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Abstract: Background: Electronic cigarettes (ECIGs) have grown in popularity, particu-
larly among adolescents and young adults. Flavored ECIG-liquids (E-liquids) are aeroso-
lized by these ECIGs and inhaled into the respiratory system. Several studies have shown
detrimental effects of E-liquids in airway tissues, revealing that flavoring agents may be
the most irritating component. However, research on the effects of E-liquids on biological
processes of the oral cavity, which is the first site of aerosol contact, is limited. Hence, this
study focuses on the effects of E-liquid flavors on oral epithelial cells using the
OKEF6/TERT-2 cell line model. Methodology: E-liquid was prepared with and without fla-
vors (tobacco, menthol, cinnamon, and strawberry). OKF6/TERT-2 oral epithelial cells,
cultured at 37 °C and 5% CO2, were exposed to 1% E-liquid + flavors for 24 h. Outcomes
determined include cell morphology, media pH, wound healing capability, oxidative
stress, expression of mucin and tight junction genes, glycoprotein release, and levels of
inflammatory cytokines (TNFa, IL-6, and IL-8). Results: Exposure to 1% flavored E-liquids
negatively affect cellular confluency, adherence, and morphology. E-liquids * flavors, par-
ticularly cinnamon, increase oxidative stress and production of IL-8, curtail wound heal-
ing recovery, and decrease glycoprotein release. Gene expression of muc5b is downregu-
lated after exposure to E-liquids. In contrast, E-liquids upregulate occludin and claudin-1.
Conclusions: This study suggests that ECIG use is not without risk. Flavored E-liquids,
particularly cinnamon, result in pathophysiological responses of OKF6/TERT-2 cells. The
dysregulation of inflammatory responses and cellular biology induced by E-liquids may
contribute to various oral pathologies.
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1. Introduction

Electronic cigarettes (ECIGs) were initially introduced in the United States in 2007 [1]
as a tool for cessation of conventional tobacco use and as a less harmful means to satisfy
nicotine addiction [2]; however, no consensus has been reached as to the possible adverse
health effects of sustained ECIG usage [3,4]. Alarmingly, ECIGs have exponentially
gained popularity in the last decade, notably in the adolescent population [5], paralleling
the public health crisis concerning conventional cigarette use [6-11]. A 2015 United States
Preventive Services Task Force report revealed conflicting evidence on the effectiveness
of ECIGs as a means for smoking cessation [12]. Although advertised as a safer option,
some recent studies suggest that ECIGs may be more harmful than initially predicted [13-
16]. The lack of knowledge and longitudinal studies focusing on flavored ECIGs in the
current context of increasing ECIG usage, particularly among adolescents, is a cause for
major concern [17-22]. Consequently, the overall safety of ECIG usage must be further
explored to determine potential long- and short-term health effects.

ECIG liquids (E-liquids) are typically vaporized by electronic nicotine delivery sys-
tems (ENDs), also referred to as ECIG devices. The E-liquid is usually composed of pro-
pylene glycol (PG), vegetable glycerin (VG), and variable concentrations of nicotine (0-24
mg/mL), and can be concocted with a wide range of flavoring agents [15,23]. In general,
at concentrations less than 24 mg/mL, nicotine does not reduce viability in many human
and mammalian cell lines [24-28], although there is evidence that nicotine can have patho-
logical effects on HaCaT keratinocytes’ antimicrobial capabilities at concentrations as low
as 8 mg/mL [29]. In contrast, cytotoxic effects have been reported with several flavors [30].
Tobacco and menthol flavors are commonly used by smokers who initiate ECIG usage for
smoking cessation but are also trendy among adolescent populations [25,31-34]. Menthol,
which has been associated with greater nicotine dependence [35], has been used as an
ingredient in conventional cigarettes to make smoking initiation easier by reducing air-
way pain and irritation and suppressing coughing [36]. In addition, menthol is also a com-
mon flavoring agent for E-liquids. Fruit and sweet flavors play a role in attracting youth
to ECIGs [31,37]. Candy and other dessert flavors are popular among the teenage popula-
tion and correlate with a higher number of puffs per vaping session and a higher proba-
bility of vaping persistence after six months [20,38]. Cinnamaldehyde, the major compo-
nent of cinnamon flavor, is involved with mechanisms of action associated with cytotoxi-
city [24,30,39-41], pro-inflammatory cytokines [39,40], reactive oxygen species [39,42], ep-
ithelial barrier dysfunction [43], and cytochrome c release leading to apoptosis [42].

ENDs heat and vaporize E-liquids, which the user inhales into the mouth and respir-
atory tract, thereby simulating conventional smoking in the absence of tobacco combus-
tion. The oral cavity is the first anatomical site encountered by the ECIG vapors. During a
vaping session, each inhalation coats the oral cavity and respiratory tract with the con-
densed E-liquid aerosol. The assimilation of the recondensed E-liquid with the mucous
layer results in a wide range of physiological effects [44,45]. To date, the majority of E-
liquid-related toxicity research is in regard to the lower respiratory tract, both in vivo and
in vitro [23,46], namely concerning respiratory tissues such as bronchial epithelia [47-52].
In contrast, minimal research has been conducted on the effects of ECIG-generated aero-
sols on oral epithelial tissues. Among the limited studies on oral tissues, it has been re-
ported that the saliva of ECIG users contains decreased levels of antimicrobial lysozyme
and IgA in comparison to non-ECIG users [53], suggestive of a compromised immune
response. Additionally, oral epithelial cells” gene expression profiles and critical molecu-
lar pathways may be affected by unflavored aerosolized E-liquid treatments [54,55]. Add-
ing flavorings to the E-liquid adds a layer of uncertainty, necessitating further research
regarding their physiologic effects in the oral cavity. Sundar et al. 2016 report that some
flavored E-liquid treatments led to oxidative stress and cytokine production in human
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periodontal ligament fibroblasts, human gingival epithelia, and epigingival 3D epithelia
[56]. Additionally, some flavored E-liquids have been shown to increase DNA damage,
inflammatory responses, and cytokine production in various oral epithelial cells [56-59].
ECIG use is implicated in negative impacts on the wound healing capacity of mucosal
cells, both in vitro and in vivo, including complications in post-surgical wound healing
[60]. The immune and oxidative responses of oral epithelial cells induced by ECIG flavor-
ings must be further examined to contribute to the body of knowledge concerning their
acute effects in the oral cavity.

Pathophysiological indicators in the oral mucosa include glutathione (GSH), cyto-
kines, mucins, and tight junctions, among others. Reduced GSH, an intracellular antioxi-
dant molecule, helps maintain the balance of reactive oxygen species (ROS) and combat
oxidative injuries [61]. The sulfhydryl group on GSH permits its antioxidant capacity by
neutralizing reactive oxygen species (ROS). In the presence of excess ROS, GSH is oxi-
dized to form disulfides, either with itself to yield oxidized glutathione (GSSG), or with
other sulfur-containing proteins or peptides [62]. In the event of oxidative stress, the total
GSH (reduced and oxidized) increases, indicating oxidative stress [61,63]. In fact, the ac-
tivity of y-glutamyl cysteine synthase, the rate-limiting enzyme for the synthesis of GSH,
has been shown to increase in response to oxidative stressors [64,65]. Alternatively, the
amount of GSH could decrease as it is oxidized under exposure to oxidative stress [62],
but this depletion of intracellular GSH usually signals apoptosis. For example, Ji et al.
(2016) reported that unflavored aerosolized E-liquids may reduce intracellular GSH levels
in normal human oral keratinocytes [66], suggestive of increased cytotoxic levels of oxi-
dative stress [67]. Additionally, the inflammatory response of epithelial cells can be mon-
itored by measuring the release of a number of pro-inflammatory cytokines such as Tumor
Necrosis Factor (TNF) a, interleukin (IL)-6, and IL-8. These cytokines are signaling pro-
teins that are under the control of transcriptional and post-transcriptional mechanisms in
response to tissue injury [68] and are responsible for stimulating the large-scale host de-
fense through acute phase responses, hematopoiesis, and a number of other immune re-
actions [68]. Elevated total glutathione represents a localized cellular oxidative challenge,
while an increase in pro-inflammatory cytokines suggest the initiation of inflammation.
An additional indicator of oral epithelial physiology that is investigated in this study is
the expression of mucin glycoproteins, a critical component of mucosal function and sali-
vary content [69], as well as tight junction genes, important in maintaining the epithelial
and mucosal barrier function [70]. Specifically, mucin genes mucl, muc4, and mucbb and
tight junction genes occludin, claudin-1, and zonula occludens (ZO-1) are investigated herein.

Oral epithelial cells play a critical role in wound closure post-injury. Wound closure
helps to curtail the invasion of microbes and microbial products into the bloodstream
and/or connective tissue [71]. A disruption in the ability of oral epithelial cells to heal fol-
lowing injury can pose a risk for infection and prolonged inflammation in addition to
other systemic health risks [71]. A wound healing assay comparing the effects of E-liquid
flavors on monolayer recovery following mechanical injury can provide insight into the
flavor-dependent effects of ECIGs and is also demonstrated herein.

The aim of this study is to determine alterations in morphology, oxidative stress, gene
expression of mucins and tight junctions, and wound recovery, as well as pro-inflamma-
tory responses after exposure to E-liquids with and without flavors using the OKF6/TERT-
2 cell model of oral keratinocytes. We predict that E-liquid flavorings will induce multi-
faceted physiologic disruptions in OKF6/TERT-2 cellular processes. Such disruptions
could lead to adverse consequences in oral health, such as delayed/complicated post-sur-
gical wound healing, development of periodontal disease, cariogenesis, and xerostomia,
which ultimately could lead to systemic health effects including systemic inflammation,
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progression of cardiovascular disease, and poorer glycemic control in diabetics, among
others [72].

2. Materials and Methods
2.1. Reagents and Supplies

Laboratory materials and reagents were obtained from Thermo Fisher Scientific
(Waltham, MA, USA), unless otherwise noted.

2.2. Preparation of E-Liquids

Flavorless E-liquid was prepared by mixing food-grade PG and VG (Liquid Nicotine
Wholesalers, Phoenix, AZ, USA) in a 1:1 v/v ratio and supplemented with 20 mg/mL (5)-
(-)- nicotine (Alpha Aesar, Tewksbury, MA, USA), as previously described [30,73,74]. Four
concentrated flavors (tobacco, menthol, cinnamon, and strawberry) in a primary diluent
of PG were also purchased online from Liquid Nicotine Wholesalers (Phoenix, Arizona).
According to Vapable.com, most manufacturers recommend “do it yourself” E-liquid rec-
ipes ranging from 5% to 25% flavors [75], depending on the specific flavor and user pref-
erence. With this in mind, for this study, flavored E-liquids were prepared by mixing each
of the four concentrated flavors with flavorless E-liquid to yield a 5% flavored E-liquid
mixture, representing the lowest end of the flavor range indicated above.

2.3. Preparation of Human Saliva

Saliva was collected from healthy volunteers under IRB approval code
Cuadra_5S19_18, as previously described [30,74,76]. In addition, verbal consent was ob-
tained from all donors. Briefly, all volunteers were non-smokers, non-vapers, healthy at
the time of donation, not on antibiotic treatments for at least 3 months, and had not con-
sumed any foods or drinks (aside from water) within two hours prior to donation. Do-
nated saliva was stored at —20 °C before processing. At the time of the experiments, saliva
was thawed, pooled (thereby eliminating identification of individual samples) and re-
duced with 2.5 mM dithiothreitol (DTT), stirred on ice for 15 min. Reduced saliva was
centrifuged at 14,000x g for 45 min to sediment any debris. The supernatant was collected,
diluted 1:4 v/v with distilled water, and filter-sterilized through a 0.45 pm filter (VWR,
Radnor, PA, USA). Sterile saliva was stored as 40 mL aliquots at —20 °C for up to a year.
During use, saliva was kept at 4 °C for up to two weeks.

2.4. Preparation of Cell Culture Media

Keratinocyte Serum-Free Medium (KSFM) was prepared with 30 pug/mL of bovine
pituitary extract (BPE), 3 ng/mL epithelial growth factor, 0.3 mM calcium chloride, 2 mM
glutamine, and 100 U/mL penicillin and streptomycin. Dulbecco’s Modified Eagle’s Me-
dium/Ham’s Nutrient Mixture F-12 (DMEM/F12) was supplemented with the same nutri-
ents added to KSFM. A 1:1 v/v mixture of prepared DMEM/F12 and KSFM is from here
on referred to as DFK [30]. Briefly the rationale for use of this media is two-fold: first, the
cells grow confluent quickly, which saves time and effort; and second, DMEM/F12 is a
more affordable reagent, which saves funds. We have previously reported any potential
difference in gene expression between KSFM and DFK cultures, and found none [30].

2.5. Cell Cultures

OKF6/TERT-2 cells are oral mucosal epithelial cells from a human male that have
been immortalized via telomerase 2 retroviral transduction and expression as well as de-
letion of p16INK4a regulatory protein [77]. This cell line was generated by the Rheinwald
Lab at the Division of Dermatology, Department of Medicine and Harvard Skin Disease
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Research Center, Brigham and Women'’s Hospital, Boston, Massachusetts, USA [77]. Cells
were first cultured in 24-well flat-bottom plates with 1 mL of KSFM at 37 °C, 5% CO:
(standard conditions) overnight. The following day, cells were switched to DFK and cul-
tured for three to four days. Once 90+% confluent, the cells were cultured with fresh DFK
containing E-liquids =+ flavors, including tobacco, menthol, cinnamon, and strawberry, or
with hydrogen peroxide (serving as a positive control indicating toxicity) for 24 h at stand-
ard conditions.

2.6. OKF6/TERT-2 Cell Morphology and Supernatant pH

Confluent OKF6/TERT-2 cells were cultured in DFK containing 0.1, 0.5, or 1% E-lig-
uids + flavors, as described above. Twenty-four hours post-treatments, microscopic im-
ages of cell monolayers were taken using a Nikon Eclipse TE2000-U inverted microscope
with a Nikon Digital Sight DS-Fil camera and NIS Elements Imaging Software (Nikon
Instruments Inc, Melvin, NY, USA). All light microscopy images were captured at 100x
magnification. It is worth noting that based on the results of this experiment (see the Re-
sults Section on OKF6/TERT-2 cell morphology), where only 1% E-liquid + flavors yield
discernable visual differences, the remaining experiments were conducted using only the
1% E-liquid dose. Following microscopy, supernatants were stored at 20 °C for subse-
quent pH and SDS-PAGE analyses.

2.7. Wound Healing Assay

A wound healing assay was conducted following the protocol previously described
[30]. Briefly, OKF6/TERT-2 cells were cultured in 24-well plates until 90+% confluent. Us-
ing a pipet tip, a scratch was etched through the center of the wells. Cells were washed
with 1 mL PBS and cultured in DFK with and without 1% E-liquids + flavors under stand-
ard conditions. Monolayers with wounds were imaged as above at 0, 5, 10, 15, and 24 h
post-injury. Quantitation of wound healing recovery rates was performed using the com-
puter image processing program Image], version 1.53t (National Institutes of Health),
with the open source Wound Healing Size Tool plugin optimized for in vitro wound-heal
assay analysis, as previously described [30,78,79]. The open wound gap size was defined
by pixels?.

2.8. GSH Extraction

Pellets from 1% E-liquid-treated and control OKF6/TERT-2 cells were collected and
stored at —80 °C until the time for GSH extraction. At the time of extraction, pellets were
thawed at room temperature for approx. 30 min, followed by resuspension and lysing
with 1 mL of 0.2% triton X-100. The mixtures were then vortexed for 3 min using a Dis-
ruptor Genie (Scientific Industries, Bohemia, NY, USA) to ensure complete cell lysis. The
lysates were passed through a 0.22 um filter using a 1 mL syringe, and the filtrates were
aliquoted and stored at —20 °C until High Performance Liquid Chromatography (HPLC)
analysis. An aliquot of the filtrate was set aside to determine protein content using a
Pierce™ BCA Protein Assay Kit (Pierce Biotechnology, Thermo Fisher Scientific, Wal-
tham, MA, USA) so that GSH could be expressed as nanomoles/mg protein.

2.9. HPLC Determinations of Total GSH

A Shimadzu HPLC system (Columbia, MD, USA) was used to quantify GSH and
included the following: a spectrofluorometric detector (RF551), a pump (LC-20AT), a col-
umn oven (CTO-20A), an in-line membrane degasser (DGU-20A3R), and a Rheodyne
77251 manual injector with a 20 pL loop (30 pL injected). GSH in standards and samples
was eluted from a Phenomenex (Torrance, CA, USA) 15 cm, Kinetex® 5 um reversed phase
C-18 column. Column temperature was maintained at 37 °C. The HPLC methodology and
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the process of GSH derivatization with ortho-phthalaldehyde (OPA) is modified from
Francioso et al. (2021) [80]. Briefly, GSH was tagged with OPA and detected fluorometri-
cally using excitation and emission wavelengths set at 350 and 420, respectively. The mo-
bile phase was delivered at a rate of 0.6 mL/minute in isocratic fashion and consisted of
25 mM Na2HPOs, pH 6.0. At the end of each day that samples were run, the mobile phase
was refrigerated, and the column was inverted and flushed overnight with 100% metha-
nol to remove accumulated protein. This step is necessary to prevent excess pressure in-
crease on the system which leads to variable retention times. Chromatographic parame-
ters were PC-controlled and analyzed using a Shimadzu Lab Solutions workstation (Co-
lumbia, MD, USA).

Reduced GSH, 98%, served as the standard. A stock solution (20 mM) of GSH was
prepared in a 25 mM ammonium sulfate buffer containing 0.5% picric acid. From this
stock GSH, working dilutions of 50, 25, 12.5, 6.25, and 3.125 uM were prepared in 0.2%
triton X-100 (to simulate OKF6/TERT-2 lysed sample pellets; see above). Before HPLC
analysis, 25 pL of standards or sample lysates were treated with 100 uL (1:5 v/v) of 10%
tributylphosphine oxide solution in N, N-dimethylformamide (DMF) for the reduction of
GSSG and other protein-bound GSH, consequently allowing for total GSH (both bound
and unbound) determinations. The remaining free proteins were precipitated with 62.5
uL (1:2 v/v) with 10% metaphosphoric acid, followed by centrifugation (15,000 g for 30
min) at 4 °C. Twenty microliters of standard or sample supernatants were then mixed with
300 pL of 0.1 M phosphate buffer containing 0.1% ethylenediaminetetraacetic acid (EDTA)
at pH 8.0. This was followed by the addition of 20 uL of OPA (1 mg/mL in methanol) and
incubation in the dark at room temperature for 30 min to allow for the formation of a
fluorometrically detectable GSH isoindole fluorophore. Finally, GSH standards or sam-
ples were injected into the HPLC system and allowed to run for 15 min to ensure all uni-
dentified substances eluted from the column before subsequent injections.

Three sets of GSH standard curves were generated and found to be linear (R2=0.999).
Retention times for GSH ranged between 5.78 and 5.87 min. Figure 1 shows the linear
regression for GSH, and Table 1 details the standard curve data. Figure 2 illustrates rep-
resentative standards and sample chromatograms.

Area Under the Peak

- Trend Line
== 95%CI
Y =3141X

R?=0.995

Frrrogyrrrrrrrrrrrprrrrr rrrrr T

0 10 20 30 40 50
Total GSH (uM)
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Figure 1. Linear regression of total GSH standard curve. The red dots represent triplicate values for
injected standards of total GSH at 50, 25, 12.5, 6.25, and 3.125 uM concentrations. The blue dashed

lines represent the 95% confidence intervals of the linear regression.
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Figure 2. Tracings of representative standard (top) and sample (bottom) chromatograms. Repre-
sentative sample chromatograms were chosen to illustrate the range of total GSH concentrations in
OKF6/TERT-2 cells treated with E-liquids * flavors. The blank contained 0.00 uM GSH. Peaks were
integrated and quantified fluorometrically using excitation and emission wavelengths set at 350 and
420, respectively. All total GSH samples analyzed achieved levels above the limit of detection (LOD)
and limit of quantitation (LOQ) and ranged from 0.033 and 22.961 uM.

Table 1. Glutathione standard curve data.

Standard curve statistics

Compoun Injected Retention Measured % Deviation When Area *+95%

P Concentration Time Concentration from Injected Under Peak Confidenc
d . . .

(M) (minutes) * (uM) *  Concentration is... e Interval

3.125 5.775+0.051 2.957 +0.056 -5.367 9,816 +782

Total 6.250 5.814+£0.049 4.667 +0.044 -25.328 18,650 +1487

Glutathion ~ 12.500 5.821 £0.051 12.438 +0.024 -0.499 39,263 +3130

e 25.000 5.841+0.052 22496+0.170  -10.015 70,017 +6299

50.000 5.873+0.061 51.476 +0.150 2.952 157,052 + 665 +12,519
Glutathione Straight Line Equation is Y = 3141X (line forced through zero); LOD (uM) = 0.00027;
LOQ (uM) = 0.00083; R? = 0.995%; % RSD = 11.162
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*=mean + SEM where n = 3; Limit of detection (LOD) and limit of quantitation (LOQ) were
determined based on the calibration curve. % RSD = relative standard deviation (i.e., coefficient of
variation) of the regression line.

2.10. Mucins and Tight Junction Gene Expression

OKF6/TERT-2 cells were grown and treated with 1% E-liquids as above for 24 h. Su-
pernatant was stored for released glycoprotein evaluation. Confluent monolayers were
washed once with 1 mL PBS, and total RNA was extracted using the mirVana miRNA
isolation kit, phenol/chloroform, and 100% ethanol, as described by the manufacturer’s
instructions. The NanoDrop 2000c (Thermo Fisher Scientific, Waltham, MA, USA) was
used to determine RNA concentrations, and cDNA was obtained with the VILO reverse
transcription kit. TaqMan assays for 185 rRNA, mucl, muc4, muc5b, occludin, claudin-1, and
Z0O-1 were used in the amplification and detection of these genes. The QuantStudio 3
gPCR cycler (Applied Biosystems, Waltham, MA, USA) was used to determine cycle
threshold (Ct) values. Denaturation and polymerase activation was performed by incuba-
tion at 95 °C for 2 min. Once activation was completed, cDNA was amplified in 50 cycles:
denaturation at 95 °C for 10 s and 60 °C for 30 s for annealing and extension. The data
were calculated using the 2-24¢t method where the 18S *fRNA served as the housekeeping
control.

2.11. Released Glycoprotein Concentration and SDS-Page

OKF6/TERT-2 cells were grown and treated with 1% E-liquids as above. Superna-
tants were collected 24 h post-E-liquid treatments. Using Amicon Ultra 15 centrifugal fil-
ters with a 10 kDa cutoff, 10 mL of each sample was concentrated by centrifugation at 6500
x ¢ to obtain about 500 uL retentates from each treatment. To quantify the amount of pro-
tein in each concentrated sample, the nanodrop was used on the ProteinA280 BSA set-
tings. After determining protein concentrations, 50 ug of protein from each sample, plus
2.5 mM DTT and loading buffer, was mixed in a final volume of 40 puL. Equal amounts of
fresh DFK media or human saliva were loaded as negative and positive controls, respec-
tively. Proteins were separated using Genscript 4-20% gradient gels (GenScript Biotech,
Piscataway, NJ, USA) via the sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) technique. The gels were run for 3.5 h to allow the high molecular weight
glycoproteins to enter the gel. The gels were then fixed overnight in 15% trichloroacetic
acid. Alcian Blue staining was used to visualize glycoproteins only, following previously
established methods [30]. Gels were photographed using a Protein Simple gel imager (San
Jose, CA, USA). Image] 1.53t was used to quantify the glycoprotein bands on each SDS-
PAGE run. The signal intensity was measured, and the average intensity for each treat-
ment was plotted and normalized to the control.

2.12. ELISA Determination of TNFa, IL-6, and IL-8

Supernatants from 1% E-liquid-treated and control OKF6/TERT-2 cells were collected
and stored at =80 °C. Enzyme-linked immunosorbent assays (ELISA) were used to quan-
tify TNFa, IL-6, and IL-8 production. ELISA kits were purchased from Invitrogen, through
Thermo Fisher Scientific (Waltham, MA, USA). Assays were performed in 96-well plates
according to manufacturer’s instructions, and absorbances read at wavelengths of 450 nm
and 570 nm using a Synergy H1 (Bioteck, Winooski, VT, USA) microplate reader. Results
were calculated to pg/mL based on the assay’s standard curve and normalized to the av-
erage number of live OKF6/TERT-2 cells per well.

2.13. Statistical Analysis
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For each treatment group in all the experiments, the means + standard error of the
means (SEM) were calculated. Statistical significance between treatment groups for all ex-
periments was determined using one-way ANOVA, followed by Bonferroni post hoc
analysis, except for the wound healing experiment, which utilized a two-way ANOVA,
followed by Bonferroni post hoc analysis. Differences were considered statistically signif-
icant when p < 0.05.

3. Results
3.1. OKF6/TERT-2 Cell Morphology

Figure 3A illustrates the typical morphology of confluent OKF6/TERT-2 cells grown
in DFK medium (untreated control, row 1). At confluency, the monolayer of cells shows a
conspicuous cobblestone appearance. After treatment with 0.1% hydrogen peroxide for
24 h, cells begin to lose their normal morphology and demonstrate reduced surface area
coverage, as expected. The cells appear flatter and are thinly dispersed over the surface of
the wells. When cultured with 0.5% and 1% hydrogen peroxide for 24 h, cells begin to
detach from the surface, leaving open areas; a sign of cell death, as expected. Treatments
with 0.1% and 0.5% E-liquid = flavors for 24 h do not significantly alter the morphology
and confluency of the cells. Increasing the E-liquids + tobacco, menthol, or strawberry to
1% does not appear to affect cellular confluency and/or morphology. In contrast, 1% cin-
namon-flavored E-liquid treatment for 24 h severely impacts cellular confluency and mor-
phology; the healthy cobblestone appearance is lost. Since 0.1% and 0.5% E-liquids have
minimal to no apparent effect on OKF6/TERT-2 cells, the remaining experiments in this
report are conducted using only the 1% E-liquids. Figure 3B shows the change in pH of
OKF6/TERT-2 cell supernatants after one-day cultures with and without 1% E-liquids *
flavors. For all treatments, the change in pH is less than 0.2 units, except for cultures
treated with cinnamon E-liquid, where the change is above 0.4 units. Average pH meas-
urements for every group ranged between 7.21 and 7.68. The only flavor that yields a sig-
nificant difference in pH from the control is the cinnamon flavor (p <0.001). All other con-
ditions yield no significant differences from the control.

3.2. Wound Healing Assay

The oral mucosa prevents microbes and microbial products as well as other environ-
mental assaults from infiltrating deeper tissues, especially following oral surgical proce-
dures. Therefore, it is paramount that oral epithelial cells repair any wounds to prevent
further tissue damage from occurring. To test this repair function, OKF6/TERT-2 cell mon-
olayers were mechanically injured and allowed to recover in the presence of 1% E-liquids
t flavors. Qualitatively (Figure 4A) and quantitatively (Figure 4B), control cells repair the
wound by 15 h post-injury, as expected [30]. Cells treated with 1% E-liquids + tobacco or
strawberry recover like the control. Cells treated with 1% menthol-flavored E-liquid show
a slight delay in recovery, which is significant at 10 h (p < 0.05). However, cells treated
with cinnamon-flavored E-liquid show no post-injury recovery throughout the length of
the experiment (Figure 4). In addition, cinnamon-treated cells lose their cobblestone ap-
pearance and morphology by 24 h (Figure 4A), confirming the results in Figure 3A. Over-
all, experimental results from the wound healing assay demonstrate a flavor-dependent
effect upon OKF6/TERT-2 cell wound recovery rate and wound closure.
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Figure 3. Micrographs of OKF6/TERT-2 cell monolayers > 90% confluent treated with peroxide or
E-liquids =+ flavors in DFK media for 24 h at standard conditions (A). Magnification = 100x. White
bars represent 100 um for all micrographs. Each micrograph is a representative image from four

independent experiments. Change in supernatant pH from control cultures after one day of E-liquid
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exposure on OKF6/TERT-2 cells (B). Each bar represents the average change in pH between each

flavor and the control, n="7. Error bars represent the standard error of the mean. *** p <0.001.

A Hours

0 5 10

Control

Flavorless

Tobacco

Menthol

Cinnamon

Strawberry

15

24

25

Hours

125
— * *kx b *kx
)
2100 1o I I I |
X J { 1 1
o
3 75 - Control
0 - Flavorless
% -+~ Tobacco
o 50 - Menthol
E -~ Cinnamon
) - Strawberry
o

20 25

Figure 4. Micrographs of OKF6/TERT-2 cell monolayers grown to > 90% confluent and scratched

using a 1 mL pipet tip across each well diameter (A). Representative images from two independent

experiments. Magnification = 100x. White bars represent 100 pm for all micrographs. Vertical red

lines indicate the initial wound gap. Wound gap size was measured over time across all conditions

(B). Quantification was performed via Image]. Each time point represents the mean + SEM (n = 6) of

the gap size as a percentage of the initial gap size. * p < 0.05; *** p <0.001.
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3.3. Oxidative Stress as Indexed by Total GSH

As an index of oxidative stress, total GSH was measured from OKF6/TERT-2 cells
treated with 1% E-liquid + flavors for 24 h. Pellet-derived filtrates of cultured OKF6/TERT-
2 cells were used to determine concentrations of total GSH as a function of total protein.
Figure 5A shows that protein concentrations from OKF6/TERT-2 cells with E-liquid treat-
ments are comparable to the control, although protein levels trend lower for cells treated
with cinnamon-flavored E-liquid. Figure 5B illustrates the concentrations of total GSH fol-
lowing treatment with 1% E-liquid + flavors for 24 h. Control OKF6/TERT-2 monolayers
yield an average of 13.64 + 2.85 nanomoles/mg protein per total GSH. Except for the cells
treated with cinnamon, which are significantly lower than the control (p < 0.05), E-liquid
t all other flavors has no effect on total GSH production as compared to the control. This
suggests that cinnamon-flavored E-liquid treatment on OKF6/TERT-2 cells leads to the
loss of total GSH. Overall, these results, along with Figure 34, indicate that the cells are
dead or dying, which is supported by Ka et al. (2003) [42] as well as our previous study
[30]. Thus, the majority of total GSH is lost in the supernatant [81].

3.4. Gene Expression of Mucins and Tight Junction Genes

To further assess the physiological function of OKF6/TERT-2 cells, mucins and tight
junctions were evaluated under treatments with 1% E-liquids * flavors for 24 h. Mucins
play a crucial role in the homeostasis of the oral epithelia by maintaining hydration and
lubrication and minimize harm during host-microbe interactions. Tight junctions help
prevent exogenous materials from leaking through the epithelium into connective tissues
and maintain the morphology and integrity of the cells. Figure 6 shows the expression
levels of mucins (A) and tight junction genes (B). Treatments with 1% E-liquids + flavors
for 24 h yield no effect on mucl, muc4, and ZO-1. However, there is a significant downreg-
ulation of muc5b when cells are exposed to flavorless, cinnamon, and menthol E-liquids (p
<0.01). It is important to note that many Ct values for muc5b were undetermined because
they fell below the threshold of detection in the qPCR instrument, suggesting even lower
levels of expression. In addition, there is an upregulation of occludin and claudin-1 when
cells are exposed to tobacco and strawberry E-liquids (p <0.01), respectively.

3.5. Released Glycoproteins

The oral epithelium is constantly exposed to microbial and environmental assaults.
Membrane-bound glycoproteins, such as mucins, are a part of the protective mechanism
to help alleviate these burdens by continuously being released from the cellular surface.
Glycoprotein release from OKF6/TERT-2 cells upon treatment with 1% E-liquids + flavors
for 24 h was evaluated by SDS-PAGE. In Figure 7A, the bands corresponding to glycopro-
teins found in the supernatant show a high molecular weight (MW), indicating these are
heavily glycosylated proteins, most likely mucins. The glycoprotein bands after E-liquid
treatments (lanes 4, 6, 7, and 8) display a slight decrease in band intensity compared to the
control band (lane 3). This is supported by quantification from four separate experiments
(Figure 7B) showing a decrease in band density. The low density of the glycoprotein band
in lane 5, corresponding to the cinnamon-flavored E-liquid treatment (Figure 7A), indi-
cates a much lower abundance of glycoprotein secretion. Quantification of this band (Fig-
ure 7B) shows a significant decrease compared to the control (p <0.05). Our results indicate
that the secretion of this high MW glycoprotein by OKF6/TERT-2 cells is significantly de-
creased upon exposure to cinnamon E-liquids.
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Figure 5. Protein content (A) and total GSH concentrations (B) from OKF6/TERT-2 cell cultures fol-
lowing 1% E-liquid =+ flavors treatments for 24 h. Each bar indicates mean + SEM (n = 10). Red lines
represent the mean of control. * p <0.05.
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Figure 6. Gene expression levels of mucins mucl, muc4, and muc5B (A) and tight junction genes
occludin, claudin-1, and ZO-1 (B) after exposure to 1% E-liquids + flavors for 24 h and quantified by
qPCR. Means are indicated by horizontal lines, and values are represented by colored dots. Signifi-
cant differences compared to the control are indicated by p values. Multiple Ct values were unde-

tectable across samples and experiments. In addition, any AACt value that was outside of 2x stand-
ard deviations was considered an outlier and not used in the analysis.
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Figure 7. High molecular weight glycoproteins released by OKF6 cells. Alcian Blue-stained SDS-
PAGE showing high molecular weight glycoproteins in OKF6/TER-2 supernatants after treatment
with E-liquids + flavors (A). Each lane contains 50 pg of protein. Representative gel of four separate
experiments. Quantification of band density using Image] 1.53t (B). Bars represent means + SEM (n
=4).* p<0.05 compared to the control. The colored numbers on the gel (A) correspond to the colored

numbers in the lane legend to the left.

3.6. Imflammatory Response as Indexed by IL-6 and IL-8

Cytokine release by oral epithelial cells is a sign of inflammation in the mucosa. To
determine whether oral epithelial cells respond to E-liquid + flavors by producing pro-
inflammatory cytokines, ELISA was performed on the supernatants. To this end, super-
natants of cultured OKF6/TERT-2 cells were used to determine the production of IL-6 and
IL-8 as a function of viable cells/well. The average numbers of cells/well, published else-
where [30], are as follows: control 574,341; flavorless 469,718; tobacco 491,353; menthol
367,165; cinnamon 173,859; and strawberry 378,150. Figure 8 illustrates the production of
IL-6 and IL-8 following treatment with 1% E-liquid + flavors for 24 h. E-liquids + all flavors
have no significant effect on IL-6 production (Figure 8A), although cinnamon treatment
results in an upward trend. As seen in Figure 8B, only the cinnamon-flavored E-liquid
increases IL-8 production (p < 0.05). These results suggest that cinnamon-flavored E-lig-
uids may induce an inflammatory response on OKF6/TERT-2 cells. All TNFa measure-
ments were undetectable using this ELISA kit.
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Figure 8. Concentrations of IL-6 (A) and IL-8 (B) from the supernatants of OKF6/TERT-2 cell cultures
treated with 1% E-liquid + flavors for 24 h. Each bar indicates mean + SEM for IL-6 (n = 6) and for
IL-8 (n = 8) per viable cell. *** p <0.001. Red lines represent the mean of controls.

4. Discussion

In this study, we demonstrated that exposure to certain flavored E-liquids results in
pathophysiological effects to the OKF6/TERT-2 in vitro model of oral epithelial cells. This
study is among the first to show the multifaceted effects of E-liquids on oral biology by
means of investigating cell morphology, wound healing capabilities, total GSH, gene ex-
pression of mucins and tight junctions, glycoprotein release, and pro-inflammatory cyto-
kine production. The intent of this investigation is not to determine exhaustive dose-de-
pendent effects on all possible flavors of E-liquids. Rather, its intent is to determine
whether these E-liquids have pathophysiological effects on oral keratinocytes.

OKF6/TERT-2 cellular morphology deteriorates at a concentration of 1% flavored E-
liquid but not at lower doses. Therefore, 1% E-liquid + flavors were selected as the treat-
ment concentration for all remaining experiments. Our previous study indicates that 1%
unflavored E-liquid + nicotine treatment does not induce cytotoxic effects on OKF6/TERT
cells, which is in agreement with most other studies on oral epithelial cells and other cell
lines [30,82,83]. However, one study found that cinnamon-flavored E-liquids have previ-
ously been found to decrease cell viability of A549 cells with nicotine, but this detrimental
effect was mitigated without nicotine [84]. The control samples in this study with unfla-
vored E-liquid containing nicotine do not result in increased oxidative stress, pro-inflam-
matory cytokine production, or decreased wound healing capabilities. Interestingly, cell
cultures with cinnamon-flavored E-liquid result in a significant pH increase, not seen with
other flavors. Cinnamaldehyde is a naturally occurring compound found in cinnamon
bark, and it is a constituent of E-liquid cinnamon flavoring. This compound has been pre-
viously investigated as a cytotoxic compound to human embryonic and lung cells, and it
is known to be a skin and eye irritant [85,86]. In contrast, the benefits of cinnamaldehyde
are well documented, to include anti-inflammatory, antimicrobial, and antitumor effects
as well as therapeutic effects on diabetes and cardiovascular disease [87]. These differ-
ences may be due to route of administration, concentration administered, and/or types of
cells implicated. While cinnamaldehyde, being a weak base, could explain the alkaline
pH, a metabolic mechanism causing ion imbalances might be responsible for the signifi-
cant pH increase. In clinical terms, alkaline pH is not generally considered a pathological
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state; rather, it may be considered protective against the various harms of acidity in the
oral cavity, including cariogenesis [88].

The wound healing assay is a metric which evaluates both viability and cell migra-
tion, both characteristics which are critical to the integrity of mucosal surfaces in the oral
cavity in order to maintain its primary function as a barrier. Cinnamon- and, to a lesser
extent, menthol-flavored E-liquids disrupt OKF6/TERT-2 wound healing capabilities.
Shaikh et al. (2019) demonstrated that a range of unflavored E-liquids between 0.1% and
10% cause a dose-dependent decrease in wound healing time of OKF6 oral epithelial cells;
however, tests of significance were not employed [89]. Our study investigated wound
healing in a time-dependent manner through measurement of gap size over time, rather
than quantifying the time required to re-establish confluency. Our study did not find a
disruption in wound healing when treated with unflavored E-liquids, which is in contrast
to Shaikh et al. (2019) who found a decrease in OKF6 wound healing time at 1%, 5%, and
10% of E-liquid [89]. Wound healing of mucosal surfaces follows four stages: hemostasis,
inflammation, proliferation, and remodeling [90]. Disruption to the wound healing prop-
erties of the oral epithelium is likely to impact one or more of these stages, given that the
cascade of wound healing cannot be completed without adequate re-epithelialization
properties of keratinocytes, such as the OKF6 model used in this study. Previous studies
have found ECIG device use to be associated with increased postoperative surgical com-
plications [91]. Our study demonstrates on a microscopic level that certain flavors such as
cinnamon and menthol may be implicated in such post-surgical complications, particu-
larly in the oral cavity. Vasoconstrictive effects of nicotine are commonly cited as a caus-
ative factor of poor healing after oral surgical procedures; however, our study indicates
that flavoring compounds from ECIGs may be an additional independent factor further
exacerbating healing complications.

MUCS5B plays a predominant and crucial role on water retention in saliva, viscoelas-
ticity, moistening, and lubrication [92,93]. Three of the five E-liquids tested significantly
downregulate muc5b expression in OKF6/TERT-2 cells, but no alterations in mucl and
muc4 were noted. Such results could be affected by timing, where different mRNA levels
could be read at different time points in the experiment. For example, muc5b could be
upregulated within the first 10 h of treatment and downregulated by 24 h. Low levels of
muc5b expression are highly correlated with xerostomia [94], and vaping is associated
with this anomaly [95], thereby establishing a correlation between vaping and xerostomia
at the molecular level. In the lower respiratory mucosa, cigarette smoking increases pro-
duction of mucins MUC1 and MUC4 in bronchial epithelial cells [96]. Although there are
no reports on the expression of these mucins on oral epithelial cells, Go et al. (2020) re-
ported that in vitro treatment of human middle ear epithelial cells with tobacco and men-
thol-flavored E-liquids results in increased MUC4 expression; however, cinnamon was
not investigated in their study [97]. Physiologically, mucins play a role in growth, differ-
entiation, and signaling of cells, and their function depends on whether the mucins are
membrane-bound or soluble. Increased aberrant expression of MUC4 has been shown in
multiple human cancers, with evidence that cancer cells may use mucins for cell prolifer-
ation, survival, and protection against immune defenses [98]. Recently, Kohli et al. (2019)
showed that MUC4 expression is also increased in oral squamous cell carcinoma tumors
and may play a role in oral carcinogenesis [99].

Occludin is a protein that facilitates cohesion of epithelial tight junctions, which is a
critical function of the oral epithelium. Similar to occludin, claudin-1 plays a role in for-
mation of the physical oral barrier and paracellular transport, and also interacts with oc-
cludin to form junction complexes [71,100]. In a mouse model, radiation treatment for
head and neck cancer often results in upregulation of occludin; which might be compli-
cated by oral mucositis [101]. Alarmingly, overexpression of claudin-1 is correlated with
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oral squamous cell carcinoma [102,103]. Various oral lesions such as nicotine stomatitis
(also known as smoker’s palate), hairy tongue, and angular cheilitis may be seen after
prolonged ECIG use [104]. In our study, tobacco and strawberry flavorings significantly
increase the expression of occludin and claudin-1, respectively. We posit that increased ex-
pression of occludin and claudin-1 following treatment with tobacco- and strawberry-fla-
vored E-liquids may result in oral pathologies as indicated above. Thus, the roles of oc-
cludin and claudin-1 expression in these clinical manifestations of ECIG use should be fur-
ther investigated. In contrast, decreased oral mucosal occludin gene expression has also
been associated with various pathological states, including increased severity of oral li-
chen planus [105]. Furthermore, decreased tissue expression of occludin has been linked
with various intestinal permeability disorders [106]. Interestingly, exposure of airway ep-
ithelial cells to ECIG aerosol dissolved in culture media results in disruption of tight junc-
tions, although the total amount of protein remains constant [107]. The overexpression
noted in our study could be a response of the damage in tight junctions as seen by Raduka
et al. (2023) [107]. To our knowledge, no other studies have investigated expression of
occludin and claudin-1 in the oral epithelium after exposure to flavored or unflavored E-
liquids.

MUC? and MUCS5B are commonly considered to be the major salivary glycoproteins
and comprise a significant portion of saliva, approximately 20% of the total protein pre-
sent [108]. They have various functions, some of which include as lubricants, barriers to
desiccation [109], and agglutination with bacteria to facilitate clearance from the oral cav-
ity [110]. Our study indicates that mucin secretion from OKF6/TERT-2 cells is significantly
decreased when treated with cinnamon-flavored E-liquids. It has been previously re-
ported that MUCS5B is a highly abundant mucin in human saliva, with a molecular weight
in the thousands of kilodaltons, barely entering the top of an SDS-PAGE gel [111-114]. In
addition, MUC5B is more resistant to degradation than other salivary glycoproteins [113].
Based on the downregulation of muc5B mRNA and its correlation with the decrease in
high MW glycoproteins after E-liquid treatments, we speculate that the bands seen in SDS-
PAGE correspond to MUCS5B. Overall, the data indicate that some ECIG flavors may result
in the disruption of salivary mucin composition, which could lead to clinical manifesta-
tions such as xerostomia, oral microbial dysbiosis, periodontal disease, and others
[95,115,116].

In this study, cinnamon has the propensity to induce oxidative and inflammatory
responses in OKF6/TERT-2 oral epithelial cells. Unflavored E-liquid does not have any
pro-inflammatory or oxidative effects on the cells. However, other studies have deter-
mined that aerosolized unflavored E-liquid dose-dependently decreases intracellular lev-
els of glutathione in normal human oral keratinocytes [66]. Lee et al. [117] found that 0.3%
and 1% cinnamon treatments induce a 3- and 6-fold increase in ROS production in indu-
ced pluripotent stem cells (iPSCs), respectively. Similarly, 1% menthol treatment induces
a 10-fold increase in ROS production in iPSCs [117]. Cinnamon flavoring has been previ-
ously shown to be harmful due to the presence of cinnamaldehyde [118]. The effects of
aldehydes from cigarette smoke have been well established as having physiological con-
sequences; however, recent studies also confirm that cinnamaldehyde impairs human
bronchial epithelial cells” mitochondrial function and ciliary beat frequency, thereby in-
creasing the risk of respiratory infections [118]. Cinnamaldehyde has also been implicated
in impaired respiratory immune cell function [119] and neutrophil phagocytic capabilities
[120].

Generation of intracellular GSH is a means that allows cells to cope with oxidative
stress and the presence of ROS. In the event of oxidative stress, the activity of y-glutamyl
cysteine synthase, and hence the amount of GSH, is known to increase [64,65], ultimately
leading to oxidation of GSH. The oxidation of GSH neutralizes the presence of ROS by
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forming disulfides, either with itself to yield GSSG, or with other sulfur-containing pro-
teins or peptides [62]. Consequently, during oxidative stress, total GSH (i.e., GSH and
GSSG) increases [61,63], although GSSG contributes far less to the total compared to GSH.
During homeostatic conditions, the intracellular ratio of GSSG/GSH ranges between 0.01
and 0.33 [65,121-128] but increases in response to oxidative stress. Kaushik et al. (2008)
found that 50 ug/mL of cigarette smoke condensate significantly increased the production
of ROS and the activity of y-glutamyl cysteine synthase, and nearly doubled the concen-
trations of both GSH and GSSG in human lung epithelial type-II cells (A549) [125]. In con-
trast, the GSSG/GSH ratio only increased from 0.07 in controls to 0.10 after treatment with
the cigarette smoke condensate. Similarly, Li et al. (2002) reported that exposure of human
bronchial epithelial cells (BEAS-2B) to diesel exhaust particles stimulated ROS production
and increased the GSSG/GSH ratio from approximately 0.02 to 0.33; however, they make
no mention of the actual GSSG or GSH levels from which this ratio was derived [126].
With this said, care needs to be taken in the determination of the GSSG/GSH ratio since
intracellular GSH levels can be as much as 100 times greater than GSSG levels [122] and
could ultimately lead to large discrepancies in the ratio between experiments. We used
HPLC with fluorescence detection to quantitate total GSH, which falls within the GSH
range of other studies [65,121-128]. The variations noted in GSH levels between studies
could be attributed to the detection method used to measure GSH or to the cell type in-
vestigated.

Exposure to cinnamon-flavored E-liquid significantly reduces intracellular total
GSH. GSH depletion is correlated with apoptosis [129]. This suggests that cinnamon-fla-
vored E-liquid induces a cytotoxic oxidative event resulting in apoptosis, as found by oth-
ers [39,66,67,130]. These results and the results of our previous study [30] indicate that
cinnamon-flavored E-liquid is able to compromise cell viability and induce cell death,
most likely due to excessive oxidative stress and apoptosis. Although not significant, the
protein content of OKF6/TERT-2 cells exposed to cinnamon-flavored E-liquid is conspic-
uously lower than the control and the other E-liquid * flavor treatments, and could be an
additional sign that the cells are dead or dying. Furthermore, since proteins are much
larger in comparison to GSH, less protein is lost to the supernatant during the process of
cell death. This incongruous loss of GSH and protein, most likely in the form of apoptotic
bodies in the supernatant, aligns well with the GSH depletion we observe in OKF6/TERT-
2 cells.

Currently, very little information is available regarding the effects of E-liquids =+ fla-
vors (or their aerosols) on intracellular GSH levels either in vivo or in vitro. Presented here
are the few available investigations found in the primary literature. Ji et al. (2016) [66]
report that flavorless ECIG-generated aerosol decreases intracellular GSH as a result of
cytotoxicity in normal human oral keratinocytes. This is in opposition to the results pre-
sented in our study. Using a human endothelial cell line (EA.hy926), Kerasioto et al. (2020)
[131] report that tobacco-flavored E-liquid has no effect on GSH levels, supporting our
results. However, they also report that tobacco-flavored E-liquid increases production of
ROS. Unlike our results, Herbert et al. (2023) [132] show menthol-flavored E-liquid con-
densates to significantly deplete GSH from precision cut lung slices. Although total GSH
was not measured, Muthumalage et al. (2018) [39] found ROS production to increase in
two monocytic cell types (MM6 and U937) after exposure to the flavoring chemical cin-
namaldehyde (an important constituent of cinnamon flavoring). The assumption here is
that increased ROS production equates to increased oxidative stress, which in turn could
lead to depletion of intracellular GSH if the oxidative stress were severe enough. Wavreil
and Heggland (2019) [130] report a similar increase in ROS production in the human os-
teosarcoma cell line MG-63 exposed to cinnamon-flavored E-liquids and aerosols, while
Noel and Ghosh (2022) report an increase in ROS production in BEAS-2B cells exposed to
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strawberry-flavored aerosol [133]. The aforementioned discrepancies noted between our
results and those of others are most likely explained by differences in the methodology of
E-liquid exposure (i.e., concentration of E-liquid used or puff topography), the mode of
GSH detection, and the cell type used in other investigations [65,121-128].

Cinnamon-flavored E-liquid treatment results in increased production of IL-8 and an
upward trend for IL-6 from oral epithelial cells. These findings suggest that cinnamon E-
liquid may result in the initiation of a pro-inflammatory cascade that could lead to local
immune and oxidative responses at the epithelial or mucosal level. In agreement with our
data, Remenzoni et al. (2022) found that IL-1a, IL-13, and IL-6 production by oral epithe-
lial cells significantly increases after exposure to ECIG aerosols [134]. Similarly, human
airway epithelial H292 cells display increased secretion of IL-6 and IL-8 when exposed to
cinnamon E-liquid [40]. Moreover, BEAS-2B lung epithelial cells upregulate TNFa and IL-
8 in response to vanilla-flavored aerosol [133]. In the same cell line, exposure to acetoin
and maltol induces IL-8 production [43]. TNFa production in the OKF6/TERT-2 cell line
was undetectable with our ELISA methodology. This is not surprising since a study by
Zhang and coworkers (2018) [135] evaluated the production of TNFa in OKF6/TERT-2
cells and found 43.25 pg/mL of this cytokine in their control using an ultrasensitive ELISA
methodology published by Diala et al. (2013) [136]. Increased pro-inflammatory cytokine
production in the oral environment has been linked with oral squamous cell carcinoma
through an inflammatory pathway [137-139]. Pro-inflammatory cytokines, through re-
lated inflammatory and dysbiotic pathways, may contribute to the development and/or
progression of periodontal disease [140]. Similar systemic pro-inflammatory mechanisms
are implicated in the development of atherosclerosis, hypertension, and thrombosis,
among others.

The current study is not without limitations. First, this is an in vitro study carried out
with an immortalized cell line, which may not fully reflect the complexity of cellular in-
teractions and microenvironments found in living organisms. Secondly, the treatments
evaluated in this investigation were restricted. For example, this study made use of E-
liquids and did not extend to testing aerosols bubbled into culture media, which is a tech-
nique gaining popularity and may lead to more applicable and relevant results. In addi-
tion, due to current discrepancies in the impact that nicotine has on the role of flavored
and unflavored E-liquids in inducing cytotoxicity, it would be useful to repeat the exper-
imentation with and without nicotine to further establish the impact of nicotine. Further-
more, the diversity of ECIG flavoring compounds has been estimated to be in the thou-
sands, suggesting that there may be wide variability in the effects that one flavoring has
when formulated by different companies in different settings. Moreover, this study is nar-
rowed to a single dose of 1% E-liquid in the culture media. Therefore, it is important for
future studies to source multiple doses and flavorings from various companies to increase
the external validity. Thirdly, the cellular outputs measured are also constrained. The
quantification of metallothionine levels in cells treated with flavored E-liquids, by reverse
transcription of mRNAs and qPCR, would also further develop our understanding of the
cellular oxidative response to flavored E-liquid. In addition, all mRNA and cytokine
measures were performed only after 24 h of treatment with no consideration at earlier
time-points. Flow cytometry or fluorescent microscopy could be employed to quantify
levels of Annexin V positive cells correlated to apoptosis. Caspase activation could also
be evaluated using Western blotting. High-throughput RNA sequencing could be used to
determine all changes in the transcriptome of our model oral epithelial cells. This study
was conducted over an acute period. However chronic exposure must also be investigated
so that the effects of continuous ECIG use can be further evaluated for its role in disease
pathogenesis.
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5. Conclusions

This study elucidates the effects of various flavored E-liquids on OKF6/TERT-2 oral
epithelial cells with respect to morphology, wound healing capability, gene expression of
mucins and tight junctions, glycoprotein production, oxidative stress, and inflammatory
cytokine production. These data show that flavored E-liquids, notably cinnamon, lead to
considerable pathophysiological effects in the OKF6/TERT-2 in vitro model, indicating the
potential hazards of ECIG usage. Such effects may lead to more severe conditions in the
oral cavity. Oral health is intimately connected to systemic health, and therefore it is im-
portant to further investigate the toxicological and pathologic effects of flavored ECIGs in
the mouth.

Author Contributions: Conceptualization of the project, G.A.C.; methodology, A.S.,, HH., R.S,,S.P.,
V.N, AG, G.A.C, and D.L.P,; investigation, A.S,, HH., RS, SP., V.N,, A.G, GA.C, and D.L.P,;
formal analysis: A.S.,, HH., R.S.,S.P., G.A.C,, and D.L.P.; data curation, G.A.C. and D.L.P.; writing —
original draft preparation, A.S.,, HH. RS, S.P., G.A.C, and D.L.P.; writing—review and editing,
AS., G.A.C, and D.L.P.; project administration and funding acquisition, G.A.C. and D.L.P. All au-

thors have read and agreed to the published version of the manuscript.

Funding: This research was supported by intramural funding from Muhlenberg College and De-
Busk College of Osteopathic Medicine, Lincoln Memorial University.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of Muhlenberg College (Cuadra_S19_18
from 13 May 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the

study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made

available by the authors on request.

Acknowledgments: The authors thank Maya Tabakha, Sophie Tomov and Robert Fuller for their
technical assistance, as well as biology faculty members at Muhlenberg College for proofreading the
manuscript. This study was supported by Muhlenberg College and DeBusk College of Osteopathic

Medicine, Lincoln Memorial University’s yearly funds allocated for research.

Conflicts of Interest: The authors declare no conflicts of interest. The sponsors had no role in the

design, execution, interpretation, or writing of the study, or in the decision to publish the results.

References

Lichtenberg, K. E-Cigarettes: Current Evidence and Policy. Mo. Med. 2017, 114, 335-338.

2. Palazzolo, D.L. Electronic Cigarettes and Vaping: A New Challenge in Clinical Medicine and Public Health. A Literature Review.
Front. Public Health 2013, 1, 56. https://doi.org/10.3389/fpubh.2013.00056.

3. Dutra, LM.; Grana, R.; Glantz, S.A. Philip Morris Research on Precursors to the Modern E-Cigarette Since 1990. Tob. Control
2017, 26, e97—e105. https://doi.org/10.1136/tobaccocontrol-2016-053406.

4.  Eltorai, A.E.; Choi, A.R,; Eltorai, A.S. Impact of Electronic Cigarettes on Various Organ Systems. Respir. Care 2019, 64, 328-336.
https://doi.org/10.4187/respcare.06300.

5. Isik Andrikopoulos, G.; Farsalinos, K.; Poulas, K. Electronic Nicotine Delivery Systems (ENDS) and Their Relevance in Oral
Health. Toxics 2019, 7, 61. https://doi.org/10.3390/toxics7040061.

6. Agaku, LT, King, B.A.; Husten, C.G.; Bunnell, R.; Ambrose, B.K.; Hu, S.S.; Holder-Hayes, E.; Day, H.R. Tobacco Product Use
Among Adults—United States, 2012-2013. Morb. Mortal. Wkly. Rep. 2014, 63, 542-547.

7.  Bunnell, R.E.; Agaku, I.T.; Arrazola, R.A.; Apelberg, B.].; Caraballo, R.S.; Corey, C.G.; Coleman, B.N.; Dube, S.R.; King, B.A.
Intentions to Smoke Cigarettes Among Never-Smoking US Middle and High School Electronic Cigarette Users: National Youth
Tobacco Survey, 2011-2013. Nicotine Tob. Res. 2015, 17, 228-235. https://doi.org/10.1093/ntr/ntul66.



Dent. J. 2025, 13, 60 22 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

King, B.A.; Alam, S.; Promoff, G.; Arrazola, R.; Dube, S.R. Awareness and Ever-Use of Electronic Cigarettes among U.S. Adults,
2010-2011. Nicotine Tob. Res. 2013, 15, 1623-1627. https://doi.org/10.1093/ntr/ntt013.

Li, J.; Newcombe, R.; Walton, D. The Prevalence, Correlates and Reasons for Using Electronic Cigarettes Among New Zealand
Adults. Addict. Behav. 2015, 45, 245-251. https://doi.org/10.1016/j.addbeh.2015.02.006.

McMillen, R.C.; Gottlieb, M.A.; Shaefer, R M.W.; Winickoff, ].P.; Klein, J.D. Trends in Electronic Cigarette Use Among U.S.
Adults: Use Is Increasing in Both Smokers and Nonsmokers. Nicotine Tob. Res. 2015, 17, 1195-1202.
https://doi.org/10.1093/ntr/ntu213.

Regan, A K.; Promoff, G.; Dube, S.R.; Arrazola, R. Electronic Nicotine Delivery Systems: Adult Use and Awareness of the “e-
Cigarette” in the USA. Tob. Control 2013, 22, 19-23. https://doi.org/10.1136/tobaccocontrol-2011-050044.

Siu, A.L. Behavioral and Pharmacotherapy Interventions for Tobacco Smoking Cessation in Adults, Including Pregnant Women:
U.S. Preventive Services Task Force Recommendation Statement. Ann. Intern. Med. 2015, 163, 622. https://doi.org/10.7326/M15-
2023.

Holliday, R.; Kist, R.; Bauld, L. E-Cigarette Vapour Is Not Inert and Exposure Can Lead to Cell Damage. Evid. Based Dent. 2016,
17, 2-3. https://doi.org/10.1038/sj.ebd.6401143.

Jensen, R.P.; Luo, W.; Pankow, J.F.; Strongin, R.M.; Peyton, D.H. Hidden Formaldehyde in E-Cigarette Aerosols. N. Engl. |. Med.
2015, 372, 392-394.

Kim, S.A.; Smith, S.; Beauchamp, C.; Song, Y.; Chiang, M.; Giuseppetti, A.; Frukhtbeyn, S.; Shaffer, I.; Wilhide, J.; Routkevitch,
D.; et al. Cariogenic Potential of Sweet Flavors in Electronic-Cigarette Liquids. PLoS ONE 2018, 13, e0203717.
https://doi.org/10.1371/journal.pone.0203717.

Yu, V.; Rahimy, M.; Korrapati, A.; Xuan, Y.; Zou, A.E.; Krishnan, A.R.; Tsui, T.; Aguilera, ].A.; Advani, S.; Crotty Alexander,
L.E; et al. Electronic Cigarettes Induce DNA Strand Breaks and Cell Death Independently of Nicotine in Cell Lines. Oral Oncol.
2016, 52, 58-65. https://doi.org/10.1016/j.oraloncology.2015.10.018.

Bullen, C. Rise in E-Cigarette Use Linked to Increase in Smoking Cessation Rates. BMJ] 2017, 358, j3506.
https://doi.org/10.1136/bm;j.j3506.

Gorukanti, A.; Delucchi, K.; Ling, P.; Fisher-Travis, R.; Halpern-Felsher, B. Adolescents’ Attitudes towards e-Cigarette
Ingredients, Safety, Addictive Properties, Social Norms, and Regulation. Prev. Med. 2017, 94, 65-71.
https://doi.org/10.1016/j.ypmed.2016.10.019.

Schneider, S.; Diehl, K. Vaping as a Catalyst for Smoking? An Initial Model on the Initiation of Electronic Cigarette Use and the
Transition to Tobacco Smoking Among Adolescents. Nicotine Tob. Res. 2016, 18, 647—653. https://doi.org/10.1093/ntr/ntv193.
Soneji, S.; Barrington-Trimis, J.L.; Wills, T.A.; Leventhal, A.M.; Unger, ].B.; Gibson, L.A.; Yang, J.; Primack, B.A.; Andrews, J.A.;
Miech, R.A ; et al. Association Between Initial Use of E-Cigarettes and Subsequent Cigarette Smoking Among Adolescents and
Young Adults: A Systematic Review and Meta-Analysis. JAMA Pediatr. 2017, 171, 788-797.
https://doi.org/10.1001/jamapediatrics.2017.1488.

Soneji, S.S.; Sung, H.-Y.; Primack, B.A.; Pierce, J.P.; Sargent, ].D. Quantifying Population-Level Health Benefits and Harms of e-
Cigarette Use in the United States. PLoS ONE 2018, 13, e0193328. https://doi.org/10.1371/journal.pone.0193328.

Zhu, S.-H.; Zhuang, Y.-L.; Wong, S.; Cummins, S.E.; Tedeschi, G.J. E-Cigarette Use and Associated Changes in Population
Smoking Cessation: Evidence from US Current Population Surveys. BM] 2017, 358, j3262. https://doi.org/10.1136/bmj.j3262.
Chun, L.F.; Moazed, F.; Calfee, C.S.; Matthay, M.A; Gotts, ].E. Pulmonary Toxicity of E-Cigarettes. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2017, 313, L193-L206. https://doi.org/10.1152/ajplung.00071.2017.

Bahl, V.; Lin, S.; Xu, N.; Davis, B.; Wang, Y.; Talbot, P. Comparison of Electronic Cigarette Refill Fluid Cytotoxicity Using
Embryonic and Adult Models. Reprod. Toxicol. 2012, 34, 529-537. https://doi.org/10.1016/j.reprotox.2012.08.001.

Farsalinos, K.E.; Romagna, G.; Allifranchini, E.; Ripamonti, E.; Bocchietto, E.; Todeschi, S.; Tsiapras, D.; Kyrzopoulos, S.; Voudris,
V. Comparison of the Cytotoxic Potential of Cigarette Smoke and Electronic Cigarette Vapour Extract on Cultured Myocardial
Cells. Int. ]. Environ. Res. Public Health 2013, 10, 5146-5162. https://doi.org/10.3390/ijerph10105146.

Misra, M.; Leverette, R.D.; Cooper, B.T.; Bennett, M.B.; Brown, S.E. Comparative In Vitro Toxicity Profile of Electronic and
Tobacco Cigarettes, Smokeless Tobacco and Nicotine Replacement Therapy Products: E-Liquids, Extracts and Collected
Aerosols. Int. |. Environ. Res. Public Health 2014, 11, 11325-11347. https://doi.org/10.3390/ijerph111111325.

Sancilio, S.; Gallorini, M.; Cataldi, A.; di Giacomo, V. Cytotoxicity and Apoptosis Induction by E-Cigarette Fluids in Human
Gingival Fibroblasts. Clin. Oral Investig. 2016, 20, 477-483. https://doi.org/10.1007/s00784-015-1537-x.



Dent. J. 2025, 13, 60 23 of 28

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Scheffler, S.; Dieken, H.; Krischenowski, O.; Forster, C.; Branscheid, D.; Aufderheide, M. Evaluation of E-Cigarette Liquid Vapor
and Mainstream Cigarette Smoke after Direct Exposure of Primary Human Bronchial Epithelial Cells. Int. |. Environ. Res. Public
Health 2015, 12, 3915-3925. https://doi.org/10.3390/ijerph120403915.

Hwang, J.H.; Lyes, M,; Sladewski, K.; Enany, S.; McEachern, E.; Mathew, D.P.; Das, S.; Moshensky, A.; Bapat, S.; Pride, D.T; et
al. Electronic Cigarette Inhalation Alters Innate Immunity and Airway Cytokines While Increasing the Virulence of Colonizing
Bacteria. |. Mol. Med. 2016, 94, 667-679. https://doi.org/10.1007/s00109-016-1378-3.

Cuadra, G.A.; Shamim, A.; Shah, R.; Morgan, J.; Palazzolo, D.L. Comparison of Culture Media for In Vitro Expansion of Oral
Epithelial Keratinocytes. Appl. Biosci. 2023, 2, 308-327. https://doi.org/10.3390/applbiosci2020021.

Kreslake, ].M.; Wayne, G.F.; Alpert, H.R.; Koh, HK.; Connolly, G.N. Tobacco Industry Control of Menthol in Cigarettes and
Targeting of Adolescents and Young Adults. Am. J. Public Health 2008, 98, 1685-1692. https://doi.org/10.2105/AJPH.2007.125542.
Czoli, C.D.; Goniewicz, M.; Islam, T.; Kotnowski, K.; Hammond, D. Consumer Preferences for Electronic Cigarettes: Results
from a Discrete Choice Experiment. Tob. Control 2016, 25, e30-e36. https://doi.org/10.1136/tobaccocontrol-2015-052422.

Tackett, A.P.; Lechner, W.V.; Meier, E.; Grant, D.M.; Driskill, L.M.; Tahirkheli, N.N.; Wagener, T.L. Biochemically Verified
Smoking Cessation and Vaping Beliefs among Vape Store Customers. Addiction 2015, 110, 868-874.
https://doi.org/10.1111/add.12878.

Morean, M.E; Butler, E.R.; Bold, KW.; Kong, G.; Camenga, D.R; Cavallo, D.A.; Simon, P.; O’'Malley, S.S.; Krishnan-Sarin, S.
Preferring More E-Cigarette Flavors Is Associated with e-Cigarette Use Frequency among Adolescents but Not Adults. PLoS
ONE 2018, 13, e0189015. https://doi.org/10.1371/journal.pone.0189015.

Yerger, V.B. Menthol’s Potential Effects on Nicotine Dependence: A Tobacco Industry Perspective. Tob. Control 2011, 20, ii29-
ii36. https://doi.org/10.1136/tc.2010.041970.

McCarthy, W.J.; Caskey, N.H.; Jarvik, M.E.; Gross, T.M.; Rosenblatt, M.R.; Carpenter, C. Menthol vs Nonmenthol Cigarettes:
Effects on Smoking Behavior. Am. |. Public Health 1995, 85, 67-72. https://doi.org/10.2105/ajph.85.1.67.

Lewis, M.].; Wackowski, O. Dealing with an Innovative Industry: A Look at Flavored Cigarettes Promoted by Mainstream
Brands. Am. ]. Public Health 2006, 96, 244-251. https://doi.org/10.2105/AJPH.2004.061200.

Leventhal, A.M.; Goldenson, N.I; Cho, J.; Kirkpatrick, M.G.; McConnell, R.S.; Stone, M.D.; Pang, R.D.; Audrain-McGovern, J.;
Barrington-Trimis, J.L. Flavored E-Cigarette Use and Progression of Vaping in Adolescents. Pediatrics 2019, 144, e20190789.
https://doi.org/10.1542/peds.2019-0789.

Muthumalage, T.; Prinz, M.; Ansah, K.O.; Gerloff, J.; Sundar, I.K.; Rahman, I. Inflammatory and Oxidative Responses Induced
by Exposure to Commonly Used E-Cigarette Flavoring Chemicals and Flavored e-Liquids without Nicotine. Front. Physiol. 2018,
8, 1130. https://doi.org/10.3389/fphys.2017.01130.

Lerner, C.A.; Sundar, LK,; Yao, H.; Gerloff, ].; Ossip, D.J.; McIntosh, S.; Robinson, R.; Rahman, I. Vapors Produced by Electronic
Cigarettes and E-Juices with Flavorings Induce Toxicity, Oxidative Stress, and Inflammatory Response in Lung Epithelial Cells
and in Mouse Lung. PLoS ONE 2015, 10, e0116732. https://doi.org/10.1371/journal.pone.0116732.

Behar, R.Z.; Davis, B.; Wang, Y.; Bahl, V.; Lin, S.; Talbot, P. Identification of Toxicants in Cinnamon-Flavored Electronic Cigarette
Refill Fluids. Toxicol. Vitr. 2014, 28, 198-208. https://doi.org/10.1016/j.tiv.2013.10.006.

Ka, H,; Park, H.-J; Jung, H.-].; Choi, ].-W.; Cho, K.-S.; Ha, ].; Lee, K.-T. Cinnamaldehyde Induces Apoptosis by ROS-Mediated
Mitochondrial Permeability Transition in Human Promyelocytic Leukemia HL-60 Cells. Cancer Lett. 2003, 196, 143-152.
https://doi.org/10.1016/50304-3835(03)00238-6.

Gerloff, J.; Sundar, L.K,; Freter, R.; Sekera, E.R.; Friedman, A.E.; Robinson, R.; Pagano, T.; Rahman, I. Inflammatory Response
and Barrier Dysfunction by Different E-Cigarette Flavoring Chemicals Identified by Gas Chromatography-Mass Spectrometry
in e-Liquids and e-Vapors on Human Lung Epithelial Cells and Fibroblasts. Appl. Vitr. Toxicol. 2017, 3, 28-40.
https://doi.org/10.1089/aivt.2016.0030.

Tacob, A.M.; Escobedo Martinez, M.F.; Barbeito Castro, E.; Junquera Olay, S.; Olay Garcia, S.; Junquera Gutiérrez, L.M. Effects
of Vape Use on Oral Health: A Review of the Literature. Medicina 2024, 60, 365. https://doi.org/10.3390/medicina60030365.
Effah, F.; Taiwo, B.; Baines, D.; Bailey, A.; Marczylo, T. Pulmonary Effects of E-Liquid Flavors: A Systematic Review. J. Toxicol.
Environ. Health Part B 2022, 25, 343-371. https://doi.org/10.1080/10937404.2022.2124563.

Merecz-Sadowska, A ; Sitarek, P.; Zielinska-Blizniewska, H.; Malinowska, K.; Zajdel, K.; Zakonnik, L.; Zajdel, R. A Summary of
In Vitro and In Vivo Studies Evaluating the Impact of E-Cigarette Exposure on Living Organisms and the Environment. Int. J.
Mol. Sci. 2020, 21, 652. https://doi.org/10.3390/ijms21020652.



Dent. J. 2025, 13, 60 24 of 28

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Chen, H.; Li, G.; Chan, Y.L.; Chapman, D.G.; Sukjamnong, S.; Nguyen, T.; Annissa, T.; McGrath, K.C.; Sharma, P.; Oliver, B.G.
Maternal E-Cigarette Exposure in Mice Alters DNA Methylation and Lung Cytokine Expression in Offspring. Am. J. Respir. Cell
Mol. Biol. 2018, 58, 366-377. https://doi.org/10.1165/rcmb.2017-0206RC.

Ghosh, A.; Coakley, R.D.; Ghio, A.].; Muhlebach, M.S.; Esther, C.R.; Alexis, N.E.; Tarran, R. Chronic E-Cigarette Use Increases
Neutrophil Elastase and Matrix Metalloprotease Levels in the Lung. Am. |. Respir. Crit. Care Med. 2019, 200, 1392-1401.
https://doi.org/10.1164/rccm.201903-06150C.

Ghosh, A.; Coakley, R.C.; Mascenik, T.; Rowell, T.R.; Davis, E.S.; Rogers, K.; Webster, M.].; Dang, H.; Herring, L.E.; Sassano,
M.E,; et al. Chronic E-Cigarette Exposure Alters the Human Bronchial Epithelial Proteome. Am. J. Respir. Crit. Care Med. 2018,
198, 67-76. https://doi.org/10.1164/rccm.201710-20330C.

Glynos, C.; Bibli, S.-I.; Katsaounou, P.; Pavlidou, A.; Magkou, C.; Karavana, V.; Topouzis, S.; Kalomenidis, I.; Zakynthinos, S.;
Papapetropoulos, A. Comparison of the Effects of E-Cigarette Vapor with Cigarette Smoke on Lung Function and Inflammation
in Mice. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2018, 315, L662-L672. https://doi.org/10.1152/ajplung.00389.2017.

Reidel, B.; Radicioni, G.; Clapp, P.W.; Ford, A.A.; Abdelwahab, S.; Rebuli, M.E.; Haridass, P.; Alexis, N.E.; Jaspers, L; Kesimer,
M. E-Cigarette Use Causes a Unique Innate Immune Response in the Lung, Involving Increased Neutrophilic Activation and
Altered Mucin Secretion. Am. ]. Respir. Crit. Care Med. 2018, 197, 492-501. https://doi.org/10.1164/rccm.201708-15900C.
Higham, A.; Bostock, D.; Booth, G.; Dungwa, J.V.; Singh, D. The Effect of Electronic Cigarette and Tobacco Smoke Exposure on
COPD Bronchial Epithelial Cell Inflammatory Responses. Int. ]. Chronic Obstr. Pulm. Dis. 2018, 13, 989-1000.
https://doi.org/10.2147/COPD.S157728.

Cichoniska, D.; Kusiak, A.; Kochanska, B.; Ochocinska, J.; Swietlik, D. Influence of Electronic Cigarettes on Selected Antibacterial
Properties of Saliva. Int. |. Environ. Res. Public Health 2019, 16, 4433. https://doi.org/10.3390/ijerph16224433.

Ji, E.H.; Elzakra, N.; Chen, W.; Cui, L.; Lee, E.S.; Sun, B.; Messadi, D.; Xia, T.; Zhu, Y.; Hu, S. E-Cigarette Aerosols Induce
Unfolded Protein Response in Normal Human Oral Keratinocytes. J. Cancer 2019, 10, 6915-6924.
https://doi.org/10.7150/jca.31319.

Tommasi, S.; Caliri, A.W.; Caceres, A.; Moreno, D.E.; Li, M.; Chen, Y.; Siegmund, K.D.; Besaratinia, A. Deregulation of
Biologically Significant Genes and Associated Molecular Pathways in the Oral Epithelium of Electronic Cigarette Users. Int. ].
Mol. Sci. 2019, 20, 738. https://doi.org/10.3390/ijms20030738.

Sundar, I.K,; Javed, F.; Romanos, G.E.; Rahman, I. E-Cigarettes and Flavorings Induce Inflammatory and pro-Senescence
Responses in Oral Epithelial Cells and Periodontal Fibroblasts. Oncotarget 2016, 7, 77196-77204.
https://doi.org/10.18632/oncotarget.12857.

Javed, F.; Kellesarian, S.V.; Sundar, I.K.; Romanos, G.E.; Rahman, I. Recent Updates on Electronic Cigarette Aerosol and Inhaled
Nicotine Effects on Periodontal and Pulmonary Tissues. Oral Dis. 2017, 23, 1052-1057. https://doi.org/10.1111/0di.12652.

Leigh, N.J.; Tran, P.L.; O’Connor, R.J.; Goniewicz, M.L. Cytotoxic Effects of Heated Tobacco Products (HTP) on Human
Bronchial Epithelial Cells. Tob. Control 2018, 27, s26-s29. https://doi.org/10.1136/tobaccocontrol-2018-054317.

Leigh, N.J.; Lawton, R.I.; Hershberger, P.A.; Goniewicz, M.L. Flavourings Significantly Affect Inhalation Toxicity of Aerosol
Generated  from  Electronic  Nicotine Delivery  Systems (ENDS). Tob.  Control 2016, 25,  ii81-i87.
https://doi.org/10.1136/tobaccocontrol-2016-053205.

Majid, O.W. Preliminary Evidence of Impaired Oral Wound Healing in E-Cigarette Users: A Call for Perioperative Vaping
Cessation. Evid. Based Dent. 2024, 25, 63-64. https://doi.org/10.1038/s41432-024-00982-z.

Adeoye, O.; Olawumi, J.; Opeyemi, A.; Christiania, O. Review on the Role of Glutathione on Oxidative Stress and Infertility.
JBRA Assist. Reprod. 2018, 22, 61-66. https://doi.org/10.5935/1518-0557.20180003.

Lushchak, V.I. Glutathione Homeostasis and Functions: Potential Targets for Medical Interventions. |. Amino Acids 2012, 2012,
736837. https://doi.org/10.1155/2012/736837.

Owen, ].B.; Butterfield, D.A. Measurement of Oxidized/Reduced Glutathione Ratio. Methods Mol. Biol. 2010, 648, 269-277.
https://doi.org/10.1007/978-1-60761-756-3_18.

Seo, Y.J.; Lee, J.W.; Lee, E.H.; Lee, HK.; Kim, H.W.; Kim, Y.-H. Role of Glutathione in the Adaptive Tolerance to H202. Free Radic.
Biol. Med. 2004, 37, 1272-1281. https://doi.org/10.1016/j.freeradbiomed.2004.07.012.

Rahman, I.; Bel, A.; Mulier, B.; Donaldson, K.; MacNee, W. Differential Regulation of Glutathione by Oxidants and
Dexamethasone in Alveolar Epithelial Cells. Am. ]. Physiol. Lung Cell. Mol. Physiol. 1998, 275, L80-L86.
https://doi.org/10.1152/ajplung.1998.275.1.L80.



Dent. J. 2025, 13, 60 25 of 28

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ji, EH.; Sun, B.; Zhao, T.; Shu, S.; Chang, C.H.; Messadi, D.; Xia, T.; Zhu, Y.; Hu, S. Characterization of Electronic Cigarette
Aerosol and Its Induction of Oxidative Stress Response in Oral Keratinocytes. PLoS ONE 2016, 11, e0154447.
https://doi.org/10.1371/journal.pone.0154447.

Franco, R.; DeHaven, W.L; Sifre, M.L; Bortner, C.D.; Cidlowski, J.A. Glutathione Depletion and Disruption of Intracellular Ionic
Homeostasis Regulate Lymphoid Cell Apoptosis. J. Biol. Chem. 2008, 283, 36071-36087. https://doi.org/10.1074/jbc.M807061200.
Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014, 6,
a016295. https://doi.org/10.1101/cshperspect.a016295.

King, M.W. Glycoproteins: Roles in Cellular Homeostasis and Disease. In Reviews in Cell Biology and Molecular Medicine; John
Wiley & Sons, Ltd: West Sussex, UK, 2006; ISBN 978-3-527-60090-8.

Wang, S.-S.; Tang, Y.-L.; Pang, X.; Zheng, M.; Tang, Y.-].; Liang, X.-H. The Maintenance of an Oral Epithelial Barrier. Life Sci.
2019, 227, 129-136. https://doi.org/10.1016/j.1fs.2019.04.029.

Groeger, S.; Meyle, J. Oral Mucosal Epithelial Cells. Front. Immunol. 2019, 10, 208. https://doi.org/10.3389/fimmu.2019.00208.
Li, X,; Kolltveit, K.M.; Tronstad, L.; Olsen, I. Systemic Diseases Caused by Oral Infection. Clin. Microbiol. Rev. 2000, 13, 547-558.
Fischman, ].S.; Sista, S.; Lee, D.; Cuadra, G.A.; Palazzolo, D.L. Flavorless vs. Flavored Electronic Cigarette-Generated Aerosol
and E-Liquid on the Growth of Common Oral Commensal Streptococci. Front. Physiol. 2020, 11, 585416.
https://doi.org/10.3389/fphys.2020.585416.

Xu, C.P.; Palazzolo, D.L.; Cuadra, G.A. Mechanistic Effects of E-Liquids on Biofilm Formation and Growth of Oral Commensal
Streptococcal Communities: Effect of Flavoring Agents. Dent. . 2022, 10, 85. https://doi.org/10.3390/dj10050085.

What Flavour Percentage Should I Use? Available online: https://vapable.com/what-flavour-percentage-should-i-use/ (accessed
on 23 January 2025).

Christian, N.; Burden, D.; Emam, A.; Brenk, A.; Sperber, S.; Kalu, M.; Cuadra, G.; Palazzolo, D. Effects of E-Liquids and Their
Aerosols on Biofilm Formation and Growth of Oral Commensal Streptococcal Communities: Effect of Cinnamon and Menthol
Flavors. Dent. ]. 2024, 12, 232. https://doi.org/10.3390/dj12080232.

Dickson, M.A.; Hahn, W.C,; Ino, Y.; Ronfard, V.; Wu, J.Y.; Weinberg, R.A.; Louis, D.N.; Li, F.P.; Rheinwald, ].G. Human
Keratinocytes That Express hTERT and Also Bypass a P16(INK4a)-Enforced Mechanism That Limits Life Span Become
Immortal yet Retain Normal Growth and Differentiation Characteristics. Mol. Cell. Biol. 2000, 20, 1436-1447.
https://doi.org/10.1128/MCB.20.4.1436-1447.2000.

Schindelin, J.; Rueden, C.T.; Hiner, M.C.; Eliceiri, K.W. The Image] Ecosystem: An Open Platform for Biomedical Image Analysis.
Mol. Reprod. Dev. 2015, 82, 518-529. https://doi.org/10.1002/mrd.22489.

Suarez-Arnedo, A.; Figueroa, F.T.; Clavijo, C.; Arbelaez, P.; Cruz, J.C.; Mufioz-Camargo, C. An Image ] Plugin for the High
Throughput Image Analysis of in Vitro Scratch Wound Healing Assays. PLoS ONE 2020, 15, e0232565.
https://doi.org/10.1371/journal.pone.0232565.

Francioso, A.; Fanelli, S.; Cavallaro, R.A.; Fontana, M.; Mattioli, R.; D’Erme, M.; Mosca, L. Fluorometric Optimized
Determination of Total Glutathione in Erythrocytes. Separations 2021, 8, 83. https://doi.org/10.3390/separations8060083.
Hohnholt, M.C.; Dringen, R. Short Time Exposure to Hydrogen Peroxide Induces Sustained Glutathione Export from Cultured
Neurons. Free Radic. Biol. Med. 2014, 70, 33—44. https://doi.org/10.1016/j.freeradbiomed.2014.02.005.

Otreba, M.; Kosmider, L.; Knysak, J.; Warncke, ].D.; Sobczak, A. E-Cigarettes: Voltage- and Concentration-Dependent Loss in
Human Lung Adenocarcinoma Viability. J. Appl. Toxicol. 2018, 38, 1135-1143. https://doi.org/10.1002/jat.3625.

Leslie, L.J.; Bathrinarayanan, P.V.; Jackson, P.; Muanda, J.A.M.M.; Pallett, R.; Stillman, C.J.P.; Marshall, L.]. A Comparative
Study of Electronic Cigarette Vapor Extracts on Airway-Related Cell Lines in Vitro. Inhal. Toxicol. 2017, 29, 126-136.
https://doi.org/10.1080/08958378.2017.1318193.

Bengalli, R.; Ferri, E.; Labra, M.; Mantecca, P. Lung Toxicity of Condensed Aerosol from E-CIG Liquids: Influence of the Flavor
and the In Vitro Model Used. Int. J. Environ. Res. Public Health 2017, 14, 1254. https://doi.org/10.3390/ijerph14101254.

Behar, R.Z.; Luo, W.; Lin, S.C; Wang, Y.; Valle, J.; Pankow, J.F.; Talbot, P. Distribution, Quantification and Toxicity of
Cinnamaldehyde in Electronic Cigarette Refill Fluids and Aerosols. Tob. Control 2016, 25, 1i94-ii102.
https://doi.org/10.1136/tobaccocontrol-2016-053224.

Cinnamaldehyde Safety Data Sheet; Sigma Aldrich: St. Louis, MO, USA, 2025; p. 63103.

Guo, J.; Yan, S;; Jiang, X; Su, Z.; Zhang, F.; Xie, J.; Hao, E.; Yao, C. Advances in Pharmacological Effects and Mechanism of
Action of Cinnamaldehyde. Front. Pharmacol. 2024, 15, 1365949. https://doi.org/10.3389/fphar.2024.1365949.

Gordan, V.V.; Garvan, C.W.; Ottenga, M.E.; Schulte, R.; Harris, P.A.; McEdward, D.; Magnusson, I. Could Alkali Production Be
Considered an Approach for Caries Control? Caries Res. 2011, 44, 547-554. https://doi.org/10.1159/000321139.



Dent. J. 2025, 13, 60 26 of 28

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Shaikh, Z.N.; Alqahtani, A.; Almela, T.; Franklin, K.; Tayebi, L.; Moharamzadeh, K. Effects of Electronic Cigarette Liquid on
Monolayer and 3D Tissue-Engineered Models of Human Gingival Mucosa. ]. Adv. Periodontol. Implant Dent. 2019, 11, 54-62.
https://doi.org/10.15171/japid.2019.010.

Landén, N.X,; Li, D.; Stahle, M. Transition from Inflammation to Proliferation: A Critical Step during Wound Healing. Cell. Mol.
Life Sci. 2016, 73, 3861-3885. https://doi.org/10.1007/s00018-016-2268-0.

Heller, Z.A.; Ms, E.C.A.; Dmd, J.E.P. Implications of Electronic Cigarettes on the Safe Administration of Sedation and General
Anesthesia in the Outpatient Dental Setting. Anesth. Prog. 2022, 69, 41-52. https://doi.org/10.2344/anpr-69-02-16.

Amerongen, A.V.N,; Veerman, E.CI. Saliva—The Defender of the Oral Cavity. Oral Dis. 2002, 8, 12-22.
https://doi.org/10.1034/j.1601-0825.2002.10816.x.

Rereddy, S.K.; Cao, A.C.; Blackwell, B.; Poling-Skutvik, R.; Arratia, P.E.; Mirza, N. Rheology of Saliva in Health and Disease.
Biorheology 2023, 59, 19-27. https://doi.org/10.3233/BIR-210014.

Faruque, M.; Wanschers, M.; Ligtenberg, A J.; Laine, M.L.; Bikker, F.J. A Review on the Role of Salivary MUC5B in Oral Health.
J. Oral Biosci. 2022, 64, 392-399. https://doi.org/10.1016/j.job.2022.09.005.

Guo, X.; Hou, L.; Peng, X.; Tang, F. The Prevalence of Xerostomia among E-Cigarette or Combustible Tobacco Users: A
Systematic Review and Meta-Analysis. Tob. Induc. Dis. 2023, 21, 22. https://doi.org/10.18332/tid/156676.

Merikallio, H.; Kaarteenaho, R.; Lindén, S.; Padra, M.; Karimi, R; Li, C.-X.; Lappi-Blanco, E.; Wheelock, AM.,; Skdld, M.C.
Smoking-Associated Increase in Mucins 1 and 4 in Human Airways. Respir. Res. 2020, 21, 239. https://doi.org/10.1186/s12931-
020-01498-7.

Go, Y.Y.; Mun, ].Y,; Chae, S.-W_; Chang, J.; Song, ].-]. Comparison between in Vitro Toxicities of Tobacco- and Menthol-Flavored
Electronic Cigarette Liquids on Human Middle Ear Epithelial Cells. Sci. Rep. 2020, 10, 2544. https://doi.org/10.1038/s41598-020-
59290-y.

Narashiman, S.; Narasimhan, M.; Venkatraman, G. Expression of Mucin 4 in Leukoplakia and Oral Squamous Cell Carcinoma:
An Immunohistochemical Study. ]. Oral Maxillofac. Pathol. 2014, 18, 25-31. https://doi.org/10.4103/0973-029X.131887.

Kohli, M.; Shivam, A.K.; Ahuja, P.; Dutta, ]. Mucin-4: A Novel Marker for Oral Cancer. ]. Oral Maxillofac. Pathol. 2019, 23, 49-53.
https://doi.org/10.4103/jomfp.JOMFP_175_16.

Tang, V.W. Goodenough, D.A. Paracellular Ion Channel at the Tight Junction. Biophys. ]. 2003, 84, 1660-1673.
https://doi.org/10.1016/50006-3495(03)74975-3.

Gruber, S.; Cini, N.; Kowald, L.-M.; Mayer, J.; Rohorzka, A.; Kuess, P.; Dorr, W. Upregulated Epithelial Junction Expression
Represents a Novel Parameter of the Epithelial Radiation Response to Fractionated Irradiation in Oral Mucosa. Strahlenther.
Onkol. 2018, 194, 771-779. https://doi.org/10.1007/s00066-018-1302-6.

Sappayatosok, K.; Phattarataratip, E. Overexpression of Claudin-1 Is Associated with Advanced Clinical Stage and Invasive
Pathologic Characteristics of Oral Squamous Cell Carcinoma. Head Neck Pathol. 2014, 9, 173-180. https://doi.org/10.1007/s12105-
014-0559-z.

Zejc, T.; Piontek, J.; Schulzke, J.-D.; Fromm, M.; Ervens, J.; Rosenthal, R. Clinical Significance of Claudin Expression in Oral
Squamous Cell Carcinoma. Int. ]. Mol. Sci. 2022, 23, 11234. https://doi.org/10.3390/ijms231911234.

Gallagher, K.P.D.; Vargas, P.A.; Santos-Silva, A.R. The Use of E-Cigarettes as a Risk Factor for Oral Potentially Malignant
Disorders and Oral Cancer: A Rapid Review of Clinical Evidence. Med. Oral Patol. Oral Cir. Bucal 2024, 29, el8-e26.
https://doi.org/10.4317/medOral26042.

Ren, X,; Li, K.; Fang, X.; Zhu, Z.; Chen, Q.; Li, C.; Hua, H. Oral Mucosal Changes in Tight Junction Proteins in Patients with Oral
Lichen Planus. Oral Dis. 2024, 30, 4367-4375. https://doi.org/10.1111/0di.14912.

Al-Sadi, R.; Khatib, K.; Guo, S.; Ye, D.; Youssef, M.; Ma, T. Occludin Regulates Macromolecule Flux across the Intestinal
Epithelial ~Tight Junction Barrier. Am. ]. Physiol. Gastrointest. Liver Physiol. 2011, 300, G1054-G1064.
https://doi.org/10.1152/ajpgi.00055.2011.

Raduka, A.; Gao, N.; Chatburn, R.L.; Rezaee, F. Electronic Cigarette Exposure Disrupts Airway Epithelial Barrier Function and
Exacerbates  Viral Infection. Am. ].  Physiol.  Lung  Cell. ~ Mol.  Physiol. 2023, 325, L580-L593.
https://doi.org/10.1152/ajplung.00135.2023.

Takehara, S.; Wright, F.; Kawaguchi, Y.; Morio, L; Ishida, Y.; Tagami, J. The Impact of Outbound Exchange Programs on
Japanese Dental Students. ]. Med. Dent. Sci. 2018, 65, 99-105. https://doi.org/10.11480/jmds.650207.

Zalewska, A.; Zwierz, K.; Zétkowski, K.; Gindzienski, A. Structure and Biosynthesis of Human Salivary Mucins. Acta Biochim.
Pol. 2000, 47, 1067-1079.



Dent. J. 2025, 13, 60 27 of 28

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Itzek, A.; Chen, Z.; Merritt, J.; Kreth, J. Effect of Salivary Agglutination on Oral Streptococcal Clearance by Human
Polymorphonuclear Neutrophil Granulocytes. Mol. Oral Microbiol. 2017, 32, 197-210. https://doi.org/10.1111/omi.12164.
Gibbins, H.L.; Yakubov, G.E.; Proctor, G.B.; Wilson, S.; Carpenter, G.H. What Interactions Drive the Salivary Mucosal Pellicle
Formation? Colloids Surf. B Biointerfaces 2014, 120, 184-192. https://doi.org/10.1016/j.colsurfb.2014.05.020.

Ding, L.; Cheng, Y.; Guo, W.; Sun, S.; Chen, X.; Zhang, T.; Cheng, H.; Hao, J.; Lu, Y.; Wang, X; et al. High Expression Level of
A2-3-Linked Sialic Acids on Salivary Glycoproteins of Breastfeeding Women May Help to Protect Them from Avian Influenza
Virus Infection. Molecules 2022, 27, 4285. https://doi.org/10.3390/molecules27134285.

Takehara, S.; Yanagishita, M.; Podyma-Inoue, K.A.; Kawaguchi, Y. Degradation of MUC7 and MUC5B in Human Saliva. PLoS
ONE 2013, 8, e69059. https://doi.org/10.1371/journal.pone.0069059.

Culp, D.J.; Robinson, B.; Cash, M.N.; Bhattacharyya, I.; Stewart, C.; Cuadra-Saenz, G. Salivary Mucin 19 Glycoproteins: Innate
Immune Functions in Streptococcus Mutans-Induced Caries in Mice and Evidence for Expression in Human Saliva. J. Biol. Chem.
2015, 290, 2993-3008. https://doi.org/10.1074/jbc.M114.597906.

Chopyk, J.; Bojanowski, C.M.; Shin, J.; Moshensky, A.; Fuentes, A.L.; Bonde, S.S.; Chuki, D.; Pride, D.T.; Crotty Alexander, L.E.
Compositional Differences in the Oral Microbiome of E-Cigarette Users. Front. Microbiol. 2021, 12, 599664.
https://doi.org/10.3389/fmicb.2021.599664.

Charde, P.; Ali, K.; Hamdan, N. Effects of E-Cigarette Smoking on Periodontal Health: A Scoping Review. PLoS Glob. Public
Health 2024, 4, e0002311. https://doi.org/10.1371/journal.pgph.0002311.

Lee, W.H.; Ong, S.-G.; Zhou, Y.; Tian, L.; Bae, H.R.; Baker, N.; Whitlatch, A.; Mohammadi, L.; Guo, H.; Nadeau, K.C,; et al.
Modeling Cardiovascular Risks of E-Cigarettes with Human-Induced Pluripotent Stem Cell-Derived Endothelial Cells. J. Am.
Coll. Cardiol. 2019, 73, 2722-2737. https://doi.org/10.1016/j.jacc.2019.03.476.

Clapp, P.W.; Lavrich, K.S.; van Heusden, C.A.; Lazarowski, E.R.; Carson, J.L.; Jaspers, I. Cinnamaldehyde in Flavored E-
Cigarette Liquids Temporarily Suppresses Bronchial Epithelial Cell Ciliary Motility by Dysregulation of Mitochondrial
Function. Am. J. Physiol. Lung Cell. Mol. Physiol. 2019, 316, L470-L486. https://doi.org/10.1152/ajplung.00304.2018.

Clapp, P.W.; Pawlak, E.A; Lackey, ].T.; Keating, J.E.; Reeber, S.L.; Glish, G.L.; Jaspers, I. Flavored E-Cigarette Liquids and
Cinnamaldehyde Impair Respiratory Innate Immune Cell Function. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2017, 313, L278-1.292.
https://doi.org/10.1152/ajplung.00452.2016.

Hickman, E.; Herrera, C.A.; Jaspers, I. Common E-Cigarette Flavoring Chemicals Impair Neutrophil Phagocytosis and
Oxidative Burst. Chem. Res. Toxicol. 2019, 32, 982-985. https://doi.org/10.1021/acs.chemrestox.9b00171.

Begic, A.; Djuric, A.; Gobeljic, B.; Stevanovic, I.; Lukic, V.; Stanojevic, I.; Ninkovic, M.; Saso, L.; Vojvodic, D.; Djukic, M. The
Simple Isocratic HPLC—UV Method for the Simultaneous Determination of Reduced and Oxidized Glutathione in Animal
Tissue. Acta Chromatogr. 2017, 29, 67-84. https://doi.org/10.1556/1326.2017.29.1.5.

Colombo, G.; Dalle-Donne, I.; Orioli, M.; Giustarini, D.; Rossi, R.; Clerici, M.; Regazzoni, L.; Aldini, G.; Milzani, A.; Butterfield,
D.A.; et al. Oxidative Damage in Human Gingival Fibroblasts Exposed to Cigarette Smoke. Free Radic. Biol. Med. 2012, 52, 1584~
1596. https://doi.org/10.1016/j.freeradbiomed.2012.02.030.

Cereser, C.; Guichard, J.; Drai, J.; Bannier, E.; Garcia, I.; Boget, S.; Parvaz, P.; Revol, A. Quantitation of Reduced and Total
Glutathione at the Femtomole Level by High-Performance Liquid Chromatography with Fluorescence Detection: Application
to Red Blood Cells and Cultured Fibroblasts. J. Chromatogr. B Biomed. Sci. Appl. 2001, 752, 123-132. https://doi.org/10.1016/s0378-
4347(00)00534-x.

Haddad, J.J.; Olver, R.E.; Land, S.C. Antioxidant/pro-Oxidant Equilibrium Regulates HIF-lalpha and NF-Kappa B Redox
Sensitivity. Evidence for Inhibition by Glutathione Oxidation in Alveolar Epithelial Cells. J. Biol. Chem. 2000, 275, 21130-21139.
https://doi.org/10.1074/jbc.M000737200.

Kaushik, G.; Kaushik, T.; Khanduja, S.; Pathak, C.M.; Khanduja, K.L. Cigarette Smoke Condensate Promotes Cell Proliferation
through Disturbance in Cellular Redox Homeostasis of Transformed Lung Epithelial Type-II Cells. Cancer Lett. 2008, 270, 120
131. https://doi.org/10.1016/j.canlet.2008.04.039.

Li, N.; Wang, M.; Oberley, T.D.; Sempf, ].M.; Nel, A.E. Comparison of the Pro-Oxidative and Proinflammatory Effects of Organic
Diesel Exhaust Particle Chemicals in Bronchial Epithelial Cells and Macrophagesl. . Immunol. 2002, 169, 4531-4541.
https://doi.org/10.4049/jimmunol.169.8.4531.

Pace, E.; Ferraro, M.; Di Vincenzo, S.; Cipollina, C.; Gerbino, S.; Cigna, D.; Caputo, V.; Balsamo, R.; Lanata, L.; Gjomarkaj, M.
Comparative Cytoprotective Effects of Carbocysteine and Fluticasone Propionate in Cigarette Smoke Extract-Stimulated
Bronchial Epithelial Cells. Cell Stress Chaperones 2013, 18, 733-743. https://doi.org/10.1007/s12192-013-0424-0.



Dent. J. 2025, 13, 60 28 of 28

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Shin, D.; Moon, HW_; Oh, Y.; Kim, K,; Kim, D.-D.; Lim, C.-]. Defensive Properties of Ginsenoside Re against UV-B-Induced
Oxidative Stress through Up-Regulating Glutathione and Superoxide Dismutase in HaCaT Keratinocytes. Iran. . Pharm. Res.
2018, 17, 249-260.

Park, W.H. The Effects of Exogenous H202 on Cell Death, Reactive Oxygen Species and Glutathione Levels in Calf Pulmonary
Artery and Human Umbilical Vein Endothelial Cells. Int. ]. Mol. Med. 2013, 31, 471-476. https://doi.org/10.3892/ijmm.2012.1215.
Wavreil, F.D.M.; Heggland, S.J. Cinnamon-Flavored Electronic Cigarette Liquids and Aerosols Induce Oxidative Stress in
Human Osteoblast-like MG-63 Cells. Toxicol. Rep. 2019, 7, 23-29. https://doi.org/10.1016/j.toxrep.2019.11.019.

Kerasioti, E.; Veskoukis, A.S.; Skaperda, Z.; Zacharias, A.; Poulas, K.; Lazopoulos, G.; Kouretas, D. The Flavoring and Not the
Nicotine Content Is a Decisive Factor for the Effects of Refill Liquids of Electronic Cigarette on the Redox Status of Endothelial
Cells. Toxicol. Rep. 2020, 7, 1095-1102. https://doi.org/10.1016/j.toxrep.2020.08.029.

Herbert, J.; Kelty, ].S.; Laskin, J.D.; Laskin, D.L.; Gow, A.J. Menthol Flavoring in E-Cigarette Condensate Causes Pulmonary
Dysfunction and Cytotoxicity in Precision Cut Lung Slices. Am. |. Physiol. Lung Cell. Mol. Physiol. 2023, 324, 1.345-1357.
https://doi.org/10.1152/ajplung.00222.2022.

Noél, A.; Ghosh, A. Carbonyl Profiles of Electronic Nicotine Delivery System (ENDS) Aerosols Reflect Both the Chemical
Composition and the Numbers of E-Liquid Ingredients-Focus on the In Vitro Toxicity of Strawberry and Vanilla Flavors. Int. ].
Environ. Res. Public Health 2022, 19, 16774. https://doi.org/10.3390/ijerph192416774.

Ramenzoni, L.L.; Schneider, A.; Fox, S.C.; Meyer, M.; Meboldt, M.; Attin, T.; Schmidlin, P.R. Cytotoxic and Inflammatory Effects
of Electronic and Traditional Cigarettes on Oral Gingival Cells Using a Novel Automated Smoking Instrument: An In Vitro
Study. Toxics 2022, 10, 179. https://doi.org/10.3390/toxics10040179.

Zhang, P.; Zhang, W.; Zhang, D.; Wang, M.; Aprecio, R.; Ji, N.; Mohamed, O.; Li, Y.; Ding, Y.; Wang, Q. 25-Hydroxyvitamin D3-
Enhanced PTPN2 Positively Regulates Periodontal Inflammation through the JAK/STAT Pathway in Human Oral
Keratinocytes and a Mouse Model of Type 2 Diabetes Mellitus. ]. Periodontal Res. 2018, 53, 467-477.
https://doi.org/10.1111/jre.12535.

Diala, I; Sato, S.; Usui, M.; Nakashima, K.; Nishihara, T.; Takenaka, S. Development of a Membrane-Based Microwave-Mediated
Electrochemical ELISA Method for TNF-a Detection in Patients with Periodontitis. Amnal. Sci. 2013, 29, 927-930.
https://doi.org/10.2116/analsci.29.927.

Rai, A.K.; Panda, M.; Das, A K.; Rahman, T.; Das, R.; Das, K; Sarma, A.; Kataki, A.C.; Chattopadhyay, I. Dysbiosis of Salivary
Microbiome and Cytokines Influence Oral Squamous Cell Carcinoma through Inflammation. Arch. Microbiol. 2021, 203, 137-
152. https://doi.org/10.1007/s00203-020-02011-w.

Brierly, G.; Celentano, A.; Breik, O.; Moslemivayeghan, E.; Patini, R.; McCullough, M.; Yap, T. Tumour Necrosis Factor Alpha
(TNF-a) and Oral Squamous Cell Carcinoma. Cancers 2023, 15, 1841. https://doi.org/10.3390/cancers15061841.

Vyhnalova, T.; Danek, Z.; Gachova, D.; Linhartova, P.B. The Role of the Oral Microbiota in the Etiopathogenesis of Oral
Squamous Cell Carcinoma. Microorganisms 2021, 9, 1549. https://doi.org/10.3390/microorganisms9081549.

Gualtero, D.F.; Lafaurie, G.I; Buitrago, D.M.; Castillo, Y.; Vargas-Sanchez, P.K.; Castillo, D.M. Oral Microbiome Mediated
Inflammation, a Potential Inductor of Vascular Diseases: A Comprehensive Review. Front. Cardiovasc. Med. 2023, 10, 1250263.
https://doi.org/10.3389/fcvm.2023.1250263.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



