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Abstract

Purpose: Although there is a growing body of evidence showing the effects of stress-related catecholamines on oral
cancer progression, to date there are no studies that have investigated whether oral squamous cell carcinoma (OSCC)
cells can produce these hormones and whether this phenomenon is modulated by tobacco-related nitrosamines.

Methods: In this study, we investigated whether keratinocytes (HaCaT) and OSCC-derived cell lines (SSC9 and SCC25) can
secrete the neurotransmitter norepinephrine, as well as the effects of the tobacco carcinogen 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) on norepinephrine secretion and OSCC proliferation.

Results: Supernatant from the HaCaT, SCC9 and SCC25 cells showed higher norepinephrine levels (6-, 14.9- and
15.1-fold higher, respectively) compared to the culture medium without cells. When the cells were stimulated with NNK; a
tobacco-specific carcinogen, there was an increase in the levels of norepinephrine secretion by HaCaT and SCC25 cells
but not by SCC9 cells. NNK (10 uM) induced cell proliferation in the HaCaT, SCC9 and SCC25 cell lines, and these effects
were totally inhibited by blocking B-adrenergic receptors with propranolol. The NNK-induced OSCC cell proliferation
was furthermore dependent on the activation of nicotinic acetylcholine receptors a4 (hAChR-a4) (completely in SCC9 cells
and partially in SCC25 cells) but not on the activation of nAChR-a7. Inhibition of the B-adrenergic receptors, nAChR-a4
and nAChR-a7 did not block NNK-induced HaCaT proliferation.

Conclusion: Our findings suggest that oral cancer cells secrete the neurotransmitter norepinephrine and that the
tobacco nitrosamine NNK promotes increased cell proliferation through a stress-related cellular adrenergic pathway.

Keywords: oral squamous cell carcinoma; norepinephrine; beta-adrenergic receptor; nicotinic receptors; stress

Introduction

Tobacco consumption is a worldwide epidemic, with 155
million tobacco smokers worldwide aged 15-24 years
(Reitsma et al 2021; https://www.who.int/en/news-
room/fact-sheets/detail/tobacco). Smoking is one of the
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main cancer-inducing factors, being related to 29% of
all cancer deaths (Danaei et al. 2005). Cigarette smoking
increases the risk of developing tumors in almost all
organs, being a strong factor in the development of
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oral squamous cell carcinoma (OSCC) (Jethwa &
Khariwala 2017). According to the International Agency
for Research on Cancer, an estimated 389,485 new cases
of oral cancer were reported worldwide in 2022, with
188,230 deaths resulting from this malignancy (Bray et al.
2024). Tobacco contains multiple types of chemicals and
carcinogens associated with smoking-induced cancer.
Tobacco-specific  nitrosamines (TSNAs), including
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone  (NNK),
have been associated with carcinogenic activity as well
as tumorigenic and mutagenic abilities (Hecht 2003).
Nicotine is one of the main components of tobacco and
is considered a genotoxic and tumor-promoting
substance (Grando 2014). Nicotinic acetylcholine
receptors (nAChR) are found in neuronal synaptic
transmission, keratinocytes and bronchial epithelium,
suggesting that these receptors have features that go
beyond neurotransmission (Zoli et al. 2018).

Nicotine and NNK, present in tobacco, are nAChR agonists
and play a relevant role in mediating the malignant
transformation of oral epithelial cells (Kalantari-
Dehaghi et al 2012). The activation of nAChRs
modulates the expression of genes encoding proteins
involved in signal transduction, cell cycle regulation,
apoptosis and cell adhesion (Lin et al. 2023, Schuller
2013). NNK is a pro-carcinogen that requires metabolic
activation to exert its carcinogenic functions. Multiple
cytochrome P450 enzymes catalyze the metabolic
activation of NNK and other nitrosamine derivatives
(Yamazaki et al 1992). This activation induces
metabolites that can promote a series of damage to
nucleobases in DNA and form DNA adducts (Phillips
2002). In addition to DNA adduction, NNK can also
promote increased cell proliferation, survival, and
migration of mutated cells, as well as cancer cell
invasion (Xue et al. 2014).

Neurotransmitters derived from chronic stress affect
many biological functions, including cancer progression
(Antoni et al. 2006). The stress response is mediated by the
hypothalamic—pituitary-adrenal axis in addition to the
sympathetic nervous system. This activation results in
the increased release of the neurotransmitters
norepinephrine and epinephrine in different tissues
and organs (Itoi & Sugimoto 2010, Armaiz-Pena et al.
2013). The Dbiological effects of stress-related
neurotransmitters are mediated by beta-adrenergic
receptors (B-ARs), detected directly on tumor cells in
numerous malignancies (Armaiz-Pena et al 2013,
Santos-Sousa et al. 2024). Stress neurotransmitters
incite tumor production of pro-inflammatory cytokines
and growth factors, affecting cancer progression
(Lutgendorf & Andersen 2015, Bernabé 2021).
Norepinephrine upregulates the expression of vascular
endothelial growth factor (Thaker et al 2006),
interleukin-6 (IL-6) (Yang et al. 2009, Bernabe et al.
2011) and is responsible for the modulation of the
matrix metalloproteinases (MMPs) in the tumor
microenvironment (Moreno-Smith et al. 2010).
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Patients with oral cancer display sympathetic nervous
system hyperactivation, with high systemic levels of
norepinephrine and epinephrine (Bastos et al. 2018).
Increased catecholamine levels can enhance the
proliferation, migration and invasion of OSCC cells
in preclinical models (Bernabeé et al. 2011, Xie et al
2015). Moreover, recent findings from our group
identified that norepinephrine was able to induce
chemoresistance in OSCC cells through B-ARs
(Tjioe et al 2022). The structure of the tobacco
nitrosamine NNK is similar to norepinephrine and
epinephrine, and it can act as an agonist for B-ARs
and signaling pathways that activate transcription,
cell proliferation, and survival (Schuller et al. 1999,
Al-Wadei et al. 2012a).

Previous studies have shown that different cell
lines (i.e., colon cancer (Wong et al. 2007), pancreatic
cancer (Al-Wadei et al. 2012b), small airway epithelial
cells (Al-Wadei et al. 2010) and breast cancer (Shi et al.
2011, Amaro et al. 2020)) are able to produce and release
stress-related neurotransmitters. Moreover, this
event can be potentiated by tobacco nitrosamines
such as NNK. Although there is a growing body of
evidence showing the effects of stress-related
catecholamines on OSCC progression, to date, there
are no studies that have investigated whether OSCC
cells can produce these hormones and whether
this phenomenon is modulated by tobacco-related
nitrosamines. In this sense, the present study
investigated the autocrine production of
norepinephrine in human cell lines derived from
OSCC and normal keratinocytes, as well as the effects
of NNK on neurotransmitter secretion and cell
proliferation mediated by B-ARs and nAChRs.

Materials and methods

Cell culture

The cell lines derived from keratinocytes (HaCaT) and
oral squamous cell carcinoma (OSCC)-derived cell lines
(SSC9 and SCC25) were obtained from the American Type
Culture Collection (ATCC). The culture medium used in
this experiment was Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Life  Technologies, USA)
supplemented with 0.5 or 10% fetal bovine serum (FBS)
(GIBCO, Life Technologies, USA), 100 U/mL penicillin,
100 pg/mL streptomycin and 0.1% gentamicin for
HaCaT cells, and equal parts DMEM and F12 culture
medium (Invitrogen, USA) (DMEM/F12) supplemented
with 0.5% or 10% FBS, 100/mL penicillin, 100 pg/mL
streptomycin, 0.1% gentamicin and 400 pg/mL
hydrocortisone for SCC9 and SCC25 cell lines. To assess
whether HaCaT, SCC9 and SCC25 cells can secrete the
neurotransmitter norepinephrine, the cell lines were
cultured with 10% FBS, seeded in 6-well plates, and
incubated at 37°C in a moist atmosphere with 5% CO,.
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After reaching approximately 80% confluency, the
respective culture medium was changed, and the cells
were cultured for 48 h at normal (10%) or reduced FBS
concentrations (0.5%). As a control, 6-well plates
containing the same medium used for cell lines but
without cells were maintained in the same conditions
and periods used for cell cultivation. The supernatants
from the cultures and control plates were collected and
stored at —80°C for norepinephrine measurements. To
evaluate if the concentrations of norepinephrine in the
medium are dependent on the amount of FBS,
norepinephrine levels were measured in the culture
medium without cells supplemented with normal FBS
concentration (10%) or reduced concentration (0.5%).
This analysis was performed in three technical
replicates for each experimental group.

Measurement of
norepinephrine concentration

To evaluate the norepinephrine levels in the culture
medium (supernatants) with or without cells at two
different concentrations of FBS, hormone
concentrations were quantified using a specific kit
(EIAb Science Co. Ltd, China) through enzyme-linked
immunosorbent assay (ELISA), according to the
manufacturer’s recommendations. The minimum
detectable concentration of the assay (assay sensitivity)
was less than 7.5 pg/mL, and intra-assay and inter-assay
coefficients of variation were <4.3 and 7.5%, respectively.
The optical density (OD) was read using a
spectrophotometer set to a wavelength of 450 nm.

Treatment with 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK)

To evaluate the effects of the carcinogen NNK on
norepinephrine secretion and cell proliferation rates
in HaCaT, SCC9 and SCC25 cells, two different
experimental sets were carried out. First, the cells
were expanded in 24-well plates at a density of 2 x 10°
in specific culture medium (10% FBS) in accordance with
the respective cell line. After the cells reached 80%
confluency, the FBS concentration was reduced to
0.5%, and the cells were incubated for another 24 h.
Then, the cells were stimulated with NNK (Sigma, USA) at
concentrations of 100 nM, 1 uM or 10 uM (Laag et al. 2006,
Chen et al 2021) for 6 h. After this period, cell
supernatants from each line were collected, and
norepinephrine levels were measured by enzyme
immunoassay as described above. This analysis was
performed in four technical replicates for each
experimental group.

Cell proliferation assays

To evaluate the effects of NNK on the proliferation
rates of HaCaT, SCC9 and SCC25 cells, they were
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plated in 96-well plates (1 x 10* cells/well) in specific
culture medium (10% FBS) in accordance with the
respective cell lines. After the cells reached 60%
confluency, the FBS concentration was reduced to
0.5%. After 24 h, the cells were incubated in the
absence or presence of NNK (Sigma, USA) at
concentrations of 1 nM, 10 nM, 100 nM, 1 uM and
10 uM for 48 h. After 36 h of this period, BrdU was
added for 12 h until the end of the experiment. The BrdU
incorporation levels were measured by ELISA using a
specific kit (Millipore, USA) according to the
manufacturer’s recommendations. The cell
proliferation rates were represented by the BrdU
incorporation levels, which were detected according
to a resulting color. The OD values were analyzed by
spectrophotometry. This analysis was performed in
four technical replicates for each experimental group.

Effects of B-adrenergic and nicotinic
antagonists on NNK-induced cell proliferation

To investigate whether the effects of NNK on HaCaT and
oral cancer cell proliferation were dependent on
B-adrenergic receptors and nicotinic nAChR-a7 and
nAChR-a4, the cells were expanded in 96-well plates
until they reached 60% confluency. Then, the FBS
concentration was reduced to 0.5%. Thirty minutes
before NNK treatment, the cells were either treated
or not with the antagonists for B-adrenergic receptors
(propranolol at 10 uM; Calbiochem, Merck, Germany),
for nAChR-a4 (dihydro-beta-erythroidine at 200 nM;
Tocris Bioscience, UK) and for nAChR-a7 receptors
(a-bungarotoxin at 100 nM; Calbiochem, Merck,
Germany). The antagonists were diluted in the
respective culture media. Then, the cells were
stimulated with 10 uM NNK. This NNK concentration
was chosen because it had been determined to have the
best stimulatory effect on cell proliferation in previous
tests. Cell proliferation after treatment with NNK, in
association or not with antagonist drugs, was assessed
by BrdU incorporation rates as previously described.
This analysis was performed in five technical replicates
for each experimental group.

Statistical analysis

Data were checked for normality, and Student’s t-test or
one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple-comparison test was used to
determine the statistical significance of differences
between groups. P values < 0.05 were considered
significant. All wells from all experimental groups were
assessed for cell viability before stimuli. Wells with cells
that did not show satisfactory viability were previously
excluded. This explains why some groups have a different
number of replicates than others.
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Results

Culture medium for normal keratinocytes
and oral cancer cell lines contains measurable
norepinephrine levels that are dependent

on FBS concentrations

To evaluate whether the culture medium used for the
cultivation of HaCaT (DMEM), SCC9 and SCC25
(DMEM/F12 for both) cells have basal levels (culture
medium without cells) of norepinephrine, samples of
the two types of media in normal (10%) and reduced
(0.5%) FBS concentrations were tested for hormone
measurement. Our results indicated that both DMEM
and DMEM/F12 medium supplemented with FBS had
measurable norepinephrine levels even before being
placed in contact with the «cell lines (Fig. 1).
Furthermore, norepinephrine levels were correlated
with FBS concentrations in the medium, since for both
studied culture media, those with the highest
concentration of FBS (10%) had higher hormone levels
than those with reduced FBS concentrations (0.5%)
(P < 0.05) (Fig. 1). DMEM culture medium showed
higher norepinephrine levels than DMEM/F12 when
compared with the same FBS concentrations, but these
differences did not reach statistical significance (P > 0.05)
(Fig. 1).

Oral cancer cells and normal keratinocytes
secrete norepinephrine

To assess whether the HaCaT, SCC9 and SCC25 cell lines
(Fig. 1C, D, E) secrete norepinephrine, the cells were
cultured in normal culture medium (10% FBS) or in
reduced FBS concentration (0.5%). The
norepinephrine levels in the cell supernatant for both
FBS conditions were measured by ELISA and were
compared with the hormonal levels found in the
culture medium without cells. In general, the results
indicated that the supernatants from all cell lines
showed higher norepinephrine levels compared to the
culture medium without cells (Fig. 1C, D, E). The
supernatant from the HaCaT cells showed a higher
norepinephrine concentration compared to the
culture medium without cells, both for the
medium with lower FBS concentration (0.5%) (31.11 =
5.2 pg/mL vs 4.70 + 2.0 pg/mL, respectively; P < 0.01) and
for the medium with 10% FBS (51.72 + 08.03 vs
16.73 + 3.6 pg/mL, respectively; P < 0.01) (Fig. 10).
Following the same profile, which was observed with
the cell-free culture media, the supernatant from the
HaCaT cells cultured with 10% FBS showed higher
norepinephrine levels when compared to
the supernatant from cells cultured with 0.5% FBS
(P < 0.05) (Fig. 1C). Similar results were found for
SCCY (Fig. 1D) and SCC25 (Fig. 1E) cells. Regarding
SCCY9 cells, the cell supernatant at 0.5% FBS
exhibited a norepinephrine level about 15 times
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higher (17.3 + 2.6 pg/mL) than the medium without
SCCI cells (1.41 + 0.3 pg/mL) (P < 0.01) (Fig. 1D). When
tested in culture medium DMEM/F12 with 10% FBS, the
norepinephrine levels in the SCC9 cell supernatant were
4.3 times higher (45.23 + 3.4 pg/mL) than the basal culture
medium without cells (10.34 pg/mL + 0.6) (P < 0.001)
(Fig. 1D). The supernatant from the SCC9 cells cultured
with 10% FBS showed increased norepinephrine levels
after 48 h compared to the supernatant from the same
cells cultured with 0.5% FBS (P < 0.001) (Fig. 1D). The
results from the SCC25 cells were very similar to those
found with SCC9 cells. The supernatant from the SCC25
cells showed a norepinephrine level 15 times higher than
the medium without cells (P < 0.01) when SCC25 cells were
cultured in 0.5% FBS (Fig. 1E); and about 6 times higher
than the culture medium in the absence of cells using the
10% FBS condition (P < 0.001) (Fig. 1E). Similar to what was
observed for SCC9 cells, norepinephrine levels in the
supernatant from the SCC25 cells cultured with 10% FBS
were higher than the hormone levels found when 0.5%
FBS was used (P < 0.001) (Fig. 1E). In order to assess which
cell line showed a higher potential to secrete
norepinephrine, we have estimated the percentage
increase of norepinephrine levels for each line when the
cell supernatant was compared to its respective culture
medium in basal conditions (without cells). The data
showed that depending on the FBS concentration, there
were changes in cellular response and consequent
norepinephrine levels in the supernatant. For example,
when HaCaT cells were cultured with 0.5% FBS, they
increased the norepinephrine levels by about 6 times
after 48 h of cultivation. The OSCC cells secreted
higher norepinephrine levels in the supernatant
compared to HaCaT cells (14.9 times for SCC9 cells and
15.1 times for SCC25 cells) (Fig. 1F, G, H, ). As for the cells
cultured with 10% FBS, the percentage of increasing of
norepinephrine levels in the supernatant was lower
than when the cells were cultured in 0.5% FBS, although
maintaining the greatest potential for norepinephrine
secretion by the cancer cells (4.3 times for SCC9
cells and 6.1 times for SCC25 cells) compared to
keratinocytes (3.0 times) (Fig. 1F, G, H, I). These
data suggest that cancer cells may secrete a greater
amount of norepinephrine than non-neoplastic
HacCaT cells.

NNK induces norepinephrine secretion
in OSCC cells and normal keratinocytes

After demonstrating that normal keratinocytes and OSCC
cells are able to secrete norepinephrine, we investigated
whether the NNK carcinogen could stimulate hormone
secretion. For this analysis, the cells were treated with
NNK at different concentrations (100 nM, 1 uM and 10 pM)
for 6 h. After this period, the supernatant from each cell
line was collected and tested for norepinephrine levels.
Our results indicated that NNK at 100 nM and 10 uM

Downloaded from Bioscientifica.com at 04/15/2026 08:19:28PN

via Open Access. This

nCommercial 4.0 Internat

https://creativecommons.org/licenses/by-1

ork is licensed under a Creative

nc/4.0/


https://doi.org/10.1530/EO-24-0076

F A Verza et al.

N
o
Il
*

N
o
1

-
o
1

NE Concentration (pg/mL) 0O
o @

o X

Endocrine Oncology (2025) 5 e240076
https://doi.org/10.1530/EO-24-0076

©
o
1

=
o
1

Kk

H
o
1

]
o

NE Concentration (pg/mL) O

3

o T T 0 T T
DMEM DMEM DMEM/F12 DMEM/F12 DMEM HaCaT DMEM HaCaT
0,5% 10% 0,5% 10% 0.5% 0.5% 10% 10%
D E
:60- 380' *kk
E *kk =
[=2] L B
2 gso-
§Y 5
£ ' 40-
& *k t
3 204 s *ok
2 £ 20-
] oo 8 =
w w oXe
z 0+ 2 T z 0 f. +
DMEM/F12 SCC9 DMEM/F12 SCC9 DMEM/F12  SCC25 DMEM/F12 SCC25
0.5% 0.5% 10% 10% 0.5% 0.5% 10% 10%
F G H !
9 = < 2000- =
£ 1000- £ 400+ 3 é 800-
g 800 £ g i
- r @ 1500-
g g 300 g g 600
o
2 600- 2 £ £ .
5 S 200- g 10004 § 400
T 400- = - 8
- - c =
S S il 8 500 b o
S 200- g 100 2 8 200
S 100- 5 8 G 100
o 9 o
& 0 o w 108_
z - g o = " Y 0
DMEM HaCaT Z DMEM HaCaT DMEM/F12 SCC9 SCC25 DMEM/F12 SCC9 SCC25
0.5% FBS ~ 10%FBS 0.5% FBS 10% FBS
Figure 1

Oral cancer cells and keratinocytes secrete the stress-related neurotransmitter norepinephrine. Microscopic aspects of the cell lines used in the study: HaCaT,
SCC9 and SCC25 (A). DMEM and DMEM/F12 media supplemented with FBS had higher norepinephrine levels in comparison with the respective media without
supplementation (B). Norepinephrine secretion by the HaCaT (C), SCC9 (D) and SCC25 cells (E). Norepinephrine levels were measured in the supernatants of
HaCaT and OSCC cells, in normal concentration of FBS (10%) or in reduced concentration (0.5%). Cell supernatants from the three cell lines tested showed
higher norepinephrine concentrations compared to culture medium without cells (adjusted for normal or reduced FBS concentration). (F, G, H and I) The data
represent the percentage increase in norepinephrine levels in the cell supernatants from each cell line compared to their respective culture media without cells
with FBS at 0.5% (F and H) or 10% (G and I). Each value represents the mean + SEM of the assays, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: NE,

norepinephrine.

stimulated increased norepinephrine secretion by
the HaCaT cells when compared to unstimulated cells
(P < 0.05), with the 10 uM concentration eliciting the
most robust norepinephrine increase (Fig. 2A). NNK at
10 uM induced significant norepinephrine secretion by
SCC25 cells (P < 0.05) (Fig. 2C). Treatments with 100 nM
and 10 uM NNK also increased norepinephrine secretion
by SCC9 cells, but this result did not reach statistical
significance (P > 0.05) (Fig. 2B).

NNK increases keratinocytes
and OSCC cells proliferation

To evaluate the effects of NNK on keratinocyte and OSCC
cell proliferation, the cells were treated with different
concentrations of NNK. The results showed that the
highest concentration of NNK tested (10 uM) induced a
significant increase in cellular proliferation in all cell
lines tested (Fig. 3A, B, C). All NNK concentrations
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Figure 2

NNK promotes norepinephrine secretion in HaCaT and SCC25 cells. HaCaT
(A), SCC9 (B) and SCC25 (C) cells were cultivated for 24 h in reduced FBS
concentration (0.5%), and then they were stimulated with different
concentrations of NNK (100 nM, 1 uM and 10 uM) for 6 h. (A) NNK (100 nM
and 10 uM) induced increased norepinephrine secretion by HaCaT cells
compared to the control (non-stimulated cells). (B) NNK did not
significantly induce norepinephrine secretion by SCC9 cells. (C) NNK (10 uM)
induced higher norepinephrine secretion by SCC25 cells compared to the
control. Each value represents the mean + SEM of the assays (n = 4 per
group). *Indicates statistically significant differences between cells
stimulated with NNK and non-stimulated cells (P < 0.05). Abbreviations: NE,
norepinephrine.
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increased the proliferation rates of HaCaT cells in a dose-
dependent manner, but only 10 uM NNK induced a
significant increase in cell proliferation relative to
untreated cells (P < 0.05) (Fig. 3A). The results for SCC9
cells demonstrated that 1 and 10 uM NNK increased cell
proliferation rates by 70 and 151% compared to
unstimulated cells, respectively (P < 0.05) (Fig. 3B). NNK
at different concentrations induced increased
proliferation levels of SCC25 cells, but only 10 uM NNK
reached statistical significance, increasing the cell
proliferation rate by 41% (P < 0.05) (Fig. 3C). NNK at
10 nM reduced SCC25 cell proliferation, but this effect
was not statistically significant (P > 0.05) (Fig. 3C).

Proliferation assays after treatment
with NNK in combination with B-adrenergic
and nicotinic receptor antagonists

To evaluate whether the effects of NNK on HaCaT, SCC9
and SCC25 cells are dependent on B1- and B2-adrenergic
receptors and o4- and a7-AChRs, we carried out cell
proliferation assays with NNK-treated cells in the
absence or presence of antagonists for these receptors.
For this purpose, the cells were stimulated with 10 uM
NNK with or without the following inhibitors:
a-bungarotoxin (inhibitor of nAChR-a7 receptor),
dihydro-B-Erythroidine (inhibitor of nAChR-04 receptor)
and propranolol (inhibitor of B1- and P2-adrenergic
receptors). The concentration of 10 pM NNK was
selected because it induced the most intense
stimulatory effects on the proliferation rates in the
tested cells. The results showed that none of the three
antagonists tested had a significant effect on HaCaT
NNK-induced cell proliferation (P > 0.05) (Fig. 4A).
Nevertheless, propranolol (a nonspecific f1- and p2-
adrenergic receptor inhibitor) completely blocked the
effects caused by NNK on SCC9 and SCC25 cell
proliferation (Fig. 4B and C). Dihydro-B-erythroidine
completely inhibited the NNK effect on SCC9 cell
proliferation (P < 0.05) and partly inhibited
NNK-induced SCC25 cell proliferation, but in this
cell line, the result did not reach statistical significance
(P > 0.05) (Fig. 4B and O). Interestingly, a-bungarotoxin
(BTX) had no effect on NNK-induced proliferation in any
of the OSCC cell lines (P > 0.05) (Fig. 4B and C). These
results suggest that the effect of NNK on OSCC
cell proliferation is dependent on p-adrenergic and
nAChR-04 receptor activation.

Discussion

In this study, our results revealed the ability of oral
cancer cells to secrete the neurotransmitter
norepinephrine in an autocrine manner, which may
play a role in an autocrine catecholamine loop. The
higher levels of norepinephrine secreted by OSCC cell
lines compared to non-malignant cells may represent
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Figure 3

NNK effects on the proliferation of keratinocytes and OSCC cells.
HaCaT, SCC9 and SCC25 cells were cultivated for 24 h in reduced

FBS concentration (0.5%) and then stimulated with 1 nM, 10 nM,

100 nM, 1 uM and 10 uM NNK for 48 h. NNK at 10 uM increased the
proliferation of HaCaT (A), SCC9 (B) and SCC25 cells (C) compared to
control (non-stimulated cells). NNK at 1 uM also induced SCC9 cell

proliferation (B). Each value represents the mean + SEM of the

assays. (SCCI cells, n = 4 per group; SCC25 cells, n = 5 per group).

*P < 0.05.
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adrenergic  hyperactivation in  cancer  cells.
Non-tumorigenic and tumorigenic human breast cells
(Amaro et al. 2020), pancreatic cancer cells and normal
pancreatic ductal epithelial cells (Al-Wadei et al. 2012a),
and immortalized human small airway epithelial cell
lines (Al-Wadei et al 2010) can produce
norepinephrine without any stimulation. Nonetheless,
this is the first time that this ability has been described
in OSCC cells.

Our results indicate that 10% FBS supplementation
provides a higher concentration of norepinephrine in
the culture medium in comparison to 0.5%, indicating
that the concentrations of norepinephrine in culture
media are dependent on FBS concentration. Previous
studies indicate that catecholamines can stimulate
norepinephrine secretion in some cell lines (Luo et al
2017) and enhance the viability and proliferation of oral
cancer cell lines (Bernabeé et al. 2011, Kwon et al. 2021). To
prevent interference from norepinephrine in FBS, we
performed all experiments with the lowest possible
concentration of FBS. Furthermore, norepinephrine
levels in the supernatant of HaCaT and OSCC cells were
higher than in culture media without cells, demonstrating
that these cell lines were able to produce and secrete
norepinephrine.

NNK is a highly specific tobacco carcinogen nitrosamine,
but the mechanisms involved in oral carcinogenesis and
the proliferation of oral cancer cells induced by NNK are
poorly understood. Our results revealed that the highest
concentration of NNK (10 pM) induced a significant
increase in cellular proliferation in Kkeratinocytes
(HaCaT) and OSCC cells (SCC9 and SCC25). This
concentration is similar to that found in a pack of
cigarettes (Proulx et al. 2005). An interesting finding in
our study is that a 1 uM dose of NNK has less effect than a
lower dose in HaCaT and SCC9 proliferation rates. A
nonlinear dose-response could explain this finding, as
many toxic and carcinogenic compounds exhibit
hormetic effects, where lower doses elicit a stronger
response than higher doses due to adaptive cellular
mechanisms. In addition, biphasic effects may be at
play, where low doses induce subtle epigenetic or
proliferative changes, while higher doses activate
protective pathways that mitigate the impact. To clarify
this unexpected dose-response relationship, further
studies should include intermediate concentrations to
better define the effect, as well as analyses of apoptosis
and stress markers to determine whether compensatory
mechanisms are involved (Park et al. 2017).

NNK is an irritant chemical that can promote oxidative
stress and contribute to cell proliferation (Therriault et al.
2003, Xue et al. 2014). In a previous study by our group, we
showed that norepinephrine combined with NNK
inhibited the apoptosis of NOK-SI cells by reducing the
activity of caspases 3 and 7, allowing the uncontrolled
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Figure 4

Role of B-adrenergic receptors and nicotinic acetylcholine receptors
(nAChR) a4 and a7 in NNK-induced OSCC cell proliferation. (A) In
HaCaT cells, NNK-induced proliferation was not inhibited by any of
the antagonists evaluated. (B) In SCC9 cells, NNK-induced cell
proliferation was significantly inhibited by DhBE and propranolol

(a non-selective B1- and B2-adrenergic receptor antagonist). (C) In
SCC25 cells, propranolol blocked NNK-induced proliferation, while
the a4-nAChR antagonist DhBE reduced it, though this effect did not
reach statistical significance (P > 0.05). Each value represents the
mean + SEM of the assays. (HaCaT cells, n = 5 per group; SCCO cells,
n = 4 per group; SCC25 cells, n = 5 per group). *P < 0.05; **P < 0.01;
**%p < 0.001.
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proliferation of damaged keratinocytes (Valente et al
2021). Moreover, as described by Kim and colleagues
(2018), treatment of Ishikawa cells with NNK induces
cell cycle progression and proliferation by upregulating
cyclin E and cyclin D expression and downregulating p21
and p27 (Kim et al. 2018). NNK can induce proliferation in
other cell lines, including colorectal cancer (Jiang et al.
2024), oral cancer (SCC-15, HSC-13, OSC-19 and UM1
cell lines) (Guo et al 2020), and endometrial
adenocarcinoma (Kim et al 2018). Non-neoplastic
alveolar epithelial cells subjected to prolonged
exposure to NNK acquired increasingly malignant
properties, such as enhanced proliferation and cell
motility (Mennecier et al. 2014).

NNK has a high affinity for B-adrenergic receptors due to
its structural resemblance to classical beta-adrenergic
agonists (Schuller 2007a). When B1- and B2-AR were
blocked in esophageal cancer cells, a reversal of the
oncogenic effects of NNK was observed (Kun et al
2009). Activation of B-adrenergic receptors in response
to NNK has been demonstrated in the growth of
pancreatic carcinoma (Weddle et al 2001), colon
cancer (Wu et al. 2005) and esophageal squamous cell
carcinoma (Zhang et al. 2015) cell lines. In our study, we
conducted cell proliferation assays in NNK-treated cells in
the presence of inhibitors of B-adrenergic receptor types 1
and 2. Our results showed that propranolol blocked the
effects caused by NNK on the proliferation of SCC9 and
SCC25 cells, but not in HaCaT cells. These results suggest
that tobacco-related nitrosamines may influence OSCC
progression via beta-adrenergic  activation, a
recognized stress-associated pathway. Previously, we
demonstrated that propranolol reduces oral cancer cell
viability in a dose- and time-dependent manner (Shibuya
et al. 2022). B-adrenergic receptors are also involved in
the proliferation of various types of cancer, including
pancreas (Shin et al. 2008), colorectum (Wu et al. 2005),
stomach (Shin et al. 2006) and lung (Schuller et al. 1999).
The effects on cell proliferation in these studies were
blocked by propranolol.

After demonstrating that keratinocytes and oral SCC cells
are capable of producing NE, we investigated whether the
carcinogen NNK stimulates hormone production. Our
preliminary studies indicate that lower NNK
concentrations do not significantly affect secretion
levels. Consequently, these concentrations were
excluded to optimize experimental efficiency and focus
on doses that elicit biologically relevant effects. In
addition, very low concentrations may fall within the
range of normal biological fluctuations, making it
difficult to distinguish NNK-specific effects from
baseline secretion variability. This suggests that only
higher concentrations of NNK may effectively disrupt
cellular signaling pathways involved in NE secretion,
potentially by activating stress-related or oncogenic
mechanisms that enhance hormone release. In our
findings, NNK induced SCC25 and HaCaT cells to
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secrete norepinephrine. The same was not observed in
SCC9 cells, indicating that this cell line may have already
reached a maximum limit of neurotransmitter secretion
under basal conditions without NNK stimulation.
Norepinephrine secretion from human small airway
epithelial cells is regulated by nAChRs, and there is a
greater increase in receptor responsiveness when
stimulated with NNK (Egleton et al. 2009). Pancreatic
cancer cells and normal pancreatic ductal epithelial
cells display an autocrine catecholamine loop that
stimulates their proliferation via B-ARs and nAChRs-a3,
-a5 and -a7 (Al-Wadei et al 2012b). Al-Wadei and
colleagues reported that the inhibitory
neurotransmitter y-aminobutyric acid (GABA) and its
synthesizing enzyme, glutamate decarboxylase 65
(GAD65), were suppressed in NNK-induced small
airway-derived pulmonary adenocarcinoma cells and
in pancreatic ductal adenocarcinoma (Al-Wadei &
Schuller 2009). Despite the suppression of GABA,
protein expression of nAChR-04 and -a7 was
upregulated (Al-Wadei & Schuller 2009).

This study showed that the tested antagonists of
nAChR-a4 and nAChR-a7 had no significant effects on
NNK-induced proliferation in HaCaT cells. However,
dihydro-B-erythroidine inhibited the NNK effect on
SCCI cell proliferation and, in part, its effect on the
NNK-induced proliferation of SCC25 cells.
a-bungarotoxin had no effect on cell proliferation
induced by NNK in any cancer cell line. These results
indicate that the NNK effect on the proliferation of OSCC
cells can be dependent on nAChR-o4. Schuller and
colleagues (2007) discussed how human small cell lung
cancer exposure to NNK increased the expression of
nAChR-a7 and caused an influx of Ca®". This cascade
induces the activation of PKC, Raf-1, ERK1/2 and c-myc,
increasing cell proliferation (Schuller  2007b).
Nitrosamines in tobacco, such as NNK, can promote the
activation of the serine/threonine kinase Akt and
contribute to the carcinogenesis of normal human
airway through nAChRs-a3, -a4 and -a7, respectively
(Al-Wadei et al. 2010).

The present study has some limitations. Although the
manufacturer does not indicate the presence of
catecholamines in the original formulation of culture
media without FBS, these were not tested for detectable
levels of norepinephrine. Second, norepinephrine levels
were measured using a specific kit through ELISA and not
by a more sensitive method, such as high-performance
liquid chromatography. Moreover, we did not analyze the
effects of an NNK antagonist on norepinephrine
production and cell proliferation. Therefore, we cannot
determine whether norepinephrine release is secondary
to NNK stimulation or a by-product of NNK-induced
proliferation. Finally, the effects of B-adrenergic,
nAChR-a4 and nAChR-a7 antagonists associated with
NNK stimulation on norepinephrine secretion have not
been evaluated.

Endocrine Oncology (2025) 5 e240076
https://doi.org/10.1530/E0-24-0076

In the present study, we demonstrated for the first time
that OSCC cells secrete stress-related norepinephrine, and
this event can be further regulated by the tobacco
carcinogen NNK. NNK also increases the proliferation
of HaCaT and OSCC cells, mainly through B-adrenergic
receptors, the same receptors activated by
norepinephrine. These findings together suggest that
0OSCC development may be related to an imbalance in
norepinephrine secretion and activation of its receptors,
directly inducing changes associated with the malignant
phenotype. In conclusion, this study reveals that OSCC

cells secrete the stress-related neurotransmitter
norepinephrine, and the tobacco carcinogen NNK
induces increased cell proliferation through a

stress-related cellular adrenergic pathway.
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