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A B S T R A C T   

Electronic cigarettes (ECs) are considered a less hazardous alternative to tobacco smoking but are not harmless. 
Growing concerns about the safety profiles of flavors in e-liquids underpin the need for this study. Here, we 
screened 53 nicotine-free flavored e-liquids (across 15 flavor categories) across a 3-point concentration range 
(0.25%, 0.5%, and 1% v/v) in a high-throughput fashion in human bronchial epithelial (HBEC-3KT) submerged 
cell cultures to identify ‘toxic hits’ using in vitro endpoint assays comprising cell count, cell viability, and lactate 
dehydrogenase (LDH). We observed significant, dose-dependent adverse effects only with cinnamon, vanilla 
tobacco, and hazelnut e-liquids compared to media-only and PG/VG vehicle controls. Hence, we further analyzed 
these three flavors for their effects on HBEC-3KT proliferation, mitochondrial health, and oxidative stress. A 
significant decrease in cell proliferation after 36 h was observed for each e-liquid toxic hit compared to media- 
only and PG/VG controls. Hazelnut (at all concentrations) and vanilla tobacco (1%) increased cytoplasmic 
reactive oxygen species generation compared to media-only and PG/VG controls. Conversely, all three flavors at 
0.5% and 1% significantly decreased mitochondrial membrane potential compared to PG/VG and media-only 
controls. Chemical analysis revealed that all three flavors contained volatile organic compounds. We hypothe
sized that the cytotoxicity of cinnamon might be mediated via TRPA1; however, TRPA1 antagonist AP-18 (10 
μM) did not mitigate these effects, and cinnamon significantly increased TRPA1 transcript levels. Therefore, 
pathways mediating cinnamon’s cytotoxicity warrant further investigations. This study could inform public 
health authorities on the relative health risks assessment following exposure to EC flavor ingredients.   

1. Introduction 

Tobacco smoking remains the leading cause of preventable deaths 
globally (World Health Organization, 2019). Tobacco smoke contains 
approximately 7000 different chemicals, (National Center for Chronic 
Disease Prevention and Health Promotion (US) Office on Smoking and 
Health (2014)), of which ninety-three chemicals of concern, including 
nicotine, are proposed to cause direct/indirect harm through inhalation 
(FDA, 2012). Nicotine is responsible for tobacco dependence; thus, 
nicotine replacement therapies (NRT), void of most of the 93 chemicals 

of concern, are used as smoking cessation aids. However, traditional 
NRTs have protracted nicotine absorption profiles that take several 
minutes to reach peak plasma concentration, making them an unpopular 
choice and of limited efficacy for cigarette smoking cessation aids. 
Alternatively, electronic cigarettes (ECs) or electronic nicotine delivery 
systems (ENDS) are battery-powered devices designed to vaporize a 
nicotine-containing solution (known as e-liquid) for a relatively fast and 
efficient nicotine delivery to the brain, more comparable to traditional 
cigarettes. E-liquids contain propylene glycol (PG) and/or vegetable 
glycerine (VG) and may contain nicotine and/or flavors (Ween et al., 
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2020). ECs, provide reinforcing sensory and behavioral cues in addition 
to nicotine, which helps alleviate withdrawal symptoms, reduce nicotine 
craving, and reduce relapse to smoking (Wadgave and Nagesh, 2016). 
Although ECs are considered less hazardous than cigarettes (McNeill 
et al., 2022), it is less clear how harmful EC use is compared to not using 
EC, especially in former smokers. In addition to this evidence, there are 
concerns over increasing use by young people and the potential for naïve 
youth EC use to progress to tobacco smoking potentially motivated by 
the presence of flavors. These concerns have led to regulations 
restricting their use in many countries, including some states in the US, 
Ukraine, and Finland. In the UK alone, there has been a 3% increase in 
EC use among young people between the ages of 11 – 17 from 2020 to 
2022 (ASH, 2022a). However, flavors are also key in attracting smokers 
away from cigarettes to start using EC, so an outright ban on all flavors is 
undesirable (McNeill et al., 2022). 

The flavoring compounds used in EC e-liquids are generally consid
ered safe (GRAS) for ingestion and are used extensively in the food in
dustry. However, there are concerns about EC flavoring toxicity when 
inhaled using EC (Farsalinos et al., 2013; Khlystov and Samburova, 
2016; Kim et al., 2018; Leigh et al., 2016; Lucas et al., 2020; Madison 
et al., 2019; Russell et al., 2018; Sundar et al., 2016) because the evi
dence for safety following inhalation has not been extensively investi
gated. Several primary research articles report potential adverse health 
effects on pulmonary cells from exposure to flavoring compounds in 
e-liquids, including but not limited to growth inhibition, cytotoxicity, 
apoptosis, reactive oxygen species (ROS) generation, and mitochondrial 
dysfunction (see Effah et al., 2022, for an extensive review). Nonethe
less, we noticed that there was; 1) a lack of appropriate controls that 
could allow the identification of hazards due specifically to flavor 
components, 2) ambiguity over physiologically relevant doses of 
flavor/e-liquid used, and 3) a lack of assessment of multiple dosing to 
establish a dose-dependent relationship (for an extensive review see 
(Effah et al., 2022) and references therein). This study provides a 
highly-throughput experimental approach to screening cytotoxicity in a 
wide range of flavored, nicotine-free e-liquids (n = 53). It incorporates 
at least three flavored e-liquids per flavor category, identified using the 
flavor wheel generated by Krüsemann and colleagues (Krüsemann et al., 
2019). It uses a high-throughput system to identify those demonstrating 
cytotoxicity. We hypothesized that some flavors, but not all, may elicit 
harmful dose-dependent effects. We tested our hypothesis by exposing 
human bronchial epithelial cells (HBEC-3KT) to commercially available 
flavored e-liquids across a 3-point concentration range (0.25%, 0.5%, 
and 1% v/v) for 48 h. We assessed the toxicological effects of all 54 
flavored e-liquids on cell growth, cytotoxicity (lactate dehydrogenase, 
LDH), and cell viability to identify the flavors that may pose adverse 
health risks to human pulmonary cells. Subsequently, mechanisms by 
which those toxic flavors in e-liquids demonstrate dose-dependent 
cytotoxicity was further examined by investigating cell proliferation, 
ROS generation, and mitochondrial membrane potential (MP). Cinna
mon is one of the most often reported flavored-e-liquids with adverse 
effects identified by our systematic review (Effah et al., 2022). We hy
pothesized that it potentially elicited these adverse effects via the 
transient protein receptor ankyrin 1 (TRPA1). TRPA1 is a Ca2+

-permeable cation channel functionally expressed in various organs, 
including the lungs, and they are activated by a wide spectrum of 
endogenous and exogenous chemicals, including cinnamaldehyde, the 
main chemical component of cinnamon flavor (Talavera et al., 2020). 
Furthermore, alterations in TRPA1 expression and/or activation are 
involved in the pathophysiology of COPD and asthma (Talavera et al., 
2020). As such, we aimed to understand whether the adverse effects of 
cinnamon may involve TRPA1 by assessing TRPA1 transcript levels after 
24 h cinnamon exposure to HBEC-3KTs. 

2. Materials and methods 

2.1. Cell culture 

Two vials of normal human bronchial epithelial cells immortalized 
with CDK4 and hTERT (HBEC-3KT; ATCC CRL-4051) at passage 3 were 
kind gifts from Dr. Martin Leonard (RCE, UKHSA, Chilton) and cultured 
in complete bronchial/tracheal growth media (BTEGm) under standard 
airway epithelial cell growth condition (37 0C, 95% humidity, and 5% 
CO2). Unless specified, all studies in HBEC-3KT cells were performed 
using cells between passages 10 and 15. 

2.2. Cell exposure to e-liquids 

2.2.1. Flavored e-liquids in submerged exposure 
Each of the 53 nicotine-free flavored e-liquids was purchased from 

online EC sales websites (supplementary table 1). E-liquids were stored 
in opaque boxes at 4 0C and diluted for each experiment. Not all flavored 
e-liquids were available at the same PG/VG ratio; therefore, each plate 
contained PG/VG (ThermoScientific, UK) controls reflecting the PG/VG 
ratio in the flavored-e-liquids. E-liquids were diluted with BTEGm 
immediately prior to use in each experiment for final concentrations of 
1%, 0.5%, or 0.25% (v/v). 

2.3. Flavored-e-liquids working concentration validation 

The choice of concentrations used for this investigation is based on 
estimating the maximum concentration of e-liquid deposited per surface 
area of bronchial epithelial cells of an EC user adjusted to the surface 
area of the 96 well that would be exposed in a day. Deposition of e-liquid 
condensates in the lung might be higher in the airways and airways 
surface area (trachea and bronchi); as such, the final concentrations 
used are probably underestimated. 

Given an adult human lung surface area of 50–75 m2 (Fröhlich et al., 
2016) and a mean of 62.5 m2 with an average daily e-liquid consump
tion of 3.35 mL (ASH, 2022b). 

Therefore, 3350 µL/ 625,000 cm2 = 5.36 £ 10¡3 µL/cm2. 
5.36 × 10− 3 µL/cm2 is the amount of e-liquids that a whole lung 

would be exposed to if the deposition is 100% and uniform across air
ways. The surface area for confluent cells in 96 well plates is 0.32 cm2/ 
well. 

Therefore, 1 cm2: 5.36 £ 10¡3 µL/cm2 = 0.32 cm2: X. 
X ¼ 5.36 × 10− 3 µL/cm2 x 0.32 cm2 = 1.72 £ 10¡3 µL. 
Assuming that e-liquids are exposed directly to only the lower res

piratory cells in their liquid state, 1.72 £ 10¡3 µL would be the 
maximum quantity of e-liquid a lung’s surface area equivalent to the 
surface area of a 96 well plate would be exposed. However, the 
maximum depth of mucus gel and mucus that cover human bronchial 
epithelial cells in the lower respiratory is 13 µm (Fahy and Dickey, 
2010). In contrast, the 96 well is about 14 mm: 

1.72 £ 10¡3 µL:13 µm ¼ X:14000 µm. 
X ¼ 1.85 µL. 
Therefore, confluent HBEC-3KTs in a 96-well plate need to be 

exposed to 1.85 µL of e-liquid/well to recapitulate the microenviron
ment of the lungs, assuming 100% deposition and even distribution in an 
average UK EC user consuming the average amount of e-liquid. There
fore, we chose 2 µL of e-liquid in 200 µL of media (1%) as the maximum 
concentration (v/v) and decided on two other sub-concentrations (0.5% 
and 0.25% v/v) based on our preliminary studies to establish whether 
the flavored e-liquids elicit their effects in a dose-dependent manner. 
Moreover, because different flavors contained different ratios of PG/VG 
(50/50, 60/40, and 70/30), we included appropriate PG/VG controls in 
each experiment. To the best of our knowledge, we are the first to 
provide validation for the doses used in e-liquids investigations. 
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2.4. Screening assays 

2.4.1. Cell count and percentage of viable cells 
HBEC-3KTs were plated at 2 × 104 cells/well in 200 µL of growth 

medium into Greiner 96-well/clear plates. To avoid the so-called ‘edge 
effects’, the outer wells were filled with Dulbecco’s phosphate saline 
(DPBS). Cells were placed into the environmental control at 37 0C, 95% 
humidity, and 5% CO2 for 24 h to allow cellular adherence before e- 
liquids exposure. A 48 h incubation period for the high-throughput 
screening (cell count, percentage of viable cells, and LDH) was chosen 
as the optimum period to detect e-liquid toxicity, if any, based on pre
liminary experiments. After the incubation period, a 200 µL PBS solution 
containing 6 µM Hoechst 33342 (DAPI) (ThermoScientific, UK) and 6 
µM calcein-AM (FITC-C) (Sigma Aldrich, UK) dye was added to each cell- 
containing well for analysis of cell count and cell viability, respectively. 
Plates were left for 0.5 h inside the environmental control of ImageX
press PICO (Pico) (Molecular Devices, UK) at 37 ◦C, 5% CO2, and 98% 
humidity (Fig. 1 A). Live-cell image acquisition and analyses of plates 
were performed using the Pico aided by CellReporterXpress software. A 
preconfigured 2-channel analysis was chosen for cell count and live cells 
with DAPI and FITC-C (Fig. 1B). The whole surface area of the plates was 
analyzed with a 4x Plan Fluor objective. 

2.4.2. Cytotoxicity: LDH assay 
Before cells were stained with Hoechst 33342 and calcein-AM for cell 

count and viability, spent media was removed and retained for lactase 
dehydrogenase (LDH) assay using the LDH cytotoxicity kit (Roche, UK) 
according to the manufacturer’s protocol. Plate absorbance was 
measured at 490 nm and 680 nm using the BIO-TEK synergy HT 
absorbance reader (Bio-Tek, USA). The plotted LDH values are relative 
LDH levels obtained by dividing the absorbance of each well by their 
respective cell count. 

2.5. Mechanistic studies 

2.5.1. 42 h growth curves in HBEC-3KT 
The ability of human bronchial epithelial cells to proliferate is 

paramount to repair processes following injurious insults from 

environmental xenobiotics. We tracked the impact of the three ‘toxic 
hits’ on HBEC-3KT cell proliferation over 42 h. 8 × 103 cells/well in 
200 µL of serum-free airways epithelial growth media (AEGM) (Pro
moCell, UK) were seeded in 96 Greiner well plates x7. To avoid the so- 
called ‘edge effects’, the outer wells were filled with DPBS. Evidence 
suggests that serum-free or low-serum growth media 24 h before com
pound treatments synchronizes cells to be in the same cell cycle phase. 
This is a gold standard procedure to allow for: 1) a better understanding 
of the toxic effects of compounds on cell growth and 2) to increase data 
reproducibility. Plates were challenged with 0.25%, 0.5%, and 1% (v/v) 
of the e-liquids. Cells were counted at different time points, 0 h, 6 h, 
12 h, 18 h, 24 h, 30 h, 36 h, and 42 h, with 0 h being cell count before 
cell treatment. Transmitted light cell count analysis was performed on 
the PICO aided by CellReporterXpress software with a 4x Plan Fluor 
objective. 

2.5.2. Reactive oxygen species 
ROS generation in human bronchial epithelial cells can induce local 

inflammation, which may, in turn, lead to systemic inflammation. 
Therefore, in this assay, we aimed to characterize whether any ‘toxic 
hits’ stimulate ROS generation in HBEC-3KT cells. The cell-permeant 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) (ThermoFisher 
Scientific, USA) is a chemically reduced form of fluorescein used as an 
indicator for reactive oxygen species (ROS) levels within cells. The 24 h 
after seeding 2 × 104 HBEC-3KT cells in black-walled 96 well plates 
with clear bottoms, they were treated with 1.5 mM of cell-permeant 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) (ThermoFisher 
Scientific, USA) and incubated at 37 ◦C, 5% CO2, and 98% humidity for 
0.5 h. Subsequently, cells were washed x2 with Dulbecco’s phosphate 
buffer saline (DPBS) and challenged with diluted e-liquids (diluted with 
DMEM/F-12, HEPES, no phenol red (Gibco, UK)) or 2% hydrogen 
peroxide (positive control) for 3 h. Fluorescence intensity was measured 
using the BIO-TEK synergy HT fluorescence reader at 485 nm excitation 
and 528 nm emission wavelengths. 

2.5.3. Mitochondria membrane potential (MP) 
MP drives the production of adenosine triphosphate (ATP). There

fore, alterations in MP may lead to alterations in ATP levels. This 

Fig. 1. A) The high throughput approach taken to assess the toxic effects of the 53 flavors B) preconfigured 2-channel analysis chosen for cell count and live cells 
with calcein AM and Hoechst dye C) preconfigured 2-channel analysis chosen for mitochondrial health with Hoechst dye and TRIT-C. Fig. 1A courtesy of Molec
ular Devices. 
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experiment aimed to characterize the impact of the ‘toxic hits’ on MMP. 
HBEC-3KT cells at 8 × 103 cells/well were seeded in 96-well plates and 
allowed to adhere. HBEC-3KT cells at 8 × 103 cells/well were seeded in 
96-well plates and allowed to adhere. Cells were challenged with the 
flavored e-liquids at different concentrations and incubated for 8 h. 
Subsequently, media containing dilutions of e-liquids were discarded. 
200 µL PBS solution containing 6 µM Hoechst 33342 (DAPI) (Thermo 
Scientific, UK) 0.2 µM MitoTracker™ Orange CMTMRos (TRIT-C) 
(Sigma Aldrich, UK) dye was added to each cell-containing well for cell 
count and mitochondrial function, respectively. MitoTracker™ Orange 
CMTMRos is an orange-fluorescent dye that stains mitochondria in live 
cells and its accumulation is dependent upon MP. Plates were incubated 
for 0.5 h inside the environmental control of the PICO (Fig. 1A) at 37 ◦C, 
5% CO2, and 98% humidity. Before analysis, cells were fixed with 4% 
paraformaldehyde for 0.5 h at room temperature. A preconfigured 2- 
channel analysis for cell count and MP with DAPI and TRIT-C 
(Fig. 1C) was chosen, and exposures were set at 20 ms and 300 ms, 
respectively. 10% surface area of plates was analyzed with a 20x Plan 
Fluor objective aided by CellReporterXpress software. 

2.6. TRPA1 inhibitor studies 

Cinnamaldehyde, the main chemical component in cinnamon flavor 
e-liquids, is believed to activate the transient receptor protein ankyrin 1 
(TRPA1). Therefore, in this experiment, we aimed to characterize 
whether the exposure to HBEC-3KTs to cinnamon impacted TRPA1 
transcript levels and whether the TRPA1 inhibitor blocked the adverse 
effects of the cinnamon-flavored e-liquid. HBEC-3KT cells at 5 × 103 

cells/well were seeded in 96-well plates and were allowed to adhere. 
Cells were pre-treated with 10 µM of AP-18 (TRPA1 selective and 
reversible TRPA1 antagonist) for 2 h before exposing them to different 
concentrations of cinnamon (0.25%, 0.5%, and 1%) e-liquid or cinna
maldehyde (2.5, 5, and 10 mM) for another 12 h or 24 h. In preliminary 
studies, 10 µM of AP-18 was established to be the non-toxic IC50. 12 h 
and 24 h post-exposure, the supernatant was collected for LDH assay 
(see section 2.3.2 for detailed protocol). Cells were stained to assess for 
cell count and % of viable cells (see section 2.3.1 for detailed protocol). 
Analyses were performed using the PICO (Fig. 1A) aided by CellRe
porterXpress software. 

2.6.1. qPCR analysis for TRPA1 expression 
HBEC-3KT seeded in 6 well plates (Costar, UK) were grown to ~ 85% 

confluence. Cells were treated for 24 h. Before treatment, the pH of all 
the exposure solutions was measured (see supplementary Table 1). 
Subsequently, RNA was isolated using the RNeasy Mini Kit (Qiagen). 
Primer validation and mRNA concentration optimization assays were 
carried out before the experiment. cDNA was synthesized from total 
RNA (200 ng) using the High-Capacity RNA-to-cDNA kit (Thermo Sci
entific, UK). Expression was analyzed in triplicate 10 µL reactions con
taining 1 µL cDNA, 5 µL Fast SYBR Green Master Mix (Applied 
Biosystems), 3 µL nuclease-free water and 0.5 µL of 10 µM forward and 
reverse primers. Expression analysis was carried out by quantitative 
real-time polymerase chain reaction (qPCR) using a Life Technologies 
QuantStudio 6 Flex instrument. The primer, probe sequences, and con
centrations for GAPDH, β-actin, HPRT1, 18 srRNA, and trpa1 were 
prepared according to the manufacturer’s instructions. They were: 5′- 
CTGACTTCAACAGCGACACC-3′ (GAPDH, forward, 100 μM), 5′- 
TCGTTGTCATACCAGGAAATGA-3′ (GAPDH, reverse, 100 μM), 5′- 
TCATGAAGTGTGACGTGGACATC-3′ (β-actin, forward, 100 μM), 5′- 
CAGGAGGAGCAATGATCTTGATCT-3′ (β-actin, reverse, 100 μM), 5′- 
CCTGGCGTCGTGATTAGTGAT-3′ (HPRT1, forward, 100 μM), 5′- 
AGACGTTCAGTCCTGTCCATAA-3′ (HPRT1, reverse, 100 μM), 5′- 
GGCCCTGTAATTGGAATGAGTC-3′ (18srRNA, forward, 100 μM), 5′- 
CCAAGATCCAACTACGAGCTT-3′ (18srRNA, reverse, 100 μM), 5′- 
TCCTCTCCATCTGGCAGCAAAG-3′ (trpa1, forward, 100 μM) and 5′- 
GGACGCATGATGCAAAGCTGTC-3′ (trpa1, reverse, 100 μM) 

(ThermoScientific, UK). When calculating results, mRNA expression 
levels were first normalized against GAPDH mRNA levels and then 
against media-only control. Interestingly, although we had included 3 
other housekeeping genes our results indicated that the expression of the 
other housekeeping genes, namely HPRT1, beta-actin, and 18 s rRNA, 
was significantly affected by the AP-18 and cinnamon treatments. These 
findings suggest that these genes may not be suitable as reference genes 
under the specific conditions of our study. We consulted the geNorm 
website (https://genorm.cmgg.be/), a widely accepted tool for assessing 
the stability of housekeeping genes. According to the geNorm analysis 
(supplementary table 4 and supplementary Figure 2), GAPDH consis
tently exhibited the most stable expression among the screened genes in 
our experimental context after repeating the experiments at least twice. 
The ΔΔCt method (Haimes and Kelley, 2014) was used in the 
calculations. 

2.7. Chemical analysis 

The three e-liquid flavours Cinnamon, Hazelnut, and Vanilla were 
analysed by gas chromatography (Agilent 7890B) triple quadrupole 
mass spectrometry (Agilent 7010B) (GC-MS/MS) to identify the volatile 
organic compounds (VOCs) emitted from the e-liquids after heating. The 
headspace SPME (HS-SPME) method was used to extract the gas phase 
chemicals from each e-liquid. In this study we chose the SPME fibre 
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) 
from Supelco (1 cm length, StableFlex, 50/30 µm thickness, 23 Ga 
needle, operating temperature 230–270 ◦C) due to its suitability to 
extract VOCs, and Semi-VOCs. The fibre was first conditioned before use 
for 30 min at 270 ◦C in the autosampler conditioning unit (PAL RTC 
120). A volume of 0.6 mL of each e-liquid was added into a separate 
2 mL vial for HS-SPME analysis. Each sample was first incubated at 
50 ◦C for 2 min with agitation followed by insertion of the SMPE fibre 
for 22 mm into the 2 mL autosampler vial and incubated at 50 ◦C for a 
further 15 min for extraction of VOCs without agitation. Each sample 
was analysed twice on the GC-MS/MS and compared to blanks and 
quality control (QC) samples (empty vials, water spiked with P-cresol at 
300 ng mL− 1). P-cresol samples were injected 8 times during the sample 
sequence to evaluate the fibre extraction efficiency and analytical 
method repeatability and they showed an RSD of 17%. Chemical com
pounds were separated on a Rxi-SVOCms fused silica GC capillary col
umn (Restek, low polarity phase, 5% diphenyl / 95% dimethyl 
polysiloxane, 30 m length, 0.25 mm diameter, 0.25 µm film thickness) 
in a constant flow of Helium at 1 mL min− 1. The SPME fibre was injected 
and thermodesorbed for 2 min in the GC inlet liner (Agilent, 0.75 mm ID 
straight SPME liner) in splitless mode at 260 ◦C and purge flow of 
40 mL min− 1 at 2.1 min. After each sample analysis the fibre was 
conditioned for 3 min at 270 ◦C. The GC initial oven temperature was set 
at 50 ◦C for 2 min, increasing to 170 ◦C at a heating rate of 30 ◦C/min, 
followed by 10 ◦C/min to 300 ◦C and held for 3 min to ensure the 
elution of all analytes from the column. The mass spectrometer was 
operated in MS2 scan mode and mass range from 40 to 350 amu. The MS 
transfer line was set at 300 ◦C, dwell time 20 ms, and the ion source 
operated in EI mode at 70 eV, 230 ◦C. Untargeted analysis of VOCs was 
performed using the ‘‘Agilent MassHunter Unknowns Analysis” soft
ware. Annotated compounds were selected based on best ion peaks 
shape of a component and best hit compound that have a match factor 
between 80% and 100% of mass spectral match against the NIST2020 
database. Compounds were identified at signal-to-noise ratio of > 3 and 
after blank substruction. 

2.8. Statistical analysis 

Statistical analysis was performed using one-way ANOVA for each 
experiment. Where one-way ANOVA revealed significance, a Levenes’ 
variance test was performed to test for differences in variance and to 
inform the choice of Tukey HSD post-hoc test corrected for multiple 
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comparisons. A two-way ANOVA was performed to establish the dose- 
response relationship within flavors and analyze growth curves, fol
lowed by Tukey HSD post-hoc test corrected for multiple comparisons 
using python statistics modules (statsmodel and scipy). Graphs were 
generated using GraphPad Prism 9. Initial toxicity screening was per
formed once with three technical replicates for each experimental con
dition. After detecting the toxic hits (cinnamon, vanilla tobacco, and 
hazelnut), assays were repeated at least twice in separate experiments 
with six technical replicates. Data are expressed as mean ± SD, and the 
p-value was set at p < 0.05. 

3. Results 

3.1. High-throughput screening 

The high-throughput screening of all 53 flavors (Supplementary 
Table 2) clearly demonstrated that the PG/VG (60/40) component of e- 
liquids alone induced significant toxicity. This PG/VG effect was dose- 
dependent in decreasing cell count (Fig. 2A) but not in reducing cell 
viability (Fig. 2B) or LDH release (Fig. 2C). Albeit not dose-dependent, 
some flavors (flavor category) significantly (p < 0.01) decreased cell 
count and increased LHD release at 1% (v/v) vs. PG/VG control: mint 

(menthol/mint), charger (berries), energy drink (other beverages), 
apple (fruit/other), coffee (coffee/tea), mojito (alcohol), heisenberg 
(candy). We noticed no specific flavor category-related toxicity; none
theless, e-liquids containing PG alone as carriers (5 e-liquids: Belgian 
cocoa, menthol ice, Turkish tobacco, black diamond, café mocha,  
Table 2) showed no decrease in cell count, % of viable cells, or LDH 
release. Moreover, PG alone only altered cell count at 1% (v/v) 
(Fig. 2D); nonetheless, it did not alter either cell viability (Fig. 2E) or 
LDH release (Fig. 2F) vs. media-only control. The only flavors that 
showed a consistent flavor-specific (significantly different from PG/VG 
vehicles) and dose-dependent effect vs their respective PG/VG control 
across cell count and LDH release were cinnamon, hazelnut, and vanilla 
tobacco (Fig. 3). Noteworthily, none of the 53 flavors screened elicited 
adverse effects on % of viable cells except cinnamon (Fig. 3B). 

3.1.1. Cell count 
Xenobiotics that impair pulmonary basal cell proliferation may cause 

long-term harm to normal physiological functions of the lung. Cell 
counts were reduced significantly in almost all 53 flavored e-liquids 
compared to media-only controls across the 3-point concentration range 
(Supplementary Table 1). However, correlation analyses revealed that 
the toxicity observed in 85% of all flavored-e-liquids positively 

Fig. 2. The effects of PG/VG (60/40) at 0.25%, 0.5% and 1% (v/v) on A) HBEC-3KT cell count B) percentage of viable HBEC-3KT cells, and C) relative LDH release 
after a 48 h exposure. The effects of PG alone at 0.25%, 0.5% and 1% (v/v) on D) HBEC-3KT cell count E) percentage of viable HBEC-3KT cells, and F) relative LDH 
release after a 48 h exposure. A one-way ANOVA with multiple comparisons, corrected using Tukey’s was used to determine statistical significance. Data are 
expressed mean ± SD (n = 6 per group). Statistically different from media-only control *p < 0.05; * *p < 0.01; * **p < 0.001; * ** *p < 0.0001 vs. All groups were 
significantly different (p < 0.0001) compared to the 0.1% Triton X-100 control. Abbreviations: PG/VG; propylene glycol/vegetable glycerine, PG; propylene glycol. 
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correlated with their match PG/VG controls. Only 3/53: cinnamon 
(Fig. 3A), hazelnut (Fig. 3D), and vanilla tobacco (Fig. 3G) revealed a 
flavor-isolated, dose-dependent reproducible reduction in cell count vs. 
PG/VG controls. 

3.1.2. Cell viability 
Cell viability is a recognized cell health parameter. Live cells are 

distinguished by ubiquitous intracellular esterase activity determined by 
the enzymatic conversion of the virtually nonfluorescent cell-permeant 
calcein AM to the intensely fluorescent calcein (Méry et al., 2017). 
PG/VG alone had no significant effect on cell viability (Fig. 2B). 98% of 
all flavored e-liquids showed no significant differences in the % of viable 
cells following exposure compared to media-only or their PG/VG con
trols. Nonetheless, cinnamon-flavored e-liquid revealed a significant 
dose-dependent decrease in % of viable HBEC-3KTs vs. media-only 
control and PG/VG controls with a 95% decrease of cell viability at 
1% (v/v) concentration (Fig. 3B, Table 1). 

3.1.3. Cytotoxicity: LDH assay 
Compared to the media-only control, PG/VG alone showed a sig

nificant increase in LDH release at 1% (v/v) concentration 

(Supplementary Table 3). PG/VG alone revealed a dose-dependent in
crease in LDH release in Table 1. PG alone showed no effect on LDH 
release (Fig. 2F). LDH release in most flavors positively correlated with 
the PG/VG vehicle. Interestingly, the concentrations of each cinnamon 
(Fig. 3C) and vanilla tobacco (Fig. 3I) showed a significant increase in 
LDH release vs. media-only controls and their respective PG/VG con
trols. 1% (v/v) of cinnamon showed LDH release with values exceeding 
even those of the 0.1% Triton X-100 LDH positive control (Fig. 3C). 
Besides cinnamon, which showed a dose-response in LDH release 
(Table 1), neither hazelnut nor vanilla tobacco elicited dose-dependent 
effects on LDH release (Fig. 3F, 3I). 

3.2. Mechanistic studies 

3.2.1. Growth curves 
A decrease in cell count can occur due to either cell death: apoptosis, 

necrosis, or a reduction in cellular proliferation. The ability of HBECs to 
proliferate and repair is paramount to lung physiology. Following the 
initial end-point screening, we further investigated the effects of cin
namon, hazelnut, and vanilla tobacco-flavored e-liquids. We assessed 
the impact of these three ‘toxic hits’ on HBEC-3KT proliferation in real 
time. In Fig. 4A, we demonstrate the time-dependent effects on cell 
proliferation induced by the e-liquids and the PG/VG control. In the first 
12 h post-exposure, there was no significant effect with any of the 
challenged cells compared to the media-only control (Table 1, Fig. 4A). 
At 18 h, although cinnamon and vanilla tobacco significantly decreased 
cell proliferation compared to the media-only control, only cinnamon 
significantly reduced cell proliferation compared to the PG/VG control 
(Table 2). From 24 h post-exposure, each flavored e-liquid, including the 
PG/VG control, had significantly decreased cell proliferation compared 
to the media-only control. (Table 2). At 30 h, cinnamon and vanilla 
tobacco were significantly different compared to PG/VG control 
(Fig. 4A). At 36 h and 42 h, all flavors had significantly reduced cell 
proliferation compared to PG/VG control (Table 2). Regarding inter- 
flavor comparisons, cinnamon vs. hazelnut was significant after 18 h. 
Cinnamon reduced cell proliferation significantly more than vanilla to
bacco at the time point 24 h. Finally, the impact of hazelnut and vanilla 
tobacco on HBEC-3KT proliferation was statically different after 36 h of 
exposure (Table 2). 

3.2.2. Mitochondrial health 
Mitochondrial function is a crucial indicator of cell health, which can 

be assessed by monitoring changes in mitochondrial membrane poten
tial (MP). Mitochondrial depolarization is an early signal for hypoxic 
damage or oxidative stress. MitoTracker™ Orange CMTMRos is an 
orange-fluorescent dye that stains mitochondria in live cells, and its 
accumulation and fluorescence intensity depend upon membrane po
tential. We observed that vanilla tobacco at 0.25%, and each flavor at 
0.5% and 1%, (Fig. 4B) significantly decreased average granule (mito
chondria) intensity compared to the media-only control and PG/VG 
vehicle. PG/VG did not substantially alter MP (Fig. 3B). 

Table 1 
Tukey’s multiple comparisons test to characterize the dose-response relationship 
within the toxic hits on cell count, % of viable cells, and LDH release.  

Tukey’s multiple 
comparisons tests 

Dose- 
response 

HBEC-3KT 
count 
(Adjusted P 
value) 

% of Viable 
HBEC-3KT 
(Adjusted P 
value) 

LDH release 
(Adjusted P 
value) 

PG/VG (60/40) 0.25% vs. 
0.5% 

p<0.0001 ns ns 

0.25% vs. 
1% 

p<0.0001 ns p<0.0001 

0.5% vs. 
1% 

p<0.0001 ns p<0.0001 

Cinnamon 0.25% vs. 
0.5% 

p=0.4302 p<0.0001 ns 

0.25% vs. 
1% 

p<0.0001 p<0.0001 p<0.0001 

0.5% vs. 
1% 

p= 0.0002 p<0.0001 p=0.0110 

Hazelnut 0.25% vs. 
0.5% 

p<0.0001 ns ns 

0.25% vs. 
1% 

p<0.0001 ns ns 

0.5% vs. 
1% 

p=0.0009 ns ns 

Vanilla Tobacco 0.25% vs. 
0.5% 

p<0.0001 ns ns 

0.25% vs. 
1% 

p<0.0001 ns ns 

0.5% vs. 
1% 

p=0.0019 ns ns 

Abbreviations: PG/VG, propylene glycol/vegetable glycerine; ns, non- 
significant. 

Table 2 
Tukey post-hoc comparisons for Fig. 4A.  

Experimental Group 0 h 6 h 12 h 18 h 24 h 30 h 36 h 42 h 

Control vs. PG/VG (1%) ns ns ns ns p= 0.0076 p= 0.0003 p<0.0001 p<0.0001 
Control vs. Cin (1%) ns ns ns p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 
Control vs. Haz (1%) ns ns ns ns p= 0.0238 p<0.0001 p<0.0001 p<0.0001 
Control vs. V. Tob (1%) ns ns ns p= 0.0020 p<0.0001 p<0.0001 p<0.0001 p<0.0001 
PG/VG (1%) vs. Cin (1%) ns ns ns p= 0.0312 p= 0.0001 p<0.0001 p<0.0001 p<0.0001 
PG/VG (1%) vs. Haz (1%) ns ns ns ns ns ns p= 0.0003 p<0.0001 
PG/VG (1%) vs. V. Tob (1%) ns ns ns ns ns p= 0.0004 p<0.0001 p<0.0001 
Cin (1%) vs. Haz (1%) ns ns ns p= 0.0027 p<0.0001 p<0.0001 p<0.0001 p<0.0001 
Cin (1%) vs s. V. Tob (1%) ns ns ns ns p=0.0439 ns ns ns 
Haz (1%) vs. V. Tob (1%) ns ns ns ns ns ns p=0.0231 p= 0.0307 

Abbreviations: PG/VG, propylene glycol/vegetable glycerine; Haz, hazelnut; Cin, cinnamon; V. Tob, vanilla tobacco. 
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Fig. 3. The effect of cinnamon, hazelnut, and vanilla tobacco e-liquids on HBEC-3KT cell counts (A, D, G), % of viable cells HBEC-3KT (B, E, H), and LDH release (C, 
F, I) after a 48 h exposure. A one-way ANOVA with multiple comparisons was corrected using Tukey to determine statistical significance. Data are expressed as mean 
± SD (n = 6 per group). * p < 0.05; * *p < 0.01; * ** p < 0.001; * ** * p < 0.0001 vs PG/VG. All groups were significantly different compared to the 0.1% Triton X- 
100 control apart from the relative LDH released in 0.25% and 0.5% cinnamon groups. Relative LDH released in cinnamon (1%) was significantly higher than 0.1% 
Triton X-100 (p < 0.0001). Abbreviations: PG/VG; propylene glycol/vegetable glycerine; Cin, cinnamon; Haz, hazelnut; V. Tob, vanilla tobacco. 
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3.2.3. Reactive oxygen species generation 
In the ROS analysis (Fig. 4C), we observed a significant increase in 

ROS generation with hazelnut at all concentrations and vanilla tobacco 
at 1% (v/v) vs. media-only and PG/VG controls. PG/VG vehicle controls 
did not significantly affect ROS production. In contrast, cinnamon 

slightly decreased ROS levels, albeit not significantly. 

3.3. TRPA1 inhibitor studies 

Following the toxic effects of cinnamon e-liquid, we carried out 

Fig. 4. The effect of increasing concentrations 
(0.25%, 0.5% and 1%) of cinnamon, hazelnut 
and vanilla tobacco on A) HBEC-3KT prolifera
tion for 42 h post-exposure, B) mitochondrial 
membrane potential (MMP) after 8 h exposure, 
and C) reactive oxygen species production 
exposure after 3 h exposure. A one-way ANOVA 
with multiple comparisons, corrected using 
Tukey was used to determine statistical signif
icance. Data are expressed as mean ± SD (n = 6 
per group). * p < 0.05; * *p < 0.01; 
* ** p < 0.001; * ** * p < 0.0001 vs Control; 
#p < 0.05; ##p < 0.01; ###p < 0.001; 
####p < 0.0001 vs PG/VG. All groups were 
significantly lower compared to the 2% 
hydrogen peroxide. Abbreviations: PG/VG; 
propylene glycol/vegetable glycerine; Cin, cin
namon; Haz, hazelnut; V. Tob, vanilla tobacco.   
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TRPA1 inhibitor studies to unravel the mode of toxicological actions of 
cinnamon. Cinnamon flavor primarily comprises cinnamaldehyde, an 
agonist of the transient protein receptor ankyrin 1 (TRPA1) (Hoi et al., 
2020). Therefore, we hypothesized that the toxic effects observed in 
cinnamon-flavored e-liquid might be mediated by TRPA1. To test our 
hypothesis, we pharmacologically blocked TRPA1 with AP-18 (10 µM). 
In the 12 h exposure, cinnamon only at 1% (v/v) significantly decreased 
cell count vs. media-only control (Fig. 5A). No effect on cell viability was 
seen (Fig. 5B). LDH release was significantly increased at 0.5% and 1% 
(v/v) vs. media-only control (Fig. 5C). In contrast, the combination of 
AP-18 (10 µM) and cinnamon (0.25%, 0.5%, and 1%) (v/v) decreased 
cell count significantly vs. media-only control. Further, the addition of 
AP-18 (10 µM) to 0.5% (v/v) and 1% significantly reduced cell count vs. 
cinnamon 0.5% and 1% (v/v) (Fig. 5A). Effects were observed with cell 
viability (Fig. 5B). There was no difference in the AP-18 (10 µM) 
+ cinnamon vs. cinnamon alone treatments in the LDH assay (Fig. 5C). 
In comparison to the 12 h cinnamon effects on cell count (Fig. 5D), cell 
viability (Fig. 5E), and LDH release (Fig. 5F), we observed that 24 h 
exposure on cell count (Fig. 3A), cell viability (Fig. 3B), and LDH release 
(Fig. 3C) were more pronounced. AP-18 (10 µM) did not have any effect 
on cell count when combined with cinnamon vs. cinnamon alone 
(Fig. 5D); however, AP-18 (10 µM) + cinnamon 1% (v/v) significantly 

decreased cell viability (Fig. 5E) and LDH release (Fig. 5F) vs. cinnamon 
1% (v/v) alone. In Fig. 6, the effects of cinnamon alone (Fig. 6E) and 
AP-18 (10 µM) + cinnamon (Fig. 6D) treatments altered cell 
morphology by rounding them off and detaching them from the plate 
when compared to the media-only control (Fig. 6A), DMSO (Fig. 6B) and 
AP-18 (10 µM) (Fig. 6C). To understand whether these effects are pri
marily driven by cinnamaldehyde in cinnamon-flavored e-liquid, we 
repeated these studies with cinnamaldehyde-alone (Supplementary 
Figure 1A, B, & C). A similar pattern of effects was observed when 
cinnamaldehyde was used in place of cinnamon-flavored e-liquid. 
(Supplementary Figure 1A, B, & C), albeit the effects were more 
remarkable in the cell viability assays vs. cinnamon e-liquid. 

3.3.1. qPCR expression of TRPA1 post cinnamon flavor exposure 
AP-18 inhibition studies failed to mitigate cinnamon’s adverse ef

fects; therefore, there seems to be no involvement of TRPA1 in cinnamon 
e-liquid-induced toxicity. Exposure to 1% cinnamon e-liquid signifi
cantly increased the expression of trpA1 at the mRNA level compared to 
media-only control and AP-18 (10 µM) + 1% cinnamon e-liquid 
(Fig. 6F). AP-18 ( 10 µM) alone and DMSO did not alter trpA1 mRNA 
expression. 

Fig. 5. Effects of AP-18 (10 µM) on cinnamon eliquid (0.25%, 0.5%, and 1%) on cell count, cell viability and LDH release in HBEC-3KT following 12 h and 24 h 
exposure. Combined exposures to AP-18 and cinnamon were pre-exposed to AP-18 for 2 h prior to cinnamon addition. A one-way ANOVA with multiple comparisons, 
corrected using Tukey was used to determine statistical significance. Data are expressed as mean ± SD (n = 6 per group). * p < 0.05; * *p < 0.01; * ** p < 0.001; 
* ** * p < 0.0001 vs control; #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 vs AP-18 (10 µM) + cin. All groups were significantly different compared to the 
0.1% Triton X-100 control apart from the relative LDH released in AP-18 (10 µM) + Cin (0.5%) and 1% cinnamon at 24 h. All groups were significantly different 
compared to the 2% hydrogen peroxide. Abbreviations: DMSO, dimethyl sulfoxide; Cin, cinnamon e-liquid. 
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3.4. VOCs from cinnamon, hazelnut, and vanilla tobacco 

The untargeted analysis of volatile organic compounds from cinna
mon, hazelnut, and vanilla tobacco showed more than 1000 components 
for each e-liquid sample, while the best hit components (match factor 
80–100%) varied between 50 and 70 compounds. In Table 4, we only 
present the VOCs showing a good peak intensity and shape for the 
extracted ion peaks (EIC). The major VOCs emitted from Cinnamon are 
Alpha-pinene (pine, earthy), P-Cymene (citrus, woody), 3-Carene 

(earthy, citrus, pine), Cinnamaldehyde (cinnamon, spice), and Ethyl 
maltol (sweet, fruity). Hazelnut e-liquid showed a high response to 2- 
Methoxy-6-methylpyrazine (nutty type flavoring), Ethyl octanoate 
(fruity, floral, apricot), Benzenemethanol α-methylacetate, Piperonal 
(cherry, vanilla), Hexyl benzoate (woody, balsamic), and Benzyl ben
zoate (floral, fruity). Vanilla e-liquid also showed a high response to 
components such as 2-Methoxy-6-methyl pyrazine (nutty), Vinyl ben
zoate, 2-Methoxyphenol (smokey), Menthol (mint), Estragole (liquorice, 
spice), and Vanillin (vanilla). Most of the VOCs shown in Table 4 are 
generally emitted from flavouring agents, used as flavour enhancers, or 
are naturally present in plants. However, long-term exposure to some 
VOCs in Table 4 may have different toxicological impacts on human 
health, such as respiratory and cardiovascular diseases. In Cinnamon e- 
liquid, we detected Biphenyl (used as food preservatives or heat transfer 
fluid), Caryophyllene oxide and Benzyl Benzoate (used as insecticides). 
Hazelnut and vanilla tobacco e-liquids showed other volatile com
pounds that can be harmful to human health when inhaled such as 
Dioxane, 2-Methoxyphenol, Benzyl Benzoate in Hazelnut flavour, and 2- 
Methoxyphenol and Toluene in Vanillin flavour. 

4. Discussion 

This study was conducted in response to the discrepancies around the 
toxicity of flavored e-liquids following our systematic review (Effah 
et al., 2022). 

Our data indicate that the PG/VG component in e-liquids can reduce 
cell growth dose-dependently. There is contrasting evidence on the toxic 

Fig. 6. A – E) Images taken using a light microscope at 10x after 24 h treatment with AP-18 (10 µM) and/or 1% cinnamon e-liquid. F) qPCR analysis to determine the 
mRNA levels of TRPA1 in the treatment groups A-E. For E), a one-way ANOVA with multiple comparisons, corrected using Tukey was used to determine statistical 
significance. Data are expressed as mean ± S.E.M (n = 3 per group). * *p < 0.01; vs control; #p < 0.05; vs AP-18 (10 µM) + 1% cinnamon. Abbreviations: DMSO, 
dimethyl sulfoxide; Cin, cinnamon. 

Table 3 
Tukey’s multiple comparisons test to characterize the dose-response relationship 
within the toxic hits on MMP and ROS generation.  

Tukey’s multiple comparisons tests Dose-response MP ROS 

PG/VG (60/40) 0.25% vs. 0.5% ns ns 
0.25% vs. 1% ns ns 
0.5% vs. 1% ns ns 

Cinnamon 0.25% vs. 0.5% p= 0.0061 ns 
0.25% vs. 1% p< 0.0001 ns 
0.5% vs. 1% p= 0.0004 ns 

Hazelnut 0.25% vs. 0.5% P= 0.0002 ns 
0.25% vs. 1% p= 0.0003 p< 0.0001 
0.5% vs. 1% ns p= 0.0044 

Vanilla Tobacco 0.25% vs. 0.5% ns ns 
0.25% vs. 1% ns ns 
0.5% vs. 1% ns p<0.05 

Abbreviations: PG/VG, propylene glycol/vegetable glycerine; ns, non- 
significant 
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profiles of PG/VG. Some evidence showed that PG/VG-alone decreased 
metabolic activity in in vitro studies (Sassano et al., 2018; Woodall et al., 
2020). In contrast, (Bahl et al., 2012; Leigh et al., 2016; Ween et al., 
2020) reported that PG/VG-alone exerted no marked adverse effects on 
pulmonary cells. These discrepancies may stem from methodological 
differences, including the choice of the cell line, dosimetry, and expo
sure models (for a more extensive review, see (Effah et al., 2022). 
Nonetheless, overall, our data confirm that PG/VG-alone induces 
toxicity to human bronchial cells. Although we found that PG/VG 
attenuated cell proliferation, it did not impact MMP or ROS generation. 
Interestingly, Woodall and colleagues (Woodall et al., 2020) showed 
that: 3% PG/VG decreases glucose uptake and metabolism in human 
bronchial epithelial cells. Therefore, PG/VG (1%) could reduce cell 
proliferation by a similar mechanism without affecting cell viability. 
Moreover, evidence suggests that PG and VG can permeate membranes. 

In particular, high VG concentration was shown to modify membrane 
structure by direct interaction with the lipid components in the plasma 
membrane (Biondi et al., 1991; Biondi and Disalvo, 1990; Madison et al., 
2019; Woodall et al., 2020), potentially rendering cells membrane more 
permeable. This may partly account for the increased toxicity of PG/VG 
compared to PG alone. Based on the evidence provided here, we propose 
that repeated exposure to PG/VG alone is likely to contribute to adverse 
health effects in the airways, which may lead to pulmonary diseases in 
EC users. As such, it is crucial to characterize potentially harmful flavors 
in e-liquids that might either potentiate PG/VG toxicity or individually 
induce toxicity. 

Consistent with the literature, cinnamon was revealed to be the most 
toxic among the 53 flavors screened (Effah et al., 2022). To confirm and 
add to the pre-existing evidence, we show that cinnamon flavor in EC is 
decreased cell count, increased LDH release and was the only flavor that 
elicited a dose dependent-decrease in cell viability. The pathways via 
which cinnamon might induce its toxicity are complex. Cinnamon at 
0.5% (v/v) and 1% (v/v) significantly decreased MP, which has been 
reported to decrease the production of ATP (Poburko et al., 2011), vital 
to several cellular signaling pathways for homeostasis maintenance 
(Novak, 2003; Zorova et al., 2018). Evidence suggests that ROS can 
interfere with cell membranes to cause lipid peroxidation, which, in 
turn, may lead to apoptosis and elevated LDH release (Molavian et al., 
2016). Surprisingly, however, cinnamon did not affect ROS generation. 
The chemical analysis revealed that cinnamon contained chemicals such 
as dichloro methylbenzene, gamma-muurolene, isoledene, and insecti
cide chemicals like benzyl benzoate; however, cinnamaldehyde had the 
best match factor among them all (95%). Several studies show that 
cinnamaldehyde, the main chemical component of cinnamon flavor, is 
an agonist of the TRPA1 receptor (Camacho et al., 2015; Hoi et al., 2020; 
Tamura et al., 2012). TRPA1 is functionally expressed in HBEC-3KTs 
(Nguyen et al., 2020). The blockade of TRPA1 with a selective and 
reversible antagonist, AP-18, failed to mitigate the adverse effects of 
cinnamon. Quantitation of TRPA1 mRNA levels revealed that 1% cin
namon e-liquid significantly increased trpA1 expression without any 
changes to external pH (a known activator of TRPA1). To the best of our 
knowledge, this is the first-time cinnamon in e-liquid has been shown to 
induce TRPA1 transcript levels. This could be a direct induction of trpA1 
transcription by cinnamaldehyde in cinnamon flavor or an induction via 
other signaling pathways activated by cellular defense mechanisms 
stimulated by cinnamaldehyde. Evidence suggests that TRPA1 expres
sion and lung activation assume protective effects against noxious xe
nobiotics and play a pivotal role in the onset of pulmonary inflammation 
by recruiting immune cells (Viana, 2016). Thus, the elevation of trpa1 
may be a protective response to cinnamon exposure. It is unclear why 
the combination of AP-18 + cinnamon significantly decreased the per
centage of viable HBEC-3KTs. However, we hypothesize that when 
AP-18 occupies TRPA1, cinnamaldehyde in cinnamon e-liquid may 
activate other membrane-bound receptors or directly permeate the cell 
membrane to interact with necrotic or apoptotic pathways. Further 
research is warranted to test this hypothesis. This evidence implies that 
using cinnamon flavor induces an upregulation in the TRPA1 gene, 
which may or may not reflect on TRPA1 protein expression. Therefore, 
more studies are needed to elucidate if TRPA1 levels are altered in 
cinnamon-exposed HBEC-3KT as the upregulation of TRPA1 protein 
could increase pulmonary hypersensitivity. There is sufficient evidence 
to support the toxicological impacts of diacetyl- and 
cinnamaldehyde-containing e-liquids following human inhalation 
(Effah et al., 2022). Whiles diacetyl is banned in the UK, 
cinnamaldehyde-containing e-liquids are still available on the British 
market. While the toxic effects of cinnamon have been reported in 
several studies, to our knowledge, the toxic potential of hazelnut has 
not. 

Most of the main chemical components of hazelnut were flavoring 
agents such as piperonal, vanillin propylene glycol acetal, and ethyl 
vanillin, it also contained potentially toxic compounds i.e., 1, 3-dioxane 

Table 4 
List of volatile organic compounds detected in Cinnamon, Hazelnut, and Vanilla 
tobacco. Compounds are listed in order of elution.  

Compound Formula Match Factor 
(%) 

Retention time 
(min) 

Cinnamon      
Alpha-pinene C10H16  87  5.88 
P-Cymene C10H14  83  6.52 
3-Carene C10H16  92  6.74 
Gamma-terpinene C10H16  87  6.92 
Dichloro methylbenzene C7H6Cl2  88  7.19 
Ethyl benzoate C9H10O2  90  7.46 
Methyl salicylate C8H8O3  87  7.66 
Ethyl maltol C7H8O3  92  7.69 
Cinnamaldehyde C9H8O  95  7.83 
Copaene C15H24  82  8.98 
Biphenyl C12H10  88  9.05 
Gamma-Muurolene C15H24  88  9.89 
Isoledene C15H24  89  10.04 
Cis-calamenene C15H22  90  10.10 
Caryophyllene oxide C15H24O  84  10.75 
3-phenylpropanoic anhydride C17H18O2  85  10.79 
Stilbene C14H12  93  11.81 
Benzyl benzoate C14H12O2  86  12.26 
Hazelnut      
1,3-Dioxane C6H12O2  83  4.66 
Ethyl butyrate C6H12O2  85  4.71 
2,3-dimethyl Pyrazine C6H8N2  81  5.70 
2-Methoxy-6-methylpyrazine C6H8N2O  89  6.23 
2-Methoxyphenol C7H8O2  90  6.93 
Ethyl octanoate C10H20O2  87  7.53 
Benzenemethanol, α-methyl- 

acetate 
C10H20O2  85  7.56 

Piperonal C8H6O3  96  8.68 
Beta-Phenylethyl butyrate C12H16O2  89  9.33 
Ethyl Vanillin C9H10O3  92  9.50 
Allyl cinnamate C12H12O2  83  10.30 
Hexyl Benzoate C13H18O2  90  10.47 
Vanillin propylene glycol 

acetal 
C11H14O4  90  11.34 

Benzyl Benzoate C14H12O2  93  12.25 
Vanilla tobacco      
Ehtyl butyrate C6H12O2  84  4.74 
2,3-dimethyl Pyrazine C6H8N2  86  5.74 
2-Methoxy-6-methyl pyrazine C6H4O3  83  6.23 
P-Cymene C10H14  88  6.52 
Vinyl benzoate C9H8O2  93  6.82 
2-Methoxyphenol C7H8O2  83  6.93 
Maltol C6H6O3  81  7.16 
Toluene C7H8  84  7.18 
Dichloro methylbenzene C7H6Cl2  85  7.23 
Menthol C10H20O  90  7.55 
Estragole C10H12O  92  7.66 
Anethole C10H12O  86  8.02 
Piperonal C8H6O3  94  8.69 
Vanillin C8H8O3  91  9.11 
Vanillin propylene glycol 

acetal 
C11H14O4  82  11.34  
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and chemicals used in insecticides such as benzyl benzoate. Hazelnut 
induced a significant dose-dependent decrease in cell count and 
decreased cell proliferation. Moreover, it was the only flavor that 
reduced MP and increased ROS generation, even at the lowest concen
trations tested. Evidence suggests that impaired mitochondrial functions 
can lead to excessive generation of ROS, which, in turn, can induce more 
ROS generation in the so-called ROS-induced ROS-release process 
(Zorov et al., 2014). Therefore, the adverse effects elicited in hazelnut 
may be via an effect on mitochondrial function. However, because 
cytosolic oxygen reduction by NADPH oxidases (NOX), most especially 
NOX2, is the primary source of ROS production and not oxidative 
phosphorylation by the mitochondria, further work is needed to shed 
light on the main chemical components in hazelnut and what pharma
cological actions mediate these toxicological effects. 

On the other hand, vanilla tobacco decreased cell count dose- 
dependently and increased LDH release but showed no effect on % of 
viable cells. Further mechanistic investigation revealed that even at the 
lowest concentrations, vanilla tobacco induced a remarkable decrease in 
cell proliferation in a time-dependent manner and in MP and increased 
ROS generation. As mentioned earlier, alterations in these molecular 
systems paramount to normal cellular physiology may underpin the 
adverse effects observed in the HBEC-3KTs. Regardless no effect was 
observed with vanilla tobacco on % of viable cells in this study; seeing 
the adverse effects on ROS generation and MP, we assume that pro
longed exposure to this flavoured-e-liquid might induce apoptosis or 
necrosis. Vanilla tobacco contained vanillin, ethyl vanillin, ethyl buty
rate, and other flavoring agents. Interestingly, it had estragole, a sus
pected carcinogenic and genotoxic by the European Union Committee 
on Herbal Medicinal Products (European Medicines Agency, 2023). 
Although there are in vitro and in vivo animal studies on the toxicity of 
vanilla and tobacco, there is not enough evidence on the toxic profile of 
vanilla tobacco (Effah et al., 2022). Nonetheless, our data agree with 
only one study on vanilla tobacco (Rowell et al., 2017). However, our 
study went one step further to provide the mode of the toxicological 
action of vanilla tobacco. Although more studies are warranted to 
delineate the main chemical components of vanilla tobacco and the 
pharmacological pathways they interfere with to induce the observed 
adverse effects in pulmonary cells. We assume that the chemical com
ponents of vanilla and tobacco flavors in combination may act syner
gistically or additively by dysregulating calcium homeostasis via the 
TRPs. Evidence suggests that vanillin is an agonist for transient protein 
receptor vanilloid 1 (TRPV1) (Wu et al., 2017). Moreover, TRPV1 has 
been shown in bronchial epithelial cells (Beas-2B) to mediate several 
cytotoxic effects such as cell death, proinflammatory cytokine produc
tion, and increased calcium influx via a mechanism that involves 
translocation of the existing receptor from the endoplasmic reticulum to 
the plasma membrane (Johansen et al., 2006). Our data indicate that 
vanilla tobacco could trigger or intensify pulmonary inflammation, 
which, in turn, could lead to or exacerbate pulmonary inflammatory 
disorders like COPD, cystic fibrosis, and asthma. Hence, public health 
and regulatory bodies should closely monitor vanilla tobacco’s toxic 
profiles. 

4.1. Study limitations 

There are limitations to this study. Firstly, testing a representative 
sample of all the available e-liquids was not practicable. However, by 
selecting flavors from each category of the flavor wheel (Krüsemann 
et al., 2019), we have attempted to make our choices less random and is 
an extensive study of this kind to date. Secondly, choosing relevant doses 
of e-liquids in cell culture studies is complicated, especially when 
exposure by vaping depends on frequency and duration of use. We have 
attempted to justify the doses used using some simple measures. At these 
doses, we identified e-liquids (5.7%) with adverse effects, but this may 
increase with repeated exposures, unfortunately beyond the remit of this 
study. Finally, for practical reasons, we decided to use the e-liquid 

directly and not generate a condensate from vaping the liquids. The 
effect of heating e-liquids during vaping may release additional toxi
cants such as volatile organic compounds, breakdown products, and 
condensation products that could increase adversity. We also used 
nicotine-free e-liquids to compare the effects of the different flavorings 
more readily without the added potential impacts of co-exposure with 
nicotine. Another shortfall is the need for tobacco cigarette control to 
establish the relative toxicity of these e-liquids. 

However, the purpose was to screen flavored e-liquids to identify 
those with the highest toxicity. HBEC-3KTs are basal cells and do not 
fully recapitulate the microenvironment of in vivo lung epithelial 
structures. The cytotoxicity of e-liquids in submerged models predicts 
aerosol cytotoxicity 74% of the time (Behar et al., 2018; Sassano et al., 
2018). Subsequently, we aim to progress those e-liquids demonstrating 
adverse effects in this study into aerosol exposures using an air-liquid 
interface (ALI) system, a much more robust model recapitulating the 
lung microenvironment in vivo. The ALI will also be amenable to direct 
e-cigarette aerosol exposure and for comparison against tobacco smoke. 

5. Conclusion 

We found that PG/VG e-liquid vehicle alone exerts adverse effects in 
HBEC-3KT cells. Three flavors out of 53 tested, cinnamon, hazelnut, and 
vanilla tobacco, produced additive, dose-dependent, adverse toxic ef
fects. Because flavors in e-liquid contain pharmacologically active 
compounds such as cinnamaldehyde, ethyl vanillin, vanillin, etc., future 
studies are needed to quantitatively assess the VOC emissions from e- 
liquid flavors by measuring EC components in both the gas and aerosol 
phases using high-resolution mass spectrometry such as the GC- 
quadrupole-Time of Flight-MS or the GC-quadrupole-Orbitrap-high 
resolution MS. Nonetheless, flavored e-liquids are believed to attract 
long-time tobacco cigarette smokers to switch to EC use and tobacco 
naïve non-smokers to take up e-cigarettes. Therefore, identifying 
harmful flavors will help inform public health authorities in the UK and 
elsewhere about which EC flavors may need monitoring and/or 
restricting. 
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