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ARTICLE INFO ABSTRACT

Keywords: Introduction: Nicotine, the main ingredient in tobacco, acts as a key alkaloid of nearly all tobacco products and

Nicotine has been demonstrated to facilitate tumorigenesis and accelerate metastasis. Further traditional tobacco products

gra:,:plt}?ellal cells have shown to give systemic oral effects such as vasoconstriction, inflammation, and delayed wound healing,
roliferation

however; none of the reports have confirmed the significant knowledge of oral sequel of the effect of nicotine on
oral epithelial cells. So, the current study aimed to investigate the effect of nicotine on epithelial transformation
to a malignant state.

Material & methods: Through in-vitro experiments, the effects of nicotine on epithelial cells obtained from nicotine
never exposed buccal mucosa were analyzed using total count and viability test, proliferation assay, cell cycle
distribution assay, and PI3K/MAPK dual pathway activation assay.

Result & conclusion: MTT assay demonstrated that the proliferation of epithelial cells takes place at a 150 mM
concentration of nicotine. Further, we identified the significantly increased cell count and viability in nicotine-
exposed cells. Further, cell cycle distribution assay results demonstrated that nicotine forced the epithelial cells
to enter the first growth phase. The same influence of nicotine was observed on the PI3K/MAPK dual pathway
activation assay where a greater number of nicotine exposed cells showed dual pathway activation. In conclu-
sion, the current study determined the potential mechanism of action of nicotine on oral epithelial cell prolif-
eration through activating the oncogenic pathway. This may help to develop novel therapeutic strategies for the
prevention of malignant transformation from smokeless tobacco-caused oral cancer.

Cell-cycle distribution
PI3K/MAPK pathway activation

1. Introduction These oral epithelial dysplasias are transformed to OSCC with a quite

high rate of 0.13 %-17.5 %, which makes it unpredictable.” Despite

As per new global cancer statistics 2020, the overall cancer burden
has risen to 19.3 million new cancer cases and 10 million cancer deaths
all over the globe.! Out of this, 50 % of all cases and 58.3 % of cancer
deaths are estimated to occur in Asian countries in 2020. In India, cancer
of the oral cavity, majorly oral squamous cell carcinoma (OSCC) is the
second leading malignancy with a 10.4 % incidence rate after cancer of
the breast.” According to The Gujarat Cancer & Research Institute
(GCRI) hospital-based registry, cancer of the oral cavity is the top
leading malignancy amongst men with an incidence rate of 35.17 %
while in the female it is the third leading cause of death with an inci-
dence rate of 13.09 %. Such a high prevalence of oral cancer could be
attributable to frequent exposure of oral mucosal lining to either
combustible or smokeless tobacco, ultimately leading to the develop-
ment of possibly malignant neoplasms that can histologically exhibit
different degrees of several epithelial dysplastic changes.®

upgraded treatment modalities, the 5-year survival rate remains poor at
around 50 %.° Hence, recognizing the early trigger of malignant trans-
formation is decisive for the prevention of OSCC development.
Customarily, initiation of OSCC is drawn out by the frequent and direct
exposure to multiple tobacco-derived carcinogens, and mostly by the
nicotine present in tobacco products.

Nicotine is one of several natural alkaloids that can be readily
absorbed by epithelial cell linings of buccal mucosa, respiratory tract,
and via a basal layer of skin. However, the absorption and excretion of
this alkaloid depend on the pH of the epithelial cell membrane.® Even
though nicotine is considered a key compound for increasing cravings
for various tobacco-derived products, it is not considered a carcinogen
though it has been reported to induce angiogenesis and tumor growth
acceleration.””® Several reports have proved the dose-dependent pri-
mary effect of nicotine on the central nervous system along with the
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effect on cell growth, attachment, and matrix protein synthesis.” 2
Other reports have also studied the dose-dependent effect of nicotine on
epithelial cells and demonstrated that the mitogenic effect of nicotine
was associated with the increased risk of 0SCC."?

A systemic review by Holiday et al. included many in-vitro studies
that have investigated the effect of nicotine on human gingival, peri-
odontal ligaments, and oral epithelial cells.'® However, in that review
only a single study performed on human oral epithelial cells was
included which identified that the wide range of nicotine concentrations
(100 nM - 1 mM; 24 h) failed to stimulate the production of inter-
leukin-8.'* Conversely several studies on human gingival fibroblasts
(HGFs) or human periodontal ligament cells (HPDLCs) showed
increased production of IL-8 and stimulated growth of human gingival
epithelial cell in vitro with exposure to similar nicotine concentration (1
nM-1 mM; 24 h) [23,37,42,44,].°18 Unfortunately, the mentioned
studies did not identify the effect of nicotine on cell proliferation and
other possible modulations affecting the cell fate (Holiday et al.,
2019)."® Additionally, around 50 % of current and former cigarette
smokers, including those who are probably developing potentially ma-
lignant oral dysplastic lesions, have started using a vaporized form of
nicotine called e-cigarettes as a part of a smoking cessation interven-
tion.'” To this end, the determination of nicotine-induced malignant
transformation in oral epithelial cells is extremely needed. Since many
individuals with undiagnosed premalignant lesions have started using
e-cigarettes in place of tobacco smoking, the aim of the present study
was to understand the consequences of nicotine on oral epithelial cells
via evaluating the nicotine-induced/mediated changes in cell prolifer-
ation, cell cycle, and PI3K/MAPK pathway activation on healthy human
squamous epithelial cells.

2. Materials and methods
2.1. Cell culture conditions

Oral epithelial cells were obtained from the healthy buccal mucosa
using a toothbrush and were washed with PBS. Cells were then washed
with the antibiotic/antimycotic mixture twice before further processing.
Cells were cultured with DMEM supplemented with 10 % fetal bovine
serum, 2 % r-glutamine, and 1X antibiotic/antimycotic mixture in
collagen-treated T25 cell culture flasks (SPL, Korea).

2.2. MTT assay

The effect of nicotine on cell proliferation was measured using MTT
dye which gets reduced to purple-colored formazan crystals by mito-
chondrial dehydrogenase enzyme present in living cells. Briefly, 1 x 10*
cells were seeded in a surface-treated polystyrene 96-well plate (Genetix
Biotech, India) and were incubated overnight at 37 °C and 5 % CO» for
adherence. On the next day, serially diluted nicotine was added to wells
in triplicate at the concentration ranging from 5 mM to 300 mM and
incubated at 37 °C and 5 % CO,, for 48 h. After incubation, 10 pL of MTT
(5 mg/mL) was added to each well, mixed well, and incubated for 3 h in
the incubator. Reduced MTT was dissolved by adding 100 pL of DMSO to
each well. Total reduced MTT was spectrophotometrically measured at
570 nm. A dose-response curve was utilized to determine the nicotine
concentration required to proliferate the oral epithelial cells. All samples
were kept in triplicate for result consistency.

2.3. Cell count and viability assay

Oral epithelial cells were treated with 150 mM nicotine hemi-
sulphate salt solution (Sigma-Aldrich, MO) and incubated at 37 °C and 5
% COy for 10 days with the passage every 2 days. Untreated cells were
also cultured under the same conditions except for nicotine at the same
time. The media along with 150 mM nicotine was replaced every third
day and were passaged at 90 % confluence in both treated and untreated
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plates. After 10 days of incubation, treated and untreated cells were
collected, washed with PBS, and were proceeded further for cell count
and viability assay (Muse® Count &Viability Assay kit) as per the
manufacturer’s protocol using Muse cell analyzer (Muse® Cell Analyzer,
Millipore, USA).

2.4. Cell cycle distribution assay

Cells treated with and without nicotine were incubated for 10 days in
a T25 surface-treated flask. After 10 days of incubation, nicotine-treated,
and untreated cells were synchronized for 24 h in serum-starved DMEM
media and were then incubated with complete culture media for 24 h.
After that, cells were harvested, washed twice with PBS, and fixed in
cold 70 % ethanol overnight at —20 °C. Ethanol-fixed cells were pelleted
down and were washed twice with PBS. Cells were then incubated with a
cell cycle reagent (Muse™ Cell Cycle Kit) as per the manufacturer’s
protocol and were run on a Muse cell analyzer.

2.5. PI3K/MAPK pathway activation assay

To identify the mechanism responsible for the nicotine-induced
proliferative activity we evaluated PI3K and MAPK pathway activation
in nicotine treated cells using Muse PI3K/MAPK dual pathway activa-
tion kit (Muse™ PI3K/MAPK Dual Pathway Activation Kit) as manu-
facturer’s protocol.

3. Results
3.1. Nicotine induces oral epithelial cell proliferation

An effect of nicotine on healthy oral epithelial cell proliferation was
determined using an MTT assay. As described in materials and methods,
when healthy oral epithelial cells were treated with the different con-
centrations of nicotine ranging from 5 mM to 300 mM,, the proliferation
of healthy oral epithelial cells was observed at 150 mM concentration of
nicotine (Fig. 1). Exponentially growing cells were then treated with
150 mM concentration of nicotine for 10 consecutive days and were
evaluated for cell count and viability assay. A significantly increased cell
count was observed in the cells treated with nicotine as compared to
control cells (Fig. 2). Overall, these data suggested that at 150 mM
concentration nicotine induces the proliferation of healthy oral epithe-
lial cells.

3.2. Nicotine drives cells in the first growth (GO/G1) phase

Nicotine-induced growth distribution was determined using a flow
cytometry-based cell cycle distribution assay using a Muse cell analyzer.
As shown in Fig. 3, in the control flask, 58.3 % of the cells were gated in S
phase while, 36.0 % and 4.3 % of the cells were gated in GO/G1 and G2/
M phases, respectively. On the other hand, cells after 10 days of treat-
ment with nicotine showed a change in cell cycle distribution and
showed an increased cell shift in the GO/G1 phase to 85.7 %. While the
proportion of S phase cells was decreased to 4.6.0 %. However, profound
changes in the G2/M phase were not noticeable.

3.3. Nicotine induces PI3K/MAPK dual pathway activation

To identify the probable responsible mechanism for increased cell
proliferation, we evaluated PI3K and/or MAPK dual pathway activation
after exposing cells to nicotine. Surprisingly, it was found that only 6.6
% of total nicotine unexposed cells failed to show activation of any of the
oncogenic pathways despite presenting at the S phase. While 88 % of
untreated cells demonstrated both the oncogenic pathway activation
under usual culture conditions as shown in Fig. 4. However, after 10
days of continuous exposure to nicotine, 94.7 % of cells exhibited acti-
vation of PI3K/MAPK dual pathway activation despite their existence in
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Fig. 1. Dose-response curve of healthy epithelial cells exposed to the different concentrations of nicotine.
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Fig. 2. Total cell count after 10 days of exposure with 150 mM nicotine.
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Fig. 3. Flow cytometry-based cell cycle distribution assay of (A) Control cells (B) Nicotine treated cells (C) Graphical representation of cell cycle distribution.

the GO/G1 phase (Fig. 4). studies conducted in India and Pakistan have revealed that there is no
safe form of tobacco and both combustible and smokeless tobacco are

4. Discussion carcinogenic to humans.”” Despite increasing knowledge of nicotine as a
potent carcinogen present in various smokeless tobacco and other

Several case-control studies conducted in South Asia and cohort combustible tobacco products, very little is acknowledged concerning
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Fig. 4. Flow cytometry-based PI3K/MAPK dual pathway activation assay of (A) Control cells (B) Nicotine treated cells (C) Graphical representation of PI3K/MAPK

dual pathway activation.

the modulating effect of nicotine on oral epithelial cells. However, some
studies have identified that nicotine is not a carcinogen by itself, but it
may have the potential to promote a migratory phenotype of a cell
which is a cellular hallmark of malignancy.®*' %

Several previous studies have demonstrated the effect of nicotine in
premalignant oral keratinocytes, oral cancer cells, leukemias, and cer-
vical and lung cancer cells'%>?% % however, the effects of nicotine on
healthy epithelial cells of the oral cavity is unknown which is a first
encounter site with nicotine present in tobacco. Studies have reported
that after a single exposure to smokeless tobacco (7.5 g) or a cigarette
smoking in volunteers, plasma levels of nicotine reached a maximum of
the single cigarette smoked.?’ The results of the present study demon-
strated that the nicotine at the concentration of 150 mM initiates the
proliferative activity of oral epithelial cells which was evaluated via the
cell cycle and PI3K/MAPK dual pathway activation assays. PI3K/MAPK
signaling pathways are key regulators of normal cellular processes such
as cell growth, proliferation, and survival of the cells.?>*° Hence, in the
control cells activation of these pathway was observed in the 88 % of the
cells presenting S phase of the cell cycle assay. While on the other hand,
majority of the nicotine treated cells presented at the GO/G1 phase of the
cell cycle indicating the cells are entering into the GO phase very rapidly
along with the PI3K/MAPK pathway activation (94.7 %) indicating
dysregulated cell cycle regulatory or uncontrolled cell proliferative ac-
tivity. Accordingly, in the previously reported study nicotine was found
to enhance the expression of differentiation markers such as CK13,
profilaggrin/filaggrin, and involucrin, in oral epithelial mucosal cells.>’
Additionally, Lee et al., 2005 published the same findings with the
addition that nicotine has lethal effects on oral cancer cells at a dosage of
100 g/mL. In addition to that, our flow cytometry-based cell cycle assay,
results demonstrated that at 150 mM concentration, cells were contin-
uously divided and were found to be present in a first growth phase or
post-mitotic phase.’> However, several studies have reported the
vulnerable cytotoxic effect of nicotine on premalignant and malignant
cells.>"*2 The reason for this conflict could be attributed to the differ-
ence in the cellular behavior of primary keratinocytes and oral mucosal
cells. Additionally, keratinocytes from other parts of the body and oral
epithelial lining cells may respond to nicotine differently pharmaco-
logically.”” Furthermore, according to our research, Wisniewski et al.,
2018 shown that nicotine has the capacity to increase the migratory
phenotype of oral keratinocytes, which also aids in the development of
0SCC.° Likely, other ligands and signaling pathways in crosstalk with
the PI3K/Akt and MEK/ERK signaling pathways may affect their sur-
vival in an unknown fashion. Similarly, Nishioka et al., 2018 reported
that the nicotine-treated oral cancer cells demonstrated increased pro-
liferation mediated through activation of growth-related signaling
pathways as compared to the control cells.*

To the best of our knowledge, this study provides the evidence that
nicotine can induce healthy oral epithelial cells to proliferate by

activating the PI3K and MAPK pathways, which is a key characteristic of
cancer. Several studies have similarly reported that nicotine induces
proliferation by activating the MEK/ERK pathway in cancers.>* ° Since
many current and former smokers have started using vaporized nicotine
as a part of tobacco cessation intervention who may not have been
diagnosed with any premalignant lesions, they are at increased risk to
trigger the progression of OSCC.

Many of the in-vitro studies have investigated the range of nicotine at
the dose of 1-10 uM to boost the proliferation.®” > In the current study,
the lowest dose observed to boost the proliferation of epithelial cells
mediated through PI3K/MAPK pathway activation was a 150 mM con-
centration of nicotine. However, studies exploring the nicotine content
in smokeless tobacco and e-cig vapor vary. Hence, further studies
demonstrating the potential exposed concentration of nicotine to the
linings of the oral cavity are required to improve the understanding of
the nicotine effect in the body. Although a form of nicotine used in the
current study may not reproduce the cellular response to smokeless to-
bacco or vaporized nicotine derived from tobacco smoke, however, it
helps in identifying the lowest dose of nicotine essential to induce ma-
lignant transformation along with its targeting pathways on oral
epithelial linings. Collectively, the present study confirms the role of
nicotine as an epithelial modulator possibly via dysregulating cell cycle
checkpoints and activating the onco-signaling pathway.

There are certain limitations to current study. It is important to keep
in mind that pathological processes are more complex than straight-
forward cell viability measurements. We excluded cotinine and kept the
focus on nicotine. However, nicotine is converted in the body to cotinine
which has a longer half-life than nicotine. Thus, in vivo, longer exposure
to cotinine could cause cells to experience negative effects. Hence, in-
clusion of cotinine and accurate exposure concentration of nicotine in
normal physiological conditions are important considerations for future
studies.

5. Conclusion

The current study provides the first evidence that in squamous
epithelial cells of the oral cavity, nicotine plays a crucial role in
increasing cell proliferation. Our finding supports the concern about the
consequence of nicotine exposure on cellular behavior which may act as
a strong pro-oncogenic signaling promoter to activate the malignant
transformation through activating oncogenic pathways.
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