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ABSTRACT: Tobacco smoking is a major risk factor for disease development,
with the user inhaling various chemicals known to be toxic. However, many of
these chemicals are absent before tobacco is “burned”. Similar, detailed data have
only more recently being reported for the e-cigarette with regards to chemicals
present before and after the e-liquid is “vaped.” Here, zebrafish were dosed with
vaped e-liquids, while C57-BL/6J mice were vaped using nose-cone only
administration. Preliminary assessments were made using e-liquids and GC/
HRMS to identify chemical signatures that differ between unvaped/vaped and
flavored/unflavored samples. Oxidative stress and inflammatory immune cell
response assays were then performed using our in vivo models. Chemical
signatures differed, e.g., between unvaped/vaped samples and also between
unflavored/flavored e-liquids, with known chemical irritants upregulated in vaped
and unvaped flavored e-liquids compared with unflavored e-liquids. However,
when possible respiratory irritants were evaluated, these agents were predominantly present in only the vaped e-liquid. Both
oxidative stress and inflammatory responses were induced by a menthol-flavored but not a tobacco-flavored e-liquid. Thus, chemical
signatures differ between unvaped versus vaped e-liquid samples and also between unflavored versus flavored e-liquids. These flavors
also likely play a significant role in the variability of e-liquid characteristics, e.g., pro-inflammatory and/or cytotoxic responses.

1. INTRODUCTION
The American Lung Association routinely refers to ∼600
ingredients in cigarettes. However, when burned, traditional
cigarettes create more than 7000 chemicals, many of which are
known to cause cancer and are toxica. Similar data have only
more recently been reported1−5 for the e-cigarette (E-cig) with
regards to unused/“unvaped” e-liquid vs those e-liquids that
have been heated using an E-cig device to produce an aerosol
that is inhaled into the lungs/“vaped”. E-cigs are an emerging
form of tobacco products and pose a new danger. The use of
E-cig products has increased tremendously, as evidenced by
increases in both sales and popularity.6,7 In fact, U.S. retail sales
for E-cigs have consistently increased and have now surpassed
those of combustible cigarettes.4,8 For example, total U.S. E-cig
sales increased by 46.6%, i.e., from 15.5 to 22.7 million units,
during a relatively brief period of time, January 2020−
December 2022.9 This expanded market has also led to
changes within the product itself, resulting in e-cigarettes with
varying characteristics.10 However, although the deleterious
effects of cigarette smoking have been documented, signifi-
cantly less is known about these devices and their potential
health effects, which include pulmonary exposures to diverse
arrays of chemicals.11

E-cigs differ from conventional cigarettes in that they utilize
a battery-operated coil to heat and aerosolize nicotine (if

present) along with a liquid vehicle. The vehicle (e-liquid) is
composed of propylene glycol (PG) and vegetable glycerin
(VG) at varying ratios and is inhaled directly into the
lungs.12,13 This new and fast-growing subset of nicotine users,
described as “vapers” rather than “smokers”, utilize products
that deliver doses of nicotine that achieve plasma nicotine
levels comparable to those observed with conventional tobacco
smokers.14−17 Further, there are 1000 s of varieties of different
e-liquid flavors commercially available within a highly dynamic
market place. In addition, as data accumulate indicating the
adverse effects of E-cig intake, it is becoming clear that a better
assessment and regulation of e-liquid is necessary for
population safety. For example, small but significant amounts
of several carcinogens (e.g., formaldehyde, acetaldehyde, and
acrolein) have been detected in E-cig vapors, though these
chemicals are absent in the unvaped liquid.1,2,18−21 Many of
these hazardous chemicals are derived from the flavoring
constituents of the e-liquid, such as the case as reported by
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Allen et al.22 in which the presence of either diacetyl or two
other prominent butter-flavored chemicals (2,3-pentanedione
and acetoin) was found in 47 of 51 flavored e-liquid aerosols
tested. These compounds, traditionally used as the buttery-
flavored chemical component in microwave popcorn manu-
facturing, have been linked to “Popcorn Workers’ Lung”, or
bronchiolitis obliterans, which is the scarring of the small
airways and can range from mild and reversible to severe and
irreversible. Prolonged inhalation of diacetyl results in this
disease.23,24 A final more recent example pertains to the
synthetic cooling agents, e.g., 2-isopropyl-N,2,3-trimethylbutyr-
amide (WS-23), and N-ethyl-p-menthane-3-carboxamide (WS-
3), commonly added to e-liquids that impart flavor
connotations such as “chilled”, “ice”, “polar”, or “cooled”.25,26

Strikingly, a recent study reports that both WS-3 and WS-23
were major components detected in nicotine-containing e-
liquids provided by a significant number of e-cigarette, or
vaping, product use-associated lung injury patients from
August 2019 to June 2021.27 Therefore, it is likely that many
more potentially harmful chemicals that possess as of yet
unknown, and possibly negative, effects on the lung are also
likely to present in flavored e-liquids.

Selections of e-liquid offer a broad range of commercially
available flavors, which can be subdivided into the following
categories: buttery/creamy, minty, sweet/candy, fruit, tobacco,
and cinnamon/spiced,28−30 and selecting from these products
includes many widely accessible and popular consumer brands
of E-cig liquids (e.g., JUUL, Vuse Alto, MyBlu, STIG, and
POSH).31−33 The study of different e-liquid flavors is highly
relevant because there are currently >7000 different flavored e-
liquids that are commercially available.13 In addition, the
number of flavor chemicals composing an e-liquid is highly
variable; for example, JUUL uses a relatively small number
(<20) of different flavor chemicals in their e-liquid “pods”2

while other popular e-liquid refill fluids can contain >50 flavor
chemicals.20

While nicotine has been characterized more thoroughly in
terms of its physiochemical roles, here we focus upon the less
studied flavor chemical constituents of e-liquids. These
constituents can be numerous within individual e-liquid
products, with 1000 s of e-liquid chemical flavors aerosolized
when factoring in the abundance of products available. In
particular, our previous studies identified “minty/menthol”
flavors, which are flavors previously described as possessing
similar flavor chemical characteristics, for example, JUUL
“mint” and “menthol” both contain menthol concentrations
>10 mg/mL,2 as the overall most cytotoxic compound
detected.33,34 At the same time, our proof-of-concept study
also includes our previously developed strategy for the in vivo
screening of zebrafish and mice to assess both the safety and
mechanism(s) of the toxicity of unvaped vs vaped e-liquids.35

These assays provide us with the ability to prioritize large
numbers of flavored e-liquids and to identify their potential
toxic components, e.g., particular “minty/menthol” flavor
chemicals, using animal models. These models then have the
potential to be of great significance, which is illustrated by our
investigation of vaped e-liquids, in particular “minty/menthol”
flavors, and identify potentially harmful flavor chemicals using
oxidative stress and inflammatory immune cell responses as in
vivo metrics.

2. MATERIALS AND METHODS
2.1. Materials. Unless otherwise stated, all reagents were

purchased from either Thermo Fisher Scientific (Waltham,
MA, USA) or Sigma-Aldrich (St. Louis, MO, USA) at the
highest level of purity possible. E-cig products, including JUUL
pods (“menthol” and “virginia tobacco”, which will be herein
referred to as “menthol” and “virginia tobacco”/VT,
respectively (both 5% nicotine by weight)), and e-liquids
(unflavored, peppermint, spearmint, etc.), were purchased
locally from retailers in Durham, NC, USA from May 1, 2022,
to April 30, 2023. Products were inventoried and stored at
room temperature until used. The manufacturer’s label
information for JUUL stated ingredients include only VG,
PG, nicotine, flavoring, and benzoic acid. Detailed chemical
analyses (gas chromatography−mass spectrometry (GC−MS))
of JUUL pod products have been performed previously2 and
here as well while utilizing ultrahigh purity helium supplied
from Airgas (Pennsylvania, USA) and house nitrogen.
Commercial reference standards of nicotine, menthol, and
cotinine were purchased from Sigma-Aldrich. Standards of the
terpenes (β-caryophyllene, β-pinene, linalool, α-pinene,
terpinene, D-limonene, and p-cymene) were all supplied by
the organic synthesis group of RTI International. The first
dilution of retention time standards was in methanol
(Spectrum Chemical, New Brunswick, NJ, USA), while
subsequent dilution was performed in 2-propanol (Fisher
Scientific, Hampton, NH, USA). Other analyses were
performed here, as described directly below.
2.2. Collecting Vaped E-Liquids. E-liquid was vaped

using a previously described36,37 apparatus to condensate e-
liquid vapor. Briefly, a commercially available device (JUUL,
with either (1) the manufacturer’s pods or (2) commercially
available and empty, (re)fillable pods filled with e-liquids) was
connected to silicon tubing and to the mouthpiece of the
device on one end. The other end is placed in the lower part of
a 50 mL conical tube in which the e-liquid is condensed and
collected, suspended above liquid nitrogen inside a thermal
container. Our produced e-liquid vapor condensates and
unvaped samples were then utilized for gas chromatogra-
phy−high-resolution mass spectrometry (GC/HRMS) proto-
cols or for other experiments.
2.3. GC/HRMS. For each unvaped and vaped e-liquid

sample, 50 μL were dissolved in 0.95 mL of isopropanol (IPA)
in duplicate and then diluted 1:10 in IPA before being
analyzed on a Thermo Scientific (Waltham, MA) Trace 1310
gas chromatograph coupled to a Thermo Scientific Q-Exactive
mass spectrometer. One microliter was injected onto a Thermo
Scientific LinerGOLD single taper liner with wool (4 × 6.5 ×
78.5 mm) and separated on a Restek (Bellefonte, PA) Rtx-
VMS (30 m × 0.25 mm ID × 1.4 μm film thickness). The inlet
temperature was set to 240 °C, running 1.2 mL/min of helium
as splitless for 0.5 min, followed by a split of 20.0 mL/min
(1:33 ratio) for the duration of the run. The initial temperature
was set at 45 °C and held for 3 min, followed by a ramp at 5
°C/min to 100 °C, then 2 to 130 °C, followed by 5 °C/min to
160 °C, and finally 20 °C/min to 240 °C and held for 2 min
for a final duration of 41 min. Transfer lines were set at 240
°C. The mass spectrometer source temperature was set to 200
°C and scanned in full scan positive electron impact (EI+) at
70 eV from 40 to 550 m/z at 60,000 resolution with a
maximum ion trap time of 200 ms and an automatic gain
control target of 1 × 106. A filament delay was set to 6.9 min.
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System blanks of IPA were injected prior to sample acquisition
of the vaped and unvaped samples, followed by retention time
standards. Reference standards were used for confirmation of
chemical identities and were determined based on retention
time, [M+] parent ion (calculated using ACD Laboratories
ChemSketch Toronto, ON, Canada), and a qualification ion
(Thermo Fisher Freestyle software Waltham, MA, USA) using
the full scan spectra.
2.4. Nontargeted Analysis Workflow. Thermo Scientific

Compound Discoverer (CD) 3.3 software was utilized to
complete the nontargeted analysis (NTA) of the samples. The
NTA workflow was performed using the GC EI workflow with
statistics, which took raw data files from the GC/HRMS
deconvoluted the GC EI data, selected relevant spectra, and
marked background compounds from predefined blanks
selected during sample processing not to be included in the
final results. An ion overlap window of 98% was used for the
grouping of compounds with no normalization due to no
internal standards present for quantitative analysis. Com-
pounds featured included those with a total ion count greater
than 100,000, a mass tolerance less than 5 ppm, a peak signal-
to-noise ratio greater than 3, and a smoothing of 9. For
structural annotation, spectral libraries were used, including the
GC-Orbitrap Metabolomics Library (890 spectra), NIST
Mainlib (267,376 spectra), and Replib (39,246 spectra),
which were all installed with the CD program and utilized
high-resolution matches to a library where possible.38 Treat-
ments and sample groups consisted of vaped or unvaped and
their unique flavors (peppermint, spearmint, menthol, and
unflavored). Volcano plots were utilized to determine
significant features when comparing different sample types
based on a log fold change in abundance greater than 2 and p <
0.05. Principal component analysis (PCA) was used to identify
patterns and clusters within the data by determining
relationships between feature abundance within the different
sample types. Reference standards were used for further
identity confirmation of available compounds, and any
identities that did not match the retention time standard
were excluded.
2.5. High-Throughput Zebrafish Model. The zebrafish

platform has proved to be extremely relevant in our previous
studies35 and has been used previously to perform inflamma-
tion and toxicity assays by other researchers.39−42 In this
model, the zebrafish AB transgenic strain Tg(gstp1:GFP)43 was
crossed with the AB wild-type strain. The produced fluorescent
embryos were used for the experiment. Zebrafish embryos
were washed, dechorionated, and anesthetized before obser-
vations. Image acquisition was then carried out through
fluorescence imaging for further analysis. All zebrafish
experiments were approved by the NCCU IACUC committee.

For chemical treatment and imaging, 1 day postfertilization
(dpf) zebrafish embryos were placed in 0.3× Danieau’s
solution (19.3 mM NaCl, 0.23 mM KCl, 0.13 mM MgSO4,
0.2 mM Ca(NO3)2, 1.7 mM HEPES, and pH 7.0) containing
different concentrations (0.05−0.15% [v/v]) of e-liquids, the
vehicle control PG/VG or positive control trinitrobenzene-
sulfonic acid. Fish embryos were maintained at 28.5 °C in 0.3×
Danieau’s solution containing 30 μg/mL phenylthiourea to
inhibit pigmentation. At 2dpf, the embryos were washed,
dechorionated, and anesthetized in tricaine before observation.
Fluorescence imaging analysis employed an Olympus MVX10
fluorescence microscope (Olympus, Center Valley, PA)
equipped with a Hamamatsu C9300-221 high-speed digital

CCD camera (Hamamatsu City, Japan) and VAST BioImager
Platform (Union Biometrica, Holliston, MA). MetaMorph
Basic software (Olympus) was used for image acquisition and
analysis.

For quantification of the oxidative stress response using nrf 2
downstream gstp1 reporter activity, the fluorescence intensity
of the olfactory neural epithelia of Tg(gstp1:GFP) fluorescence
in zebrafish embryos was quantitated using MetaMorph Basic
software. In brief, GFP induction was detectable with
fluorescence signal at the area of the olfactory epithelia in
the anterior region of the head region. Intensity was measured
using an area from a circle with a 60-pixel diameter within the
fluorescence olfactory epithelia subtracted from a background
nonfluorescent area next to the zebrafish embryo. Both the left
and right olfactory epithelia were measured to provide an
average fluorescence value. Reported values are averages of
measurements from at least 14 embryos.
2.6. Mice and Mouse Exposure Plan. Mice (C57-BL/6J)

were purchased from Jackson Laboratories (Bar Harbor, MA,
USA). Young adult (6 to 8-week-old male and female) mice
were used for all experiments.44 After delivery, the mice were
allowed to recover from shipping stress for 1 week at the
NCCU Animal Resource Complex, which is accredited by the
American Association for Accreditation of Laboratory Animal
Care. All animal care and use were conducted in accordance
with the Guide for the Care and Use of the Laboratory
Animals (National Institutes of Health) and approved by the
NCCU IACUC. Mice were maintained at 25 °C and 15%
relative humidity with alternating 12 h light/dark periods.

To model acute pathology due to vaping, mice received vape
exposures using a well-described puff topography of 2 puffs/
min (8 s/110 mL/puff, flow rate of 2 L/min)45 for 1 h using a
M/W/F regime for 5 weeks. This acute exposure model was
through nose-cone only administration using an inExpose
Nose-Only tower (SCIREQ Inc., Montreal, Canada). This
system has been demonstrated to better recapitulate human
vaping exposure46−48 and can vape up to 12 animals at a time.
Body weight and health conditions were monitored daily per
the IACUC protocols. Humane endpoints were not used for
this study as experimental time points of completion were
chosen before any significant body weight change or clinical
sign of disease was observed. After the end of the 5-weeks
period (within 24 h), mice were humanely euthanized via CO2
asphyxiation and cervical dislocation, as per our accepted
NCCU animal protocol and NCCU Animal Resource
Complex housing guidelines and conditions. The sample size
was 8 mice (4 male and 4 female) per treatment group.
2.7. Cytokine Analysis. At experimental endpoints,

broncho-alveolar lavage (BAL) fluid was collected and frozen
as has been previously described.49−51 In brief, mice were
euthanized, and a catheter attached to a 1 mL syringe was
inserted into the trachea. The syringe was then used to deliver
1× PBS, which was gently pipetted up and down 3× to remove
the fluid. BAL fluid was then clarified via centrifugation for
cytokine analysis. The IL-6 inflammatory cytokine was
evaluated by using ELISA (OptEIA, BD Pharmingen) reagents.
Experiments were run with an appropriate “n” determined by
power analysis.
2.8. Histopathology. After being euthanized, the lungs

were inflated with 1 mL of a 10% neutral-buffered formalin
solution, then removed and suspended in 10% formalin for 12
h. Lungs were washed once in PBS and then immersed in 70%
ethanol. Tissues were then embedded in paraffin, and three 5
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μm sections 200 μm apart per lung were stained using
hematoxylin/eosin (H&E) for examination by the UNC Cell
and Molecular Physiology Histology Core (Chapel Hill, NC).
Sections were evaluated blindly for gross pathology.
2.9. Wet/Dry Lung Ratio. Lungs were immediately

removed from euthanized mice and weighed (wet weight).
The lung tissue was then dried in an incubator (65 °C) for 24
h and reweighed (dry weight). The wet/dry ratio was then
calculated by dividing the wet weight by the dry weight.
2.10. Statistical Analysis. Unless otherwise noted, all

experiments were performed on a minimum of three separate

occasions (n = 3). Data were statistically analyzed using either
Student’s t-test or a one-way analysis of variance and compared
to the untreated control with Fisher’s Exact Test using
GraphPad Prism (La Jolla, CA, USA). Unless otherwise
indicated, the results are shown as the mean ± standard error
(SE). A value of P < 0.05 is considered as statistically
significant.

3. RESULTS
3.1. Comparisons between Vaped Versus Unvaped E-

Liquid Samples and Flavored Versus Unflavored E-

Figure 1. PCA is displaying clustering of vaped vs unvaped samples. The unvaped samples display the unflavored samples in the middle and
clustering between the “menthol” and “virginia tobacco” on one side, with peppermint and spearmint samples on the other side.

Figure 2. Volcano plots show significant differences between chemical features (log fold change >1, p < 0.05) between sample comparisons of (A)
unvaped samples vs vaped samples; (B) unflavored vaped samples vs “VT” flavored vaped samples; (C) unflavored vaped samples vs peppermint
flavored vaped samples; (D) unflavored vaped samples vs spearmint flavored vaped samples; and (E) unflavored vaped samples vs “menthol”
flavored vaped samples.
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Liquid Samples. To begin to explore differences/similarities
between e-liquid samples, a PCA was performed using our
obtained GC/HRMS data from vaped versus unvaped samples.
Again, our choice of products and study rationale was informed
based upon our previous studies33,34 using “minty/menthol”
flavors combined with the relative popularity of these flavor
profiles among commercially available e-liquid products.9

When further analyzing these samples, these respective e-
liquid samples tend to clearly cluster together, visually
displaying both the stark differences between the groups and
the high degree of similarity among the sample group members
(Figure 1). However, clustering for the unvaped samples was
more spread out, with the unflavored samples in the middle.
“Menthol” and “VT” samples clustered to the left of the
unflavored unvaped, while the spearmint and peppermint
clustered to the right side of the unflavored unvaped samples.
Similarly, total detected chemical signatures that were
significantly upregulated (log2 fold change = 1, p < 0.05)
differ among the unvaped vs the vaped samples with 169 and 8,
respectively, unique chemical signatures found to be
significantly different (Figure 2A). When assessing differences
between a vaped flavored e-liquid versus unflavored e-liquid
(Figure 2B−E), similar patterns emerge; i.e., significant
differences in flavor compositions exist between a flavored e-
liquid, e.g., “menthol”,33 and the unflavored e-liquid.41

3.2. Structural Annotation of Features within the
Samples. An NTA workflow on the GC/HRMS data was
then utilized, resulting in the detection of 228 features within
the samples. Structural annotations of 31 selected significant
features within the NIST spectral library match >70 high-
resolution filtering scores and 500 search indexes (SI)
thresholds are displayed in Table 1. Chemical reference
standards were used to confirm the identities of 4 compounds
(L-menthol, nicotine, cotinine, and limonene). By utilizing the
reference standard, an additional menthol isomer was detected
within the spearmint-vaped and unvaped samples. Nicotine
and its derivative cotinine were found to be upregulated in the
unvaped samples, with the highest area of abundance in the VT
sample. When surveying these data, some flavorants were more
prominent in specific sample types (L-menthol in “menthol”
samples and methyl vanillin in VT samples). Terpinenene
compounds (D-limonene, terpinene, (−)-carvone, (−)-cam-
phor, damascenone, etc.) were annotated throughout the
flavored samples. Compounds most significant to vaped
samples included citronellol, 1-butanal, amyl salicylate, butyric
acid methyl ester, linalool, terpineol α, and aisomethyl ionone,
with many of these compounds being characterized as
potential respiratory irritants.52,53 Additional compounds
highest in the vaped samples contain trimethyl silica
compounds adducted to them, i.e., benzoic acid, 3-methyl-2-
oxovaleric acid, tartronic acid, hexanoic acid, heptanoic acid,

Table 1. Selected Features with the Highest NIST Spectral Library Matches and were the Most Significant as Compounds for
Vaped Flavored Samples and Organized by the Highest Chromatogram Areaa

aHeatmap included displays the highest (red color) to lowest (blue color) area abundance by a compound. Labeled acronyms: unvaped unflavored
(UU), unvaped peppermint (UP), unvaped spearmint (US), unvaped “menthol” (UM), unvaped “virginia tobacco” (UVT), vaped unflavored
(VU), vaped peppermint (VP), vaped spearmint (VS), vaped “menthol” (VM), and vaped “virginia tobacco” (VVT). *Cas # is for the parent
structure and doesn’t include the TMS derivatives. 1Confirmed compound using reference standards RT time, parent ion [M+], and qualifier ion in
full scan spectra.
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lignoceric acid, and benzyl alcohol. TMS-derived library
searches also appeared within the Compound Discoverer
workflow. It is hypothesized that this is due to the similarity of
spectra to the library match without the TMS additive;
however, since no derivatization occurred during the GC/
HRMS protocols, these are potential false-positives. A similar
response happened with multiple peaks at different retention
times appearing, where the top library search was used for
multiple features-different identities were not applied in the
case the compound could be related, such as the case for
isomers (D vs L menthol).
3.3. Zebrafish Model Indicates E-Liquid Treatment

Induces Oxidative Stress. While not an obvious in vivo
model to study the effects of vaping, the zebrafish model has
provided a strong platform for our previous studies35 and has
been used to perform inflammation and toxicity assays.39,40,54

In fact, while using zebrafish embryos, we have previously
demonstrated developmental effects and pro-inflammatory
response, as indicated by a neutrophil migration response,
after treatments with many of the same vaped flavored e-
liquids utilized above (VT, “mint”, and “menthol”), with the
VT, “mint” and “menthol” e-liquids all inducing pro-

inflammatory responses.35 However, higher concentrations
(e.g., 0.0375% “mint”) of e-liquid in the zebrafish medium
reduced the survival of the exposed embryos with doses higher
than 0.075, 0.05, and 0.025% for “menthol”, “VT” and “mint”,
respectively, demonstrated as lethal for zebrafish embryo
survival (Onyenwoke et al. 2022).35 However, these earlier
studies did inform us of appropriate e-liquid concentrations
(0.05 and 0.15%) for further assays, as described below.

Here, we moved to employ an oxidative stress reporter assay
(Keap1−Nrf2 interaction55,56) in the zebrafish.57 With this
assay, oxidative stress-induced Nrf2 responses are measured
using Tg(gstp1:GFP) fluorescence signal at the olfactory
sensory neural epithelia of zebrafish embryos at 2 day-
postfertilization (dpf) after a 24 h treatment with the e-liquids
dissolved in embryo medium (0.3× Danieau’s solution). Bright
field and fluorescence composite images of the ventral view of
the head region of Tg(gstp1:GFP) zebrafish embryos at 2 dpf
are taken. The inducible gstp1:GFP activity at the olfactory
sensory neural epithelia is then indicated by the two dotted
circles. With this assay, we now provide data illustrating that a
menthol-, but not a tobacco-flavored, e-liquid induces an acute
oxidative stress response in zebrafish embryos (Figure 3).

Figure 3. A menthol-flavored e-liquid induced oxidative stress in Tg(gstp1:GFP) zebrafish. (A) Oxidative stress-induced Nrf2 responses were
measured using Tg(gstp1:GFP) fluorescence signal at the olfactory sensory neural epithelia of zebrafish embryos at 2 day-postfertilization (dpf) after
a 24 h treatment with the e-liquids dissolved in embryo medium (0.3× Danieau’s solution). Bright field and fluorescence composite images of the
ventral view of the head region of Tg(gstp1:GFP) zebrafish embryos at 2 dpf. The inducible gstp1:GFP activity at the olfactory sensory neural
epithelia is indicated by the two dotted circles. CTL is the medium alone. (B) n = 14−16 zebrafish embryos per treatment group. *p < 0.05, #p <
0.0001 using Student’s t-test. This study was powered to provide for a more than 95% confidence interval when using Fisher’s exact test.

Figure 4. Acute in vivo model of vaping indicates cytotoxicity (A) and lung inflammation (B,C). To model acute pathology due to vaping, mice
received vape exposures (“menthol”) using a well-described puff topography of 2 puffs/min (8 s/110 mL/puff, flow rate of 2 L/min) for 1 h each
day using an M/W/F regime for 5 weeks. (A) Lung wet/dry weight ratios of mice either unvaped/mock control or vaped. n = 8 mice (four male
and four female) per treatment group. (B) IL-6 ELISA analysis was run using clarified BAL fluid. n = 8 mice (four male and four female) per
treatment group (C) H&E staining (100× magnification) of sections of lung tissue isolated from unvaped/mock or vaped mice. Alveolar wall
thickening was most observable in the lungs from the vaped mice compared to the mock/unvaped control. n = 8 mice (four male and four female)
per treatment group. *p < 0.05, ***p < 0.001 using Student’s t-test. This study was powered to provide for a more than 95% confidence interval
when using Fisher’s exact test.
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These new data again illustrate the importance of identifying
the individual flavor constituents/chemical signatures between
and among various different commercially available e-liquids,
harkening back to our GC/HRMS data, and that a “menthol/
minty” chemical flavor profile is imparting a likely detrimental
toxicity characteristic.
3.4. Secondary In Vivo Model to Assess the

Inflammatory Toxicity of Selected Vaped E-Liquids.
The zebrafish neutrophil inflammation Tg(lysC:dsRed)35 and
oxidative stress response Tg(gstp1:GFP) assays are powerful
tools for the evaluation of the inflammatory/toxic nature of
vaped e-liquids, though a secondary validation step (mouse
model) is necessary to more thoroughly interrogate the
inflammatory potential of acute and chronic vaping exposure
upon mammalian pulmonary function. For this confirmation,
we employed an inExpose Nose-Only tower to vape (the
“menthol” e-liquid) using a biologically relevant exposure
strategy. Upon endpoint of the experiment, we utilized lung
weight (wet/dry ratios; Figure 4A) and IL-6 measurements,37

key hallmarks of acute lung injury (ALI)/acute respiratory
distress syndrome (ARDS)58,59 and of a pro-inflammatory
response,60,61 respectively, as key measurements. Both metrics
displayed an increase, however, only with regard to the vaped
animals. These results were corroborated with histopatho-
logical assessment of lungs by H&E staining (Figure 4C),
confirming the results from zebrafish experiments. Thus, our in
vivo data indicate overall cytotoxicity (Figure 4A) and signs of
ALI/ARDS and of a pro-inflammatory lung response (Figure
4B,C;37) after vaping alone with a flavored e-liquid, which is in
agreement with other e-liquid and e-liquid aerosol stud-
ies.2,13,60,62−64

4. DISCUSSION
Preliminary tests with commercially available e-liquids have
been successfully performed here to assess the feasibility. For
each e-liquid, liquid samples were (1) collected unvaped, and
(2) vapor phases were collected and condensed after
vaping.65−67 Samples were then assessed by GC/HRMS
analysis. As initially hypothesized, chemical signatures
identified greatly differed between unvaped vs vaped samples
(Figures 1 and 2) as well as unflavored versus flavored e-
liquids, with known chemical irritants such as, e.g., methyl
esters of caproic acid and cis-11,14-eicosadienoic acid, and
tolualdehyde, present in vaped and unvaped flavored (but not
unflavored) e-liquids (Tables S1 and S2).68,69 However,
possible respiratory irritants, such as terpinene, butyric acid,
and methyl ester, were present in vaped e-liquid and unvaped
e-liquid (Table 1).70−72 Importantly, many other discrete
compounds were also detected and determined specifically
within the “mint/menthol” flavored e-liquids. These com-
pounds may serve as important biomarkers of harm.

Much is known regarding tobacco smoking as a major risk
factor for the development of lung disease and susceptibility to
pulmonary disease. However, when vaping, the user inhales a
large array of chemicals, including additives, flavors, and
nicotine, which are potentially highly toxic, e.g., formaldehyde
and acrolein, a chemical often found in weed killers. After the
vaping process, chemical reactions of these constituents can
generate even more harmful chemicals in the produced aerosol
and vapor, which differ between flavored versus tobacco or
unflavored e-liquid products. This study and our other reports
(as well as work performed by other groups) suggest
cytotoxicity and inflammatory effects associated with e-liquid

usage.65,73−76 Within the cigarette smoke-exposed lung,
alveolar macrophages (AM) have demonstrated a phagocytosis
defect, which is a key characteristic of the lung’s innate
immune response.77 This characteristic is key to the innate
immune response in the lung. Thus, there is the potential that
vaping may exert a similar effect.

The overall impact of vaping on human health also likely lies
with its impact on these immune cell populations, in particular,
the role of vaping in immune dysfunction and inflammation.
Tobacco exposure triggers a number of inflammatory
responses in the airways, often leading to ailments such as
airway inflammation, chronic obstructive pulmonary disease,
and lung cancer.78 E-cig use is also linked with immunosup-
pression in the lower airways of vapers.79,80 Inhaled e-liquid
aerosols are believed to be deposited in these airway areas, that
is, in the broncho-alveolar region.81 Thus, neutrophils and AM,
which are two of the major inflammatory cell types involved in
lung defense82 and situated within this lower airway region, are
likely affected.83 A first example with regards to vaping involves
human AMs exposed to an e-liquid vapor distillate revealed,
with increased levels of ROS production, significantly inhibited
phagocytosis and increased levels of several cytokines, e.g., IL-6
and TNF-α, ultimately observed.61 Similarly, our zebrafish
model can assess oxidative stress while our mouse model can
be used to investigate pro-inflammatory responses, including
pro-inflammatory cytokine levels; a second reported example is
more specific with the popular e-liquid flavor chemical
cinnamaldehyde possessing dose-dependent broadly immuno-
suppressive effects: diminished phagocytic capacity (neutro-
phils and macrophages), pro-inflammatory cytokine produc-
tion and a cell-mediated cytotoxic response (NK cells).84

Thus, we have also further investigated and confirmed that
vaping imparts a similar inflammatory profile through the use
of our two in vivo models.
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