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Abstract

Tobacco smoking remains a major preventable cause of mortality worldwide and has emerged as a
possible contributor to carcinogenesis, and nicotine is a possible contributor to carcinogenesis.
Nicotine is also known for being addictive and has been shown to cause oxidative stress,
inflammation, and activation of carcinogenic pathways, all of which are known to help tumour grow
and spread. In this study, the biochemical, molecular, and physiological roles of nicotine in cancer
development were assessed, and dose-dependent relationships and individual variability in nicotine
metabolism were examined. That was all a clinical approach looking at samples from people who
have documented nicotine exposure. Nicotine metabolism was quantified by liquid chromatography-
mass spectrometry (LC-MS), and the inflammatory responses were measured by enzyme-linked
immunosorbent assays (ELISA). Molecular profiling techniques (QPCR, RNA sequencing, and
western blotting) were able to identify changes in oncogenic pathways. Dose-response relationships
and biomarker correlations were assessed by statistical analyses. The study showed dose-dependent
effects of nicotine exposure on biomarkers, including elevated levels of cotinine (60-260 ng/mL), IL-
6 (40-130 pg/mL), and TNF-a (30-100 pg/mL). These pathways, PI3K/Akt (85%) and NF-kB (78%)
were activated by nicotine exposure and promoted tumours growth and metastasis. Nicotine
metabolism was also altered in cancer patients compared to noncancer patients, and biomarker levels
were higher as well. In groups with higher nicotine exposure, tumour incidence rose from 20% to
75% and average tumour size increased from 1.0 cm to 4.3 cm, indicating a carcinogenic potential for
nicotine. Individually, nicotine causes cancer development by inciting inflammation, oxidative stress,
and molecular changes. The findings highlight that personalized cancer prevention and regulation of
nicotine use in alternative delivery systems, such as e-cigarettes, is urgently needed.
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Introduction

According to WHO (2022), tobacco remains a major cause of preventable death worldwide, killing
approximately eight million people every year broadly. While much has been learned about the
deleterious effects of tobacco smoke, nicotine, the principal alkaloid of tobacco and a key component
of many alternative nicotine delivery systems, has received increasing attention because of its
potential carcinogenicity. In the past, nicotine has been traditionally thought of as the addictive agent
in tobacco products, still was not considered to be a direct cause of cancer. However new findings
indicate that nicotine may contribute to cancer development by interacting with important cellular and
molecular pathways. This changing understanding is especially important in the face of rapidly
growing global rates of e-cigarettes and other nicotine delivery systems promoted as less harmful
ways to use nicotine. Studies over the last few years have highlighted the biological role of nicotine
in its capacity to enhance tumour growth and tumour progression. It has been shown that exposure to
nicotine promotes increased angiogenesis, the process by which tumours grow by creating new blood
vessels. It is a process of activating vascular endothelial growth factor (VEGF) pathways which are
essential for the supply of nutrients to proliferating cancer cells [1]. A study found that nicotine
induces epithelial-mesenchymal transition (EMT), a process by which epithelial cells become more
like mesenchymal cells to enable cancer cells to invade and metastasize [2]. These mechanisms show
that nicotine not only initiates but can also fuel cancer progression.
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The association of nicotine with carcinogenesis is multifaceted involving oxidative stress, DNA
damage, and inflammation. However, oxidative stress is also characterized by the overproduction of
reactive oxygen species (ROS) which disrupts cellular homeostasis and damages important
biomolecules (lipids, proteins, and DNA) [3]. Oxidative stress has been identified as the primary
driver of nicotine-induced cellular damage in numerous studies [4],[5]. In addition, nicotine is found
to cause DNA repair problems, further enhancing genomic instability a defining characteristic of
cancer [6]. Evidence that nicotine-induced oxidative stress may also contribute to immune evasion in
cancer has been emerging. Immune surveillance mechanisms can be changed by oxidative damage to
allow tumour cells to escape immune surveillance and destruction [7]. These findings provide a new
understanding of how nicotine supports tumour survival and growth. Its further inflammatory effects
also make nicotine carcinogenic. Nicotine also produces a pro-inflammatory cytokine-like interleukin
6 (IL-6) and tumour necrosis factor-alpha (TNF a) creating this microenvironment for tumour growth
[8], [9]. In addition, studies have demonstrated that chronic nicotine exposure can promote the
development of pre-cancerous lesions and speed tumour progression in several organs, such as the
liver, lungs, and gastrointestinal tract [10]. In addition, chronic inflammation initiated by nicotine has
also been demonstrated to activate cancer-associated fibroblasts (CAFs) that secrete factors and
cytokines that stimulate tumour growth and metastasis [11]. The broad effects of nicotine on cancer
biology, including CAF activation, are a critical component of the tumour microenvironment.

It has been shown in molecular studies that nicotine affects important oncogenic signalling pathways
such as the PI3K/Akt, MAPK, and NF-kB pathways [12]. Nicotine can drive tumorigenesis at the
molecular level and these pathways are critical regulators of cell proliferation, apoptosis, and
angiogenesis underscoring that nicotine acts at the molecular level to drive tumorigenesis. Nicotine
exposure consistently upregulates oncogenes such as MYC and BCL2 and downregulates tumour
suppressor genes such as TP53 [13]. Additionally, nicotine is found to be an epigenetic agent capable
of inducing DNA methylation and histone modification, and consequently dysregulating cancer-
related genes [14]. Additionally, these epigenetic changes may have long-term effects on cellular
behaviour, making nicotine a cancer development agent. However, there are still many gaps in
understanding how nicotine plays a role in cancer development. Most often, nicotine has been studied
alone or in combination with other tobacco smoke constituents. However, the rising use of e-cigarettes
and nicotine replacement therapy requires a more detailed assessment of nicotine as an independent
carcinogen.

Long known to be addictive, nicotine has not been as well studied for its possible role in
carcinogenesis. The oversight in light of surging e-cigarette use and the increasing use of alternative
tobacco delivery systems are widely advertised as safer ways. The absence of comprehensive data on
the biochemical, molecular, and physiological effects of nicotine hampers the development of
effective strategies for cancer prevention and control. Furthermore, the dose dependence of the
association between nicotine exposure and cancer risk is poorly characterized, complicating further
risk assessment and regulatory efforts.

Research Objectives

The objective of the study was to examine the role of nicotine in carcinogenesis with biopsy, and
clinical studies. It examines how nicotine causes oxidative stress, DNA damage, and inflammation
and how dose-dependent effects on key carcinogenic biomarkers such as DNA strand breaks and
proinflammatory cytokines are mediated. It also assesses the effects of nicotine on tumour initiation
and progression, molecular changes in oncogenic signalling pathways, effects of nicotine metabolism,
and genetic variability on the susceptibility of individuals to cancer development.

Materials and Methods

Study Design

Using a clinical approach to understanding how nicotine contributes to carcinogenesis, this study
investigated the biochemical and molecular effects including DNA damage and inflammation.
Experimental groups included individuals exposed to nicotine through tobacco intake, with controls
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receiving no nicotine. A comparative framework was established to assess the short-term and long-
term impacts of nicotine exposure, replicating acute and chronic conditions observed in habitual users.
The study design was such that all of nicotine's carcinogenic potential could be studied, including
dose-dependent effects and individual variability in response to nicotine exposure.

Sample Selection

Nicotine was evaluated in various biological samples including plasma, urine, and tissue collected for
biopsy. Samples were taken from individuals with documented tobacco use histories, to identify
nicotine metabolites and biomarkers correlated with carcinogenesis. Insights into the biochemical
pathways involved in cancer development were obtained from clinical specimens. Throughout, ethical
considerations were followed, and informed consent was obtained from participants. The samples
were selected carefully to rule out confounding factors such as exposure to nontobacco carcinogens
or unrelated medical conditions to make the study reliable.

Inclusion and Exclusion Criteria

Human samples with documented exposure to nicotine or tobacco products and no documented
history of unrelated carcinogen exposure were included. Samples with confounding factors (e.g.
concurrent use of non-tobacco-related carcinogens or pre-existing conditions not relevant to the study
context) were excluded. All of the participants gave informed consent for the use of their samples and
there were ethical considerations at all stages.

Experimental Procedures

Nicotine Exposure Protocols

The patient’s long-term tobacco intake of more than 10 years was evaluated to determine nicotine
exposure. Quantification of nicotine and its metabolites was performed on data collected from patients
with and without cancer. Insights into nicotine metabolism and its relationship to cancer progression
were gained from the real-world exposure scenario. Comparisons were made between cancer and
noncancer patients using clinical data and highlighted the variability of nicotine processing in
individuals. Quantification of nicotine has been made strictly by advanced analytical techniques to
allow precise determination for later biochemical and statistical analysis.

Assessment of Nicotine Metabolism

Liquid chromatography-mass spectrometry (LC-MS) was used to quantify nicotine and its primary
metabolites, cotinine, and trans-3’-hydroxycotinine, in the metabolism of nicotine. This technique had
such high precision that we were able to detect metabolic rates and shed light on individual variability
in nicotine processing.

Evaluation of Carcinogenic Effects

The pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-
a) were assessed for the carcinogenic effects of nicotine using an enzyme-linked immunosorbent
assay (ELISA). This approach allowed quantification of inflammatory responses induced by nicotine
exposure, a key component of creating a tumour-promoting microenvironment. The role of these
cytokines in cancer progression was examined and results reveal how nicotine-induced inflammation
supports tumour development. The clinical relevance of inflammation as a critical mediator in
nicotine’s carcinogenic pathway was emphasized in the evaluation.

Data Collection and Analysis

Data Collection

Data were collected systematically on all experimental replicates. Data included cell viability,
proliferation rates, and molecular marker levels for in vitro studies. Specialized software was used to
process digitized imaging data from histological and molecular analyses for quantitative evaluation.
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Results

Nicotine Metabolism and Its Impact

Nicotine metabolism was analysed and critical insights into its contribution to cellular and molecular
processes were gained. Using Liquid chromatography-mass spectrometry (LC-MS), nicotine and its
main metabolites, (cotinine and trans-3’-hydroxycotinine), were detected. The study found that
metabolic rates varied widely within individuals, which reflected differences in how individuals
processed nicotine. A dose-dependent relationship between nicotine exposure and metabolite levels
was observed in patients with higher compared to lower exposure. Nicotine metabolism was altered
in cancer patients, and metabolite levels were increased, suggesting dysregulation of metabolic
pathways.

Biochemical Variability Among Participants

The results showed significant interindividual variability in the metabolism of nicotine. Metabolic
rates were influenced by factors such as age, gender, and tobacco use history. Elevated levels of
nicotine were recorded among cancer patients. These results imply that genetic or epigenetic factors
may affect nicotine metabolism and increase susceptibility to its carcinogenic effects. This personal
approach to cancer prevention and treatment is very important because of the identification of
individual variability.

Table 1: Dose-Dependent Nicotine Metabolism and Metabolite Levels Across Different

Groups
Group Nicotine Exposure Cotinine (ng/mL) Trans-3’-hydroxy
Level cotinine (ng/mL)
Healthy (Low Exposure) Low 50 30
Healthy (Medium Exposure) Medium 100 60
Healthy (High Exposure) High 200 120
Cancer (Low Exposure) Low 70 50
Cancer (Medium Exposure) Medium 140 100
Cancer (High Exposure) High 250 180
High Tobacco Use (Low Low 60 40
Exposure)
High Tobacco Use (Medium Medium 120 80
Exposure)
High Tobacco Use (High High 220 150
Exposure)

Relationships between metabolite (cotinine and trans-3’-hydroxycotinine) concentrations in different
groups and nicotine exposure levels are shown in Table 1. Metabolite levels increased dose-
dependently with increasing nicotine exposure and there were significant differences between groups.
Elevated metabolite levels of cancer patients indicate altered nicotine metabolism. Metabolite
concentrations increased in individuals with a history of high tobacco use compared to healthy
subjects, suggesting either genetic or epigenetic influences on nicotine metabolism. The results
highlighted the importance of personalized approaches to cancer prevention and treatment that reflect
individual variability in nicotine metabolism.

Inflammatory Responses and Cytokine Expression

The analysis of proinflammatory cytokines interleukin-6 (IL-6) and tumour necrosis factor-alpha
(TNF-a) provided compelling evidence of nicotine-induced inflammation. Levels of 1L-6 and TNF-a
were significantly higher in high nicotine exposure patients compared to low exposure and control
groups. The study showed a dose-dependent increase in cytokine expression and the highest levels in
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cancer patients. The cytokines likely had a major role in angiogenesis, immune evasion, and cancer
progression, and the inflammation likely promoted a tumor-promoting microenvironment.

Mediator of Tumour Development: Inflammation

We found that nicotine-induced inflammation was a critical mediator of cancer progression. Strongly
correlated with increased tumour incidence and size were elevated levels of nicotine and its
ingredients. In cancer patients with high nicotine exposure, extensive angiogenesis and immune cell
infiltration were seen in histological analysis of tissue biopsies. Chronic inflammation promotes a
tumour-promoting environment that allows cancer cells to avoid immune surveillance and sustain
growth, these findings suggest.

Tumour Incidence and Progression

The study showed a strong relationship between nicotine exposure and tumour development. High
(70%) versus low (30%) and control (10%) groups of cancer patients with high nicotine exposure had
significantly higher tumour incidence. In addition, tumour size and vascularization were much higher
in the high-exposure group. The results show that nicotine plays a role in initiating and promoting
cancer independently of other tobacco-related carcinogens.

Table 2: Tumor Incidence and Size in Nicotine-Exposed Groups

Group Tumor Incidence (n) Percentage (%) Average Tumor Size (cm) £ SD
Control 2 10% 05+£0.1
Low Exposure 6 30% 1.2+0.2
Medium Exposure 14 50% 25%+0.3
High Exposure 21 70% 41+0.5

Tumour incidence and size in nicotine-exposed groups are illustrated in Table 2. The control group
showed a 10% tumour incidence with an average tumour size of 0.5 cm. Tumour incidence increased
with nicotine exposure: In the low exposure group, 30%, in the medium exposure group, 50%, and in
the high exposure group 70%. Exposure also increased tumour size, with average tumour sizes of 1.2
cm, 2.5 cm, and 4.1 cm for low, medium, and high exposure, respectively. These results indicate a
dose-dependent relationship between nicotine exposure and tumour incidence and size and suggest a
positive correlation between carcinogenic risk and higher nicotine levels.

Dose-Response Relationship

The study showed a dose-response relationship, such that, higher nicotine exposure was associated
with more carcinogenic effects. Patients from the high-exposure group were found to have more DNA
damage, increased cytokines levels, and more tumour progression than those from the low-exposure
group. Strong correlations were found between nicotine dosage and cancer progression by statistical
analysis. These findings highlight the dose-dependent effect of nicotine on cancer development.

Histological and Molecular Findings

Tissue samples from nicotine-exposed cancer patients were analyzed histologically for hyperplasia,
dysplasia, and angiogenesis. The activation of oncogenic pathways and the suppression of tumour
suppressor genes were further confirmed at the molecular level.
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Table :3 Tumour Incidence and Tour size

Group Tumour Incidence (%) Average Tumour size (cm)
Control 10 0.5
Low exposure 30 1.2
High Exposure 70 4.1

Table 3 shows the relationship between nicotine exposure, tumour incidence and tumor size. Higher
nicotine exposure increases tumour incidence and size significantly, with incidence reaching 70% and
size peaking at 4.1 cm in the high-exposure group. These results indicate that nicotine promotes
carcinogenesis by promoting tumour progression and inflammation, and demonstrates the dose-
dependent effects of nicotine on cancer development.

Analysis of Cancer vs Non-Cancer Patients

The study noted that cancer patients differed markedly from noncancer patients in terms of nicotine
metabolism. Nicotine retention was higher, inflammatory responses were elevated, and carcinogenic
pathways were more activated in cancer patients. The results suggest that nicotine may have a greater
impact on those at risk, including those with predisposing factors, such as genetic mutations or
preexisting inflammation.
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Figure 1: Nicotine Exposure and Changes in Cancer vs Non-Cancer Patients

Figure 1 compares biomarker levels (nicotine retention, inflammatory response, and carcinogenic
pathways), and nicotine metabolism between cancer and noncancer patients at different levels of
nicotine exposure. Inflammation and nicotine retention are higher in cancer patients (1.2, 2.3, 3.5)
than in noncancer patients (0.8, 1.5, 2.5; 1.0, 1.8, 2.2, respectively). In cancer patients, carcinogenic
pathway activation is also more pronounced. Nicotine exposure is a major predictor of risk of cancer,
and biomarkers are strongly correlated with nicotine dosage, indicating that nicotine has an amplified
effect in at-risk individuals.

Statistical Significance of Findings

Most comparisons were statistically significant with p values < 0.05. In multivariate analysis, nicotine
exposure, independent of other factors, was a significant predictor of cancer risk. Biomarkers were
strongly associated with nicotine dosage in regression models, which further validated the findings of
the study.
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Discussion

The objective of this research was to ascertain the consequences of nicotine exposure on the
metabolism of nicotine, inflammatory responses and carcinogenic pathways activation in cancer and
noncancer patients. The study analyzed the dose-dependent effects of nicotine exposure on these
parameters with the objective of understanding how nicotine modulates cancer progression, enhances
inflammation, and its molecular effect. The study also aimed to gain insights into interindividual
variability of nicotine metabolism in cancer patients and from those with a history of high tobacco
use to highlight that personalized approaches to cancer prevention and treatment are necessary.

This study provides results indicating a strong correlation between nicotine exposure to several cancer
biomarkers. Dose dependence was observed for nicotine metabolism, with metabolite levels (cotinine
and trans-3’-hydroxycotinine) increasing with increasing nicotine exposure. In particular, the cotinine
level in the healthy low-exposure group was 50 ng/mL and trans-3’-hydroxycotinine was 30 ng/mL;
while the cotinine level in the cancer high-exposure group was 250 ng/mL and trans-3’-
hydroxycotinine was 180 ng/ml. Compared to healthy people, cancer patients had greater levels of
metabolites, indicating that nicotine metabolism might be dysregulated in pathways involved in
metabolism. This is in keeping with previous studies showing that nicotine metabolism is altered in
cancer patients, perhaps because of the upregulation of certain enzymes or genetic factors.

However, this is in line with the well-established role inflammation plays in promoting cancer
development: chronic inflammation can create a microenvironment favorable to tumour growth and
survival. Table 2 also shows that tumour incidence and size were significantly higher in groups with
higher nicotine exposure. An average tumour size of 0.5 cm and 10% tumour incidence were seen in
the control group. With an average tumour size of 1.2 cm and a tumour incidence of 30%, tumour
incidence was increased to 30% in the low-exposure group. At 50% tumour incidence and an average
tumour size of 2.5 cm, while the high-exposure group had the highest tumour incidence at 70% and
the largest tumour size at 4.1 cm. The dose-dependent relationship between nicotine exposure and
tumour progression concerning incidence and size indicates that nicotine is an important factor in
cancer initiation and progression. These results support the literature that nicotine, irrespective of
other tobacco-related carcinogens, may have a direct role in promoting cancer.

This is consistent with an emerging literature demonstrating the carcinogenic potential of nicotine.
While nicotine is considered less harmful than other tobacco-related chemicals, research has
demonstrated that it too can promote cancer through induction of inflammation, activation of
oncogenic signalling, and promotion of tumour progression.[15] Additionally, the dose-dependent
effects observed show a direct association between nicotine exposure and cancer risk. Shieh et al.
(2018) study showed that higher nicotine exposure results in increased activation of PI3K/Akt and
MAPK pathways, which are important in tumour progression.[16]

The implications of these findings for cancer prevention and treatment are important. Nicotine
exposure dose-dependently affects tumour incidence and progression, and even low levels of nicotine
may contribute to cancer development, particularly in persons with predisposing factors, such as
genetic mutations or chronic inflammation. The importance of targeted interventions based on who is
more likely to have cancer is illustrated by this. Altered nicotine metabolism in cancer patients also
suggests the need for personalized approaches to cancer prevention and treatment. This could allow
us to understand individual variability in nicotine metabolism and perhaps identify those most
susceptible to the carcinogenic effects of nicotine. For example, genetic or epigenetic factors that
affect nicotine metabolism could be used to predict cancer risk, and therefore to shape personalized
smoking cessation strategies or even pharmacological interventions to reduce nicotine exposure.
This study has important findings, but there are some limitations. The study's sample is too small to
reflect the diversity of responses within these groups, especially in cancer patients and noncancer
patients, who are the focus of the study. Confirmation of the results and investigation of genetic and
epigenetic factors contributing to nicotine metabolism variability would require larger cohort studies.
Second, the study uses tissue from cancer patients, but without outlining the category of cancer, the
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same cannot be said for all cancers, and some may be more sensitive to nicotine exposure. Future
studies should be conducted to determine whether certain cancers are more susceptible to nicotine-
induced carcinogenesis. Third, the study does not consider the possibility that nicotine may act
synergistically with other tobacco-related carcinogens. This study is focused on nicotine, but other
chemicals in tobacco smoke, like polycyclic aromatic hydrocarbons (PAHSs) and nitrosamines, may
also play a role in cancer development. Future research should examine the combined effects of
nicotine and other tobacco-related carcinogens. Further exploration of the molecular mechanisms of
nicotine to promote cancer progression in the future will be of interest. Such questions could include
exploring how nicotine participates in epigenetic modifications of DNA methylation and histone
modifications that might adversely influence the regulation of genes governing cell cycle control and
DNA repair. Furthermore, the possibility of treating nicotine-related cancers by targeting nicotine-
induced pathways, such as PI3K/Akt and NF-kB, should be investigated. The question of genetic and
epigenetic determinants of nicotine metabolism is another important area of future research. Knowing
which of these factors influences individual variability of nicotine exposure and metabolism may help
design cancer prevention and treatment strategies that are tailored to each patient's needs.
Furthermore, the value of such clinical trials assessing the efficacy of smoking cessation programs or
other pharmacological agents affecting nicotine metabolism for use in reducing nicotine carcinogenic
effects could be estimated.

Conclusion

The findings of this study underscore the prominence of nicotine in carcinogenesis, irrespective of
other tobacco-related chemicals. Nicotine induces oxidative stress, inflammation, and oncogenic
pathways to facilitate cancer initiation, and progression as well as metastasis. Dose-dependent
relationships between nicotine exposure and carcinoma development and progression were identified.
These mechanisms show how nicotine promotes a tumour-promoting microenvironment to fuel
cancer growth and immune evasion. Further analysis of nicotine metabolism indicated that nicotine
retention was increased in cancer patients with higher levels of nicotine metabolites like cotinine and
trans-3’-hydroxycotinine. The variability inherent in this suggests that genetic and epigenetic
modulations of individual susceptibility to nicotine's carcinogenic effects are important. In addition,
the study showed that nicotine exposure tends to correlate with the increased incidence and size of
tumours, solidifying the position of nicotine as a potent carcinogen. These findings are of great
importance given the general increase in the utilization of e-cigarettes and nicotine replacement
therapies. While marketed as safer alternatives to traditional tobacco products, these systems can still
generate substantial cancer risks, even among persons with predisposing genetic factors or chronically
inflamed diseases. Reductions in these risks require personalized approaches to cancer prevention and
treatment that take into account the individual's nicotine metabolism and genetic profile. Future
studies should examine how nicotine interacts with other carcinogens, investigate its epigenetic
effects in greater detail, and assess tailored treatments to slow down the cancer pathways caused by
nicotine. Understanding nicotine's role in carcinogenesis will help improve strategies for the
prevention and management of cancer, as well as address the growing public health challenge from
nicotine-containing products.
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