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Abstract

Objective: To investigate the impact of tobacco consumption on salivary protein profiles and identify proteomic
alterations associated with tobacco use, using advanced mass spectrometry techniques. Methods: This cross-sectional
study involved 100 adults aged 18-60, divided into two groups: 50 tobacco users (smokers and smokeless users) and
50 non-users. Participants were selected based on strict inclusion criteria, excluding individuals with systemic diseases,
ongoing medications, or cancer history to minimize confounding factors. Unstimulated saliva samples were collected
under standardized conditions, centrifuged, and stored at -80°C. Proteins were extracted using trichloroacetic acid (TCA)
precipitation, quantified via Bradford assay, and analyzed with Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry (MALDI-TOF MS). Bioinformatics tools, including Cytoscape and heatmap analysis, were
utilized to identify protein interaction networks and significant proteomic alterations. Statistical significance was set
at p < 0.05. Results: Tobacco users exhibited significant proteomic alterations compared to non-users, with marked
upregulation of inflammatory proteins such as TRML1, MAFB (p <0.05), and NINJ1, indicating chronic inflammation.
Oxidative stress markers, including mitochondrial proteins NU4M and GSAS]1, were significantly elevated (p <0.01),
reflecting tobacco-induced cellular stress. DNA repair proteins like O6C70 and PP4RL showed increased expression
(p <0.05), suggesting an adaptive response to smoking-induced DNA damage. Cancer-related proteins TWST1 and
CDS82 were upregulated (p < 0.05), highlighting processes linked to carcinogenesis, such as epithelial-mesenchymal
transition (EMT). Cytoscape analysis revealed highly interconnected protein networks in smokers, with central nodes
involving JUNB, EGRI1, and FOSB, indicating systemic biological disruptions. In contrast, non-smokers displayed
modular and compartmentalized networks reflecting stable cellular processes. Heatmap analysis further emphasized
significant differences in protein expression patterns, with smokers showing elevated levels of stress-related proteins
while non-smokers exhibited a balanced proteomic profile associated with immune homeostasis and metabolic regulation.
Conclusion: Tobacco consumption significantly alters salivary protein profiles, promoting chronic inflammation,
oxidative stress, and DNA repair dysregulation, all of which may contribute to oral carcinogenesis. These findings
emphasize the utility of MALDI-TOF MS in detecting salivary biomarkers for early diagnosis of tobacco-related oral
diseases and provide insights into the molecular pathways disrupted by tobacco use.
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Introduction

Tobacco use is known to significantly alter the oral
environment, with direct effects on the composition and
functionality of saliva [1]. Saliva, being a biofluid that
plays a key role in maintaining oral health, serves as an
excellent medium for assessing systemic and localized
biochemical changes [2, 3].

Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS)
is an advanced analytical technique widely used for
proteomic analysis due to its high sensitivity, accuracy, and
speed. MALDI-TOF MS combines matrix-assisted laser

desorption/ionization (MALDI) with time-of-flight (TOF)
mass spectrometry to analyze and identify biomolecules,
particularly proteins, peptides, and other macromolecules,
based on their mass-to-charge (m/z) ratio. In this
technique, the sample is mixed with a matrix compound,
co-crystallized, and then irradiated with a laser. The matrix
absorbs the laser energy, facilitating the ionization of the
sample without significant fragmentation. The ions are
then accelerated into a TOF analyzer, where their flight
times are measured to determine their m/z ratio.

The sensitivity and precision of MALDI-TOF MS
allow for the detection of various protein changes,
potentially shedding light on the biological mechanisms
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influenced by tobacco and offering biomarkers for the
early detection of oral pathologies [4, 5]. MALDI-
TOF MS is particularly suitable for salivary proteomic
profiling because it requires minimal sample preparation,
accommodates complex biological samples, and enables
high-throughput analysis.

In tobacco users, significant alterations in the
salivary proteome have been documented. Key proteins
such as pro-inflammatory cytokines, antioxidants, and
antimicrobial peptides are often found to be deregulated.
Proteins like albumin, lactoferrin, and immunoglobulins,
which play vital roles in maintaining oral immunity
and tissue repair, tend to show reduced expression [6].
Concurrently, tobacco exposure increases the levels
of pro-inflammatory proteins like interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-a), promoting
a pro-inflammatory environment. Salivary enzymes
such as matrix metalloproteinases (MMPs) also tend to
be elevated, which is linked to tissue degradation and
potential tumor progression in the oral cavity [6, 7].

The changes in the salivary proteomic profile have
significant implications for the development of oral
diseases, particularly oral cancer, periodontal disease, and
other tobacco-related pathologies [8]. The upregulation
of inflammatory and degradative proteins suggests an
ongoing state of oxidative stress and tissue damage, which
may contribute to carcinogenesis or the progression of
pre-existing conditions. Furthermore, reduced levels of
protective proteins impair the mouth’s natural defenses,
leaving it more susceptible to infections and chronic
inflammation, which are known risk factors for oral cancer
and periodontal disease [9].

Utilizing MALDI-TOF MS for proteomic profiling
in tobacco users has a broader significance beyond
the identification of individual protein changes. This
technique not only aids in the discovery of biomarkers
for early diagnosis but also provides insights into
the molecular pathways disrupted by tobacco use.
Understanding these changes at the proteomic level could
lead to the development of targeted interventions aimed at
mitigating the harmful effects of tobacco on oral health.
Moreover, MALDI-TOF MS stands out as a non-invasive,
high-throughput tool that can monitor disease progression
and response to treatment in tobacco-related conditions,
thereby paving the way for personalized therapeutic
approaches.

Materials and Methods

Study Design and Participants

This study involved two distinct groups: tobacco
users and non-tobacco users (control group), with each
group comprising at least 50 participants to ensure
statistical relevance. The inclusion criteria focused on
adults aged 18—60 with a history of regular tobacco use
(smoking or smokeless) for a minimum of one year for the
experimental group, while non-users served as controls.
Individuals with systemic diseases, ongoing medication
affecting saliva, or a history of cancer were excluded to
eliminate confounding factors. All participants provided
informed consent, and the study was conducted with ethics
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committee approval.

Saliva Collection and Protein Extraction

Unstimulated whole saliva samples were collected
from participants after ensuring they had refrained from
eating, drinking, or smoking for at least an hour prior to
collection. The saliva was gathered over 5—10 minutes by
spitting into sterile tubes. To maintain sample integrity,
saliva was placed on ice and processed within 30 minutes.
After centrifugation to remove debris, the supernatant was
aliquoted and stored at -80°C. Protein extraction from the
saliva samples was performed using standard techniques,
such as trichloroacetic acid (TCA) precipitation. Protein
concentrations were determined using the Bradford or
BCA assay to standardize protein input for the proteomic
analysis [6].

MALDI-TOF MS Analysis

The extracted proteins were subjected to MALDI-
TOF mass spectrometry. A matrix, such as a-Cyano-
4-hydroxycinnamic acid (CHCA), was used for co-
crystallization with the protein samples. Each sample
was spotted onto the MALDI plate, and the resulting
spectra were generated in the mass range of 500-20,000
Da, depending on the matrix and instrument settings.
MALDI-TOF MS (Bruker Daltonics UltrafleXtreme
MALDI TOF-TOF) allowed for the identification of
protein peaks, revealing changes in the salivary proteome
between tobacco users and non-users. The spectra from
each group were compared to detect significant differences
in protein expression, with data acquired in triplicate to
ensure accuracy [9, 10].

Results

String Data

The salivary protein profile of smokers shows key
biological disruptions related to chronic inflammation,
immune dysregulation, oxidative stress, and DNA damage.
Proteins such as TRML1, MAFB, and NINJ1 point to an
inflammatory state, while proteins like O6C70 and PP4RL
suggest activation of DNA repair mechanisms in response
to smoking-induced damage. Additionally, mitochondrial
stress is indicated by proteins like NU4M and GSASI,
signaling oxidative damage. Cancer-related proteins,
including TWST1, CD82, and PTTG, suggest involvement
in processes like epithelial-mesenchymal transition (EMT)
and tumor suppression, underscoring an increased risk
of oral cancer in smokers. Collectively, these proteins
highlight smoking’s harmful effects on inflammation,
oxidative stress, DNA repair, and carcinogenesis pathways
(Figure 1).

In contrast, non-smokers’ saliva reflects normal
biological functions and immune homeostasis. Proteins
such as UFM1, EBPL, and UTI indicate regular
metabolic activity, while MCAF1 and DMTF1 suggest
intact cell cycle control and genomic integrity. Immune-
related proteins like CXL17, CF122, and CD320 point
to a well-regulated immune system without signs of
chronic inflammation. Proteins like LRRN3 and DYLT1
are involved in normal neural and tissue maintenance,
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Figure 1. String Analysis of Salivary Proteins in Smokers Showing Inflammatory, Oxidative Stress, DNA Repair, and

Cancer Pathway Alterations

with no markers of oxidative stress, DNA damage, or
cancer-related changes, indicating an overall stable
biological state (Figure 2).

Cytoscape Analysis

The Cytoscape network for smokers demonstrates a
more complex and interconnected structure. Transcription
factors like JUNB, EGRs, and FOSB play central roles,
indicating widespread interactions linked to inflammatory
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and stress responses, likely induced by exposure to
smoke-related toxins. Clusters around PTTG1 and PSM
family proteins show increased connectivity, suggesting
alterations in proteasome activity and cell cycle regulation.
Additionally, more extensive cross-talk between protein
clusters suggests that smoking induces widespread and
systemic effects on protein interactions and biological
processes (Figure 3).

In non-smokers, the Cytoscape network reveals
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Figure 2. String Analysis of Salivary Proteins in Non-Smokers Indicating Normal Metabolic, Immune, and Neural

Function
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Figure 3. Cytoscape Network of Salivary Proteins in Smokers Highlighting Altered Inflammatory and Stress-Response

Pathways

distinct, compartmentalized clusters, such as those
involving BPY2 family members, UFM1, and CDX4.
These clusters suggest the maintenance of regulatory
networks without significant external influence, such
as smoking. Fewer interconnections between clusters
indicate a modular and stable interaction network,
reflective of normal biological function without the
systemic stress seen in smokers (Figure 4).

Heatmap Analysis

The heatmap for smokers shows elevated expression
levels of proteins involved in key biological processes
like inflammation (TRML1, MAFB), DNA repair
(06C70, PP4RL), oxidative stress (NU4M, GSASI),
and cancer-related pathways (TWST1, CD82). The color

gradient, shifting from blue (low expression) to red (high
expression), highlights the upregulation of these proteins,
emphasizing the impact of smoking on cellular stress and
damage (Figure 5).

In non-smokers, the heatmap demonstrates balanced
expression levels of proteins involved in cellular and
metabolic functions (UFM1, EBPL), immune homeostasis
(CXL17, CD320), and cell cycle regulation (MCAF1,
DMTF1). The absence of significant protein upregulation
reflects a stable biological environment, devoid of
smoking-related stress or damage (Figure 6).

Discussion

This study provides a comprehensive analysis of the
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Figure 4. Cytoscape Network of Salivary Proteins in Non-Smokers Indicating Stable and Modular Protein Interactions
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Figure 5. Heatmap of Protein Expression in Smokers’
Pathway Alterations

Saliva Highlighting Inflammatory, Oxidative, and Cancer

Protein Expression Heatmap for Non-Smokers' Saliva
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Figure 6. Heatmap of Protein Expression in Non-Smokers’ Saliva Indicating Normal Metabolic and Immune Functions

salivary proteomic alterations in tobacco users, utilizing
MALDI-TOF MS to detect significant molecular changes.
Tobacco smoking is well-known to contribute to various
oral pathologies, including cancer, periodontal disease,
and chronic inflammation [11]. The proteomic shifts
identified in smokers’ saliva reflect the extensive impact
of tobacco exposure on biological processes such as
immune regulation, oxidative stress, inflammation, and

DNA repair.

The upregulation of inflammatory proteins like
TRMLI1, MAFB, and NINJI in smokers’ saliva is
consistent with previous studies linking smoking to a
pro-inflammatory state in the oral cavity. These proteins,
involved in immune response activation, suggest that
chronic tobacco exposure triggers immune pathways
that contribute to tissue damage and disease progression.
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Elevated levels of pro-inflammatory cytokines, such
as IL-6 and TNF-a, reported in earlier studies, further
indicate that smoking induces sustained inflammation, a
precursor to carcinogenesis [12,13].

Increased expression of oxidative stress-related
proteins, such as NU4M and GSASI, highlights the
oxidative damage induced by smoking. This observation
aligns with existing literature on the role of reactive
oxygen species (ROS) in cellular stress and tissue
degradation [14]. The elevated levels of mitochondrial-
associated proteins support the idea that smoking disrupts
cellular energy balance, leading to oxidative stress and
damage to oral tissues [15].

Furthermore, the presence of DNA repair proteins,
including O6C70 and PP4RL, indicates an active response
to tobacco-induced DNA damage. Studies have shown
that tobacco toxins, such as nicotine and polycyclic
aromatic hydrocarbons, are significant sources of DNA
damage, resulting in the formation of DNA adducts and
necessitating upregulation of DNA repair mechanisms.
The upregulation of these proteins points to the oral
epithelium’s response to mitigate damage, yet the chronic
exposure to tobacco toxins likely overwhelms these repair
pathways, contributing to a heightened cancer risk [16].

Additionally, the identification of proteins such
as TWSTI1, CD82, and PTTG, which are associated
with epithelial-mesenchymal transition (EMT), tumor
suppression, and cell cycle regulation, suggests that
tobacco exposure may drive cellular dysregulation.
Studies have highlighted the role of CDS§2, a metastasis
suppressor, in cancer, and its altered expression in
the saliva of smokers could indicate impaired tumor
suppression due to smoking. The proteomic profile of
non-smokers, by contrast, reflected homeostatic balance,
with proteins involved in metabolic activity and immune
regulation expressed at normal levels. The absence of
oxidative stress markers and DNA repair proteins in non-
smokers underscores the detrimental impact of tobacco
on oral biology [17, 18].

The use of Cytoscape and heatmap analyses further
validated these conclusions, demonstrating more complex
protein interaction networks in smokers. Proteins like
JUNB, FOSB, and EGR, known for their roles in stress
response and inflammation, were more interconnected
in smokers, suggesting that tobacco induces systemic
changes affecting multiple pathways [13,14]. These
findings align with previous studies showing that chronic
tobacco exposure disrupts signaling networks, leading to
widespread effects on oral and systemic health.

In summary, this study underscores the importance of
salivary proteomic analysis in understanding the molecular
changes induced by tobacco use. The detection of specific
proteins related to inflammation, oxidative stress, DNA
repair, and cellular regulation in smokers’ saliva points to
significant disruptions in biological processes critical to
oral health. By identifying these proteomic alterations, the
study offers potential biomarkers for the early diagnosis
of tobacco-related oral diseases and highlights the utility
of MALDI-TOF MS in uncovering molecular signatures
that may not be detectable through conventional methods
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Limitations and future perspective

The limitations of this study include a relatively
small and homogenous sample size, which limits the
generalizability of the findings across diverse populations
and smoking behaviors. Additionally, the influence of
confounding factors such as diet, oral hygiene, and
existing health conditions was not fully controlled,
potentially affecting the salivary proteomic profile.
MALDI-TOF MS, while powerful, may have limited
sensitivity for detecting low-abundance proteins compared
to more advanced methods like LC-MS/MS. Future
research should focus on larger, more diverse cohorts,
consider longitudinal designs to track changes over time,
and integrate multiple proteomic techniques to capture a
broader spectrum of protein alterations. The application
of bioinformatics and machine learning for biomarker
validation and personalized therapeutic strategies could
also enhance the clinical relevance of salivary proteomics,
offering promising avenues for early detection and targeted
treatment of tobacco-related oral diseases.

In conclusion, this study highlights the profound
impact of tobacco use on the salivary proteome, revealing
significant alterations in proteins related to inflammation,
oxidative stress, DNA repair, and cancer pathways.
By employing MALDI-TOF MS, we identified key
proteins such as TRML1, MAFB, and CD82, which are
deregulated in smokers, offering potential biomarkers for
early detection of tobacco-related oral pathologies. The
findings underscore the utility of salivary proteomics as
a non-invasive tool for monitoring the harmful effects of
tobacco and guiding personalized interventions.

While the study contributes valuable insights into the
molecular mechanisms underlying tobacco-induced oral
diseases, future research should address its limitations
by expanding the sample population, incorporating other
proteomic techniques, and controlling for confounding
variables. The growing application of proteomic
technologies in clinical diagnostics and personalized
medicine presents exciting opportunities for early
detection, targeted treatment, and monitoring of disease
progression in tobacco users, ultimately advancing oral
health care for at-risk populations.
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