dilution and for our control group exposures.
Overall, the exposure modules are composed of seven
chambers: four for e-cig aerosol exposures, including
one chamber with the QCM, and three for medical grade
compressed air exposures.

To study the effect of butter- and cinnamon-flavored
e-cig aerosols on cellular toxicity of H292 cells, we con-
nected the third-generation e-cig device (Scireq®), oper-
ating with the device settings and topography profile
described above, to the Vitrocell ALI exposure system.
The cells were seeded on distinct transwell inserts, which
were independently grown for 21 days at the ALL During
each experiment, 3 cell inserts were randomly assigned
to a different treatment, either e-cig aerosols (n=3) or
medical grade compressed-air (n=3), and then exposed
simultaneously to the respective test atmosphere via our
in vitro inhalation exposure system. For scientific rigor,
the same experiment was performed independently on
three separate occasions (which were done on 3 differ-
ent days). Also, we used 2 different medical grade com-
pressed air control groups, one for each flavored e-cig
aerosols. Diluted with 1 L/min of medical grade com-
pressed air, the e-cig aerosol concentrations were meas-
ured with the QCM placed inside the cell chamber. While
the cells were directly exposed in the ALI exposure sys-
tem, warm water (36—37 °C) was circulated around the
chambers via a water bath. The exposure chambers were
cleaned after each exposure.

H292 cells were exposed to either e-cig aerosols or
medical grade compressed air for 2 h per day for 1 or 3
consecutive days. After the last exposure, cells were incu-
bated at 37 °C for 24 h and biological endpoints were
measured.

Scanning electron microscopy (SEM)

Representative air-control, butter- and cinnamon-fla-
vored e-cig aerosol-exposed cells were processed by SEM
techniques. In brief, cells on the transwell inserts were
fixed (1.25% (v/v) glutaraldehyde+2% formaldehyde in
0.1 M sodium cacodylate buffer, pH 7.4) immediately
upon completion. Then, the membranes were detached
from the insert and dehydrated with ethanol. Additional
dehydradation was applied to each sample by incubation
with hexamethyldisilizane, and then samples were placed
overnight in a dessicator. The membranes were cut from
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the inserts and mounted on standard specimen mounts.
Samples were examined with an FEI Quanta 3D scanning
electron microscope (SEM) at an accelerating voltage of
5kV.

Trypan-blue dye exclusion assay

24 h after the last exposure, cell viability was measured by
the trypan-blue dye-exclusion assay. An aliquot of 10 pl
of cell suspension was pipetted into a TC10 counting
slide (catalog #1450015, Bio-Rad Laboratories, Hercu-
les, CA) and placed in the TC20 automated cell counter
(catalog #1450102, Bio-Rad Laboratories, Hercules, CA).
The cell counter provides total and viable cells counts. All
samples were run in duplicate.

Extracellular lactate dehydrogenase (LDH) measurements
Cytotoxicity was determined by measuring the levels of
LDH in the cell culture medium using a commercially
available assay kit (CYQUANT"™ LDH Cytotoxicity Assay
Kit, Catalog # C20300, Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA), as per the manufacturer’s instruc-
tions. The assay was conducted in duplicate for each
sample. 50 pL of cell culture medium, which was removed
from the basal side of the Transwell, was combined with
the LDH assay reactive mixture in a 96-well plate. Subse-
quently, the absorbance was read at 490/680 using a spec-
trophotometric plate reader (Tecan Infinite 2000, Tecan
Group Ltd, Mannedorf, Switzerland). For each sample,
the cell medium absorbance was normalized to the total
cell count. Absorbance values for the air control groups
were set at 100%. Samples were run in triplicate.

Extracellular ROS measurements

Extracellular ROS production was detected using
the OxyBURST Green assay (dihydro-2',4,5,6,7,7’-
hexafluorofluorescein-BSA (H,HFF), Catalog # D2935,
Invitrogen, Thermo Fisher Scientific, Waltham, MA).
H,HFF-BSA was dissolved in PBS to obtain a stock con-
centration of 1 mg/mL, which was protected from light
and immediately used. 50 pL of cell culture medium,
which was removed from the basal side of the Transwell,
was incubated with an equal volume of the H,HFF-BSA
reagent at room temperature for 15 min. We followed
the manufacturer’s instructions. Fluorescence was read
using a spectrophotometric plate reader (Tecan Infinite
2000, Tecan Group Ltd, Mannedorf, Switzerland) at an
excitation and emission wave length of 497/527, respec-
tively. For each sample, the cell medium fluorescence was
normalized to the total cell count. Fluorescence values
for the air control groups were set at 100%. Samples were
run in triplicate.
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Detection of DNA damages

DNA damage was quantified with the 8-hydroxy-2-de-
oxyguanosine (8-OHdG) ELISA Kit (catalog # ab201734,
Abcam, Cambridge, MA), according to manufacturer’s
recommendations. 8-OHdG was measured in cell cul-
ture medium, which was removed from the basal side of
the Transwell. The ELISA plate was read using a Tecan
Infinite 2000 plate reader (Tecan Group Ltd, Mannedorf,
Switzerland). 8-OHdG is used as a biomarker of DNA
oxidation. For each sample, the 8-OHdG protein concen-
tration was normalized to the total cell count. Samples
were run in triplicate.

Extracellular NO measurements

The NO concentrations in the H292 cell culture media
were determined by the Griess reagent assay (catalog
#30,100, Biotum, Fremont, CA). 50 pL of the cell culture
medium was removed from the basal side of the Tran-
swell and incubated with an equal volume of the Griess
reagent at room temperature for 15 min. Sodium nitrite
was used to generate a standard curve. We followed the
manufacturers’ instructions. The absorbance was deter-
mined with a Tecan Infinite 2000 spectrometer (Tecan
Group Ltd, Mannedorf, Switzerland) at a wavelength of
490 nm. For each sample, the cell medium absorbance
was normalized to the total cell count. Absorbance values
for the air control groups were set at 100%. Samples were
run in triplicate.

Transepithelial electrical resistance (TEER) measurement

The integrity of tight junctions between cells was assessed
immediately after exposure by TEER using a Millicell-
ERS voltohmmeter (Millipore, Burlington, MA). Cell cul-
ture medium was added to the surface of the H292 cells
grown at the ALL A background reading of the cell cul-
ture medium alone was taken and subtracted from each
raw resistance value. The corrected values were mul-
tiplied by the surface area of the cell insert and used to
calculate the mean Q*cm? Measurements for each cell
insert were made in triplicate. For each sample, the aver-
age TEER value was normalized to the total cell count.

RNA extraction, cDNA synthesis, and quantitative RT-PCR

Isolation and processing of RNA from pooled H292
cells were performed according to procedures described
previously [37]. Briefly, total RNA was isolated by a
TRIzol/chloroform extraction, followed by column
purification with the Qiagen RNeasy Mini Kit. RNA
concentrations were measured with a ND-1000 Spec-
trophotometer (NanoDrop, Wilmington, DE). Isolated
pure RNA was reverse transcribed using iScript cDNA
Synthesis kit (Bio-Rad Laboratories, Hercules, CA). The
resulting cDNA was amplified in a T100 Thermal Cycler
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(Bio-Rad Laboratories, Hercules, CA). Quantitative
real-time PCR was performed on cDNA samples from
H292 cells with either inventoried TagMan gene expres-
sion assays primers-probe sets (Applied Biosystems) or
designed primers listed and described in Additional file 1:
Table S1. Reaction volumes were 25 pL and reaction
cycles were performed for each gene in an Applied Bio-
systems 7300 Real Time PCR System. Fold changes were
calculated using the 2—AACt method. S-ACTIN was the
housekeeping gene used for normalization. Results are
reported as fold-change over air-control group. A fold-
change > 4 1.5 was considered significant.

Statistical analysis

All statistical analyses were performed using Microsoft
Excel or GraphPad Prism 7 software. Data are expressed
as means =+ standard error of the mean (SEM). Data are
also expressed as percent change relative to the respec-
tive air control group, set at 100%. Statistically significant
differences between groups were analyzed using either a
Student-t test or a one-way analysis of variance (ANOVA)
followed by a Tukey’s post-hoc test, when testing 3 or
more groups. Statistical significance was achieved with a
p-value <0.05.

Results

Sub-ohm vaping increases the levels of carbonyls

in butter-flavored e-cig aerosols

We found that high voltage sub-ohm vaping significantly
increases the levels of acetaldehyde, acrolein and for-
maldehyde present in butter-flavored e-cig aerosols. The
results in Fig. 1a for butter-flavored e-cig aerosols dem-
onstrate that for a given voltage, i.e. 2.8, 3.8 or 4.8 V, the
lower the atomizer’s resistance (0.15 vs. 1.5 Q) the higher
the levels of nicotine and carbonyls in the aerosols. For
these aerosols, nicotine, acetaldehyde, formaldehyde,
and acrolein levels were 7.2-, 273-, 136-, and 232-fold
higher, respectively, when an atomizer of 0.15 vs. 1.5 Q
was used with a battery voltage set at 4.8 V (Fig. 1a). In
contrast, we found that for a given resistance greater than
0.5 Q, increasing the voltage applied to the e-cig device
did not particularly affect the concentration of carbonyls
produced (Fig. 1a). Increasing the voltage used with sub-
ohm (0.15 Q) resistance, however, increases the concen-
tration of nicotine and carbonyls in a voltage-dependent
manner (Fig. la). Results for cinnamon-flavored e-cig
aerosols showed concentrations of nicotine and carbon-
yls that were lower than those obtained for the butter-fla-
vored aerosols (Fig. 1b). For instance, the concentration
of acrolein in the cinnamon-flavored e-cig aerosols were
below the limit of detection. Overall, these data suggest
that high production of carbonyls under sub-ohm condi-
tions may be flavor-specific.
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Fig. 1 Sub-ohm vaping increases the levels of carbonyls in butter-flavored e-cig aerosols. The e-cig device was operated with three different
atomizers (resistance of 0.15, 0.5 and 1.5 Q) and different battery voltages (2.8, 3.8 and 4.8 V), which yield a total of 9 distinct heating conditions
that were evaluated for e-cig aerosol nicotine and carbonyls content. Vaping was conducted under a topography profile of 3-s puff duration, and a
55-mL puff volume every 30-s. 10 puffs of each e-cig aerosol were collected on site at the Inhalation Research Facility at Louisiana State University
and were shipped overnight on dry ice to Enthalpy Analytical, LLC for subsequent chemical analysis. a Concentrations (ug/puff) of nicotine,
acetaldehyde, formaldehyde and acrolein in butter-flavored e-cig aerosols. b Concentrations (ug/puff) of nicotine, acetaldehyde and formaldehyde
in cinnamon-flavored e-cig aerosols. Acrolein was below the limit of detection in the cinnamon-flavored e-cig aerosols. This initial profile screening
was comprised of a one-time chemical analysis of 18 different e-cig aerosol samples

The presence of cilia at the surface of H292 cells confirms
differentiation at the ALI

H292 cells were grown on a transwell insert and differ-
entiated for 21 days at the ALIL Cells were confluent and
this resulted in a pseudostratified bronchial epithelium
(Fig. 2a). The presence of cilia at the surface of the cells
confirms differentiation at the ALI (Fig. 2b). Cell mor-
phology changes were observed qualitatively by SEM
following 1-day of exposure to butter-flavored e-cig aero-
sol, with cells appearing to display disorganized ciliated
arrangements at their surface (Fig. 2b).

3 Days of butter-flavored e-cig aerosol exposure

under sub-ohm conditions decreases viable cell numbers
and dysregulates gene expression to a greater extent

than under regular vaping conditions

Since butter-flavored e-cig aerosols generated under
sub-ohm (0.15 Q) conditions produced higher levels of
toxic chemicals than regular vaping conditions (1.5 Q)
(Fig. 1a), next we investigated whether this difference
in vaping conditions would translate into toxicological
responses of lung cells. The number of viable H292 cells
decreased by more than 50% following exposure to the

aerosol product of sub-ohm vaping (Fig. 3a). Figure 3b
shows that exposure to butter-flavored e-cig aerosol gen-
erated with an atomizer of 1.5(), dysregulated the expres-
sion of 9 genes: 6 genes (AHR, TNF-a, 1I-6, IL-8, IL-10,
and nNOS) were down-regulated and 3 genes (CYP26B1,
HMOX1, MMPI12) were up-regulated. In contrast, expo-
sure to sub-ohm-generated e-cig aerosol resulted in
down-regulation of 14 genes, 6 of which (AHR, TNF-a,
IL-6, IL-8, IL-10, and nNOS) were also down-regulated
at 1.5 Q, in addition to five more genes (ALDH3AI,
CYPIBI, SOD2, IL-5, iNOS and STAT6). Only two
genes were up-regulated by sub-ohm vaping (CYPIAI
and MMPI12). The down-regulation of genes associated
with inflammatory cytokines by e-cig aerosols that was
observed 24 h post the last exposure may be due to the
time-course response profile of cytokines following acute
injury [38]. At 24 h post-exposure, we may have missed
the peak of an acute phase response, which can occur 1
to 4 h after injury [38]. The 7 genes that were affected by
both exposure conditions (0.15 QO & 1.5 Q) were dysregu-
lated to a greater extent following exposure to e-cig aero-
sols produced under sub-ohm conditions (Fig. 3B). This
suggests that sub-ohm vaping may be more detrimental
to lung health than vaping under regular conditions.



Noél et al. Respir Res (2020) 21:305

Page 7 of 20

1 day exposure

Air control

Air control

H292 cells

E-cig - butter
H292 cells

(40X Magnification)

E-cig - butter

(10,000X Magnification)

Fig. 2 The presence of cilia at the surface of the cells confirms that H292 cells were grown at the air-liquid interface (ALI). a Characterization of the
ALl cell culture model. H&E staining reveals the multiple cell layers on the apical surface following 1 day of exposure to either air or butter-flavored
e-cig aerosol. b Scanning electron microscopy images of representative H292 cells exposed to either air or butter-flavored e-cig aerosols for 1 day
at the ALI, with a higher magnification of the cilia present at the surface of the cells. Images showed are representative for each exposure group. For
air-exposed cells: a total of 38 SEM images were taken; for butter-flavored e-cig aerosol-exposed cells: a total of 53 SEM images were taken

1 day exposure

(50,000X Magnification)

1 Day of e-cig aerosol exposure under sub-ohm conditions
is cytotoxic, alters gene expression and levels of reactive
oxygen species, with cinnamon-flavored e-cig aerosol
being more potent

Since exposures to butter-flavored e-cig aerosols under
sub-ohm (0.15 Q) conditions were more toxic to lung epi-
thelial cells than exposures under regular vaping condi-
tions (Fig. 3), we next examined whether flavorings could
also affect cellular responses, by comparing the in vitro
toxicity of butter- and cinnamon-flavored e-cig aerosols
produced under sub-ohm conditions. The cell-deposited
doses were similar between both treatments, 48.04 pg/
ecm?+20.8 and 47.96 pg/cm?+17.7, for the butter-fla-
vored and cinnamon-flavored e-cig aerosols, respectively.
While the nicotine concentration in the butter-flavored
e-cig aerosol was approximately twice as high as that of
the cinnamon-flavored e-cig aerosol (Fig. 1), gene expres-
sion of the alpha 7 nicotinic acetylcholine receptor,
a7nACh, measured 24 h after the e-cig aerosol exposure,
which was used as a biomarker of nicotine exposure,
was increased by 1.7-fold only in the cinnamon-flavored
e-cig aerosol exposed cells (Fig. 4g). Since all acetylcho-
line receptors (AChR) can be desensitized after persis-
tent exposures to high levels of agonists [39], it is possible

that the high nicotine concentration from the butter-
flavored e-cig aerosol desensitized the a7nAChR of the
bronchial epithelial cells exposed to this aerosol, which
translated into baseline expression of the a7nAChR
gene. In addition, we found that although butter-flavored
e-cig aerosols contained higher levels of carbonyls than
their cinnamon counterparts (Fig. 1), when compared
to their respective air control group, 1-day exposure to
cinnamon-flavored e-cig aerosols is more cytotoxic than
a 1-day exposure to butter-flavored e-cig aerosols, evi-
denced by a significant decrease in viable cell number
(Fig. 4a). Increased cell death includes both necrotic and
apoptotic cells. The increased cytotoxicity for the cin-
namon-flavored e-cig aerosol exposed-cells (Fig. 4a) is
supported by significantly elevated levels of LDH found
in their cell culture medium (Fig. 4b). Since LDH release
into the cell culture medium is an indicator of increased
cell membrane damge, LDH is a marker of cytotoxicity
for cells that are thought to be mainly necrotic [40]. BCL-
2, a protein that has anti-apoptotic properties, prevents
the increased permeability of membranes [41, 42]. We
found that the gene expression of BCL-2 was up-regu-
lated by 2.2-fold following exposure to the butter-flavored
aerosol, whereas no change was observed for this gene
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Fig. 3. 3 Days of butter-flavored e-cig aerosol exposure under sub-ohm conditions decrease viable cell numbers and dysregulate gene expression
to a greater extent than under regular vaping conditions. Butter-flavored e-cig aerosols were produced either under sub-ohm or regular vaping
conditions and H292 cells were exposed to these aerosols at the air-liquid interface (ALI) for 3 days. a Numbers of viable cells were significantly
decreased by the e-cig aerosol produced under sub-ohm vaping conditions. Data are presented as mean £ SEM. Comparisons between groups
were made by the student t-test; *p < 0.05: significantly different from the other group. Data are from one experiment representative of results from
three independent experiments, each performed in triplicate (n =3 per group). For each cell insert, bioassays were further evaluated in duplicates.
b Heatmap of dysregulated genes reveals that more genes are dysregulated by the e-cig aerosol produced under sub-ohm conditions compared
to regular vaping conditions. Data are from H292 cells from distinct experiments. Data are presented as fold-change over the respective air-control
group. Fold-changes >+ 1.5 were considered significant. Results from other independent experiments are represented in Additional file 1: Figure S1.

after exposure to the cinnamon-flavored aerosol (Fig. 4g).
Increased expression of BCL-2 has been reported to
prevent apoptotic cell death [41]. This suggests that
there may be differences in the mechanism of cell death
between these 2 flavored e-cig aerosols. The levels of ROS
in the cell culture medium of both exposure groups were
increased compared to respective air controls (Fig. 4c).
NRF2 gene expression, a transcription factor activated
by ROS that is central to the antioxidant response ele-
ment (ARE) of cells [43], was down-regulated 1.9-fold
in the cinnamon-flavored exposure group (Fig. 4g).
NRF2 downstream genes include the super oxide dis-
mutases (SODs) antioxidant enzymes [43]. SODI were
also down-regulated 1.9-fold in the cinnamon exposure
group (Fig. 4g). In addition, NADPH-related oxidases,
NOX/DUOX, have been implicated in host defense and
in the regulated production of ROS for redox-dependent
signaling pathways [44]. The gene expression of NOXI,
NOX2 and DUOX?2 were up-regulated by 3.0-, 2.6-, and
1.9-fold, respectively, in the cinnamon-flavored e-cig
aerosol exposure group (Fig. 4g). Furthermore, 8-OHdG
concentration, a biomarker of oxidative DNA damage,
was significantly elevated only in the cinnamon-flavored

e-cig aerosol exposed-cells (Fig. 4d). This suggests that
cinnamon-flavored e-cig aerosol may induce oxidative-
stress-mediated lung cell injury to a greater extent than
butter-flavored e-cig aerosol. In accordance with the
elevated levels of ROS found in the cell culture medium
of cells exposed to the cinnamon-flavored e-cig aerosol,
we observed a significant reduction in the levels of NO
for this exposure group (Fig. 4e). Moreover, the integ-
rity of cellular tight junctions measured by TEER was
significantly lower in both exposure groups compared
to respective air controls (Fig. 4f). This was further
supported by the dysregulation of Claudind (CLDN4%)
and the tight junction protein 2 (Z02) in exposed cells
(Fig. 4g). The butter-flavored e-cig aerosol up-regulated
the expression of CLDN4 by 1.5-fold, while cinnamon-
flavored e-cig aerosol down-regulated ZO2 expression
by 1.5-fold (Fig. 4g). These 2 genes code for proteins that
are integral to membranes of epithelium tight junction
[45]. Dysregulation of these proteins, including up- and
down-regulation, modifies paracellular permeability
[45]. This suggest that compromised epithelial cells’ tight
junction integrity may be linked with increased ROS for
butter- and cinnamon-flavored e-cig aerosols (Fig. 4c),
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Fig. 4. 1 Day of e-cig aerosol exposure under sub-ohm conditions (0.15 Q) & 4.8 V) affects the integrity of H292 cells'tight junctions and revealed
that cinnamon flavor is more cytotoxic and causes oxidative damage to a greater extent than butter flavored-e-cig aerosol. H292 cells were exposed
to either butter- or cinnamon-flavored e-cig aerosol at the air-liquid interface (ALI) for 1 day. a Numbers of viable cells were significantly decreased
by the cinnamon-flavored e-cig aerosol compared to respective air control. b Levels of extracellular lactate dehydrogenase (LDH) were significantly
increased by the cinnamon-flavored e-cig aerosol compared to respective air control. ¢ Levels of extracellular reactive oxygen species (ROS) were
significantly increased by both butter- and cinnamon-flavored e-cig aerosols compared to their respective air control groups. d The extracellular
protein concentration of 8-OHdG was significantly increased by the cinnamon-flavored e-cig aerosol compared to the air control group. This ELISA
was analyzed for cell inserts (n =3 per group). Each cell insert was further evaluated in duplicate. e Levels of extracellular nitric oxide (NO) were
significantly decreased by the cinnamon-flavored e-cig aerosol compared to respective air control. f The transepithelial electrical resistance (TEER)
values were significantly decreased by both butter- and cinnamon-flavored e-cig aerosols compared to their respective air control groups. For
assays (a, b, ¢, f), data are from one experiment representative of results from three independent experiments, each performed in triplicate (n=3
per group). For each cell insert, bioassays were further evaluated in duplicate or triplicate. For all assays (b-f), data were normalized to cell count
and are presented as mean & SEM. Comparisons between e-cig group and respective air control group were made by the student t-test; *p < 0.05:
significantly different from respective air control. g Heatmap of the dysregulated genes by the e-cig aerosol exposures. Data are from H292

cells from distinct experiments. Data are presented as fold-change over the respective air-control group. Fold-changes > =+ 1.5 were considered
significant. Results from other independent experiments are represented in Additional file 1: Figures S2 to S5
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in addition to increased cytotoxicity for the cinnamon
exposure group (Fig. 4a, b). With the up-regulation of 11
genes (Fig. 4g), the data suggest that cinnamon-flavored
aerosols may be pro-oxidant. Aside from the carbonyls
produced in the e-cig aerosol (Fig. 1), this may be due to
other factors, including cinnamaldehyde, an e-cig flavor-
ing chemical showed to be toxic in vitro and in vivo [36,
46-50].

1 Day of e-cig aerosol exposure-induced oxidative
stress-mediated lung cell injury is alleviated by n-acetyl
cysteine (NAC)

Since ROS levels were elevated in lung cells exposed
to either butter- or cinnamon-flavored e-cig aero-
sols (Fig. 4c), we investigated whether pre-treating
lung cells for 12 h with 5 mM of NAC, a potent anti-
oxidant and scavenger of free radicals, would help pro-
tect lung cells against ROS-mediated injury. Although

butter-flavored e-cig aerosol did not alter cell viabil-
ity (Fig. 5a), this exposure led to an increase in levels
of extracellular LDH and ROS, which were prevented
in cells pre-treated with NAC (Fig. 5b, c). In contrast,
lung cells exposed to cinnamon-flavored e-cig aerosol
exhibited a greater than 50% decrease in the numbers
of viable cells (Fig. 6a). This was supported by signifi-
cant increases in the levels of extracellular LDH and
ROS (Fig. 6b, c). Cell numbers, LDH and ROS stayed
at control levels in NAC-pretreated cells (Fig. 6a—c).
In addition, pre-treatment with NAC prevented an
increase in 8-OHdG concentration that would other-
wise occur only in cinnamon-flavored e-cig aerosol
exposed-cells (Fig. 6d). While extracellular NO levels
were not significantly decreased in butter-flavored e-cig
aerosol exposed-cells when compared to respective air
controls, pre-treating the cells with NAC significantly
increased the NO levels (>100%) when compared to
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Fig. 5. 1 Day of butter-flavored e-cig aerosol exposure under sub-ohm conditions-induced oxidative stress-mediated lung cell injury is alleviated
by n-acetyl cysteine (NAC) pre-treatment. H292 cells were pre-treated with or without NAC at a concentration of 5 mM for 12 h before exposure

to butter-flavored e-cig aerosol for 1 day at the air-liquid interface (ALI). a Exposure to butter-flavored e-cig aerosol and NAC pre-treatment had

no significant effect on cellular viability. b Levels of extracellular lactate dehydrogenase (LDH) were significantly increased by the butter-flavored
e-cig aerosol compared to its respective air control; NAC pre-treatment prevented this elevation. ¢ Levels of extracellular reactive oxygen species
(ROS) were significantly increased by the butter-flavored e-cig aerosol compared to its respective air control; NAC pre-treatment allowed ROS to
remain at control levels. d Exposure to butter-flavored e-cig aerosol and NAC pre-treatment had no significant effect on the extracellular protein
concentration of 8-OHdG. This ELISA was analyzed for cell inserts (n =3 per group). Each cell insert was further evaluated in duplicate. e Levels of
extracellular nitric oxide (NO) were not significantly changed by the butter-flavored e-cig aerosol compared to its respective air control; however,
the NAC pre-treatment significantly elevated the levels of NO compared to the e-cig exposed-cells that were not pre-treated with NAC. f The
transepithelial electrical resistance (TEER) values were significantly decreased by the butter-flavored e-cig aerosol compared to its respective air
control, and NAC pre-treatment significantly improved the TEER values. For assays (a, f), data are from one experiment representative of results from
three independent experiments, each performed in triplicate (n=3 per group). For each cell insert, bioassays were further evaluated in duplicate
or triplicate. For all assays (b-f) data were normalized to cell count and are presented as mean & SEM. Comparisons between groups were made
with one way ANOVA followed by the Tukey’s Multiple Comparison Test. *p < 0.05: significantly different from respective air control; $p < 0.05:
significantly different from e-cig aerosol exposed-cells without NAC pre-treatment. g Heatmap of dysregulated genes in H292 cells pre-treated with
or without NAC followed by exposure to butter-flavored e-cig aerosol. Data are from H292 cells from distinct experiments. Data are presented as
fold-change over the respective air-control group. Fold-changes > = 1.5 were considered significant. Results from other independent experiments

are represented in Additional file 1: Figures S2 and S3
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NAC untreated e-cig-exposed cells (Fig. 5e). For the
cinnamon-flavored e-cig aerosol, NAC pre-treatment
did not significantly prevent the decrease in extracellu-
lar NO levels (Fig. 6E). In addition, NAC pre-treatment
prevented the significant reduction in TEER measure-
ments for both butter- and cinnamon-flavored e-cig

aerosol (Figs. 5f, 6f). The NAC pre-treatment had a pro-
found effect on gene expression as well (Figs. 5g, 6g).
While only 7 genes were dysregulated by the butter-
flavored e-cig aerosol (Fig. 5g), cinnamon-flavored e-cig
aerosol exposed-cells exhibited elevated levels of gene
dysregulation (Fig. 6g). Of the 13 dysregulated genes
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Fig. 6. 1 Day of cinnamon-flavored e-cig aerosol exposure under sub-ohm conditions-induced oxidative stress-mediated lung cell injury is
alleviated by n-acetyl cysteine (NAC) pre-treatment. H292 cells were pre-treated with or without NAC at a concentration of 5 mM for 12 h before
exposure to cinnamon-flavored e-cig aerosol for 1 day at the air-liquid interface (ALI). a Exposure to cinnamon-flavored e-cig aerosol significantly
reduced cellular viability, and NAC pre-treatment prevented this decrease. b Levels of extracellular lactate dehydrogenase (LDH) were significantly
increased by the cinnamon-flavored e-cig aerosol compared to its respective air control; NAC pre-treatment prevented this elevation. c Levels

of extracellular reactive oxygen species (ROS) were significantly increased by the cinnamon-flavored e-cig aerosol compared to its respective air
control; NAC pre-treatment allowed ROS to remain at control levels. d The extracellular protein concentration of 8-OHdG was significantly increased
by the cinnamon-flavored e-cig aerosol compared to the air control group, and NAC pre-treatment significantly reduced the concentration.

This ELISA was analyzed for cell inserts (n =3 per group). Each cell insert was further evaluated in duplicate. e Levels of extracellular nitric oxide
(NO) were significantly reduced by the cinnamon-flavored e-cig aerosol compared to respective air control; and NAC pre-treatment did not
significantly change this response. f The transepithelial electrical resistance (TEER) values were significantly decreased by the cinnamon-flavored
e-cig aerosol compared to its respective air control, and NAC pre-treatment significantly improved the TEER values. For assays (a, ¢, f), data are from
one experiment representative of results from three independent experiments, each performed in triplicate (n =3 per group). For each cell insert,
bioassays were further evaluated in duplicate or triplicate. For all assays (b—f) data were normalized to cell count and are presented as mean =+ SEM.
Comparisons between groups were made with one way ANOVA followed by the Tukey's Multiple Comparison Test. *p < 0.05: significantly different
from respective air control; $p < 0.05: significantly different from e-cig aerosol exposed-cells without NAC pre-treatment. g Heatmap of dysregulated
genes in H292 cells pre-treated with or without NAC followed by exposure to cinnamon-flavored e-cig aerosol. Data are from H292 cells from
distinct experiments. Data are presented as fold-change over the respective air-control group. Fold-changes > = 1.5 were considered significant.
Results from other independent experiments are represented in Additional file 1: Figures S4 and S5

in the cinnamon-flavored e-cig aerosol exposed-cells
that were not pre-treated with NAC, 7 were down-reg-
ulated, while 6 were up-regulated (Fig. 6g). Biotrans-
formation, oxidative stress and inflammation pathway
genes predominated (Fig. 6g). NAC pre-treatment

prevented the dysregulation of those genes with the
exception of NRF2, NF-kBI and SERPINAIA (Fig. 6g).
These findings suggest that pre-treatment with NAC
may alleviate the oxidative stress-mediated damage to
lung cells induced by flavored e-cig aerosols, with NAC
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being more effective preventing cinnamon-flavored
e-cig aerosol lung injury.

3 Days of e-cig aerosol exposure under sub-ohm
conditions revealed that cinnamon flavor is more

cytotoxic and causes oxidative damage to a greater extent
than butter-flavored e-cig aerosol

Ciliary abnormalities are observed on H292 cells fol-
lowing 3 days of exposures to e-cig aerosol generated
under sub-ohm conditions (Fig. 7). Cinnamon-flavored
e-cig aerosol exposed-cells appeared visually to be more
affected than butter-flavored exposed-cells. This is sup-
ported at the molecular level with the up-regulation of
DNAH10 (1.9-fold) (Fig. 8f), a gene that codes for axone-
mal dyneins, which are microtubule-associated motor
protein complexes found in cilia and flagella [51]. Their
main function is to generate proteins of respiratory sys-
tem cilia [52]. In addition, cinnamon-flavored e-cig aero-
sol also up-regulated the expression of FOXJI (1.6-fold)
(Fig. 8f), a protein coding gene involved in ciliogenesis
[51, 53]. In contrast, the butter-flavored e-cig aerosol
only up-regulated the expression of tubulin beta class
I (TUBB) by 1.5-fold (Fig. 8f). TUBB codes for a major
protein component of the ciliary axoneme [54]. This sug-
gests that e-cig aerosol exposures, similarly to cigarette
smoke exposures, can affect respiratory cilia, for which
alterations are associated with decreased mucociliary
clearance [55]. Although the cell-deposited doses were
similar between both exposure groups, 33.8 pug/cm*+6.5
and 29.5 ug/cm2:|:4.6, for butter- and cinnamon-fla-
vored e-cig aerosols, respectively, the gene expression of
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a7nACHR, measured 24 h after the last e-cig exposure,
was significantly increased by 1.6-fold in the cinnamon-
flavored e-cig aerosol-exposed cells (Fig. 8f). Only the
cinnamon-flavored e-cig aerosol significantly affected
cellular viability after 1 day of exposure (Fig. 4a); how-
ever, both butter- and cinnamon-flavored e-cig aerosols
significantly decreased the number of viable H292 cells
following 3 days of exposure (Fig. 8a). Along with the
significant reduction in cellular viability, we found sig-
nificantly elevated levels of extracellular LDH and ROS
following exposures to both e-cig aerosols (Fig. 8b, c).
The concentration of 8-OHdG, an indicator of oxida-
tive DNA damage, was significantly increased only in
the cell culture medium of the cinnamon-flavored e-cig
aerosol-exposed-cells (Fig. 8d). The extracellular NO
levels were significantly decreased by both e-cig aero-
sol exposures (Fig. 8e). Gene expression changes were
notably greater in the cinnamon-flavored e-cig aerosol-
exposed H292 cells than in the butter-flavored-exposed
cells (Fig. 8f). In butter-flavored e-cig aerosol-exposed
cells, 14 genes, including inflammatory genes (IL-6, IL-8,
IL-10 and TNFa) were down-regulated while only four
genes (CYPIA1, NOX2, MMPI12, and TUBB) were up-
regulated (Fig. 8f). Among cinnamon-flavored e-cig aer-
osol-exposed cells, 16 genes were up-regulated, including
genes associated with biotransformation, oxidative stress
and inflammation, while 6 genes were down-regulated
(Fig. 8f). Overall, as was the case with 1-day exposures
under sub-ohm conditions, the effects were more potent
and pro-oxidant in cells exposed to cinnamon-flavored
e-cig aerosol than to butter-flavored e-cig aerosol.

3 days exposure

Air control

E-cig - butter ] E-cig - cinnamon

(10,000X Magnification)
Fig. 7 Ciliary abnormalities are observed on H292 cells following 3 days of exposures to e-cig aerosol generated under sub-ohm conditions.
Scanning electron microscopy (SEM) images of representative H292 cells exposed to either air, butter- or cinnamon-flavored e-cig aerosols for
3 days at the air-liquid interface (ALI). Representative images for each exposure group. For air-exposed cells: a total of 30 SEM images were taken; for
butter-flavored e-cig aerosol-exposed cells: a total of 16 SEM images were taken; for cinnamon-flavored e-cig aerosol-exposed cells: a total of 9 SEM
images were taken
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Fig. 8. 3 Days of e-cig aerosol exposure under sub-ohm conditions (0.15 Q & 4.8 V) revealed that cinnamon flavor is more cytotoxic and causes
oxidative damage to a greater extent than butter flavored-e-cig aerosol. H292 cells were exposed to either butter- or cinnamon-flavored e-cig
aerosol at the air-liquid interface (ALI) for 3 days. a Numbers of viable cells were significantly decreased by both butter- and cinnamon-flavored
e-cig aerosols compared to respective air controls. b Levels of extracellular lactate dehydrogenase (LDH) were significantly increased by both
butter- and cinnamon-flavored e-cig aerosols compared to respective air controls. ¢ Levels of extracellular reactive oxygen species (ROS) were
significantly increased by both butter- and cinnamon-flavored e-cig aerosols compared to their respective air controls. d The extracellular protein
concentration of 8-OHdG was significantly increased by the cinnamon-flavored e-cig aerosol compared to the air control group. This ELISA was
analyzed for cell inserts (n=3 per group), and each cell insert was further evaluated in duplicate. e Levels of extracellular nitric oxide (NO) were
significantly decreased by both butter- and cinnamon-flavored e-cig aerosols compared to respective air controls. For assays (a, b, ¢, e), data are
from one experiment representative of results from three independent experiments, each performed in triplicate (n=3 per group). For each cell
insert, bioassays were further evaluated in duplicate or triplicate. For all assays (b-e) data were normalized to cell count and are presented as
mean =+ SEM. Comparisons between e-cig group and respective air control group were made by the student t-test; *p < 0.05: significantly different
from respective air control. f Heatmap of the dysregulated genes by the e-cig aerosol exposures. Data are from H292 cells from distinct experiments.
Data are presented as fold-change over the respective air-control group (n =3 per group, each sample run in duplicate). Fold-changes >+ 1.5 were
considered significant.Results from other independent experiments are represented in Additional file 1: Figures S6 to S9

Discussion

Multiple factors can influence the physical and chemical
characteristics of e-cig aerosols. These factors are associ-
ated with the ratios and constituents of the e-liquid for-
mulation, which impact the chemical component of the
aerosol, as well as the atomizer’s resistance and voltage
applied to the e-cig device, which influence the heat-
ing conditions used to aerosolize the e-liquid, while also
affecting the physical properties of the aerosol, including
particle size. Most importantly, e-cig users inhale these
aerosols and control the choice of both the e-liquid and
the design features (resistance and voltage) of their third
or fourth generation e-cig devices. These are key factors,

based on personal e-cig vaping preferences, which can
significantly impact the toxicity of the inhaled e-cig aero-
sol. In the present study, we established the influence of
two design characteristics of third-generation tank-style
e-cig devices—atomizer resistance and battery voltage—
on butter- and cinnamon-flavored e-cig aerosols’ compo-
sition (Fig. 1), as well as on their cellular toxicity in vitro
(Figs. 2, 3, 4, 5, 6, 7, 8). We found higher concentrations
of carbonyls when the butter-flavored e-cig aerosols were
produced under sub-ohm vaping conditions (Fig. 1).
Additionally, the production of those harmful chemicals
may be flavor-specific, since the cinnamon-flavored e-cig
aerosols, under the same exposure conditions, did not
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show elevated levels of carbonyls (Fig. 1). For the butter
flavor, the increased levels of carbonyls produced under
sub-ohm vaping conditions translated into increased
H292 cellular toxicity when compared to regular vaping
conditions (Fig. 3). We also found, despite the lower lev-
els of carbonyls, that 1 and 3 days of exposures to cinna-
mon-flavored e-cig aerosols were more toxic and induced
pro-oxidant effects to a greater extent than exposures to
butter-flavored e-cig aerosols produced under sub-ohm
conditions (Figs. 1, 4, 5, 6, 7, 8). This strongly suggests
that the carbonyls present in the e-cig aerosols (Fig. 1)
may not be solely responsible for the cellular toxicity
(Figs. 4, 5, 6, 7, 8), but that the intrinsic toxicity of the
flavoring chemical, such as the well-known deleterious
effects of cinnamaldehyde [36, 46-50], may also play a
significant role. Overall, we showed (1) that sub-ohm
(0.15 Q) vaping produces more toxic chemicals than reg-
ular (1.5 Q) vaping, and that this can be flavor specific;
and (2) that sub-ohm vaping induces detrimental effects
to human lung epithelial cells.

Carbonyls are harmful chemicals present in cigarette
smoke, some with carcinogenic and mutagenic proper-
ties, which are associated with smoking-related lung
diseases [56]. Those carbonyls include acetaldehyde, for-
maldehyde and acrolein. Both acetaldehyde and formal-
dehyde are irritants to the mucous membranes of the
respiratory tract and are classified as probable human
carcinogens [17, 23]; while inhaled acrolein is a highly
toxic irritant that can affect lung function [17, 23, 57].
Those carbonyls are also found in e-cig aerosols, since
they are produced by the thermal degradation of the
e-liquid base constituents, PG and VG, following heat-
ing and aerosolization processes through an e-cig device
[56]. The concentrations, however, of these carbonyls in
e-cig aerosols produced under ‘real-life’ human exposure
conditions is still conflicting, with some studies show-
ing levels significantly below those found in cigarette
smoke, while others demonstrate levels as high or higher
than in cigarette smoke [17, 19-23, 56]. The discrepancy
of these results is also fueled by the lack of standardized
procedures for puffing topography, as well as for the col-
lection and analytical methods used to quantify the car-
bonyls in the e-cig aerosols. In our study, the aerosols
were not produced under dry puff conditions and for the
butter flavor showed that the concentration of carbonyls
increased when produced under sub-ohm vaping condi-
tions compared to regular vaping conditions (Fig. 1A).
This indicates that for butter-flavored e-cig aerosols, car-
bonyl levels increase when increasing power is applied
to the e-cig device, since P=V?/R, where P is power in
watts, V is voltage in volts, and R is resistance in ohms
[24]. These results are in line with another study that used
a 50/50 PG/VG (without nicotine) e-liquid and showed
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increased levels of acetaldehyde, formaldehyde and acr-
olein produced with atomizers’ resistance of 0.25 vs. 1.5
Q and 3.5V applied to the e-cig device [16]. Interestingly,
they also found that for the same e-liquid to which 18%
of nicotine was added, the levels of acetaldehyde and for-
maldehyde in the e-cig aerosol were significantly higher
when produced with the atomizer of 1.5 Q0 compared to
0.25 Q [16]. In addition, overall, the levels of carbonyls
produced with the e-liquid containing no nicotine were
substantially higher than those generated with the 18%
nicotine-containing e-liquid [16]. Other studies [19, 28]
also demonstrated changes in the chemical and physical
properties of the e-cig aerosols when nicotine is present
in the e-liquids. In our study, under the same exposure
conditions as for the butter flavor, the cinnamon-flavored
e-cig aerosols produced much lower levels of carbonyls
(Fig. 1b). The effect of the presence of flavoring chemi-
cals in e-liquids on the concentration of carbonyls found
in e-cig aerosols have not been extensively studied; how-
ever, it was previously reported that the concentrations
of carbonyls in e-cig aerosols varied between flavored
e-liquids, including bubble gum and gummy bear flavors
[58]. It is thought that the thermal degradation of flavor-
ing chemicals may interact with that of PG and VG, and
this can affect the overall levels of carbonyls produced
in the e-cig aerosols [58]. This suggests that the chemi-
cal composition of the e-liquid (PG, VG, nicotine and
flavors) may have a significant effect on the emission of
carbonyls in the e-cig aerosols. This supports our data
(Fig. 1), which show that the production of high levels of
carbonyls produced under sub-ohm vaping conditions is
flavor specific.

Our exposure system composed of a third-generation
e-cig device connected to an ALI system can provide
exposure conditions at an in vitro dose range similar
to other studies (0.2—182 pg/cmz) [13-15, 17, 23, 33],
that used ALI for e-cig aerosol exposures. Those lev-
els are considered equivalent to values of human pul-
monary deposition fraction [13-15, 17, 23, 33]. We
showed that for butter-flavored e-cig aerosols, sub-ohm
(0.15 Q) vaping produced more toxic chemicals than
vaping with an atomizer of 1.5 Q (Fig. 1), and this was
translated into increased cellular toxicity, as evidenced
by decreased cell viability and altered expression of key
genes associated with oxidative stress, airway remod-
eling, and inflammation (Fig. 3). These data suggest that
the increased cytotoxicity observed with sub-ohm vap-
ing may be associated with the higher carbonyl content
of the e-cig aerosol (Figs. 1, 3). In line with our results,
it was previously reported in an ALI exposure system
that the viability of human lung carcinoma cells (H1299)
was significantly decreased when exposed to a 50/50
PG/VG, nicotine-free raspberry-flavored e-cig aerosol
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produced under sub-ohm conditions (0.25 Q atom-
izer and 3.5 V) compared to both control cells and cells
exposed under regular vaping conditions (1.5 Q atom-
izer and 3.5 V) [16]. In addition, that study also showed
that cell viability was inversely correlated with carbonyl
levels and ROS generation from the e-cig aerosols [16].
The detrimental effects of sub-ohm versus regular vaping
were also investigated in vivo [59]. Rats exposed to 50/50
PG/VG, nicotine-free fruit-flavored e-cig aerosols, pro-
duced under sub-ohm conditions for 28 days, exhibited
dysregulation of antioxidant responses, up-regulation of
biotransformation genes, including Cyplal and Cyp2El,
increased ROS levels in lungs, and altered hematological
profile when compared to controls rats or rats exposed to
e-cig aerosol produced under regular vaping conditions
[59]. Moreover, by using SEM and transmission electron
microscopy (TEM) images the study also demonstrated
lung and trachea tissue damage, including large areas of
lung airflow collapse that were more pronounced when
rats were exposed to the e-cig aerosols produced under
sub-ohm conditions [59]. Taken together, these two stud-
ies and our results strongly indicate that sub-ohm vaping
can cause harmful effects to lung cells and the respira-
tory tract, which may be worse than pulmonary effects
due to regular vaping. This also suggests that the use of
e-cig devices with sub-ohm atomizers (<0.5 Q) should be
restricted, as it may increase the risks of adverse pulmo-
nary responses.

Butter flavoring chemicals include diacetyl, acetyl pro-
pionyl and acetoin [60]. Diacetyl is a well-known inhaled
toxicant that can produce irreversible lung damage,
including bronchiolitis obliterans [61, 62]. The butter-
flavored e-liquid that we used, according to the manu-
facturer, was diacetyl-free. It was reported that acetyl
propionyl and acetoin can be used as a substitute for dia-
cetyl, based on their similar chemical structures [60, 62].
As demonstrated in rodents, both of these compounds
may induce comparable lung effects to diacetyl; how-
ever, with acetoin showing significantly milder effects
[61, 62]. Although butter-flavored aerosols contained
higher levels of carbonyls than their cinnamon counter-
parts (Fig. 1), we found that 1 and 3 days of exposure to
cinnamon-flavored e-cig aerosols are more toxic than
exposures to butter-flavored aerosols (Figs. 4, 7, 8). It
was previously reported that the median lethal concen-
tration (LCgy) (% volume/volume) for butter-flavored
e-liquids ranged between 2.1 and 3.0, while that for cin-
namon roll e-liquid was 0.7 [63]. This suggests that the
intrinsic toxicity of cinnamon-related e-liquids may be
higher than that of buttery based e-liquids. Therefore,
aside from the carbonyls produced (Fig. 1), the enhanced
toxicity of the cinnamon-flavored e-cig aerosol (Figs. 4, 7,
8) may be due to cinnamaldehyde, the primary flavoring
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chemical of cinnamon-based e-liquids, which was shown
to be highly toxic in both in vitro and in vivo models [36,
46-50, 64]. For instance, using a zebrafish model it was
shown that the presence of cinnamaldehyde in various
e-liquids, including in bubble gum flavored-e-liquids, was
mainly responsible for the harmful developmental effects
observed [65]. Another study in osteoblast cells showed
that cinnamon-flavored e-liquid-augmented cytotoxicity
was related to oxidative stress, as evidence by increased
ROS production [66]. In both in vitro and in vivo mod-
els, Lerner et al. [67] showed that e-cig aerosols’ toxicity,
including that of cinnamon flavors, was associated with
oxidative stress. NAC is an antioxidant shown to provide
protection against ROS-mediated lung injury in vitro and
in vivo [68, 69]. We showed that pre-treating the cells
with NAC prevented butter- and cinnamon-flavored
e-cig aerosols-mediated cellular toxicity by attenuat-
ing LDH release, ROS production and improving TEER
levels (Figs. 5, 6). In addition, NAC circumvented the
decrease in viable cell number and oxidative DNA dam-
age induced by the cinnamon-flavored e-cig aerosol
(Fig. 6). Accordingly, our data suggest that cinnamon-
flavored aerosols may be more pro-oxidant than butter-
flavored e-cig aerosols since only the cinnamon-flavored
e-cig aerosols significantly increased 8-OHdG protein
concentrations, a marker of oxidative DNA damage, fol-
lowing 1 and 3 days of exposure (Figs. 4, 8). These results
are in line with other studies that showed oxidative DNA
lesions in human oral and bronchial cells exposed to
e-cig aerosols or extracts [70, 71]. In our study, the pro-
oxidant effect of the cinnamon-flavored e-cig aerosol
was also seen at the molecular level, with the dysregu-
lation of antioxidant response-related genes, including
SODI and NOX1/2, at both time-points, in addition to
NRF2 and DUOX?2 following 1 day of exposure (Figs. 4,
8). Pre-treating the cells with NAC allowed most genes
dysregulated by the cinnamon-flavored e-cig aerosol to
remain at baseline levels (Fig. 6). Overall, these data point
towards a major role of oxidative stress in cinnamon-
flavored e-cig aerosol-mediated H292 cellular toxicity. It
was previously reported that out of 49 flavored e-liquids
tested, the ‘subtle cinnamon’-flavored e-liquid ranked in
the top 5 for the production of free radicals found in the
e-cig aerosol with a significant 105% increase compared
to the base PG/VG aerosol [72]. This supports the notion
that cinnamon-flavored e-cig aerosol may induce greater
oxidative damage to lung cells due to the increased pres-
ence of free radicals.

Overall, our data suggest that e-cig aerosol toxicity
may be flavor-specific (Figs. 1, 2, 3, 4, 5, 6, 7, 8). Indeed,
in terms of cellular toxicity (Figs. 4, 7, 8), we showed
that exposures to e-cig aerosols at the ALI under sub-
ohm conditions are toxic to lung epithelial cells, with
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cinnamon-flavored e-cig aerosols producing more
adverse effects than butter-flavored e-cig aerosols. This
is of significant importance to public health, since cinna-
maldehyde and diacetyl, which, as we (Figs. 4, 5, 6, 7, 8)
and others have shown, are cytotoxic in vitro and in vivo
[36, 46-50, 64], and have been identified as high-priority
flavoring chemicals for evaluation of respiratory hazard
[73], are very popular in e-liquids. Diacetyl was detected
in 76% of 51 commercially available e-liquids tested [74],
whereas, in addition to cinnamon-flavored e-liquids, cin-
namaldehyde was detected in 44% of 27 non-cinnamon
labelled e-liquids tested [49]. This suggests that buttery-
and cinnamon-related flavoring chemicals are present in
a wide variety of e-liquids on the market, without users
necessarily realizing this; thus, exposures of e-cig users to
potentially harmful e-cig aerosols may be widespread.
Mucociliary clearance is a major primary defense
mechanism of the respiratory tract [75]. This physical
barrier includes airway mucus and motile cilia present
at the surface of ciliated cells of the bronchial epithelium
[75]. In in vitro models, the presence of cilia at the surface
of bronchial epithelial cells support differentiation of the
cells at the ALI (Fig. 2). Qualitative observations of SEM
images suggest that 3 days of exposure to e-cig aerosols
may lead to shorter cilia at the surface of the cells (Fig. 7).
As visualized by SEM, the cinnamon-flavored e-cig aero-
sol-exposed cells appeared to have fewer and shorter cilia
compared to both butter-flavored e-cig aerosol-exposed
cells and controls (Fig. 7). The ciliary abnormalities of
cinnamon-flavored e-cig aerosol-exposed cells were sup-
ported by the up-regulation of DNAHI0 (1.9-fold) and
FOXJ1 (1.6-fold) (Fig. 8f), two protein-coding genes that
play significant roles in ciliogenesis, cilia assembly and
movement [51, 53]. This increase in gene expression may
suggest that the cells are seeking to increase the synthesis
of these proteins to help replace the cilia barrier. Moses
et al. [51] reported in human primary bronchial epi-
thelial cells that 1 day of ALI exposure to menthol and
tobacco-flavored e-cig aerosols produced with a dispos-
able Blue-brand e-cig device, resulted in down-regulation
of DNAHI0 and FOXJI. In our ALI exposure model,
we showed in H292 cells that the gene expression of
DNAH10 and FOXJI was up-regulated following 3 days
of exposure to the cinnamon-flavored e-cig aerosol, and
that TUBB gene expression was up-regulated after 3 days
of exposure to butter-flavored e-cig aerosol, produced
by a third-generation e-cig device (Fig. 8f). Despite the
numerous different experimental conditions used in
these 2 studies, our results do not necessarily conflict
with those of Moses et al. [51], as they may reflect dif-
ferences in exposure duration temporal profiles (1 vs.
3 days) of cilia-related gene expression following e-cig
aerosol exposure; and initial down-regulation, which
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could lead to ciliary abnormalities (fewer and shorter
cilia), followed by up-regulation to replenish the cell
surface. An important takeaway from these two studies
is that short-term e-cig aerosol exposures dysregulated
the expression of cilia-related genes, which are essen-
tial for healthy airway physiology. Just as it was demon-
strated previously with cigarette smoke exposures and
other inhaled pollutants [76, 77], recently, it was shown
that e-cig aerosol exposures affected cilia and mucocili-
ary clearance mechanisms of the respiratory epithelium
[59, 75, 78]. In vivo, rats exposed to e-cig aerosols pro-
duced under either sub-ohm or regular vaping conditions
showed trachea tissue epithelium detachment and loss of
cilia, as visualized by TEM, with sub-ohm vaping caus-
ing more pronounced damage [59]. In both human cells
and in a sheep in vivo model, Chung et al. [78] demon-
strated that exposures to e-cig aerosol-induced airway
mucociliary dysfunction by increasing the mucus vis-
cosity and reducing the mucus velocity. Furthermore, it
was previously shown that human bronchial epithelial
cells exposed to cinnamaldehyde e-cig aerosols displayed
transient suppression of ciliary mobility, as evidenced
by reduced ciliary beat frequency [75]. Moreover, at the
molecular level, it was also demonstrated that e-cig aero-
sol exposures dysregulate the expression of genes associ-
ated with airway cilia in human bronchial epithelial cells
[51]. Taken together, our results and those of others have
shown that e-cig aerosol exposures can affect cilia length
and mucociliary function, which are associated with
decreased mucociliary clearance. It is well-established
that decreased mucociliary clearance can increase the
risk of respiratory infections and injury to the epithelium
[75-77]. Thus, the weight of recent results, including
those we present here, suggest that e-cig aerosol expo-
sures may pose a threat to lung health.

This study includes some potential limitations. First,
the chemical profiles of the e-cig aerosols generated
under 9 different heating conditions for the 2 e-liquid
flavors analyzed (butter and cinnamon; Fig. 1) represent
a one-time snapshot providing insights into the harm-
ful chemicals present in these aerosols and their relative
levels. Very few studies [16] have exhaustively assessed
the characterization of the e-cig exposures, including the
analysis of the e-liquid components as well as the e-cig
aerosol chemical profiles for nicotine, PG, VG and car-
bonyls, in addition to a thorough evaluation of the cellu-
lar toxicity. The study presented here includes all of those
analyses, in addition to SEM images of the cells cultured
at the ALI following exposures to e-cig aerosols. This ena-
bles a better understanding of the exposure-effect con-
tinuum as it pertains to the correlation between the e-cig
aerosol characteristics and the responses of cells at the
morphological, cellular and molecular levels. Second, our
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in vitro ALI exposure model did not use primary human
bronchial epithelial cells. Validation of some of the key
results with primary human bronchial cultures would
greatly strengthen and improve the translational aspect
of this study. Primary cells, however, differ from batch-
to-batch and are more challenging to maintain than cell
lines. This represents a significant disadvantage when
conducting high throughput screening and toxicological
testing [79]. Published studies have shown consistent evi-
dence that different types of human bronchial cell lines
(BEAS-2B; Calu-3; HFL-1; H292) and primary human
bronchial epithelial cells display different cellular toxicity
profiles following in vitro exposures to tobacco-related
products or their constituents [48; 80]. For instance, 7
different e-liquid flavoring chemicals induced significant
IL-8 release from BEAS-2B and HFL-1 cells, while under
the same exposure conditions, no significant IL-8 induc-
tion was observed in H292 cells [48]. In another study,
while IL-8 concentration was significantly increased in
Calu-3 cells exposed to e-cig aerosols at the ALI when
compared to control cells, H292 cells and primary human
bronchial epithelial cells did not significantly augment
the synthesis of IL-8 from baseline control levels [80].
These results have at least two implications: 1) H292
cells and primary human lung epithelial cells may exhibit
similar IL-8 release cellular responses after exposure to
e-cig aerosols at the ALIL; and 2) that in an ALI exposure
model, H292 cells, although a cancer cell-line, may be a
relevant surrogate for primary human bronchial epithe-
lial cells, which are more complex and difficult to use
reliably in large scale and long-term experimental ALI
context. Third, since the e-cig aerosol exposures were
conducted for either 1 day or 3 consecutive days, the data
are representative of short-term exposure effects rather
than of responses to prolonged exposure to e-cig aero-
sols. Therefore, this study should not be used to infer the
long-term effects associated with the chronic use of e-cig
devices. Finally, as in vitro exposures were conducted on
a human lung cell line rather than on primary human
lung cells, this may negatively influence the translational
impact and thus the generalization potential of the data
presented here.

Conclusion

In the global context of public health, our results sug-
gest that the use of e-cig devices with sub-ohm atom-
izers (<0.5 Q) should be prevented, as sub-ohm vaping
induced detrimental effects on lung cells due to cyto-
toxicity, enhanced oxidative stress, low levels of nitric
oxide, diminished TEER, and altered expression of key
genes associated with biotransformation, oxidative stress,
and inflammation. In addition, e-cig aerosols induce
cellular toxicity via mechanisms potentially associated
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with oxidative stress. Our results also suggest that e-cig
aerosol toxicity may be flavor-specific. Overall, our data
underline that e-cigs may not be a “safe” alternative to
conventional cigarettes. Taken together, our results could
help policymakers take the necessary steps to prevent the
use or manufacturing of sub-ohm (i.e. 0.15 Q) atomizers.
More research is needed to determine the longer-term
effects of e-cig aerosol exposures, using human primary
bronchial epithelial cells, as well as the in vivo pulmonary
responses.
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Additional file 1: Table S1. Primers used for gRT-PCR analysis of human
genes. Figure S1. 3 days of butter-flavored e-cig aerosol exposure under
sub-ohm conditions decrease viable cell numbers (trials #2 and 3). A)
Numbers of viable cells were significantly decreased by the e-cig aerosol
produced under sub-ohm vaping conditions (trial #2). B) Numbers of
viable cells were decreased by the e-cig aerosol produced under sub-ohm
vaping conditions (trial #3). Data are presented as mean £ SEM (n =3 cell
inserts per group). Comparisons between groups were made by the
student t-test; *p < 0.05: significantly different from the other group.
Figure S2. 1 day of butter-flavored e-cig aerosol exposure under sub-ohm
conditions (0.15 Q & 4.8 V) affects the integrity of H292 cells'tight
junctions (trial #2). H292 cells were exposed to butter-flavored e-cig
aerosol at the air-liquid interface (ALI) for 1 day. A) Numbers of viable cells.
B) Levels of extracellular lactate dehydrogenase (LDH). C) Levels of
extracellular reactive oxygen species (ROS) were significantly increased by
butter-flavored e-cig aerosol compared to the air control group. D) Levels
of extracellular nitric oxide (NO). E) Exposure of cells to NAC pre-treatment
and NAC pre-treatment plus butter-flavored e-cig aerosol had no
significant effect on cellular viability. F) The transepithelial electrical
resistance (TEER) values were significantly decreased by butter-flavored
e-cig aerosols compared to the respective air control group. A-F: Data are
presented as mean 4= SEM (n =3 cell inserts per group). For each cell
insert, bioassays were further evaluated in duplicate or triplicate. For
assays B — D, data were normalized to cell count. Comparisons between
the e-cig group and the air control group were made by the student
t-test; *p < 0.05: significantly different from air control; §p < 0.05: signifi-
cantly different from e-cig aerosol exposed-cells without NAC pre-treat-
ment. Figure S3. 1 day of butter-flavored e-cig aerosol exposure under
sub-ohm conditions (0.15 Q & 4.8 V) affects the integrity of H292 cells’
tight junctions (trial #3). H292 cells were exposed to butter-flavored e-cig
aerosol at the air-liquid interface (ALI) for 1 day. A) Numbers of viable cells.
B) Levels of extracellular lactate dehydrogenase (LDH). C) Levels of
extracellular reactive oxygen species (ROS). D) Levels of extracellular nitric
oxide (NO). E) Exposure of cells to NAC pre-treatment and NAC
pre-treatment plus butter-flavored e-cig aerosol had no significant effect
on cellular viability. F) The transepithelial electrical resistance (TEER) values
were significantly decreased by butter-flavored e-cig aerosols compared
to the respective air control group. A-F: Data are presented as mean =+ SEM
(n=3 cellinserts per group). For each cell insert, bioassays were further
evaluated in duplicate or triplicate. For assays B - D, data were normalized
to cell count. Comparisons between the e-cig group and the air control
group were made by the student t-test; *p < 0.05: significantly different
from air control; ép < 0.05: significantly different from e-cig aerosol
exposed-cells without NAC pre-treatment. Figure S4. 1 day of cinnamon-
flavored e-cig aerosol exposure under sub-ohm conditions (0.15 Q & 4.8 V)
decreases cell viability and affects the integrity of H292 cells'tight
junctions (trial #2). H292 cells were exposed to cinnamon-flavored e-cig
aerosol at the air-liquid interface (ALI) for 1 day. A) Numbers of viable cells
were significantly decreased by the cinnamon-flavored e-cig aerosol
compared to air control. B) Levels of extracellular lactate dehydrogenase
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(LDH) were significantly increased by cinnamon-flavored e-cig aerosols
compared to the air control group. C) Levels of extracellular reactive
oxygen species (ROS) were significantly increased by cinnamon-flavored
e-cig aerosols compared to the air control group. D) Levels of extracellular
nitric oxide (NO). E) Exposure of cells to NAC pre-treatment and NAC
pre-treatment plus cinnamon-flavored e-cig aerosol had no significant
effect on cellular viability. F) The transepithelial electrical resistance (TEER)
values were significantly decreased by cinnamon-flavored e-cig aerosols
compared to the air control group. A-F: Data are presented as mean =+ SEM
(n=3 cellinserts per group). For each cell insert, bioassays were further
evaluated in duplicate or triplicate. For assays B—D data were normalized
to cell count. Comparisons between the e-cig group and the air control
group were made by the student t-test; *p < 0.05: significantly different
from air control; ¥p < 0.05: significantly different from e-cig aerosol
exposed-cells without NAC pre-treatment. Figure S5. 1 day of cinnamon-
flavored e-cig aerosol exposure under sub-ohm conditions (0.15 Q & 4.8 V)
decreases cell viability and affects the integrity of H292 cells'tight
junctions (trial #3). H292 cells were exposed to cinnamon-flavored e-cig
aerosol at the air-liquid interface (ALI) for 1 day. A) Numbers of viable cells.
B) Levels of extracellular lactate dehydrogenase (LDH) were significantly
increased by cinnamon-flavored e-cig aerosols compared to the air
control group. C) Levels of extracellular reactive oxygen species (ROS). D)
Levels of extracellular nitric oxide (NO). E) Exposure of cells to NAC
pre-treatment and NAC pre-treatment plus cinnamon-flavored e-cig
aerosol had no significant effect on cellular viability. F) The transepithelial
electrical resistance (TEER) values were significantly decreased by
cinnamon-flavored e-cig aerosols compared to the air control group. A-F:
Data are presented as mean = SEM (n =3 cell inserts per group). For each
cell insert, bioassays were further evaluated in duplicate or triplicate. For
assays B — D, data were normalized to cell count. Comparisons between
the e-cig group and the air control group were made by the student
t-test; *p < 0.05: significantly different from air control. Figure S6. 3 days of
butter-flavored e-cig aerosol exposure under sub-ohm conditions (0.15 Q
&4.8V) is cytotoxic and causes oxidative damage to H292 cells (trial #2).
H292 cells were exposed to butter-flavored e-cig aerosol at the air-liquid
interface (ALI) for 3 days. A) Numbers of viable cells were significantly
decreased by butter-flavored e-cig aerosol compared to air controls. B)
Levels of extracellular lactate dehydrogenase (LDH) were significantly
increased by butter-flavored e-cig aerosol compared to air controls. C)
Levels of extracellular reactive oxygen species (ROS) were significantly
increased by butter-flavored e-cig aerosol compared to air controls. D)
Levels of extracellular nitric oxide (NO) were significantly decreased by
butter-flavored e-cig aerosol compared to air controls. A-D: Data are
presented as mean & SEM (n =3 cell inserts per group). For each cell
insert, bioassays were further evaluated in duplicate or triplicate. For
assays B — D, data were normalized to cell count. Comparisons between
the e-cig group and the air control group were made by the student
t-test; *p < 0.05: significantly different from air control. Figure S7. 3 days of
butter-flavored e-cig aerosol exposure under sub-ohm conditions (0.15 Q
&4.8V) is cytotoxic and causes oxidative damage to H292 cells (trial #3).
H292 cells were exposed to butter-flavored e-cig aerosol at the air-liquid
interface (ALI) for 3 days. A) Numbers of viable cells were significantly
decreased by butter-flavored e-cig aerosol compared to air controls. B)
Levels of extracellular lactate dehydrogenase (LDH) were significantly
increased by butter-flavored e-cig aerosol compared to air controls. C)
Levels of extracellular reactive oxygen species (ROS) were significantly
increased by butter-flavored e-cig aerosol compared to air controls. D)
Levels of extracellular nitric oxide (NO). A-D: Data are presented as

mean & SEM (n =3 cell inserts per group). For each cell insert, bioassays
were further evaluated in duplicate or triplicate. For assays B—D, data
were normalized to cell count. Comparisons between the e-cig group and
the air control group were made by the student t-test; *p < 0.05:
significantly different from air control. Figure $8. 3 days of cinnamon-
flavored e-cig aerosol exposure under sub-ohm conditions (0.15 Q & 4.8 V)
is cytotoxic and causes oxidative damage to H292 cells (trial #2). H292 cells
were exposed to cinnamon-flavored e-cig aerosol at the air-liquid
interface (ALI) for 3 days. A) Numbers of viable cells were significantly
decreased by cinnamon-flavored e-cig aerosol compared to air controls.
B) Levels of extracellular lactate dehydrogenase (LDH) were significantly

increased by cinnamon-flavored e-cig aerosol compared to air controls. C)
Levels of extracellular reactive oxygen species (ROS) were significantly
increased by cinnamon-flavored e-cig aerosol compared to air controls. D)
Levels of extracellular nitric oxide (NO) were significantly decreased by
cinnamon-flavored e-cig aerosol compared to air controls. A-D: Data are
presented as mean &= SEM (n =3 cell inserts per group). For each cell
insert, bioassays were further evaluated in duplicate or triplicate. For
assays B—D, data were normalized to cell count. Comparisons between
the e-cig group and the air control group were made by the studentt-test;
*p < 0.05: significantly different from air control. Figure S9. 3 days of
cinnamon-flavored e-cig aerosol exposure under sub-ohm conditions
(0.15Q &4.8V) is cytotoxic and causes oxidative damage to H292 cells
(trial #3). H292 cells were exposed to cinnamon-flavored e-cig aerosol at
the air-liquid interface (ALI) for 3 days. A) Numbers of viable cells. B) Levels
of extracellular lactate dehydrogenase (LDH) were significantly increased
by cinnamon-flavored e-cig aerosol compared to air controls. C) Levels of
extracellular reactive oxygen species (ROS) were significantly increased by
cinnamon-flavored e-cig aerosol compared to air controls. D) Levels of
extracellular nitric oxide (NO). A-D: Data are presented as mean & SEM
(n=3 cellinserts per group). For each cell insert, bioassays were further
evaluated in duplicate or triplicate. For assays B—D, data were normalized
to cell count. Comparisons between the e-cig group and the air control
group were made by the student t-test; *p < 0.05: significantly different
from air control.
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