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Abstract:

Early molecular damage induced by tobacco exposure often occurs before clinically visible oral mucosal lesions develop, making
reliable biomarkers for early detection essential. Therefore, it is of interest to expose the cultured human oral epithelial cells to
aqueous tobacco extract (0%, 2.5%, 5%, 10% and 20%) for 24 and 48 hours, followed by assessment of cell viability, reactive oxygen
species (ROS), malondialdehyde (MDA), antioxidant enzyme activity and p53 expression. Cell viability decreased from 97.8 £3.9% in
controls to 48.6 + 6.8% at 20% extract after 48 hours, accompanied by significant concentration- and time-dependent increases in ROS
and MDA levels (p<0.001). Immunocytochemical p53 positivity increased from 5.8 + 2.4% in controls to 54.7 + 8.1% at 20% extract
after 48 hours and showed strong positive correlations with ROS (r=0.86) and MDA (r=0.82). Thus, data shows that tobacco extract
induced significant oxidative stress and p53 upregulation in oral epithelial cells, highlighting the potential of redox-related molecular
markers for early detection of tobacco-associated epithelial injury.
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Background:

The first biological interface that is exposed to tobacco products
when smoking, chewing, or placing smokeless tobacco in the
vestibule is the oral epithelium. The mucosa is constantly
exposed to the presence of nicotine, tobacco-specific
nitrosamines, polycyclic aromatic hydrocarbons, aldehydes,
heavy metals and combustion or curing derived oxidants, which
contribute to the burden of tobacco-related oral disease. Tobacco
use has been epidemiologically associated with oral potentially
malignant disorders and oral squamous cell carcinoma,
especially in populations that use smoked and smokeless
tobacco products for long periods of time [1]. Smokeless tobacco
products are particularly important in the oral cavity because
they come in direct contact with the mucosa and saliva for
extended periods of time. They have been linked to the
carcinogenic effects of tobacco-specific nitrosamines as well as
chronic local irritation, high pH, nitrite chemistry and the
production of reactive molecular species. Oral cancer risk among
users has been reported to be increased compared to non-users,
although the magnitude of the risk is dependent on the product
composition and regional pattern of use [2]. Oral carcinogenesis
caused by tobacco is a multistage process that involves repeated
epithelial injury, oxidative DNA damage, defective DNA repair,
inflammation and dysregulation of the cell cycle, which
gradually modifies the phenotype of oral keratinocytes.

— —

Mechanistic models currently in use suggest that tobacco
exposure causes direct DNA adduct formation and indirect
redox imbalance. These pathways can converge into genomic
instability, changes in apoptosis and the expansion of cells that
can survive in a hostile microenvironment [3]. Excessive
production of ROS plays a central role in this pathway as it can
damage lipids, proteins, mitochondrial membranes and nucleic
acids. Lipid peroxidation products (malondialdehyde) are
measurable consequences of membrane injury and changes in
the activity of superoxide dismutase and catalase are a reflection
of compensatory or exhausted antioxidant defense in tobacco-
exposed cells. Tobacco related extracts have been shown to be
pro-oxidant, pro-fragmenting and pro-apoptotic in experimental
studies, suggesting a redox mechanism of cytotoxicity [4].
Comparative toxicological studies have revealed that the extract
of smokeless tobacco has more widespread oxidative and
cytotoxic activity than nicotine alone, which suggests that the
whole product extracts are more biologically relevant than
nicotine alone when modelling clinical exposure. This is
significant in oral pathology research because commercial
tobacco products are made up of a complex mixture of
chemicals, whose effects when combined may be different from
the effects of the individual chemicals [5]. p53 is a key stress-
response protein that links DNA damage, oxidative stress, cell-
cycle arrest, DNA repair, senescence and apoptosis. The activity
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of p53 is normally tightly regulated in normal epithelium, but
chronic genotoxic and oxidative stress can lead to increased
stabilization and nuclear accumulation of p53. Experimental
studies in oral keratinocytes have demonstrated that tobacco-
induced oxidative stress can alter p53-related pathways,
suggesting that p53 expression may be an early molecular
response to toxic injury and not just a late marker of malignant
transformation [6]. The extract of smokeless tobacco has been
found to affect several pathways involved in cell proliferation,
apoptosis, stress adaptation and interaction with the
extracellular matrix in gene-expression studies conducted on
epithelial cultures from oral lesions. The results support the need
for controlled in vitro models that measure biochemical injury
and molecular response in a common experimental system [7].
Recent cell culture studies have also shown that smokeless
tobacco extract can elevate the production of ROS, MDA and
phosphorylated p53 and decrease antioxidant enzyme activity in
oral mucosal cells. The results indicate that oxidative stress and
activation of p53 are biologically linked events during tobacco
exposure, but there is a need for simplified dose-response
models with oral epithelial cells and routinely measurable
laboratory endpoints [8]. In clinical studies, p53 has been shown
to be over-expressed in tobacco-associated oral lesions, which
has led to the suggestion that p53 assessment is relevant in the
evaluation of oral epithelial risk. However, the studies of tissues
are affected by lesion heterogeneity, infection, inflammation,
epithelial thickness and patient-level confounders. An in vitro
approach can separate the direct effect of tobacco extract on cells
and give a more mechanistic understanding of the tissue results
[9, 10]. Therefore, it is of interest to investigate the concentration-
and time-dependent effects of aqueous extract of tobacco on
oxidative stress and p53 expression in cultured human oral
epithelial cells.

Materials and Methods:

Study design and setting:

This was an in vitro controlled experimental study carried out in
a cell-culture and oral pathology laboratory for six months. The
study assessed the impact of exposure to graded concentrations
of an aqueous extract of tobacco on cultured human oral
epithelial cells. The main outcome was the production of
intracellular reactive oxygen species. Secondary outcomes
included cell wviability, malondialdehyde concentration,
superoxide dismutase activity, catalase activity and pb53
immunocytochemical expression.

Cell line and culture conditions:

Human oral epithelial cells were retrieved from a certified cell-
culture repository and re-activated in an aseptic environment.
Cells were cultured in Dulbecco's modified Eagle medium
containing 10% fetal bovine serum, 1% penicillin-streptomycin
and 2 mmol/L L-glutamine. Cultures were grown at 37°C in a
5% COzhumidified atmosphere. To reduce phenotypic drift due
to passage, cells between passages 4 and 8 were used.

Preparation of tobacco extract:

©Biomedical Informatics (2026)

Commercially available unflavoured tobacco leaf material was
used to prepare aqueous tobacco extract under standardized
laboratory conditions. 10 g of finely powdered tobacco were
added to 100 mL of sterile phosphate buffered saline and shaken
for 24 hours at room temperature. The suspension was
centrifuged at 3000 rpm for 15 min, filtered through 0.22 pm
membrane filter and used as 100% stock extract. The working
concentrations of 2.5%, 5%, 10% and 20% were freshly prepared
in complete culture medium just prior to exposure.

Experimental grouping:

The cells were grouped into five groups, Group I (control, no
tobacco extract), Group II (2.5% tobacco extract), Group III (5%
tobacco extract), Group IV (10% tobacco extract) and Group V
(20% tobacco extract). The groups were assessed at 24 and 48
hours. Each experiment was repeated three times and each assay
had three independent experimental runs. Biochemical assays
were performed on 90 culture wells and immunocytochemical
evaluation was performed on 90 chamber-slide fields, for a total
analytical sample.

Inclusion and exclusion criteria:

Cultures with confluence of 80-90%, normal epithelial
morphology and viability of more than 95% before exposure
were included. Contaminated cultures, cultures with too many
spontaneous detachments, uneven seeding density in wells and
inadequate fixation and staining artifacts in slides were
excluded. Preparations which were visibly turbid after filtration
or pH outside the range 7.2-7.4 after dilution were rejected.

Cell viability assay:

Cell viability was determined by MTT assay. Cells were cultured
in 96-well plates at a density of 1 x 10°4 cells/well and were left
to adhere for 24 hours. MTT reagent was then added following
exposure to the concentration of the extract and plates were
incubated for 4 hours. The crystals of Formazan were dissolved
in dimethyl sulfoxide and absorbance was read at 570 nm in a
microplate reader. The viability was presented as a percentage of
the untreated control cells.

Intracellular reactive oxygen species assay:

Intracellular reactive oxygen species were determined by the 2/,
7’-dichlorofluorescein diacetate fluorescence. Cells were washed
with phosphate buffered saline after exposure and then
incubated with the fluorescent probe for 30 minutes at 37°C and
fluorescence intensity was measured at 485 nm (excitation) and
530 nm (emission). The results were reported as relative
fluorescence units.

Assays for malondialdehyde and antioxidant enzymes:

Lipid peroxidation was determined by measuring
malondialdehyde levels by thiobarbituric acid reactive
substances assay. The results were reported as nmol/mg protein.
The activity of superoxide dismutase was determined by the
inhibition of nitroblue tetrazolium reduction and catalase
activity was determined by the decomposition rate of hydrogen
peroxide. Enzyme activity was normalized by total protein
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concentration which was determined by colorimetric protein
assay.

Immunocytochemistry for p53:

Cells were grown in chamber slides, fixed in 4%
paraformaldehyde, permeabilized, blocked and then incubated
with a primary antibody against p53. Slides were then incubated
with secondary antibody, developed with the chromogen and
counterstained and mounted. Nuclear brown staining was
deemed positive. Five randomly selected high power fields were
examined for each slide. The percentage of p53-positive cells and
staining intensity score were recorded by two blinded observers.
Disagreements were resolved by consensus.

Data analysis:

Data was analyzed using SPSS version 26. Continuous variables
were presented as mean * SD. The data was analyzed by one-
way analysis of variance (ANOVA) followed by Tukey post-hoc
test for comparison among extract concentrations. Independent
sample t-test was performed to compare 24 hours and 48 hours
exposure at the same concentration. Pearson correlation analysis
was used to evaluate the correlation among oxidative stress
markers and p53 expression. A p value of <0.05 was deemed
statistically significant.

Results:

In the control group, all experimental wells exhibited good
morphology, whereas in the group exposed to tobacco extract,
there was a progressive rounding of the cells, granularity of the

Table 1: Effect of tobacco extract concentration on oral epithelial cell viability

©Biomedical Informatics (2026)

cytoplasm  and  partial detachment with increasing
concentrations. The reduction in viability was concentration
dependent at both time points. At 24 hours, cell viability
decreased from 98.6 + 3.5% in controls to 61.4 £ 7.2% in the 20%
extract group. At 48 hours, the corresponding reduction was
from 97.8 + 3.9% to 48.6 + 6.8%. The difference between the
groups was statistically significant at both 24 hours and 48 hours
(p<0.001). The generation of ROS was found to be dose and time
dependent. The relative fluorescence units (RFU) at 48 hours
were 104.7 + 12.3 for controls and 389.6 + 36.8 for the 20% extract
group. The concentration of malondialdehyde was also found to
be similar, with 1.28 + 0.19 nmol/mg protein in control and 4.92
%+ 0.51 nmol/mg protein at 20% extract after 48 hours. The
activities of superoxide dismutase and catalase were moderately
elevated at lower concentrations, but decreased at 10% and 20%
extract, indicating that antioxidants may be depleted at higher
oxidative stress levels. The immunocytochemical positivity of
p53 was very low in the untreated controls and increased with
the concentration of tobacco extract. At 24 hours, p53 positivity
increased from 4.9 + 2.1% in controls to 38.2 = 7.4% in the 20%
extract group. The staining intensity of p53 also changed from
weak nuclear staining in lower exposure group to moderate and
strong nuclear positivity in higher exposure group at 48 hours.
The Pearson correlation analysis revealed that there was a strong
positive correlation between the levels of ROS and p53 positivity
(r=0.86, p<0.001) and between the levels of MDA and p53
positivity (r=0.82, p<0.001) (Table 1-3).

Group Tobacco extract concentration

Cell viability at 24 h (%)

Cell viability at 48 h (%) p-value across time

I 0% (Control) 98.6 +3.5
11 2.5% 89.3+4.7
11 5% 78.6+59
v 10% 68.2+ 6.4
A% 20% 61.4+72
ANOVA p-value - <0.001

97.8+39 0.621
825+5.4 0.018
69.7 £ 6.1 0.006
57.9+6.6 0.003
48.6 £ 6.8 <0.001
<0.001 -

Table 2: Oxidative stress and antioxidant enzyme markers after tobacco extract exposure

Time Group ROS (RFU) MDA (nmol/mg protein)  SOD (U/mg protein)  Catalase (U/mg protein)
24h Control  101.2+10.8 1.21+0.17 18422 46.8+4.5
24h 2.5% 1465+16.3 1.72+0.21 20.1+25 492+438
24h 5% 202.7£225 236+0.28 224+27 51.6+5.1
24h 10% 269.8+294  3.21+0.39 16.8+2.4 39.4+4.2
24h 20% 33244341 4.11+046 13.2+21 32.7+39
48h Control  104.7+123  1.28+0.19 181+24 459+43
48h 2.5% 172.8+18.6 198 +0.24 19.6+23 475+4.6
48h 5% 239.5+25.7 2.81+0.33 209+25 48.2+4.7
48 h 10% 315.1+31.9 3.94+0.44 145+22 35.1+4.0
48 h 20% 389.6 £36.8 4.92+0.51 10.7+1.9 28.6+£34

Table 3: p53 immunocytochemical expression and correlation with oxidative stress markers

Group P53 positivity at 24 h (%) P53 positivity at 48 h (%) Predominant staining intensity at 48 h Correlation with ROS/MDA

Control  49+21 58+24 Negative/weak Reference

2.5% 14.6 3.8 203 +4.6 Weak Positive

5% 23.8+5.1 31.9+59 Weak to moderate Positive

10% 31.7+63 43.5+7.2 Moderate Strong positive

20% 382+74 54.7+8.1 Moderate to strong Strong positive

Overall - - - ROS: r=0.86, p<0.001; MDA: r=0.82, p<0.001
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Discussion:

The present in vitro study showed that the aqueous extract of
tobacco caused significant oxidative damage and up-regulation
of p53 in oral epithelial cells. The biological response was
definitely concentration dependent and increased with time after
48 hours. These results confirm the notion that tobacco-related
epithelial injury is not restricted to the overt cytotoxicity, but
also involves early redox imbalance and activation of molecular
stress-response pathways. The correlation of the expression of
p53 with the levels of ROS and lipid peroxidation implies a
plausible biological relationship between oxidative damage and
nuclear stress signaling. The decreases in cell viability at higher
concentrations of the extract suggest that whole tobacco extract
has direct toxic effect on oral epithelial cells. This is similar to the
experimental findings that tobacco preparations can cause
oxidative stress, DNA fragmentation and apoptosis in oral
cellular models [11]. The increased toxicity at 48 hours indicates
that the length of exposure is a factor and this is clinically
relevant since the oral mucosal cells of tobacco users are exposed
repeatedly over a period of months or years, whereas the 48
hour exposure is a single short insult. One of the most striking
results of the study was the rise in the levels of reactive oxygen
species. At normal levels, ROS are normal intracellular signalling
molecules, but at excessive levels, they can lead to lipid
peroxidation, mitochondrial dysfunction, DNA damage and
apoptotic mechanisms [12]. In this current model, the increase in
ROS was observed before or simultaneously with the decrease in
viability, suggesting that oxidative stress could be an upstream
event in the process of epithelial damage, rather than a
downstream effect of cell death. The concentration of
malondialdehyde  rose  significantly = with  increasing
concentration of the extract, thus demonstrating the ability of
lipid peroxidation to be measured as a result of tobacco
exposure. This is significant because lipid peroxidation products
can exacerbate cell damage by disrupting membrane integrity
and generating secondary reactive aldehyde products that can
interact with proteins and nucleic acids. Lipid peroxidation is a
helpful biochemical endpoint in early mechanistic studies
because tobacco-related nitrosamines and other chemical
components have been associated with oxidative DNA damage
and carcinogenic risk in the aerodigestive tract [13]. A biphasic
pattern was observed for the antioxidant enzyme response. At
low extract concentrations, there seemed to be a slight increase
in superoxide dismutase and catalase activity, indicating an
adaptive response to moderate oxidative stress. Both enzymes
decreased at higher concentrations, which may be due to
enzyme exhaustion or enzyme inactivation. This pattern reflects
the idea that, although the epithelial cells can cope with redox
stress at first, prolonged or high levels of stress can exceed
protective mechanisms. This imbalance can lead to the
accumulation of oxidative damage and to long-term genomic
instability. The increase in p53 positivity was a progressive trend
with increasing concentrations of the extracts and was highest
after 48 hours; p53 is a key regulator of cellular homeostasis and
has been shown to respond to genotoxic and oxidative stress by
arresting cell cycle, repairing DNA, inducing apoptosis or
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senescence depending on the severity of the damage and the
cellular context [14]. In this study, the up-regulation of p53 may
be a reflection of stress-response stabilization of cells that are
exposed to oxidants from tobacco. The close association of p53
positivity with markers of oxidative stress suggests a coupled
redox-p53 response. The association between p53 and oxidative
stress is complex. In moderate stress, p53 can contribute to
maintaining genomic integrity by antioxidant and repair
activities. In extreme or chronic stress, p53 can induce apoptosis
or lead to cellular senescence [15]. The present results are
consistent with this dual role as lower extract concentrations
resulted in partial antioxidant adaptation and moderate nuclear
p53 positivity, whereas higher concentrations resulted in
antioxidant decline, increased lipid peroxidation and increased
nuclear p53 positivity. In tobacco-associated oral lesions, tissue
studies have shown p53 overexpression in both premalignant
and malignant epithelium, indicating that abnormal
accumulation of p53 is important in early oral carcinogenesis [16,
17]. In vitro evidence indicates that alternative smoking devices
are not biologically inert, as heated tobacco products can induce
complex functional alterations in oral fibroblasts and
keratinocytes, although electronic cigarette exposure may
produce fewer cellular changes than conventional tobacco smoke
[18]. Tobacco-related oral tissue damage may involve oxidative
stress and inflammatory pathways, with smokeless tobacco
extracts producing time- and dose-dependent biological
responses, while conventional cigarette smoke demonstrates
marked dose-dependent cytotoxicity in oral epithelial models
[19]. But the clinical tissue expression may be due to mutation,
protein stabilization and inflammation or protein degradation.
The current in vitro design does not allow for the distinction
between mutation and wild-type stress activation of p53, but
does show that tobacco extract alone can cause an increase in
immunopositive p53 expression in epithelial cells in a controlled
environment. One of the strengths of this study was that
viability, oxidative stress, antioxidant enzymes and p53
expression were measured in the same exposure model. This is a
more comprehensive assessment than single cytotoxicity assays.
Another advantage was the use of graded concentrations of
extracts and two exposure times, which enabled the dose and
time response relationships to be showed. The use of whole
aqueous tobacco extract also enhanced the biological relevance
over experiments with nicotine alone as oral exposure in real
users is complex mixtures of compounds. There are also some
limitations in the study. It is an in vitro study and cannot fully
replicate salivary dilution, mucosal keratinization, immune
response, microbiome activity, systemic metabolism and chronic
tobacco use in humans. The aqueous extract may not contain all
of the chemicals found in smoked or smokeless tobacco,
especially volatile chemicals and combustion products.
Immunocytochemistry quantified the amount of p53 protein, but
was unable to detect TP53 mutation status, phosphorylation
pattern, or downstream transcriptional targets. Further research
should incorporate quantitative PCR, western blotting, DNA
damage assays, mitochondrial membrane potential and repeated
exposure  over longer  periods. These limitations
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notwithstanding, the results are of practical value. They suggest
that oxidative stress markers and expression of p53 may be used
as early laboratory markers of epithelial injury caused by
tobacco. These markers could be helpful in mechanistic oral
pathology research, screening of potentially harmful tobacco
products and assessing antioxidant or chemopreventive
approaches. The results are also consistent with the general
biological model that tobacco exposure causes epithelial damage
by inducing redox imbalance, antioxidant depletion and
activation of stress-response proteins.

Conclusion:

Tobacco extract produced concentration- and time-dependent
cytotoxicity in cultured human oral epithelial cells. Increasing
extract concentration progressively elevated ROS, lipid
peroxidation and p53 expression, indicating enhanced oxidative
and molecular stress. Thus, redox markers and p53 expression
may help identify early tobacco-induced changes in the oral
mucosa.
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