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Abstract

Menthol and tobacco flavors are available for almost all tobacco products, including electronic cigarettes (e-cigs). These flavors are a
mixture of chemicals with overlapping constituents. There are no comparative toxicity studies of these flavors produced by different
manufacturers. We hypothesized that acute exposure to menthol and tobacco-flavored e-cig aerosols induces inflammatory,
genotoxicity, and metabolic responses in mouse lungs. We compared two brands, A and B, of e-cig flavors (PG/VG, menthol, and
tobacco) with and without nicotine for their inflammatory response, genotoxic markers, and altered genes and proteins in the
context of metabolism by exposing mouse strains, C57BL/6J (Th1-mediated) and BALB/cJ (Th2-mediated). Brand A nicotine-free
menthol exposure caused increased neutrophils and differential T-lymphocyte influx in bronchoalveolar lavage fluid and induced
significant immunosuppression, while brand A tobacco with nicotine elicited an allergic inflammatory response with increased
Eotaxin, IL-6, and RANTES levels. Brand B elicited a similar inflammatory response in menthol flavor exposure. Upon e-cig exposure,
genotoxicity markers significantly increased in lung tissue. These inflammatory and genotoxicity responses were associated with
altered NLRP3 inflammasome and TRPA1 induction by menthol flavor. Nicotine decreased surfactant protein D and increased PAI-1
by menthol and tobacco flavors, respectively. Integration of inflammatory and metabolic pathway gene expression analysis showed
immunometabolic regulation in T cells via PI3K/Akt/p70S6k-mTOR axis associated with suppressed immunity/allergic immune
response. Overall, this study showed the comparative toxicity of flavored e-cig aerosols, unraveling potential signaling pathways of
nicotine and flavor-mediated pulmonary toxicological responses, and emphasized the need for standardized toxicity testing for
appropriate premarket authorization of e-cigarette products.

Keywords: e-cigarettes; ENDS; flavors; menthol; tobacco; nicotine; immunometabolism; hypersensitivity

Electronic nicotine delivery systems (ENDS) or electronic ciga-
rettes (e-cigs) have become popular as a cessation method, with
declined use of combustible cigarettes. However, the use of ENDS
by nonsmokers is on the rise, especially among youth (Galderisi
et al., 2020; Levy et al., 2019). Contradictory to the intended use of
ENDS as a cessation tool, flavored ENDS has become a gateway
to nicotine use and nicotine/vaping addiction, as more than 20%
of high schoolers and middle-schoolers were using e-cigs in 2021
(Hamberger and Halpern-Felsher, 2020; Miech et al., 2021).
Despite all efforts by regulatory agencies, a plethora of nicotine-
containing ENDS (vape bars, e-liquids, pods) is available in retail
stores and online. Similarly, menthol-, mint-, cooling-, and
tobacco-flavored ENDS are available in many forms, such as e-
liquids, disposable vapes, and pod-based products. However,
with increased regulation policies by the Food and Drug
Administration, such as the flavor ban and premarket authoriza-
tion, menthol- and tobacco-flavored ENDS sales and consump-
tion has been rising, while other flavored ENDS sales have been
declining (Ali et al., 2022; Diaz et al., 2021).

E-liquids contain humectants, flavoring chemicals, and addi-
tives, such as flavor enhancers forming secondary pyrolytic prod-
ucts upon heating. These degradation products depend on many
factors, such as the temperature of the coil and the power (wat-
tage) of the device (Bitzer et al., 2018; Li et al., 2021b). We have
shown that certain flavoring chemicals cause more toxicity and
inflammation than others (Kaur et al., 2018; Lamb et al., 2020,
2022; Muthumalage et al., 2017, 2019). We and others have shown
that secondary degradation products, such as aldehydes in men-
thol, tobacco, cinnamon, and fruit-flavored e-liquids, cause mito-
chondrial dysfunction, cellular toxicity, inflammation, and
impaired phagocytosis (Hickman et al., 2019; Hua et al., 2019;
Jabba et al., 2020; Khlystov and Samburova, 2016; Omaiye et al.,
2019). Subacute to subchronic exposure to flavored ENDS has
shown moderate levels of lung inflammation and immune
response in mice (Crotty Alexander et al., 2018; Szafran et al.,
2020). In our previous studies, we have shown that flavoring
chemicals generate reactive oxygen species, causing epithelial
barrier dysfunction, oxidative stress, cytotoxicity, inflammation,
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mitochondrial dysfunction, DNA damage, and cellular senes-
cence in vitro and in vivo in mouse lungs (Lamb et al., 2020, 2022;
Lei et al., 2017; Lerner et al., 2015; Lucas et al., 2020; Muthumalage
et al., 2019; Wang et al., 2020). E-cigarette, or Vaping-Induced lung
Injury epidemic was primarily associated with e-cigarettes using
THC-containing cartridges, but we have found the presence of
nicotine and flavors in those cartridges (Muthumalage et al.,
2020). While researchers have identified individual cellular proc-
esses, the exact mechanism of vaping-induced lung injury is
unclear (Alexander et al., 2020).

Currently, no standardized manufacturing guidelines are prac-
ticed during e-cigarette flavor production for chemical ingredients,
such as PG/VG, nicotine, and flavoring agents. Different manufac-
turers/vendors produce the same e-cig flavor using various propor-
tions of humectants, flavoring agents, and nicotine and label them
as a particular flavor, eg, tobacco and menthol. While we have
observed acute lung injury and priming of pathogenic processes,
such as extracellular matrix remodeling due to PG/VG and nico-
tine exposure, flavor interaction-induced lung damage has not yet
been studied. Furthermore, comparative toxicity assessment of
the same flavor by two brands has not been investigated. E-cigs of
the same flavor by different vendors may have differential toxicity.
Hence, we assessed two locally purchased e-liquid brands of PG/
VG, menthol, and tobacco flavors with and without nicotine, using
two strains of mice (C57BL/6J and BALB/cJ, both male and female).
These variables were selected to minimize bias and generalization
by using just one brand of e-liquid. In this study, we performed a
comparative toxicological analysis, focusing on inflammation,
genotoxicity, and cellular metabolism to shed light on acute phase
lung injury and resolution.

As the chemosensory cation channel receptors have been
observed to play a role in cough reflex sensitivity in lung diseases
such as asthma, chronic obstructive pulmonary disease (COPD),
and idiopathic pulmonary fibrosis (IPF), we assessed transient
receptor potential ankyrin 1 (TRPA1) expression in lung homoge-
nates. Flavoring chemicals in e-cig aerosols have not been well
studied as an agonist of TRPA1, though expressed in bronchial
epithelial cells and lung fibroblasts and have been associated with
allergic asthma (Caceres et al., 2009). The pivotal roles of these
intracellular immune receptors/sensors, and inflammasomes, in
sensing systemic metabolic perturbations have recently become
evident. We have shown augmented plasminogen activator inhib-
itor 1 (PAI-1) with PG/VG þ nicotine exposure in mouse lungs.
Lung inflammation is signified by acute lung injury biomarkers
such as surfactant proteins, SP-A, SP-D, SP-B, and SP-C. These sur-
factant proteins lower the surface tension, preventing the alveolar
from collapsing and play a critical role in the innate immune
response. Thus, we determined the potential correlations of
mechanisms of inflammatory and injurious responses by acute
menthol and tobacco flavor exposure. Acute lung injury markers,
NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome, surfactant protein D (SP-D), and plasminogen
activator inhibitor 1 (PAI-1) were determined in mouse lungs post-
exposure to e-cigs (Koivisto et al., 2022; Moilanen et al., 2012). As
metabolic homeostasis has been shown to play a role in the inci-
dence of asthma, we integrated innate and adaptive immune
responses with cellular metabolism to understand the metabolic
reprogramming of immune cells, which is essential for both
inflammatory and antiinflammatory responses(Brumpton et al.,
2013; O’Neill, 2017; O’Neill et al., 2016; Palsson-McDermott and
O’Neill, 2020).

In this study, we hypothesized that both C57BL/6J and BALB/cJ
mouse strains would elicit Th1 and Th2 inflammatory responses

upon e-cigarette aerosol exposures, respectively. We also
hypothesized that PG/VG, menthol, and tobacco flavors would
cause differential proinflammatory and correlated acute phase
responses regardless of brand differences, and that nicotine
would exacerbate the inflammatory response.

Methods
Scientific rigor and reproducibility

We applied a robust, unbiased experimental design, and data
analysis approach throughout the study. We validated the meth-
ods and ensured reproducibility with repeated experiments. All
methods are presented in detail with transparency. Results were
reported and interpreted without bias. For all assays, laboratory-
grade biological and chemical resources were purchased from
commercial sources. Our methodologies, data, and results
adhered to strict NIH reproducibility standards and scientific
rigor. Exposures had male and female mice of the same age,
N¼ 8–10 per strain. For e-liquid exposures, instead of generalizing
the effects with just one brand, we included two brands. All ana-
lytes were assayed with N¼ 2–3 technical replicates per group.
Assays were performed with unique IDs and self-blinded to avoid
bias.

Ethics statement: institutional biosafety and animal
protocol approval

Experiments in this study were performed according to the stand-
ards and guidelines approved by The University of Rochester
Institutional Biosafety Committee (study approval number:
Rahman/102054/09-167/07-186; identification code: 07-186; date
of approval: 5 January 2019 and 3 February 2020).

All mouse housing, handling, exposure, and procedure proto-
cols used in this study were approved by the University Committee
on Animal Research (UCAR) Committee of the University of
Rochester, Rochester, NY (UCAR protocol 102204/UCAR-2007-070E,
date of approval: January 5, 2019, and February 3, 2020).

Animals

For in vivo exposures, 8- to 10-week-old male and female C57BL/
6J and BALB/cJ mice (body weight �25 g) from Jackson labs were
purchased and housed at the University of Rochester vivarium
under normal light and dark cycles and ad libitum feeding accord-
ing to UCAR guidelines.

Procurement of ENDS e-liquids

Two nationwide commercially available e-liquid brands were de-
identified as A and B for propylene glycol (PG), vegetable glycerin
(VG), menthol 0 mg nicotine, menthol with 6 mg nicotine, tobacco
flavor 0 mg nicotine, and tobacco flavor with 6 mg nicotine pro-
cured from local vendors. E-liquids were stored in a dark room in
a cooler until use. PG/VG (1:1) was prepared fresh before each
exposure by mixing overnight on a rocker. Hence, the products
were obtained from different vendors with matching humec-
tants, nicotine, and flavors.

Characterization of liquid and vapor phase constituents

E-liquids (menthol and tobacco) were chemically characterized
by gas chromatography and mass spectrometry (GC-MS).
Aerosols from menthol and tobacco flavors were sampled in 1-l
vacuum bottles, and each cartridge was sampled for 10 min with
10 puffs each. These samples were sent to ALS Environmental,
CA, for analysis of constituents remaining in the vapor phase
after storage and shipping were analyzed by EPA method TO-15,

Muthumalage and Rahman | 147



which focuses on a standard suite of terpenes and volatile
organic compounds (VOCs). In addition, a mass spectral library
search was used for tentatively identified compounds.

Whole-body ENDS aerosol exposure

The whole-body mouse exposure was performed using the
InExpose vaping system attached to a Joytech (eVIC VTCmini)
(SCIREQ). The 3rd generation e-cig device was automatically trig-
gered and controlled by the SCIREQ Flexiware software (Version
8.0). The e-cig exposure regimen was based on Behar topography,
simulating realistic exposure of 2 puffs/min (70 ml puff volume,
2 s puff duration, 30 s inter-puff interval, bias flow of 2 l/min) for
a total of 2 h exposure time for three consecutive days. The e-
liquid heating temperate was set to 220�C (80 W and 11–15 mA)
with a 0.15-ohm coil. Mice were placed inside the exposure cham-
ber, and real-time humidity, oxygen, carbon dioxide, and ambient
temperature (�20�C) were automatically recorded and monitored
(Table 1). Using qTRAK (TSI) real-time probes for carbon monox-
ide (CO) and VOCs were recorded (Table 1). Mouse numbers were
designated into air (control), PG/VG (1:1), menthol 0 mg nicotine,
menthol 6 mg nicotine, tobacco 0 mg nicotine, and tobacco 6 mg
nicotine. Exposure to e-cig aerosols was conducted for three con-
secutive days, 2 h/day. Air (control) group mice went through the
same procedure as other mice with clean tubing with bias air
flow without any aerosol exposures, and they were housed in a
clean-air room post-sham exposure. Each mouse group exposed
to respective flavored aerosols had separate designated tubing
and pump heads to avoid residual contamination from other fla-
vors, and the mice were housed in a clean-air room postexposure.
Two hours after the third day of exposure to aerosols, blood was
collected by submandibular method for serum cotinine analysis.
After the last day, approximately 24 h later, the mice were sacri-
ficed and blood (by vena cava collection method), bronchoalveo-
lar lavage fluid (BALF), and lung tissues were collected. Cotinine
levels in serum were estimated by ELISA (CalBiotech, Cat No.
CO096D) to ensure the absence or presence of nicotine exposure
in menthol and tobacco flavors.

Bronchoalveolar lavage collection

Upon anesthesia, 0.6 ml of 0.9% NaCl saline solution was instilled
3 times (1.8 ml cumulative volume) into the trachea and the
recovered BALF was centrifuged at 1000 rpm for 7 min. The acel-
lular fraction of the BALF was stored at �80�C for cytokine analy-
sis by Luminex assay. The pelleted cells were then used for flow
cytometry analysis to obtain differential cell counts.

Immunoblot analyses

Approximately 30 mg of lungs were homogenized in RIPA lysis buf-
fer using a magnetic bullet blender. Protein in lung homogenate
samples was determined by BCA assay (Thermo Scientific, Cat No.
23227), and approximately 20mg of total protein per well was
loaded onto 8%–15% SDS polyacrylamide gels for protein separa-
tion by electrophoresis (SDS-PAGE). Separated proteins were

electroblotted onto nitrocellulose transfer membranes (Bio-Rad,
1620112). Membranes were blocked with 5% nonfat dry milk (1 h
ambient temp) and probed with 1:1000 TRPA1 (Invitrogen,
PA588615), 1:1000 SP-D (Abcam, ab220422), 1:1000 PAI-1 (Abcam,
ab182973), and NLRP3 (Abcam, ab210491) primary antibodies over-
night at 4�C. Goat Anti-Rabbit IgG (Hþ L) secondary antibody was
used at a dilution of 1:10 000. 1:5000 GAPDH (Abcam, ab9482) and
1:5000 b-actin (Abcam, ab20272) were used as loading controls for
the normalization of target proteins during densitometry analysis.

Inflammatory mediators by Luminex assay

Fifty microliters of BALF or homogenized lung tissue were used
with BioRad 23-plex-Group I kit to quantify secreted inflamma-
tory mediators (BioRad Catalog No. M60009RDPD) according to
the manufacturer’s instructions. Briefly, capture antibody-
coupled magnetic beads were added to the plate, followed by the
addition of samples and the standards. After incubating, the
detection antibody and streptavidin-PE were added. The appro-
priate number of washing steps and incubation steps were fol-
lowed as instructed. After resuspending the sample in 125 ll of
assay buffer, the plate was read on a FLEXMAP 3D system
(Luminex, Austin, Texas). The concentrations of each analyte
were compared to the unexposed air group and the analytes that
showed significant differences were reported.

Genotoxicity assessment

To assess genotoxicity caused by ENDS exposures, frozen lung
tissues were homogenized in RIPA buffer and the protein levels
were determined by Pierce BCA assay (Thermofisher, 23227).
Subsequently, ATR, Chk1, Chk2, H2A.X, MDM2, p21, and P53 pro-
tein levels were measured by the magnetic bead panel (Cell
Signaling Multiplex Assay, 48-621MAG, EMD Millipore) on
FLEXMAP 3D. The data were normalized by protein levels for
each analyte and reported as net median florescence intensity.

Flow cytometry analysis

Collected cells from the BALF recovery were counted by acridine
orange/propidium iodide (AO/PI) assay to obtain total cell counts.
The cells were then blocked with anti-CD16/32 (Fc block) for
10 min. Followed by a PBS wash step, cells were stained with
CD45, F4/80, Ly6B.2, CD4, and CD8 cell surface markers in the
staining buffer to identify approximate counts of cell popula-
tions. After 30 min of incubation in the dark at 4�C, the cells were
washed twice in PBS and resuspended in 100 ll buffer.
Appropriate FMO controls and compensation beads were used for
compensation. Sample acquisition was performed using a Guava
easyCyte 8 flow cytometer (Luminex ). Data analysis was per-
formed using GuavaSoft 3.3.

Gene expression profiling by NanoString sprint profiler

RNA samples isolated using Direct-zol Zymo kit according to
manufacturer’s protocol from mouse lung lobes were quantified
through NanoDrop spectrophotometer (ND-1000, NanoDrop

Table 1. Mouse exposure chamber conditions during aerosol exposures

Temperature RH% CO (ppm) CO2 VOC (ppm)

PG/VG 21.38 6 0.31 67.13 6 19.47 33.00 6 6.99 145.75 6 159.22 13.33 6 1.89
Menthol 21.85 6 0.34 84.23 6 8.56 2.99 6 6.44 342.45 6 327.98 46.55 6 23.84
Menthol þ Nic 21.74 6 0.18 87.24 6 21.57 0.52 6 1.79 334.67 6 310.92 29.67 6 10.58
Tobacco 21.03 6 0.43 74.55 6 4.79 14.86 6 15.14 14.92 6 33.31 11.00 6 8.50
Tobacco þ Nic 21.78 6 0.47 57.76 6 7.07 21.86 6 26.90 30.00 6 38.92 15.46 6 6.07
Overall 21.56 6 0.35 74.18 6 12.16 14.65 6 13.46 173.56 6 158.93 23.20 6 14.94
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Technologies), and 30 ng RNA samples were prepared for
NanoString analysis. Premade NanoString codesets for metabolic
and inflammation genes were purchased and hybridized with the
samples according to the manufacturer’s guidelines. Gene
expressions were assessed after quality check and normalization
using nSolver 4.0 software. Significantly upregulated genes
(p< .05) curated and Venn diagram was prepared using https://
bioinformatics.psb.ugent.be/webtools/Venn/

Proteomics analysis

Approximately 20 mg of snap-frozen mouse lungs were tested for
suitability (no blood contamination) by hemoglobin SDS-PAGE
and the provided Max Quant Log2 fold change values were pro-
vided by the University of Rochester proteomics core facility.

In brief, protein extraction, protein concentration estimation,
sample trypsinization, and S-Trap centrifugation were performed
to collect the digested peptides. Subsequently, data collection per-
formed for peptides from each fraction were injected onto a home-
made 30 cm C18 column with 1.8 um beads (Sepax), with an Easy
nLC-1200 HPLC (Thermo Fisher), connected to a Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher). Solvent A was 0.1%
formic acid in water, while solvent B was 0.1% formic acid in 80%
acetonitrile. Ions were introduced to the mass spectrometer using
a Nanospray Flex source operating at 2 kV. The gradient began at
3% B and held for 2 min, increased to 10% B over 7 min, increased
to 38% B over 64 min, then ramped up to 90% B in 5 min and was
held for 3 min, before returning to starting conditions in 2 min and
re-equilibrating for 7 min, for a total run time of 90 min. Raw data
were processed with DIA-NN version 1.8.1 (https://github.com/vde-
michev/DIA-NN). For all experiments, data analysis was carried
out using library-free analysis mode in DIA-NN. To annotate the
library, the mouse UniProt “one protein sequence per gene” data-
base (UP000000589, downloaded 4/7/2021) was used with “deep
learning-based spectra and RT prediction” enabled. Protein quanti-
fication carried out using the MaxLFQ algorithm as implemented
in the DIA-NN R package (https://github.com/vdemichev/diann-
rpackage) and the number of peptides quantified in each protein
group was counted as implemented in the DiannReportGenerator
Package (https://github.com/kswovick/DIANN-Report-Generator).

Subsequently, data for each exposure group (air, PG/VG, men-
thol, menthol 6 mg nicotine, tobacco, tobacco 6 mg nicotine) were
curated to identify 61.5-fold change. Data presented in a Venn dia-
gram using https://bioinformatics.psb.ugent.be/webtools/Venn/

Mitochondrial bioenergetics of MLE15 cells treated with
extracellular vesicles isolated from tobacco flavor exposed
mouse lung

Murine type II epithelial cells (MLE-15) were cultured in DMEM/
F12K medium and L2: F12K medium supplemented with 10% FBS,
2 mM L-glutamine, 100 IU/ml penicillin, and 100 lg/ml streptomy-
cin at 37�C in a humidified atmosphere containing 5% CO2 until
confluency. Cells were seeded at 20 000 seeding density on 6-well
seahorse plates (Cat No. 103025-100). We isolated exosomes, by
digesting �40 mg of lung tissue from mice exposed to tobacco fla-
vor and air (control) groups in 1x Liberase, and sequentially cen-
trifuging at 300 � g, 2000 � g, 10 000 � g, and finally at 100 000 �
g via ultracentrifugation method. MLE cells in seahorse plates
were then treated with isolated exosomes at 5 mg/ml. Twenty-
four hours posttreatment, MitoStress assay (Cat No. 13015-100,
Agilent) was performed per manufacturer’s instructions to meas-
ure the extracellular acidification rate (ECAR) and oxygen con-
sumption rate (OCR) of MLE cells upon treatment. The data were

normalized by live cell count in each well and plotted by Wave

software.

Statistical analysis

The statistical differences between treatment groups were ana-

lyzed through t-tests, one-way ANOVA, and two-way ANOVA in

GraphPad Prism software (version 9). Results were presented as

the mean 6 SEM. A p-value of <.05 was considered significant.

Results
Chemical composition of menthol and tobacco flavors based
on two e-liquid brands A and B
Chemical characterization of liquid and vapor phases showed

high levels of alcohol-ethanol, PG, propene, 1,3-butadiene, ace-

tone, acetaldehyde, propene, acrolein, methacrolein, sulfur diox-

ide, n-propanal, maltol, ethyl ether, menthanone, levomenthol,

isoprene, ethyl acetate, alpha pinene, and beta pinene. Menthol

derivatives were found in both tobacco and menthol flavors

(Tables 2 and 3). Tobacco and menthol flavors had 33 common

chemical constituents in the liquid phase and 82 common VOCs

in the aerosol phase (Figures 1A and 1B). Further, we detected

less than 1 mg/ml of nicotine in menthol and tobacco bottles

labeled as zero nicotine. Our data suggest that similar flavors

from different brands/vendors have an inconsistent formulation

of chemicals attributable to the differences in the toxicological

assessment. We confirmed nicotine exposure by measuring

serum cotinine levels 2 h postexposure. In menthol 6 mg

nicotine-exposed mice, the serum cotinine level was approxi-

mately 113 ng/ml and in the tobacco 6 mg nicotine group, the

cotinine level was approximately 29 ng/ml. In contrast, 24 h post-

exposure significantly reduced serum cotinine levels (Figure 1C).

Acute exposure to brand A, PG/VG, menthol, and tobacco
with and without nicotine, induced immune cell infiltration
in BALF, irrespective of the mouse strain
To assess the elicited inflammatory response by exposure to

ENDS, total cell counts and differential cell count were deter-

mined in BALF. Exposure to PG/VG, menthol 0 mg nicotine, and

menthol 6 mg nicotine, all of which are from brand A e-liquid,

caused significant immune cell influx in the lung as the total cell

number has increased in both C57BL/6J and BALB/cJ strains com-

pared to the air group (Figure 2A). BALF cells were constituted

mostly of alveolar macrophages and a slight reduction was seen

in C57BL/6J mice exposed to tobacco with nicotine (Figures 2C

and 2D). Greater differential influxes in neutrophils were

observed in flavor-exposed groups, particularly in BALB/cJ mice.

Both PG/VG and menthol 0 mg nicotine exposure caused a signifi-

cant influx up to 2.9% (by 60% increase) in neutrophils compared

to the air group, particularly in BALB/cJ mice (Figures 2E and 2F).

Overall, CD4 lymphocyte percentages were decreased in PG/VG,

tobacco 6 nicotine exposed groups compared to the air group (by

88% significant decrease in C57BL/6J mice) (Figures 2G and 2H). In

both C57BL/6J and BALB/cJ mice, PG/VG, menthol 6 nicotine

groups significantly reduced Tc cells to 0.4% (reduced by 74%

compared to the air group; Figures 2I and 2J). Overall, menthol

flavor induced inflammatory influx in BALB/cJ mice, while

tobacco flavor exposure affected C57BL/6J mice more. These data

suggest that acute exposure to brand A, PG/VG tobacco menthol

flavors 6 nicotine, elicited an inflammatory response.
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Table 2. Tobacco and menthol E-liquid flavor chemical constituents

Tobacco Flavor Menthol Flavor

CAS Chemical Name CAS Chemical Name

54-11-5 Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)- 54-11-5 Pyridine, 3-(1-methyl-2-pyrrolidinyl)-, (S)-
4940-11-08 00:00:00 Ethyl maltol 4940-11-08 00:00:00 Ethyl maltol
71-55-6 Ethane, 1,1,1-trichloro- 71-55-6 Ethane, 1,1,1-trichloro-
623-37-0 Hexan-3-ol 623-37-0 Hexan-3-ol
1000152-79-7 Cyclopentane, 1,2,3,4,5-pentamethyl- 1000152-79-7 Cyclopentane, 1,2,3,4,5-pentamethyl-
26456-76-8 2-Hexene, 3,5,5-trimethyl- 26456-76-8 2-Hexene, 3,5,5-trimethyl-
75-85-4 Amylene hydrate 75-85-4 Amylene hydrate
40467-04-7 2-Hexene, 2,5,5-trimethyl- 40467-04-7 2-Hexene, 2,5,5-trimethyl-
693-65-2 Amyl ether 693-65-2 Amyl ether
110-98-5 2-Propanol, 1,10-oxybis- 110-98-5 2-Propanol, 1,10-oxybis-
1678-82-6 Menthane <trans-para-> 1678-82-6 Menthane <trans-para->
116-09-6 Hydroxyacetone 116-09-6 Hydroxyacetone
2568-25-4 1,3-Dioxolane, 4-methyl-2-phenyl- 2568-25-4 1,3-Dioxolane, 4-methyl-2-phenyl-
60-12-8 Phenylethyl alcohol 60-12-8 Phenylethyl alcohol
104-67-6 2(3H)-Furanone, 5-heptyldihydro- 104-67-6 2(3H)-Furanone, 5-heptyldihydro-
78-70-6 Linalool 78-70-6 Linalool
98-55-5 Terpineol <alpha-> 98-55-5 Terpineol <alpha->
104-76-7 1-Hexanol, 2-ethyl- 104-76-7 1-Hexanol, 2-ethyl-
121-33-5 Vanillin 1490-04-6 Menthol
118-71-8 Maltol 121-32-4 Vanillal
106-62-7 1-Propanol, 2-(2-hydroxypropoxy)- 14371-10-9 Cinnamaldehyde <(E)->
56-81-5 Glycerin 2890-62-2 Ethanone, 1-(1-methylcyclohexyl)-
6214-01-03 00:00:00 1,2-Propanediol, 2-acetate 563-80-4 2-Butanone, 3-methyl-
68527-74-2 Vanillin propylene glycol acetal 53951-43-2 1,3-Dioxolane-2-methanol,2,4-dimethyl-
706-14-9 2(3H)-Furanone, 5-hexyldihydro- 107-87-9 Propyl methyl ketone
100-51-6 Benzyl alcohol 7149-26-0 Linalyl anthranilate
106-61-6 1,2,3-Propanetriol, 1-acetate 80-71-7 2-Cyclopenten-1-one,2-hydroxy-3-methyl-
627-69-0 1,2-Propanediol, 1-acetate 765-70-8 Cyclopentane-1,2-dione <3-methyl->
1000378-33-1 1-[(1-Propoxypropan-2-yl)oxy]propan-2-yl

acetate
928-96-1 Hex-(3Z)-enol

1754-62-7 2-Propenoic acid, 3-phenyl-, methyl ester,
(E)-

67634-12-2 Lyral

102-62-5 Glycerol 1,2-diacetate 119-61-9 Benzophenone
1120-36-1 Tetradec-1-ene 84-66-2 Diethyl phthalate
102-76-1 Triacetin 928-97-2 3-Hexen-1-ol, (E)-
77-93-0 Triethyl citrate 54120-69-3 1,4-Dioxane-2,6-dimethanol
23726-91-2 Damascone <(E)-beta-> 1319-88-6 Benzaldehyde glyceryl acetal
621-59-0 Benzaldehyde, 3-hydroxy-4-methoxy- 105-68-0 Propanoate <isopentyl->
1490-04-6 Cyclohexanol, 5-methyl-2-(1-methylethyl)- 556-52-5 Glycidol
121-32-4 Ethyl vanillin 106-27-4 Butanoic acid, 3-methylbutyl ester
14371-10-9 Cinnamaldehyde <(E)-> 3623-51-6 Neomenthol
2890-62-2 Ethanone, 1-(1-methylcyclohexyl)- 491-07-6 Isomenthone
563-80-4 2-Butanone, 3-methyl- 7786-67-6 Isopulegol
53951-43-2 1,3-Dioxolane-2-methanol, 2,4-dimethyl- 15932-80-6 Pulegone
107-87-9 Propyl methyl ketone 470-82-6 Eucalyptol
7149-26-0 Linalyl anthranilate 51174-12-0 2,4,4-Trimethyl-1-hexene
80-71-7 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 584-03-2 1,2-Butanediol
765-70-8 Cyclopentane-1,2-dione <3-methyl-> 1455-20-5 Butylthiophene <2->
928-96-1 Hex-(3Z)-enol 99-49-0 Carvone
67634-12-2 Lyral 16409-45-3 Cyclohexanol, 5-methyl-2-(1-methylethyl)-,

acetate
119-61-9 Benzophenone 29141-10-4 (1R,2R,5S)-5-Methyl-2-(prop-1-en-2-yl)cyclo-

hexanol
84-66-2 Diethyl phthalate 75-07-0 Acetic aldehyde
928-97-2 3-Hexen-1-ol, (E)- 6485-40-1 (�)-Carvone
65-85-0 Benzoic acid 15356-70-4 D(þ) Menthol
120-57-0 Piperonal 1197-07-5 Carveol <trans->
97-54-1 Isoeugenol 14073-97-3 l-Menthone
97-53-0 Eugenol 589-98-0 3-Octanol
2051-49-2 Hexanoic acid, anhydride 4819-67-4 Delphone
6290-17-1 Ethyl acetoacetate propylene glycol ketal 2216-51-5 Levomenthol
93-58-3 Benzoic acid, methyl ester 89-81-6 2-Cyclohexen-1-one,3-methyl-6-(1-methyl-

ethyl)-
554-12-1 Methyl propionate 89-82-7 Pulegone
68527-76-4 Ethylvanillin propylene glycol acetal, cis- 20405-60-1 Dihydrocarvyl acetate
123-11-5 Benzaldehyde, 4-methoxy- 112-30-1 Decyl alcohol
554-14-3 Thiophene <alpha-methyl-> 2230-87-7 Neomenthyl acetate
120-51-4 Benzyl benzoate 3391-87-5 (þ)-Menthone
166273-38-7 Pentanoic acid, 5-hydroxy-, 2,4-di-t-butyl-

phenyl esters
104-46-1 Anethole

(continued)
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Exposure to brand A, PG/VG, menthol, and menthol with
nicotine caused immunosuppression
Exposure to brand A, PG/VG, menthol 0 mg nicotine, and menthol
6 mg nicotine, caused highly significant suppression of major
inflammatory cytokines, KC (Figure 3A, b), MIP-1a (Figure 3A, c),
IL-1a (Figure 3A, j), IFNc (Figure 3A, i), IL-1b (Figure 3A, m), IL-2
(Figure 3A, j), IL-3 (Figure 3A, g), IL-4 (Figure 3A, u), IL-5
(Figure 3A, k), IL-6 (Figure 3A, e), IL-9 (Figure 3A, s), IL-10
(Figure 3A, d), IL12 (p40) (Figure 3A, p), IL-12 (p70) (Figure 3A, q),
IL-13 (Figure 3A, v), IL-17A (Figure 3A, h), Eotaxin (Figure 3A, i), G-
CSF(Figure 3A, o), GM-CSF (Figure 3A, t), TNFa (Figure 3A, r), MIP-
1b (Figure 3A, n), and MCP-1 (Figure 3A, w), in both C57BL/6J and
BALB/cJ mouse BALF. However, RANTES levels were increased by
menthol 0 mg nicotine exposure in both mouse strains but signif-
icantly in BALB/cJ (Figure 3A, a). However, this increase was
reversed in the presence of nicotine (Figure 3A, a). In the lung
homogenate, IL2 (NS), IL4 (p< .05), and IL9 (p¼ .08) were
increased in C57BL/6J mice by 64%, 81%, and 50% increases
respectively by exposure to menthol 0 mg ENDS flavor compared
to the air group (Figures 3B, a–c).

Exposure to brand A, PG/VG, tobacco, and tobacco with
nicotine caused cytokine suppression
PG/VG caused a nearly significant increase in TNFa (p¼ .05)
(Figure 4R) and incremental nonsignificant increases in IL-1a

(Figure 4J), IL-1b (Figure 4M), MIP-1b (Figure 4N), IFNc (Figure 4L),
GM-CSF (Figure 4O), IL17A (Figure 4H), IL5 (Figure 4K), and IL4
(Figure 4U) in BALB/cJ mice compared to C57BL/6J mice. Exposure
to tobacco 0 mg, in general, caused immunosuppression signifi-
cantly in C57BL/6J mice, including IL-1a (Figure 4J), IFNc

(Figure 4L), IL-1b (Figure 4M), GM-CSF (Figure 4O), IL4 (Figure 4U),
IL-2 (Figure 4F), IL-3 (Figure 4G), IL-13 (Figure 4V), IL10 (Figure 4D),
IL12p70 (Figure 4Q), IL12p40 (Figure 4P), IL9 (Figure 4S), and IL5
(Figure 4K) compared to the air group. In contrast, compared to
the air group, tobacco 6 mg nicotine exposure significantly ele-
vated levels of MIP-1a (Figure 4C) in both strains. Significant
increases in RANTES (Figure 4A), IL-6 (Figure 4E), eotaxin
(Figure 4I), and G-CSF (Figure 4T) were observed in C57BL/6J mice.
This significantly suppressed cytokine response with the pres-
ence of nicotine demarcates the augmented response by flavor,
which may be due to interaction with nicotine of the flavor alone.

Table 2. (continued)

Tobacco Flavor Menthol Flavor

CAS Chemical Name CAS Chemical Name

104-61-0 2(3H)-Furanone, dihydro-5-pentyl- 122-00-9 Acetophenone <40-methyl->
584-02-1 Pentanol <3-> 103-54-8 Acetic acid, cinnamyl ester
61683-99-6 1,3-Benzodioxole, 5-(4-methyl-1,3-dioxolan-

2-yl)-
21040-45-9 Cinnamyl acetate <(E)->

134-20-3 Methyl anthranilate 52154-82-2 Mentha-2,8-dien-1-ol <trans-, para->
74421-06-0 2-Heptene, 5-ethyl-2,4-dimethyl- 127-91-3 Pinene <beta->
111-27-3 1-Hexanol 13877-93-5 Caryophyllene <(E)->
104-50-7 Octalactone <gamma-> 1000155-47-0 3-Cyclohexen-1-one, 2-isopropyl-5-methyl-
616-44-4 Thiophene, 3-methyl- 4180-23-8 Anethole <(E)->
77-83-8 Ethyl 3-methyl-3-phenylglycidate (Z) 7212-40-0 2-Cyclohexen-1-ol,1-methyl-4-(1-methyle-

thenyl)-, trans-
104-21-2 Benzenemethanol, 4-methoxy-, acetate 57-71-6 2,3-Butanedione, monooxime
105-13-5 Benzenemethanol, 4-methoxy- 1000364-16-7 3-Methylbenzyl alcohol, TBDMS derivative
76-09-5 2,3-Butanediol, 2,3-dimethyl- 1671-77-8 1-Pentanone, 1-(4-methylphenyl)-
106-24-1 Geraniol 35852-46-1 Pentanoate <cis-3-hexenyl->
105-21-5 2(3H)-Furanone, dihydro-5-propyl- 40625-96-5 5-Methyl-2,4-diisopropylphenol
19464-92-7 Ethyl methylphenylglycidate 1000400-22-0 4H-thiopyran-4-one, 2,3-dihydro-2-phenyl-
1126-51-8 5-Oxotetrahydrofuran-2-carboxylic acid,

ethyl ester
1139-30-6 Caryophyllene oxide

10482-56-1 L-.alpha.-Terpineol 619-01-2 Cyclohexanol,2-methyl-5-(1-methyle-
thenyl)-

17003-99-5 2-Nonene, 3-methyl-, (E)- 80-56-8 Pinene <alpha->
532-12-7 Pyridine, 3-(3,4-dihydro-2H-pyrrol-5-yl)- 118-65-0 Isocaryophyllene
7145-23-5 3-Hexene, 2,3-dimethyl- 18172-67-3 Bicyclo[3.1.1]heptane,6,6-dimethyl-2-meth-

ylene-, (1S)-
10473-13-9 3-Buten-2-ol, 2,3-dimethyl- 42436-07-7 cis-3-Hexenyl phenyl acetate
118-93-4 Acetophenone <20-hydroxy-> 50639-00-4 2-Hexen-1-ol, 2-ethyl-
2785-89-9 Phenol, 4-ethyl-2-methoxy- 1000145-04-8 1-Methyl-4-isopropyl-cyclohexyl 2-hydro-

perfluorobutanoate
486-56-6 Cotinine 1000139-76-4 Pentanoic acid, 4-methyl-, 1-buten-1-yl

ester
614-97-1 5-Methylbenzimidazole 13466-78-9 3-Carene
92-48-8 2H-1-Benzopyran-2-one, 6-methyl- 149-57-5 Hexanoic acid <2-ethyl->
108-87-2 Hexahydrotoluene 4403-13-8 Ethylene glycol, TMS derivative
864685-64-3 2,3,4,4-Tetramethyl-5-methylidenecyclo-

pent-2-en-1-one
1000307-63-7 p-Anisic acid, 4-cyanophenyl ester
1000343-91-2 Isophthalic acid, ethyl tridec-2-ynyl ester
65079-19-8 6-Quinolinamine, 2-methyl-
13588-28-8 1-Propanol, 2-(2-methoxypropoxy)-
54644-41-6 Propanoic acid, 2,2-dimethyl-, 2-(1,1-dime-

thylethyl)phenyl ester
7150-55-2 1-Butanone, 4-chloro-1-(4-hydroxyphenyl)-
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Table 3. VOCs in tobacco- and menthol-flavored e-cigarette aerosols

Tobacco Flavor Menthol Flavor

CAS Component Conc (lg/m3) CAS Component Conc. (lg/m3)

64-17-5 Ethanol 590 000 64-17-5 Ethanol 2 200 000
14073-97-3 l-Menthone 4400 67-64-1 Acetone 330 000
107-02-8 Acrolein 3500 107-02-8 Acrolein 150 000
75-07-0 Acetaldehyde 3100 75-07-0 Acetaldehyde 150 000
67-64-1 Acetone 2600 123-38-6 n-Propanal 77 000
57-55-6 Propylene glycol 1800 115-07-1 Propene 24 000
108-05-4 Vinyl acetate 1500 80-56-8 alpha-Pinene 7800
123-38-6 n-Propanal 1300 78-79-5 Isoprene 7000
107-18-6 2-Propen-1-ol 710 107-18-6 2-Propen-1-ol 7000
2216-51-5 Levomenthol 620 57-55-6 Propylene glycol 5600
67-63-0 2-Propanol (isopropyl alcohol) 600 108-05-4 Vinyl acetate 5100
460-00-4 Bromofluorobenzene 514 74-99-7 Propyne 5000
2037-26-5 Toluene-d8 507 127-91-3 beta-Pinene 4200
17060-07-0 1,2-Dichloroethane-d4 469 141-78-6 Ethyl acetate 3900
80-56-8 alpha-Pinene 430 115-11-7 2-Methylpropene 3900
75-15-0 Carbon disulfide 310 7446-09-5 Sulfur dioxide 2700
78-93-3 2-Butanone (MEK) 310 78-93-3 2-Butanone (MEK) 2500
141-78-6 Ethyl acetate 310 106-99-0 1,3-Butadiene 2300
110-82-7 Cyclohexane 310 78-84-2 2-Methylpropanal 2200
80-62-6 Methyl methacrylate 310 67-63-0 2-Propanol (isopropyl alcohol) 2000
179601-23-1 m,p-Xylenes 310 60-29-7 Ethyl ether 1800
100-44-7 Benzyl chloride 310 75-15-0 Carbon disulfide 1000
75-34-3 1,1-Dichloroethane 160 110-82-7 Cyclohexane 1000
109-99-9 Tetrahydrofuran (THF) 160 80-62-6 Methyl methacrylate 1000
123-86-4 n-Butyl acetate 160 179601-23-1 m,p-Xylenes 1000
115-07-1 Propene 150 100-44-7 Benzyl chloride 1000
75-71-8 Dichlorodifluoromethane

(CFC 12)
150 75-34-3 1,1-Dichloroethane 520

74-87-3 Chloromethane 150 109-99-9 Tetrahydrofuran (THF) 520
76-14-2 1,2-Dichloro-1,1,2,2-tetra-

fluoroethane (CFC 114)
150 123-86-4 n-Butyl acetate 520

75-01-4 Vinyl chloride 150 460-00-4 Bromofluorobenzene 517
106-99-0 1,3-Butadiene 150 75-01-4 Vinyl chloride 510
74-83-9 Bromomethane 150 74-83-9 Bromomethane 510
75-00-3 Chloroethane 150 75-00-3 Chloroethane 510
75-05-8 Acetonitrile 150 75-35-4 1,1-Dichloroethene 510
75-69-4 Trichlorofluoromethane 150 107-05-1 3-Chloro-1-propene (Allyl

Chloride)
510

107-13-1 Acrylonitrile 150 76-13-1 Trichlorotrifluoroethane 510
75-35-4 1,1-Dichloroethene 150 156-60-5 trans-1,2-Dichloroethene 510
75-09-2 Methylene chloride 150 1634-04-4 Methyl tert-Butyl Ether 510
107-05-1 3-Chloro-1-propene (allyl

chloride)
150 110-54-3 n-Hexane 510

76-13-1 Trichlorotrifluoroethane 150 67-66-3 Chloroform 510
156-60-5 trans-1,2-Dichloroethene 150 107-06-2 1,2-Dichloroethane 510
1634-04-4 Methyl tert-butyl ether 150 71-55-6 1,1,1-Trichloroethane 510
156-59-2 cis-1,2-Dichloroethene 150 78-87-5 1,2-Dichloropropane 510
110-54-3 n-Hexane 150 75-27-4 Bromodichloromethane 510
67-66-3 Chloroform 150 79-01-6 Trichloroethene 510
107-06-2 1,2-Dichloroethane 150 123-91-1 1,4-Dioxane 510
71-55-6 1,1,1-Trichloroethane 150 142-82-5 n-Heptane 510
71-43-2 Benzene 150 79-00-5 1,1,2-Trichloroethane 510
56-23-5 Carbon tetrachloride 150 108-88-3 Toluene 510
78-87-5 1,2-Dichloropropane 150 591-78-6 2-Hexanone 510
75-27-4 Bromodichloromethane 150 124-48-1 Dibromochloromethane 510
79-01-6 Trichloroethene 150 106-93-4 1,2-Dibromoethane 510
123-91-1 1,4-Dioxane 150 111-65-9 n-Octane 510
142-82-5 n-Heptane 150 108-90-7 Chlorobenzene 510
10061-01-5 cis-1,3-Dichloropropene 150 100-41-4 Ethylbenzene 510
108-10-1 4-Methyl-2-pentanone 150 75-25-2 Bromoform 510
10061-02-6 trans-1,3-Dichloropropene 150 95-47-6 o-Xylene 510
79-00-5 1,1,2-Trichloroethane 150 111-84-2 n-Nonane 510
108-88-3 Toluene 150 79-34-5 1,1,2,2-Tetrachloroethane 510
591-78-6 2-Hexanone 150 98-82-8 Cumene 510
124-48-1 Dibromochloromethane 150 103-65-1 n-Propylbenzene 510
106-93-4 1,2-Dibromoethane 150 622-96-8 4-Ethyltoluene 510
111-65-9 n-Octane 150 95-63-6 1,2,4-Trimethylbenzene 510
127-18-4 Tetrachloroethene 150 541-73-1 1,3-Dichlorobenzene 510
108-90-7 Chlorobenzene 150 106-46-7 1,4-Dichlorobenzene 510

(continued)
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Table 3. (continued)

Tobacco Flavor Menthol Flavor

CAS Component Conc (lg/m3) CAS Component Conc. (lg/m3)

100-41-4 Ethylbenzene 150 95-50-1 1,2-Dichlorobenzene 510
75-25-2 Bromoform 150 5989-27-5 D-Limonene 510
100-42-5 Styrene 150 120-82-1 1,2,4-Trichlorobenzene 510
95-47-6 o-Xylene 150 75-71-8 Dichlorodifluoromethane

(CFC 12)
500

111-84-2 n-Nonane 150 74-87-3 Chloromethane 500
79-34-5 1,1,2,2-Tetrachloroethane 150 76-14-2 1,2-Dichloro-1,1,2,2-tetra-

fluoroethane (CFC 114)
500

98-82-8 Cumene 150 75-05-8 Acetonitrile 500
103-65-1 n-Propylbenzene 150 75-69-4 Trichlorofluoromethane 500
622-96-8 4-Ethyltoluene 150 107-13-1 Acrylonitrile 500
108-67-8 1,3,5-Trimethylbenzene 150 75-09-2 Methylene chloride 500
95-63-6 1,2,4-Trimethylbenzene 150 156-59-2 cis-1,2-Dichloroethene 500
541-73-1 1,3-Dichlorobenzene 150 71-43-2 Benzene 500
106-46-7 1,4-Dichlorobenzene 150 56-23-5 Carbon tetrachloride 500
95-50-1 1,2-Dichlorobenzene 150 108-10-1 4-Methyl-2-pentanone 500
5989-27-5 D-Limonene 150 10061-02-6 trans-1,3-Dichloropropene 500
96-12-8 1,2-Dibromo-3-chloropropane 150 100-42-5 Styrene 500
120-82-1 1,2,4-Trichlorobenzene 150 108-67-8 1,3,5-Trimethylbenzene 500
91-20-3 Naphthalene 150 96-12-8 1,2-Dibromo-3-chloropropane 500
87-68-3 Hexachlorobutadiene 150 87-68-3 Hexachlorobutadiene 500

2037-26-5 Toluene-d8 494
10061-01-5 cis-1,3-Dichloropropene 490
127-18-4 Tetrachloroethene 490
91-20-3 Naphthalene 490
17060-07-0 1,2-Dichloroethane-d4 475

Figure 1. A, Venn diagram depicting the number of detected chemicals tobacco and menthol flavors. E-liquids, tobacco and menthol, from two brands
(A and B) were analyzed by GC-MS for their chemical composition. Tobacco and menthol flavors have distinctly 65 and 58 flavor constituents with 33
being common constituents. B, Venn diagram depicting the number of detected volatile organic compounds in tobacco and menthol flavored aerosols.
Aerosols, tobacco and menthol, from two brands (A and B), were analyzed by GC-MS for their chemical composition. Tobacco and menthol flavors had
two and seven constituents exclusively, with 82 being common overlapping constituents. C, Serum cotinine levels of mice exposed to menthol and
tobacco aerosols with and without nicotine. Cotinine levels in serum quantified in C57BL/6J and BALB/cJ male and female mice exposed to air, PG/VG,
menthol 0 and 6 mg nicotine, and tobacco 0 and 6 mg nicotine of brand A. Serum from menthol and tobacco groups with nicotine were collected at 2
and 24 h post 3-day exposure (N ¼ 3–8 per group, ****p < .0001, t-test).
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These data suggest that while there are some differences

in the immune response between the strains, overall, a

similar inflammatory response was elicited by brand A, PG/VG,

tobacco, and tobacco with nicotine in both strains. The interac-

tion of nicotine with tobacco demonstrated an altered response.

These responses are driven toward allergic inflammation

and acute lung injury in the presence of nicotine and tobacco

flavor.

Acute exposure to brand B, PG/VG, menthol, and tobacco
flavors induced immune cell infiltration in BALF
To elucidate the flavor-specific immune response, an identical 3-

day exposure to PG/VG, menthol, and tobacco without any nico-

tine from brand B was performed on C57BL/6J mice and the BALF

differential cell counts were performed. Compared to the unex-

posed counterparts, the PG/VG-exposed mice had increased neu-

trophils (Ly6.bþ) (p< .05), CD4 T-cells (NS), and CD8-T-cells

(p< .001) compared to the air group (Figures 5A, b–d). Menthol

flavor exposed groups had significantly increased neutrophils

and both CD4 and CD8 T-lymphocytes (Figures 5A, c and d). In

contrast, tobacco flavor exposure did not cause any changes in

macrophage, neutrophil, or T-lymphocyte counts in BALF com-

pared to the air group (Figures 5A, a–e). These data demonstrate

that PG/VG and menthol from brand B caused a greater immune

cell influx and an immune response compared to the tobacco fla-

vor and air groups.

Exposure to brand B nicotine-free menthol flavor induced
immune suppression
To further recapitulate the menthol and tobacco flavor-specific
immune response, BALF from C57BL/6J mice exposed to brand B
aerosols of PG/VG, menthol, and tobacco, were evaluated for
inflammatory mediators. While most cytokines were not
changed (data not shown), menthol flavor caused significant
attenuation of MIP-1b, IL-12p40, IL-12p70, and IL3 (Figures 5B, a–
d). Albeit not significant, IFNc (p¼ .05), IL4, IL10, and GM-CSF lev-
els were attenuated by the menthol exposure compared to the air
control group (Figures 5B, g–j). Similar to the response elicited by
brand A, RANTES levels were significantly elevated (p< .001) by
brand B menthol flavor-exposed mice (Figure 5B, a). Furthermore,
IL-6 levels were significantly elevated (p< .001) by menthol expo-
sure (Figure 5B, f). These increased IL-6 and RANTES levels, along
with decreased proinflammatory cytokines, suggest the inflam-
matory response may be allergic and immunosuppressive.

Exposure to menthol flavor-induced chemosensory cation
channel TRPA1 and nicotine-augmented biomarkers of
acute lung injury
TRPA1 abundance was significantly increased by PG/VG and
menthol compared to the air group. In contrast, menthol 6 mg
nicotine group TRPA1 level was reduced/inhibited compared to
the menthol group reversing its level similar to the air group
(Figure 6A) with full blots (Supplementary Figure 1). NLRP3
inflammasome was altered by menthol exposure (Figure 6B) with

Figure 2. Differential cell counts in bronchoalveolar lavage fluid by exposure to brand A, PG/VG, menthol, and tobacco flavors with and without
nicotine in C57BL/6J and BALB/cJ mice. C57BL/6J and BALB/cJ male and female mice were exposed to PG/VG, menthol, menthol 6 mg nicotine, tobacco,
and tobacco 6 mg nicotine 2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and
the BALF was collected. A and B, Total cell counts were performed by staining with AO/PI dye. C and D, Macrophages (F4/80þ), E and F, neutrophils
(Ly6B.2), G and H, Th lymphocytes (CD4þ), and I and J, Tc lymphocytes (CD8þ) were assessed as percentages of CD45þ parent cell population by flow
cytometry. Data are shown as mean 6 SEM. *p < .05, **p < .01, and ***p < .001 versus respective air group per strain (2-way ANOVA) (N ¼ 4–8 per group).
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full blot (Supplementary Figure 2). Surfactant protein SP-D was

significantly reduced by menthol 6 mg nicotine exposure group

(Figure 6C) with full blot (Supplementary Figure 2). While PAI-1

level was significantly reduced by tobacco 0 mg nicotine, this was

reversed in the presence of nicotine, augmenting the PAI-1 pro-

tein abundance significantly (Figure 6D) with full blot

(Supplementary Figure 1). Data suggest exposure to PG/VG and

flavors with nicotine may cause acute lung injury (Figures 6B–D).

Exposure to PG/VG, menthol, and tobacco flavors caused
genotoxicity
Genotoxicity markers by acute exposure to brand A aerosols (fla-

vors sold as 0 and 6 mg nicotine) and brand B aerosols (flavors are

nicotine-free) were determined in mouse lung tissue. Brand B PG/

VG exposure caused a significant increase in p21 and ATR

(Figures 7C and D). Mice exposed to menthol (0 mg nicotine)

increased H2A.X, MDM2, and p21 significantly (Figures 7A–C).

Mice exposed to tobacco 0 mg nicotine caused a significant

increase in p21 by brand B aerosol exposure (Figure 7C). Tobacco

(0 mg nicotine brand B) increased p21 levels while brand A tobacco

flavor with 6 mg nicotine increased H2A.X levels (Figures 7A and

C). Overall, aerosols (PG/VG, menthol, tobacco with and without

nicotine), demonstrated significantly altered genotoxic parame-

ters while there were differences between brand, flavor, and the

presence of nicotine (Figure 7). These data suggest that acute

exposure to e-cig aerosols may cause genotoxicity.

Exposure to aerosols-induced intracellular p38-p70s6k
kinase-associated signaling
To determine potential pathways of intracellular signaling upon

exposure to nicotine-free brand B ENDS aerosols, prepared cell

lysates were assessed for major signaling receptor tyrosine

Figure 3. A, Exposure to brand A, PG/VG, menthol, and menthol with nicotine flavors in C57BL/6J and BALB/cJ mice elicited a regulatory inflammatory
cytokine response in bronchoalveolar lavage. C57BL/6J and BALB/cJ, male and female, mice were exposed to PG/VG, menthol, and menthol 6 mg
nicotine, 2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and bronchoalveolar
lavage was collected by instilling 0.6 ml 3� and pooled. Cytokine levels were measured by Luminex. a, RANTES; b, KC; c, MIP-1a; d, IL-10; i, IL-6; f, IL2; g,
IL-3; h, IL-17A; i, Eotaxin; j, IL-1a; k, IL5; l, IFNc; m, IL-1b; n, MIP-1b; o, GM-CSF; p, IL12p40; q, IL12p70; r, TNFa; s, IL9; t, G-CSF; u, IL-4; v, IL-13; w, MCP-1.
Data are shown as mean 6 SEM. *p< .05, **p< .01, ***p < .001 versus respective air group per strain (2-way ANOVA) (N¼ 7–8 per group). B, Exposure to
brand A, PG/VG, menthol, and tobacco flavors with and without nicotine in C57BL/6J and BALB/cJ mice elicited a cytokine response in mouse lung
homogenate. C57BL/6J and BALB/cJ, male and female, mice were exposed to PG/VG, menthol, menthol 6 mg nicotine, tobacco, and tobacco 6 mg
nicotine 2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and lung tissues were
collected. Homogenized lungs in RIPA buffer were used to determine inflammatory mediators by Luminex and normalized by total protein (BCA assay).
a, IL-2; b, IL-9; c, IL-4. Datat are shown as mean 6 SEM. *p< .05 versus respective air group per strain (2-way ANOVA) (N¼ 7–8 per group).
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kinases, which are key for cellular metabolism. PG/VG signifi-
cantly elevated p70S6K, JNK, Akt, and p38 (Figures 8A–D).

Menthol and tobacco flavors significantly increased P70S6K and
p38 protein levels (Figures 8A and D). Overall, p70S6K and p38

were increased by all aerosols (Figures 8A and D).

Acute exposure to PG/VG, menthol, and tobacco caused
gene alterations related to immunometabolism
Lung tissues of C57BL/6J from acute exposure to PG/VG, menthol,

and tobacco flavors from both brands of e-liquids were assessed
for gene expression changes related to inflammation and metab-

olism. After individually analyzing each flavor exposed group, 22

genes that changed significantly (p< .05) by acute exposure to
ENDS aerosols compared to the air group were identified. These

genes include Uck1, Mapt, Csf2, Ercc6, Abl1, Rps6kb1, Sod3,
Kat6a, Atxn7, Ampd2, Pi3kr, Zfp869, Col6a3, Cfd, Pi3kcb, Hspa2,

Acadl, Atf4, H2-T23, Ash1, Ldh3a, and Clock. Individually PG/VG,
tobacco, tobacco þ Nic, menthol, and menthol þ Nic groups dys-

regulated 52,134, 2,14, and 42 genes, respectively, and altered 22

commonly overlapped genes by all exposures, as depicted in a
Venn diagram (Figure 9A). These genes are involved in metabo-

lism, DNA damage response, oxidative stress, and tumor sup-
pression/cell division homeostasis.

Acute exposure to PG/VG, menthol, and tobacco altered key
acute phase and metabolic proteins
Mouse lungs analyzed for protein alterations upon each exposure
to PG/VG, menthol 0 mg nicotine, menthol 6 mg nicotine, tobacco

0 mg, and tobacco 6 mg were curated in a Venn diagram to

identify commonly altered proteins at least 1.5-fold by exposure

to all aerosols as well as individual flavor for brand A. Serpin3a,

Myl1, and Hbb-b2 proteins were altered by flavors (Figure 9B).

Treatment of MLE cells from extracellular vesicles isolated
from mice exposed to tobacco flavor caused alterations in
mitochondrial bioenergetics
As the acute exposure to flavors caused significant alterations in

genes related to cellular metabolism, mitochondrial respiration

of MLE cells treated with exosomes isolated from air and tobacco

groups was assessed. We assessed the size of isolated exosomes,

which were about 100–125 nm. Twenty-four hours after exosome

treatment, MLE cells treated with exosomes derived from tobacco

flavor exposed mice (Figure 10B) showed significantly lower OCR

and ECAR compared to exomes derived from the air/control mice

(Figure 10A). These data suggest that exosome cargo from

tobacco-exposed mice may contain metabolic abrogating miRNA

or proteins.

Immunometabolism-associated signaling by ingenuity
pathway analysis
Core analysis of proteomics data by ingenuity pathway analysis

(IPA) trial version (Kr€amer et al., 2014) from menthol 0 mg

nicotine-exposed mice showed inhibition and deactivation path-

ways of proinflammatory transcription factors (NOS2, RAPTOR

signaling) and increased negative regulators such as serpins

(Figure 11).

Figure 4. Exposure to brand A, PG/VG, tobacco, and tobacco with nicotine flavors in C57BL/6J and BALB/cJ mice elicited a regulatory inflammatory
cytokine response in bronchoalveolar lavage. C57BL/6J and BALB/cJ, male and female mice, were exposed to PG/VG, tobacco, and tobacco 6 mg nicotine
2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and bronchoalveolar lavage
was collected by instilling 0.6 ml 3� and pooled. Cytokine levels were measured by Luminex. A, RANTES; B, KC; C, MIP-1a; D, IL-10; E, IL-6; F, IL2; G, IL-3;
H, IL-17A; I, Eotaxin; J, IL-1a; K, IL5; L, IFNc; M, IL-1b; N, MIP-1b; O, GM-CSF; P, IL12p40; Q, IL12p70; R, TNFa; S, IL9; T, G-CSF; U, IL-4; V, IL-13; W, MCP-1.
Data are presented as mean 6 SEM. *p< .05, **p< .01, and ***p < .001 versus respective air group per strain (2-way ANOVA) (N¼ 7–8 per group).
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Discussion
According to a 2018–2019 tobacco user survey, over 23.1% of

e-cigarette users were never smokers (Mayer et al., 2020). In this

study, using an in vivo mouse exposure model, we conducted an

acute exposure to ENDS aerosols to determine the inflammatory

response, genotoxicity, and metabolic changes in the lung, simu-

lating the inhalation toxicological effects of a nonsmoker

response to first-time acute e-cig exposure (naı̈ve exposure). The

acute phase immune response and its resolution upon exposure

to carrier fluid/humectant (PG/VG), menthol, and tobacco flavors

with and without nicotine from different brands has been

demonstrated in this study. We hypothesized that a

proinflammatory response would be elicited upon exposure to

aerosols, and the two brands would be consistent or differential

in their responses to PG/VG, menthol, and tobacco with and

without nicotine flavors aerosol exposures.
In our tested tobacco and menthol flavored product chemical

analysis, we determined that flavored e-liquids contain a mixture

of chemicals, including significant overlap in liquid and aerosol

phase constituents. Therefore, it must be noted that the toxicity

and biological responses result from these chemical constituents

and is not attributable to a certain flavor per se. The additive or

synergistic toxicity and effects of these chemicals in the flavors

are important to be determined.
We observed cell infiltration in BALF by all flavors of both

brands A and B. Among the BALF leukocytes, an increase in

neutrophils (significantly with menthol) and differential CD4 and
CD8 counts were seen by brand A and B flavors. Small changes in
neutrophilic cellular patterns may still mean great biological sig-
nificance as greater than 3% can suggest collagen vascular dis-
eases, IPF, aspiration pneumonia, infections, bronchitis, acute
respiratory disease syndrome, and diffused-alveolar damage
(Meyer et al., 2012). There was a decrease in T lymphocytes with
the exposure to brand A and an increase in CD4-T cell counts by
brand B. Interestingly, all inflammatory mediators were sup-
pressed by brand A PG/VG, menthol, and menthol 6 mg nicotine,
except RANTES. While the same brand tobacco flavor exposure
resulted in similar immunosuppression, tobacco with nicotine
elevated G-CSF, RANTES, IL-6, MIP1a, and eotaxin levels. This
suggests that though most inflammatory mediators were sup-
pressed, there was an inflammatory response and the potential
of nicotine interaction with flavors to augment the immune
response. According to Alam et al., asthmatic patients are often
seen with increased MCP-1, RANTES, and MIP-1a levels in BALF
(Alam et al., 1996). Upregulation of RANTES mRNA and an
increase in RANTES protein levels in asthmatics has been dem-
onstrated, suggesting an association between RANTES expression
and eosinophilia in asthma and allergic disease (Koya et al., 2006).
The response we observed with increased RANTES and intricacies
of other inflammatory mediators associated with flavored
aerosols-induced dampened proinflammation is consistent with
recent studies that have demonstrated the T-lymphocytic corre-
lation in the resolution of allergic asthma in mice exposed to

Figure 5. A, Differential cell counts in bronchoalveolar lavage by exposure to brand B, PG/VG, menthol, and tobacco flavors in C57BL/6J. C57BL/6J male
and female mice were exposed to PG/VG, menthol, menthol 6 mg nicotine, tobacco, and tobacco 6 mg nicotine 2 h/day for three consecutive days in
SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and the BALF was collected. a, Macrophages (F4/80þ); b, neutrophils
(Ly6B.2); c, Th lymphocytes (CD4þ); d, Tc lymphocytes (CD8þ), were assessed as percentages of CD45þ parent cell population by flow cytometry based
on the (e) total cell counts determined by staining with AO/PI dye. Data are shown as mean 6 SEM. *p< .05, **p< .01, ***p < .001 versus respective air
group per strain (2-way ANOVA) (N¼ 8 per group). B, Exposure to brand B, PG/VG, menthol, and tobacco flavors in C57BL/6J mice elicited a differential
inflammatory cytokine response in bronchoalveolar lavage. C57BL/6J male and female mice were exposed to PG/VG, menthol, menthol 6 mg nicotine,
tobacco, and tobacco 6 mg nicotine 2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized �24 h
postexposure and bronchoalveolar lavage was collected by instilling 0.6 ml 3� and pooled. Cytokine levels were measured by Luminex. a, MIP-1b; b, IL-
12p40; c, IL-12p70; d, IL-3; e, RANTES; f, IL-6; g, IFNc; h, IL-4; i, IL-10; j, GM-CSF. Data are shown as mean 6 SEM. *p< .05, **p< .01, ***p < .001, and
****p< .0001 versus respective air group per strain (2-way ANOVA) (N¼ 8 per group).

Muthumalage and Rahman | 157



house dust mites (Li et al., 2021a). Consistent with the inflamma-
tory response, proteomics analysis showed a 3.2-fold increase of
Muc5b levels in menthol flavor-exposed mice, indicating poten-
tial mucociliary dysfunction (Hancock et al., 2018).

With brand A, PG/VG showed some elevated proinflammatory
cytokines, such as increased TNFa in BALB/cJ group, though the
increases were not significant in other mediators. This aug-
mented response was unique to BALB/cJ mice. These small but
differential changes in the PG/VG exposure may be attributed to
PG/VG batch differences and chamber/coil heating conditions.
Overall, exposure to brand A, PG/VG, menthol, and tobacco, dem-
onstrated a controlled inflammatory response leaning toward
immunosuppression or immune tolerance. Consistent with the
results and the inflammatory changes observed in this study,
regulatory processes, such as immunometabolism are critical to
maintaining the homeostasis of an immune response (Chou et al.,
2022; Gotts et al., 2019; Lloyd and Murdoch, 2010; Martin et al.,
2016). For the comparative analysis of the same flavor manufac-
tured by 2 different brands, brand B flavor exposures were con-
ducted. In PG/VG, menthol, and tobacco-exposed mice, there was
a significantly increased neutrophil and CD4-T cell count com-
pared to the air group. While PG/VG and tobacco exposures did
not elicit any significant inflammatory cytokine response,

menthol exposure caused a significant attenuation in MIP-1b,
IL-12p40, and IL12-p70, and a highly significant increase in IL-6
and RANTES levels. These changes once again suggest that there
may be an allergic inflammatory response upon exposure to
brand B, PG/VG, and menthol flavors, as these immune phenom-
ena have been exemplified by IL-6 mediated asthma/allergic
diseases (Neveu et al., 2010; Rincon and Irvin, 2012). Overall,
acute e-cig aerosol exposure elicited an immune response dem-
onstrating a tolerogenic response with significant immune damp-
ening.

Exposure to menthol flavor significantly increased TRPA1,
which has been shown to play a role in response to exogenous
irritants such as acrolein, cinnamaldehyde, and capsaicin.
Consistent with our study, TRPA1 has been shown to play a com-
plex role in basal airway function regulation, inflammatory
mechanisms, and acute lung injury (Birrell et al., 2009; Caceres
et al., 2009; Hajna et al., 2020; Koivisto et al., 2022; Moilanen et al.,
2012). With aerosol exposures, a reduction of surfactant protein
D (SP-D) was seen, and SP-D has been shown to directly modulate
innate immune cell function, pulmonary inflammation, and
migration of peripheral monocyte/macrophages into the lung
through GM-CSF–dependent pathways during indirect lung injury
(King and Kingma, 2011). Further, this may explain slight but

Figure 6. ENDS flavors induced acute lung injury-associated biomarkers. C57BL/6J male and female mice were exposed to PG/VG, menthol, menthol
6 mg nicotine, tobacco, and tobacco 6 mg nicotine 2 h/day for three consecutive days in SCIREQ whole-body exposure chamber. Mice were euthanized
�24 h postexposure, and lung tissues were homogenized for immunoblotting by SDS-PAGE. A, TRPA-1; B, NLRP3; C, SP-D; D, PAI-1 protein abundance
were measured and normalized to GAPDH and b-actin loading controls. Data shown for respective bands and the densitometry values were plotted as
mean 6 SEM. *p< .05, **p< .01, and ***p < .001 versus respective air group per strain (2-way ANOVA) (N¼ 3–4 per group).

158 | Comparative Toxicity of Menthol- and Tobacco-Flavored ENDS



significant changes in BALF macrophages in flavor aerosol-

exposed mice. Further, tobacco-flavored nicotine-containing

aerosol exposure caused a PAI-1 abundance increase in the lung

tissues. Nicotine has been shown to increase PAI-1 and to have a

direct causal effect in acute lung injury edema fluid-associated

mortality (Prabhakaran et al., 2003; Zidovetzki et al., 1999).
Menthol and menthol with nicotine altered NLRP3 inflamma-

some protein abundance in mice. This is consistent with the

immunosuppressive effects and immunomodulatory pathways

we identified. NLRP3 inflammasome is the most prominent

inflammasome promoting innate and adaptive immune

responses and has been seen to destabilize by ubiquitination

with cigarette smoke (Han et al., 2017). Growing evidence indi-

cates that NLRP3 may create a metabolic loop in which glycolysis

is induced upstream and downstream of NLRP3 inflammasome

activation, corroborating the immunometabolic response upon

exposure to aerosols in this study (Chou et al., 2022; Finucane

et al., 2019).
Further, in the assessment of genotoxicity by brand A menthol

and tobacco with nicotine exposures, DNA damage marker

H2A.X protein levels were significantly increased. As H2AX

formation is intertwined with kinases such as ATM and ATR, it is
plausible for the response to be PI3K mediated (Kuo and Yang,

2008; Marechal and Zou, 2013; Ward and Chen, 2001). MDM2, the
primary negative regulator of p53, was significantly elevated by

all aerosols, PG/VG, menthol and tobacco. This suggests MDM2-
p53 may play a critical role in long-term exposure to these fla-

vored ENDS in tumorigenesis, as p53 suppression has been asso-

ciated with non-small-cell lung cancer (Deben et al., 2016, 2015).
We observed significantly elevated levels of p70s6k, a serine/

threonine kinase downstream target of mTOR. The mammalian
target of rapamycin (mTOR) is pivotal for cellular nutrient proc-

essing, anabolic and catabolic homeostasis, and autophagy
(Sabatini, 2017). Thus, the increase in p70s6k suggests mTOR

involvement in the immunometabolic response we observed.
Sinclair et al. demonstrated the function of mTOR in allergic

inflammation by mediating the metabolic adaptation of such
tissue-resident antigen-presenting cells and the immunological

function of allergic inflammation (Sinclair et al., 2017; Wang and
Wu, 2018). Our data suggest that aerosol exposure has resulted in

an immunological defense and dormancy state due to mTORs
mediated immunometabolic processes is consistent with existing

Figure 7. Genotoxicity by exposure to PG/VG, menthol, and tobacco flavors in C57BL/6J mouse lung tissue. C57BL/6J male and female mice were
exposed to PG/VG, menthol, menthol 6 mg nicotine, tobacco, and tobacco 6 mg nicotine 2 h/day for three consecutive days in SCIREQ whole-body
exposure chamber. Mice were euthanized �24 h postexposure and mouse lung tissues were homogenized and measured genotoxicity markers, A,
H2AX; B, MDM2; C, p21; and D, ATR by measuring net median florescence intensity (MFI) normalized to total protein. Data are shown as mean 6 SEM.
*p< .05, **p< .01, and ***p < .001 versus respective air group per strain (1-way ANOVA) (N¼ 3–10 per group).
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research (Linke et al., 2017). The observed increase in p38 protein
levels suggests aerosol exposure-induced inflammation, cell
cycle, cell differentiation, and tumorigenesis by p38-MAP kinase
pathway(Zarubin and Han, 2005).

We used Nanostring technology gene expression analyses to
elucidate inflammatory and metabolic changes in aerosol-
exposed mice. By assessing genes that are significantly altered
(upregulated or downregulated) in DNA damage, cellular metabo-
lism, and inflammation, causally networking responses were
observed. These data suggested that the immunosuppressive
effects maybe correlated to immunometabolism. Our gene
expression analysis corroborated PI3K-mTOR mediated signaling
responsible for mitochondrial function, metabolism, and
immune response regulation, as we observed significant changes
in Rps6kb1 serine/threonine kinase of mTOR and PI3K isoforms.

Further, gene expression analysis also showed Arginase-1
alterations, specifically by menthol flavor exposure. Recent stud-
ies have shown arginase 1,2 involvement in effector T-cell media-
tor immunity (O’Neill et al., 2016). Arginine plays a critical
distinction between inflammatory and tolerant cell phenotypes
via nitic oxide synthase pathway, consistent with the immunore-
gulatory effects we observed post aerosol exposure. Extracellular
vesicles (EVs) carrying Arg have also been found to cause T-cell
immunity in antitumor immune responses (Czystowska-Kuzmicz
et al., 2019; Singer and Chandel, 2019; Sosnowska et al., 2019).
This is consistent with our gene expression changes where anti-
tumorigenic and metastatic activity was targeted, eg, ldh3a,
Zfp869, and Ash1l. This corroborates our data from the treatment
of MLE epithelial cells with isolated EVs from tobacco flavor-
exposed mice, which showed significantly altered OCR and ECAR

Figure 8. Exposure to PG/VG, menthol, and tobacco flavors in C57BL/6J mouse lung tissue induced PI3K-Akt-mTOR pathway signaling. C57BL/6J male
and female mice were exposed to PG/VG, menthol, menthol 6 mg nicotine, tobacco, and tobacco 6 mg nicotine 2 h/day for three consecutive days in
SCIREQ whole-body exposure chamber. Mice were euthanized �24 h postexposure and mouse lung tissues were homogenized and measured cell
signaling pathway markers, A, P70S6K; B, JNK; C, Akt; and D, p38 by measuring net median florescence intensity (MFI) normalized to total protein. Data
shown as mean 6 SEM. *p< .05, **p< .01, and ***p< .001 versus respective air group per strain (1-way ANOVA) (N¼6–10 per group).
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compared to the air group, suggesting mitochondrial dysfunction

and metabolic dysregulation.
Curated proteomics data from each exposure further solidified

changes in protein associated with DNA damage, metabolic

changes, and immune cell signaling. All aerosol exposures

induced significant upregulation of serpinA3. SerpinA3/

Antichymotrypsin has been shown to play a role in the inhibition

of proteolytic enzymes as well as modulate oncogenic processes
by negatively regulating PI3K-Akt-mTOR pathway (Herrero-

S�anchez et al., 2016). Further, serpin3a is associated with extracel-

lular matrix remodeling as well as mutations that have been

associated with COPD. Aerosol exposures also significantly down-

regulated Myl protein levels (up to log2 8-fold change). Allergic

inflammation-induced pulmonary vascular remodeling by OVA

challenge has been shown to downregulate these muscle pro-

teins significantly (Fan et al., 2015).
Overall, the comparative toxicological analysis of brands A

and B containing PG/VG, menthol, menthol 6 mg nicotine,

tobacco, and tobacco 6 mg nicotine showed differential immune

cell influx in BALF, allergic inflammation, and metabolic reprog-

raming in acute exposure with more immunosuppressive effects

by menthol. Flavor interactions with nicotine altered these
responses. Potential pathways of allergic inflammation include

PI3K-Akt-mTOR mediated immunometabolism. More immuno-

suppressive effects were observed with menthol flavor from both

brands A and B. Though tobacco flavor caused more significantly

altered cytokines in C57BL/6J compared to BALB/cJ mice, this

strain still showed differential responses in inflammatory

Figure 9. A, Inflammatory and Metabolic gene expression alterations by acute exposure to PG/VG, menthol, menthol with nicotine, tobacco, tobacco
with nicotine aerosols. C57BL/6J male and female mice were exposed to three days (2 h/day) air, PG/VG, menthol, menthol þ nicotine, tobacco, and
tobacco þ nicotine aerosols. RNA isolated from lungs were hybridized with Nanostring codesets and the inflammatory and metabolic gene alterations
were determined. Genes that 61.5-fold change altered significantly compared to the Air group were compared. p< .05, 1-way ANOVA, N¼ 6 per group.
B, Protein alterations by acute exposure to PG/VG, menthol, menthol with nicotine, tobacco, tobacco with nicotine aerosols. C57BL/6J male and female
mice were exposed to three days (2h/day) air, PG/VG, menthol, menthol þ nicotine, tobacco, and tobacco flavor þ nicotine aerosols. Protein changes
were determined by proteomics analysis and presented in a Venn diagram. Proteins significantly altered by 1.5-fold are listed (p < .05 vs air group), N ¼
3 per group.
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mediators and cell counts, suggesting immunoregulatory effects
and perhaps is not as susceptible to tobacco flavor constituents.
Further, RANTES was identified as a unique player for both
tobacco and menthol flavor exposure-induced inflammatory
response. Though we did not segregate our data into sex-
dependent differences, for specific parameters, we observed
more susceptibility in assessed parameters in 1 sex over the
other. However, as the differences were statistically not signifi-
cant due to sample size, sex-specific differences were not a pri-
mary focus of this study. The data suggest that T cells were
possibly undergoing metabolic reprograming, thus resulting in
the suppressed immune response. Our data suggest that chronic
exposure to these aerosols may cause lung pathogenesis, includ-
ing disease susceptibility, reduced bacterial clearance, and poten-
tial tumorigenesis.

In conclusion, two brands of the same flavor can cause a dif-
ferential inflammatory response, genotoxicity, and immunome-
tabolic changes due to flavoring chemical constituents present in
the flavored e-liquids and their secondary products in the aero-
sol. This is likely due to manufacturers utilizing different flavor-
ing chemical compositions containing different constituents,
which impart flavor profiles and the purity of ingredients, eg,
humectants, nicotine, and solvents. For example, we found high
levels of ethanol in the e-liquid aerosols, similar to other studies
showing levels of up to 206 mg/ml ethanol in e-liquids (Poklis
et al., 2017). Despite our initial hypothesis, by and large, both
strains showed similar immunoregulatory responses, but C57BL/

6J showed more significant changes in this 3-day acute exposure
model. Chronic exposures are needed to assess strain-dependent
differences. The potential mechanism of immune-inflammatory
responses is associated with the activation of TRPA1 and PAI-1.
As demonstrated by significant adverse responses, Brand A is
currently not premarket authorization approved. Our study
emphasizes the need to characterize the chemicals in flavored
e-liquids and ENDS and perform appropriate toxicological testing
in vitro and in vivo to provide insights into regulating e-cig
liquids.

Limitations of the current study and future directions
As e-cig aerosols are complex mixtures that depend on many fac-
tors, such as temperature, humidity, and airflow, it was challeng-
ing to conduct acute toxicity estimates for the mixture. Further,
we intend to conduct repeat-dose studies (28–90 days) using men-
thol (and cooling) and tobacco-flavored aerosols and measure
lung mechanics parameters with whole-body plethysmography,
pulse oximetry, body weight, micronuclei assessment as nonle-
thal toxicity parameters and indices. Further, in our next studies,
we plan to identify additive and synergistic effects of common
chemical constituents present in the liquid and the aerosol.
Determining the most toxic chemicals and ascertaining their tox-
icological parameters and indices would be useful in predictive
toxicity assessments.

While we kept an on-average record of the particle size distri-
bution (250 mg/m3, PM 1.0), conducting real-time particle size

Figure 10. Mitochondrial respiration is affected by extracellular vesicles derived from the lungs of mice exposed to brand B tobacco flavor. C57BL/6J
male and female mice were exposed air and tobacco-flavored e-cig aerosols 2 h/day for three consecutive days in SCIREQ whole-body exposure
chamber. Mice were euthanized �24 h postexposure and exosomes were isolated from the lung tissue. MLE15 cells were grown in Seahorse plates and
treated with isolated exosomes. Twenty-four hours later, Sea horse mitostress assay was run and oxygen consumption rate (OCR) extracellular
acidification rate (ECAR) parameters were acquired, and normalized by total cells. A, MLE cells treated with air group extracellular vesicles (EVs) and B,
MLE cells treated with tobacco flavor exposed EVs. t-test, ***p< .001 versus control, N¼ 3.
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and distribution during exposures was challenging. Hence, in

future studies, we intend to integrate a scanning mobility particle

sizer for real-time particle size distribution measurements within

the exposure chamber.
Another limitation of the study would be inconsistency or

incorrect labeling of ingredients on the bottles by manufacturers,

such as the nicotine concentration, as we determined marginal

levels of nicotine in zero mg flavor liquids, which further empha-

sizes the need for the proper regulation of e-liquid constituents

and enforcements of policies.
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