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Abstract. Tobacco smoking is one of the most widespread modifiable 
risk factors for the development of malignant neoplasms. Beyond its role 
in initiating carcinogenesis, smoking negatively affects the effectiveness of 
anticancer therapy by reducing tumor sensitivity to treatment and worsening 
overall patient survival. This monograph aims to provide a comprehensive 
analysis of the clinical and molecular aspects of the relationship between 
smoking and treatment response in oncology. Materials and Methods. 
A systematic review of current scientific literature was conducted, focusing 
on the impact of smoking on the outcomes of immunotherapy, chemotherapy, 
and radiotherapy, as well as on the molecular mechanisms of therapy 
resistance. The study includes data from clinical trials, experimental models, 
and meta-analyses. Special attention was given to the role of nicotine, its 
metabolites, and nicotinic acetylcholine receptors in modulating cancer cell 
signaling pathways. Results. It was found that smoking activates signaling 
cascades that promote cancer cell survival, inhibit apoptosis, stimulate 
epithelial–mesenchymal transition and angiogenesis, and maintain cancer 
stem-like properties. Smoking alters the metabolism of chemotherapeutic 
agents via induction of cytochrome P450 enzymes, thereby reducing 
treatment efficacy. Despite some paradoxical findings suggesting that 
certain smokers may respond better to immunotherapy due to higher tumor 
mutational burden, the overall impact of smoking remains detrimental. 
Electronic cigarettes and nicotine replacement products may partially 
reproduce these effects. Pharmacological agents (varenicline, bupropion, 
cytisine) and non-pharmacological approaches for smoking cessation 
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have shown high efficacy without impairing cancer treatment outcomes. 
Conclusions. Smoking is associated with poorer treatment results, increased 
toxicity, and reduced survival in cancer patients. Smoking cessation – even 
after diagnosis – improves clinical prognosis. These findings emphasize 
the need to integrate smoking cessation programs into standard oncologic 
care, as this can significantly enhance treatment effectiveness and improve 
patients’ quality of life.

1. Introduction
Cancer represents a substantial global burden and remains one of the 

primary causes of death worldwide. Its development is influenced by 
a range of behavioral and environmental determinants, and it is widely 
acknowledged that improved public health awareness, alongside the 
introduction of innovative therapeutic approaches, can contribute to lowering 
cancer-related mortality [1]. Recent evidence indicates a significant decline 
in cancer mortality rates, which has been linked to behavioral modifications, 
increased public awareness, and advances in treatment strategies. Among 
these factors, the most impactful contributor to reduced mortality has been 
the decline in tobacco consumption, particularly the smoking of cigarettes 
and other combustible products [2].

The harmful consequences of tobacco use were comprehensively 
addressed in the 1964 U.S. Surgeon General’s report, which highlighted the 
strong connection between smoking and cancer development. Later studies 
confirmed that tobacco smoking is significantly linked to cancers of the 
stomach, pancreas, kidney, oral cavity and pharynx, ureter, bladder, and 
lungs, along with acute myeloid leukemia. The 2014 update to the Surgeon 
General’s report expanded this list to include colorectal and liver cancers 
[3]. Moreover, subsequent Surgeon General publications reported a rising 
prevalence of smokeless tobacco use among children and young adults, a 
pattern that may predispose these populations to future smoking behavior 
[4]. A large-scale meta-analysis demonstrated a clear relationship between 
smoking and the development of sixteen distinct cancer types, in addition 
to an elevated risk of several other diseases. Collectively, these findings 
underscore the critical importance of smoking cessation as a key strategy 
for reducing cancer risk and preventing other serious smoking-related 
conditions [5].
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It is now well established that tobacco use not only contributes to 
cancer initiation but also exerts a profound influence on multiple aspects 
of tumor biology. Components of tobacco smoke are capable of triggering 
carcinogenic processes, facilitating tumor progression and metastatic 
spread, and significantly diminishing the effectiveness of anticancer 
treatments [6]. Higher levels of smoking have been associated with inferior 
responses to the main therapeutic approaches used in oncology. Importantly, 
accumulating evidence indicates that smoking cessation confers substantial 
clinical benefits. These benefits are attributed both to improved treatment 
results and to reduction in therapy-related toxicity [7].

This publication seeks to provide an overview of current evidence 
on how smoking influences the success of cancer treatments, to explore 
the biological pathways through which these effects manifest, and to 
highlight the critical role of smoking cessation throughout cancer care. 
To support this objective, a targeted literature review was conducted 
using the PubMed database to retrieve relevant studies on the relationship 
between tobacco use and treatment efficacy. The search was guided 
by specific combinations of keywords, including: smoking, immune 
checkpoint inhibitors, immunotherapy response, chemotherapy, smoking-
associated inflammation, radiotherapy, effectiveness of anticancer 
treatment, resistance to treatment, smoking cessation, anticancer therapy 
response, nicotine, drug resistance, apoptosis, metabolism, cancer 
survival, e-cigarette and replacement therapy. Emphasis was placed on 
clinical trials analyzing therapeutic outcomes based on smoking status, 
alongside studies that clarify the underlying molecular and cellular  
processes.

2. Immune checkpoint inhibitors and smoking
Immunotherapeutic approaches based on immune checkpoint inhibition 

have demonstrated high efficacy in the treatment of lung malignancies 
[8]. In addition, several other smoking-associated cancers, such as head 
and neck, urothelial carcinoma and bladder tumors, have also shown 
meaningful responses to immunotherapy [9–11]. Consequently, immune 
checkpoint inhibitors, including pembrolizumab, nivolumab, ipilimumab, 
durvalumab, cemiplimab, and atezolizumab, are now commonly used as 
first-line treatment options for lung cancer [12; 13].
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Checkpoint blockade is particularly effective in tumors characterized 
by a high tumor mutational burden, a feature frequently observed in lung 
cancer and cutaneous malignancies such as melanoma [14; 15]. Given this 
background, the relationship between smoking status and immunotherapy 
outcomes in lung cancer patients warrants careful consideration [16]. 
Tobacco smoke is a well-established source of DNA damage ultimately 
leading to an increased mutational burden [17]. This association has 
been consistently demonstrated across various cancer types [18, 19].  
Smoking-induced somatic mutations generate a broader repertoire of 
cancer-specific neoantigens, potentially expanding neoantigen-reactive 
T-cell populations and thereby enhancing responsiveness to immune 
checkpoint blockade [20].

However, while smoking-related increases in mutational burden may 
theoretically improve immunotherapy response, the chronic inflammation 
and tumor-promoting effects associated with tobacco exposure may 
counteract the benefits of anticancer treatments. In contrast, never-
smokers typically exhibit a lower mutational burden but are also not 
subject to the pro-tumorigenic influences of tobacco smoke, which may 
likewise shape their response to immunotherapy. This apparent paradox 
has been the focus of multiple investigations conducted over recent years, 
aiming to clarify the net impact of smoking status on immunotherapy  
efficacy [21].

A recent matched case–control study evaluated the comparative 
effectiveness of first-line chemotherapy versus immunotherapy in smokers 
and never-smokers with NSCLC. The analysis included 962 patients 
treated with immunotherapy and 462 persons treated with platinum-
based chemotherapy. The results showed that never-smokers experienced 
a significantly higher risk of disease progression when treated with 
pembrolizumab, whereas no such increased risk was observed among 
never-smokers receiving chemotherapy. To further minimize confounding, 
the investigators performed random case–control matching in a subset  
of 424 patients drawn from both treatment cohorts. In this matched analysis, 
non-smokers in the immunotherapy group exhibited poorer survival, while 
never-smokers treated with chemotherapy demonstrated significantly 
prolonged progression-free survival. Drawing from these results, the 
researchers concluded that patients with NSCLC who had a history of 
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smoking experienced improved progression-free survival when treated  
with immunotherapy, especially in the early stages of the disease. In contrast, 
individuals who had never smoked appeared to benefit more significantly 
from chemotherapy [22].

Comparable observations have been reported by other research groups 
across different clinical settings, consistently suggesting that never-smokers 
may respond more favorably to chemotherapy and targeted therapies. These 
conclusions were further reinforced by a meta-analysis of published studies. 
In parallel, the KEYNOTE-024 trial highlighted the beneficial impact of 
smoking cessation among patients receiving immunotherapy. Although 
these results may seem paradoxical, they raise the possibility that, at least in 
early-stage lung cancer, smokers may exhibit a more pronounced response 
to immunotherapy compared with never-smokers [23; 24].

The biological mechanisms that may account for the enhanced 
responsiveness to immunotherapy observed in smokers have been 
investigated by several research groups, revealing contributions beyond 
tumor mutational burden alone. It is well recognized that patients with 
programmed death-ligand 1 (PD-L1) expression more than 50% of tumor 
cells derive greater benefit from first-line immune checkpoint inhibitors. 
Experimental and clinical studies have demonstrated that nicotine exposure 
and tobacco smoking can upregulate expression of PD-L1receptors in 
lung cancer cells [25; 26]. In particular, analyses comparing patients with 
KRAS mutation-associated NSCLC have shown significantly higher 
PD-L1 expression in smokers, with a clear association to cumulative 
tobacco exposure measured in pack-years, whereas no similar relationship 
was identified for PD-L2 expression. Although elevated PD-L1 levels 
suppress T-cell–mediated antitumor activity, they simultaneously increase 
tumor susceptibility to blockade of immune checkpoints, thereby enhancing 
the effectiveness of immunotherapy [27].

Nevertheless, it should be emphasized that tobacco smoke exposure 
also promotes chronic inflammation and induces the expression of 
immunosuppressive and tumor-promoting factors, including proteins such 
as YAP1. Despite these unfavorable effects on tumor biology and immune 
regulation, evidence from clinical trials supports the conclusion that 
immunotherapy remains an effective treatment strategy for smokers with 
NSCLC [28; 29].
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The impact of smoking on immune cell populations within the 
oncological context has been extensively characterized. Tobacco exposure 
influences both innate and adaptive immune compartments, affecting most 
immune cell subsets. Studies have reported increased levels of T helper cells, 
particularly the Th17 population, accompanied by elevated concentrations 
of pro-inflammatory interleukins. Smoking has also been associated  
with higher numbers and enhanced functional activity of CD8⁺  
cytotoxic T cells. In contrast, overall CD4⁺ T-cell populations, and especially 
regulatory T cells (Tregs), appear to be reduced in smokers, a shift that 
may further exacerbate inflammatory responses [30]. Collectively, these 
immune alterations contribute to systemic inflammation and to smoking-
related comorbidities such as chronic obstructive pulmonary disease 
(COPD), ultimately impairing quality of life [31]. Importantly, although 
smokers may experience greater benefit from immunotherapy, particularly 
at earlier disease stages, cessation of smoking after cancer diagnosis 
does not diminish immunotherapy efficacy and is instead associated with 
improved overall well-being and quality of life [32].

3. Smoking and Radiotherapy
A growing body of evidence indicates a consistent association between 

smoking status and treatment response to radiotherapy or combined 
chemoradiotherapy across multiple cancer types [33]. Although the 
precise molecular mechanisms responsible for this effect have not yet 
been fully clarified, the reproducibility of poorer radiotherapy outcomes 
among smokers suggests that this relationship is clinically meaningful 
rather than incidental. Head and neck cancers provide a well-studied 
example, as radiotherapy or chemoradiotherapy constitutes a cornerstone 
of treatment for these tumors, many of which are strongly linked to tobacco  
exposure [34].

Pala et al. [35] demonstrated that patients with head and neck cancer 
who continued smoking during radiotherapy exhibited significantly 
reduced treatment response rates and inferior overall survival compared 
with patients who abstained from smoking. The authors conducted a 
retrospective study of 73 patients with nasopharyngeal carcinoma treated 
with curative radiotherapy or chemoradiotherapy. They found that smoking 
within 5 years before treatment was an independent negative prognostic 
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factor for overall survival. In other words, patients who smoked close to the 
time of radiotherapy had significantly worse long‑term survival outcomes, 
with about a four‑fold higher risk of death compared to non‑smokers. 
Smoking was one of the strongest predictors of poor outcome alongside age 
and initial treatment response, suggesting that recent smoking reduces the 
effectiveness of curative (chemo)radiotherapy. 

Additional investigations in head and neck cancer cohorts have further 
shown that patients who actively smoked during radiotherapy experienced 
significantly worse overall survival and disease-free survival compared 
with individuals who had ceased smoking before the start of radiation 
treatment [36]. 

Similar patterns have been observed in lung cancer. In an analysis of 
237 patients with NSCLC receiving chemoradiation, two-year overall 
survival was assessed from the start of treatment. Early-stage non-smokers 
showed significantly better overall survival (56% survival rate; median 
survival 27.9 months) compared with smokers (41% survival rate; median 
survival 27.9 months). In contrast, no significant survival difference was 
identified among patients with stage III disease. Based on these findings, 
the authors concluded that smoking adversely affected the response to 
chemoradiation predominantly in patients with earlier-stage disease [37].

Nguyen et al. [38] reports about the influence of smoking status on 
treatment outcomes after post‑operative radiotherapy for NSCLC. The 
study retrospectively analyzed 152 NSCLC patients who underwent 
surgery followed by post‑operative radiotherapy. Patients were classified 
as smokers or non‑smokers at the time of initial consultation. The authors 
found that smokers had significantly poorer local and locoregional tumor 
control after radiotherapy compared to non‑smokers, with lower rates 
of disease control at 5 years. Although the difference in overall survival 
between smokers and non‑smokers was not statistically significant, 
smoking remained an independent negative factor for locoregional control 
on multivariate analysis. The results suggest that smoking at the time of 
treatment is associated with worse treatment outcomes after post‑operative 
radiation therapy in NSCLC, and that quitting smoking before therapy may 
improve the effectiveness of radiotherapy. 

The involvement of nicotinic acetylcholine receptors (nAChRs) in the 
development of resistance to radiotherapy has been investigated through 
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detailed molecular studies. In particular, Shen et al. [39] demonstrated that 
the α5 subunit of the nAChR plays a critical role in mediating radioresistance 
in laryngeal squamous cell carcinoma. Lin et al. [40] reports about the 
biological roles and prognostic significance of nAChR subunits α3, α5, and 
α7 in oral squamous cell carcinoma (OSCC). The authors investigated how 
different nAChR subunits, such as α3, α5, and α7 (encoded by CHRNA3, 
CHRNA5, CHRNA7), are expressed in OSCC and relate to tumor biology 
and patient outcomes. They combined experiments in cancer cell models, 
immunohistochemistry of tumor samples, and analyses of public genomic 
datasets to explore these receptors’ roles. The study found that all three 
subunits are associated with epithelial‑mesenchymal transition (EMT) 
marker expression and invasive tumor patterns, but each has distinct 
effects: α3 expression promotes EMT traits, α5 is linked to more aggressive, 
disseminated tumor behavior and predicts poorer prognosis, and α7 is 
associated with a hybrid EMT state. These findings suggest that specific 
nAChR subunits influence tumor invasiveness and could serve as biological 
markers for prognosis in OSCC.

Overall, these data indicate that exposure to tobacco smoke or its 
constituents, particularly nicotine, can contribute to enhanced resistance 
to radiotherapy, whereas smoking cessation may restore or improve tumor 
sensitivity to radiation treatment [41].

4. Chemotherapy and smoking
One of the earliest landmark studies about the impact chemotherapy 

on the anticancer treatment efficacy was published in 1980 by Minna et 
al. [42]. Reseachers evaluated 112 patients with small-cell lung cancer 
who were categorized into three groups according to smoking behavior: 
individuals who had stopped smoking before diagnosis, those who 
quit at the time of diagnosis, and those who continued smoking during 
treatment. Survival outcomes were most favorable among patients who 
had ceased smoking prior to diagnosis, followed by those who stopped 
at diagnosis, whereas patients who continued to smoke experienced the 
poorest survival. These findings underscored that smoking cessation, 
even when initiated at the time of cancer diagnosis, confers a meaningful 
survival advantage. Notably, survivors of tobacco-associated malignancies 
have been reported to maintain higher smoking prevalence compared 
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with survivors of non–tobacco-related cancers or individuals without a  
cancer history [43].

Further evidence supporting the negative impact of smoking on 
chemotherapy outcomes was provided by Tsao et al. [44]. This analysis 
demonstrated significantly improved overall survival among never-smokers 
receiving chemotherapy compared with patients with a history of smoking. 
Moreover, Huang et al. [45] investigated how nicotine influences the 
growth and spreads of NSCLC at the molecular level. The authors found 
that nicotine upregulates the epigenetic regulator EZH2, which is highly 
expressed in lung tumors, especially in smokers. Nicotine does this by 
increasing the expression of OTUB1, a deubiquitinating enzyme, which 
stabilizes the c‑Myc oncoprotein. Stabilized c‑Myc then drives increased 
EZH2 expression. This OTUB1–c‑Myc–EZH2 signaling axis enhances 
NSCLC cell proliferation and metastatic ability in cell culture and animal 
models. Inhibiting EZH2 or c‑Myc reduced the nicotine‑induced tumor 
growth and metastasis, suggesting that this pathway is a key mechanism 
through which nicotine promotes lung cancer progression. 

Earlier investigations have also highlighted a dose–response  
relationship between cumulative tobacco exposure and chemotherapy 
efficacy. In a retrospective study involving NSCLC patients treated with 
chemotherapy, responders had a substantially lower lifetime smoking 
exposure (38.7 ± 27.1 pack-years) compared with non-responders, whose 
exposure averaged 67.8 ± 35.1 pack-years [46]. Based on these observations, 
the authors concluded that a smoking history exceeding 40 pack-years was 
associated with a markedly diminished response to chemotherapy, relative 
to patients with lower cumulative tobacco exposure.

High rates of continued smoking have also been documented among 
cancer survivors, underscoring the need for more effective educational 
interventions addressing the harmful impact of tobacco use on quality of 
life. Participants in this study were asked whether they were aware of the 
consequences of continued smoking during cancer therapy. Interestingly, 
many participants did not realize that smoking during cancer treatment 
could negatively affect therapy outcomes, heighten the likelihood of 
complications after surgery, and diminish their overall well-being [47]. This 
lack of awareness was particularly pronounced among current smokers. 
Importantly, the study also demonstrated that improved understanding of 
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the links between continued smoking, suboptimal therapeutic outcomes, 
and heightened treatment-related toxicity was associated with increased 
rates of smoking cessation [48].

Comparable findings have been reported in cohorts of patients with 
NSCLC, where individuals who stopped smoking after diagnosis exhibited 
better performance status than those who continued smoking. This benefit 
was observed consistently at both 6- and 12-month follow-up and was 
independent of baseline patient characteristics. In addition, another study 
reported significantly impaired quality of life among lung cancer survivors 
who remained smokers compared with never-smokers, as assessed using a 
lung cancer–specific symptom scale [49].

Beyond overall survivorship outcomes, the influence of smoking 
on treatment-related symptom burden has also been investigated. 
A study published in 2011 evaluated 947 patients scheduled to receive 
chemotherapy or radiotherapy to determine how smoking status affected 
the severity of treatment-related side effects. Smoking status was analyzed 
in relation to commonly reported toxicities during active treatment and over 
a 6-month follow-up period. The results indicated that smokers experienced 
substantially higher symptom burden during therapy compared with non-
smokers, with this difference persisting at follow-up. Notably, patients who 
had ceased smoking before initiating treatment reported symptom levels 
comparable to those of never-smokers [50]. Collectively, these findings 
further emphasize the critical importance of smoking cessation during 
cancer therapy.

More recent evidence further supports the negative impact of continued 
smoking on treatment results. Head and neck cancer patients who had 
stopped smoking after diagnosis but before initiation of therapy, substantial 
benefits of smoking cessation were observed [51]. In an analysis of 
134 individuals, patients who stopped smoking after receiving a cancer 
diagnosis showed a markedly higher likelihood of responding to first-line 
therapy – approximately 3.7-fold – compared with those who continued to 
smoke, and they also achieved improved disease-free survival outcomes. 
Moreover, individuals who remained abstinent from smoking during 
treatment had a significantly lower risk of all-cause mortality than persistent 
smokers. These findings reinforce the clinical importance of smoking 
cessation both prior to and throughout the course of cancer therapy.
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Similar associations have been reported in non–muscle-invasive bladder 
cancer. Patients who quit smoking after diagnosis and before starting 
treatment showed a reduced risk of tumor recurrence [52]. These results are 
consistent with observations across other smoking-related malignancies, in 
which continued tobacco use has been strongly linked to higher rates of 
recurrence. Comparable outcomes were also reported in studies evaluating 
the influence of smoking on response to neoadjuvant chemotherapy in 
patients with bladder cancer [53].

A study involving 120 patients revealed that both current and 
former smokers had significantly worse ECOG performance scores 
and a reduced response to neoadjuvant therapy. Notably, individuals 
who continued smoking were far more likely to show no pathological 
response. The researchers emphasized that the degree of pathological 
response to neoadjuvant chemotherapy strongly influenced survival 
outcomes and proposed that, as in lung cancer, immunotherapy might be 
more beneficial for smokers. Similar conclusions have been supported 
by other investigations focused on muscle-invasive bladder cancer [54]. 
Additionally, a retrospective study of 1,382 cases identified a clear link 
between smoking and inadequate or absent response to neoadjuvant therapy, 
with persistent smoking also associated with a heightened risk of cancer  
recurrence [55].

Pancreatic cancer remains one of the most lethal malignancies, 
characterized by limited overall survival and poor responsiveness to 
currently available treatment modalities. Tobacco use is strongly associated 
with the development of pancreatic cancer, and clinical evidence indicates 
that patients who smoke experience significantly worse survival outcomes 
compared with never-smokers or individuals who stop smoking after 
diagnosis. Moreover, this survival disadvantage has been shown to increase 
in parallel with cumulative tobacco exposure, as reflected by higher pack-
year histories [56]. Multiple studies have consistently reported an association 
between smoking and reduced overall survival in pancreatic cancer. One 
proposed explanation for this effect is the heightened inflammatory state 
observed in smokers, which has been linked to both pancreatic inflammation 
and pancreatitis, conditions that adversely influence disease course and 
prognosis [57]. These observations suggest that while smoking-related 
cancers may share certain pathogenic pathways, distinct tumor- and tissue-
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specific mechanisms also contribute to impaired treatment response and 
reduced survival.

More broadly, smoking has been associated with elevated systemic 
inflammation among cancer patients and survivors. In this context, an 
investigation conducted in breast cancer survivors explored stress-induced 
inflammatory responses as a potential contributing factor. In that study, 
which included patients who had completed cancer therapy at least three 
months earlier, inflammatory markers were compared between former 
smokers and never-smokers [58]. When exposed to controlled laboratory 
stressors – like public speaking or solving mental arithmetic problems – 
former smokers exhibited notably elevated levels of interleukin-6 compared 
to those who had never smoked. According to the authors, this heightened 
inflammatory reaction to stress might account for the continued presence of 
systemic inflammation in both current and former smokers, even after they 
have quit smoking or completed cancer therapy [59]. 

5. Biological Pathways Through  
Which Smoking Influences Treatment Outcomes

Cigarette smoke consists of a chemically diverse blend of substances, 
many of which are known carcinogens. Among these are tobacco-specific 
nitrosamines, polycyclic aromatic hydrocarbons like benzo[a]pyrene, along 
with compounds such as aldehydes, benzene, and various aromatic amines. 
These substances act as potent mutagens that form DNA adducts and induce 
alterations in key oncogenes or tumor suppressor genes, thereby promoting 
malignant transformation. In addition to their direct genotoxic effects, other 
constituents of tobacco smoke influence intracellular signaling pathways, 
leading to enhanced cellular proliferation, inhibition of apoptosis, and 
increased survival of exposed cells. Several tobacco-derived compounds 
have also been shown to induce aberrant DNA methylation patterns and 
other epigenetic modifications, which further contribute to oncogenic 
processes [60].

Pharmacokinetic differences between smokers and non-smokers represent 
another important mechanism affecting therapy response. Smokers have 
been shown to metabolize certain chemotherapeutic agents more rapidly 
than non-smokers [61]. When chemotherapy-induced neutropenia is used 
as an indirect marker of drug exposure and toxicity, non-smokers treated 
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with gemcitabine for various malignancies have been reported to experience 
more pronounced neutropenia compared with smokers. Although lower 
neutrophil counts are generally undesirable, greater neutropenia in this 
context reflects higher circulating levels of gemcitabine and, consequently, 
greater therapeutic efficacy. Conversely, reduced neutropenia observed in 
smokers suggests lower systemic drug levels and diminished treatment 
effectiveness, a pattern documented across multiple tumor types [62].

Nicotine, the primary addictive component of tobacco, exemplifies 
how individual smoke constituents can facilitate tumor progression and 
metastasis independently of direct genetic alterations [63]. At concentrations 
typically detected in the bloodstream of heavy smokers, nicotine itself is 
not considered a classical carcinogen; however, carcinogenic effects have 
been reported at higher doses, albeit through mechanisms that remain 
incompletely understood. Nicotine plays a critical role in the formation 
of potent carcinogens known as tobacco-specific nitrosamines –most 
notably, nicotine-derived nitrosamine ketone and N-nitrosonornicotine – 
which are generated during the processes of tobacco curing and burning. 
Experimental studies suggest that high concentrations of nicotine can 
lead to the formation of small amounts of these nitrosamines, potentially 
contributing to cancer development. Activation of many such nitrosamines 
depends on cytochrome P450 enzymes, whose production is upregulated by 
exposure to tobacco smoke. Notably, these same enzymes are responsible 
for metabolizing and eliminating various anticancer drugs, which can 
reduce their effective concentration and weaken therapeutic outcomes [64]. 

Nicotine exerts its cellular effects primarily through nAChRs, which 
are classically expressed in neuronal tissue and at neuromuscular junctions 
[65]. However, these pentameric ligand-gated ion channels are also present 
on a wide range of non-neuronal cells, including epithelial and endothelial 
cells. Accumulating evidence indicates that signaling mediated by specific 
nAChR subunits enables nicotine-driven stimulation of cell proliferation and 
inhibition of apoptotic pathways. Notably, earlier genome-wide association 
studies identified variants in genes encoding several nAChR subunits – 
such as α3, α4, α5, β2, and β4 – as contributors to both nicotine dependence 
and lung cancer susceptibility, highlighting a genetic link between smoking 
behavior and carcinogenesis [66]. In parallel, experimental studies have 
shown that the α7 subunit, along with certain other receptor subtypes, 
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directly promotes cellular proliferation, whereas α3β2-containing receptors 
are implicated in the suppression of apoptosis [67]. Beyond these effects, 
nicotine has been shown to enhance epithelial–mesenchymal transition, 
angiogenesis, cancer stem–like properties, and metastatic potential in 
multiple tumor types through nAChR-dependent mechanisms. Collectively, 
these findings underscore the central role of nAChRs in mediating many of 
the harmful oncological effects of tobacco exposure [68].

Given their involvement in tumor growth, angiogenesis, metastatic 
dissemination, and resistance to anticancer drugs, nAChRs have been 
proposed as potential therapeutic targets [69]. A number of antagonists 
targeting specific nAChR subunits, including neuronal and muscle-type 
receptors, are currently known. However, the clinical applicability of most 
of these compounds is severely limited by their toxicity. For example, 
α7-selective antagonists such as bungarotoxin and cobratoxin, derived 
from snake venom, are highly toxic to humans. Other agents, including 
hexamethonium bromide and α-conotoxins, likewise exert harmful systemic 
effects, precluding their use as anticancer therapies. At present varenicline 
and bupropion are commonly prescribed for smoking cessation. To date, 
neither agent has demonstrated substantial anticancer or antiproliferative 
activity, likely because the receptor subunits they inhibit are not the 
predominant functional forms expressed in non-neuronal tissues [70].

Multiple molecular pathways have been proposed to explain how 
smoking induces resistance to anticancer therapies. Early experimental 
work identified several mechanisms mediated by activation of nAChRs, 
with specific receptor subunits playing a central role. Although 
various nAChR subtypes have been implicated in therapy resistance,  
including α2/β3, α7, and α5, a common feature is the activation of 
prosurvival signaling that counteracts the cytotoxic effects of chemotherapy. 
For instance, in in vitro models of non-small-cell lung cancer, pretreatment 
with nicotine at concentrations of 1 µM was shown to markedly inhibit 
apoptosis induced by commonly used first-line chemotherapeutic agents 
such as cisplatin, gemcitabine, and taxanes. The observed protective effect 
was linked to the stabilization of the anti-apoptotic protein XIAP (X-linked 
inhibitor of apoptosis) and increased transcription of survivin. Nicotine-
driven upregulation of survivin has also been identified in oral carcinomas 
and diminished the apoptotic response to cisplatin treatment. Supporting 
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these in vitro results, experiments using mouse xenograft models showed 
that nicotine exposure accelerated the progression and metastatic behavior of 
pancreatic tumors while concurrently decreasing sensitivity to gemcitabine 
therapy [71].

Nicotine has also been found to trigger critical prosurvival signaling 
pathways, notably those involving extracellular signal–regulated kinases 
(ERK) and protein kinase B (Akt), which contribute to enhanced viability 
of colorectal cancer cells [88,89]. Additionally, NNK – a tobacco-specific 
nitrosamine – has been shown to activate both Akt and NF-κB signaling, 
supporting the persistence of small-cell lung cancer cells [72]. Other 
suggested mechanisms involve increased expression of sirtuins, pointing to 
an epigenetic dimension of nAChR-mediated therapy resistance. Moreover, 
stimulation of β-adrenergic receptors and their downstream molecular 
pathways have been linked to nicotine’s role in fostering tumor growth and 
resistance to treatment [73,74].

Nicotine contributes to tumor development in part by functionally 
disrupting key tumor suppressor pathways, particularly those regulated 
by the retinoblastoma protein (Rb) and p53. Simultaneously, various 
constituents of tobacco smoke have been shown to enhance the 
expression or activation of oncogenes such as c-Myc and KRAS [75]. 
Nicotine also promotes cell cycle progression by elevating the levels of 
cyclins D and E, along with their associated kinase activities, leading 
to Rb hyperphosphorylation and its subsequent inactivation. This 
cascade enables unchecked proliferation of lung cancer cells. These 
processes are mechanistically driven by the activation of Src kinase  
via β-arrestin-1–mediated signaling. Notably, β-arrestin-1 can translocate 
to the nucleus, where it binds to the E2F1 transcription factor, thereby 
increasing the expression of genes involved in epithelial–mesenchymal 
transition and metastatic behavior [76]. Supporting this, nicotine has 
also been shown to upregulate various matrix metalloproteinases through 
E2F-dependent transcription, further promoting invasion and metastasis. 
Collectively, these pathways enable cancer cells to survive despite cytotoxic 
treatments, while also accelerating tumor expansion and spread [77].

In addition to these effects on differentiated tumor cells, nicotine has 
been implicated in the regulation of cancer stem cells, also known as 
tumor-initiating cells, which have emerged over the past decade as key 
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contributors to therapeutic resistance [78]. Cancer stem cells are known 
for their high levels of survival-promoting proteins, transcription factors 
typical of embryonic stem cells, such as Oct4, Sox2, and Nanog, and the 
presence of drug resistance transporters like ABCG2. Research by various 
teams, including our own, has shown that nicotine exposure boosts the 
self-renewing ability of stem-like cells originating from NSCLC lines. 
This enhancement was linked to upregulated expression of transcription 
factors associated with cellular "stemness," particularly Sox2, along with 
the oncogenic co-activator YAP1. Interestingly, similar effects, marked by 
increased stem-like features and self-renewal, have also been documented 
after treating cancer cells with aerosols from electronic cigarettes [79]. 
Boo et al. [80] investigated how NNK – a potent carcinogen found in 
tobacco smoke – promotes lung cancer formation at the molecular level. 
They showed that NNK binds to nAChRs on lung cells, which activates 
Src kinase and then STAT3 signaling. This leads to increased expression 
of angiotensinogen (AGT) and activation of the renin‑angiotensin (RA) 
system, particularly the Ang II/AGTR1 pathway. Simultaneously, NNK 
boosts production and secretion of insulin‑like growth factor 2 (IGF2), 
which activates the IGF‑1R/insulin receptor signaling. The combined 
activation of RA and IGF‑1R pathways enhances tumorigenic activity 
in lung epithelial and stromal cells. Lung tumor development driven by 
NNK or Src activation was reduced when the RA system was genetically or 
pharmacologically inhibited, indicating these pathways are key mediators 
of NNK‑induced lung carcinogenesis seen in smokers. Collectively, these 
data suggest that promotion of cancer stemness represents a key mechanism 
by which nicotine contributes to chemotherapy resistance.

In addition to its direct effects on tumor cell signaling, smoking influences 
the systemic availability of chemotherapeutic agents by modifying their 
metabolic processing. As discussed in a comprehensive review published 
several years ago, tobacco exposure alters the metabolism of a wide range of 
chemotherapy and targeted agents through induction of drug-metabolizing 
enzymes. Wang et al. [81] studied how tobacco smoking rewires cellular 
metabolism in NSCLC. They discovered that smoking increases a specific 
post‑translational modification called succinylation at lysine 251 (K251‑Su) 
of GAPDH, a key glycolytic enzyme. This modification was found at 
higher levels in tumors from smokers compared to nonsmokers. Exposure 
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of lung cancer cells to cigarette smoke extract increased glutamine uptake, 
providing more succinyl‑CoA donors for GAPDH succinylation, which was 
catalyzed by the enzyme p300. Succinylation at K251 stabilized GAPDH 
by reducing its ubiquitination and enhanced both glycolysis and glutamine 
metabolism. These metabolic changes help cancer cells survive and grow 
in hypoxic and nutrient‑deficient environments, thereby promoting tumor 
growth and metastasis. The study highlights that smoking‑induced metabolic 
reprogramming via GAPDH succinylation is a mechanism driving lung 
cancer progression and suggests that quitting smoking could be a strategy 
to target cancer metabolism. 

Tobacco smoke components have been shown to induce the expression 
of cytochrome P450 enzymes, particularly CYP1A1 and CYP1A2, which 
play key roles in metabolizing drugs like erlotinib. As a result, the active 
levels of such medications in the bloodstream may be significantly reduced. 
Additionally, the heightened activity of CYP1 enzymes, along with 
glucuronyl transferases, can markedly alter both the pharmacokinetics and 
pharmacodynamics of various anticancer therapies, leading to reduced 
treatment effectiveness. In addition, CYP2A6, an enzyme involved in 
nicotine metabolism, has been implicated in susceptibility to chronic 
obstructive pulmonary disease, further illustrating the systemic impact 
of tobacco-induced metabolic alterations. Taken together, these enzyme-
mediated metabolic effects, in combination with nAChR-driven prosurvival 
signaling pathways, provide cancer cells with a significant survival advantage 
and substantially reduce the effectiveness of systemic chemotherapy [82].

Electronic cigarettes, also referred to as electronic nicotine delivery 
systems, have been promoted as safer alternatives to conventional tobacco 
products. This perception is largely based on the absence of many classical 
tobacco carcinogens, as e-cigarettes typically deliver nicotine along with 
various stabilizing and flavoring agents [83]. As a result, they have been 
advocated as tools to aid smoking cessation and may indeed offer benefits 
in that context. Nevertheless, because e-cigarettes still deliver nicotine 
and contain additives with incompletely characterized biological effects, 
prolonged use may exert tumor-promoting influences similar to those of 
nicotine itself and potentially interfere with cancer therapy. At present, data 
regarding the impact of e-cigarette use on the efficacy of chemotherapy, 
immunotherapy, or radiotherapy remain limited. However, it is likely that 
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further evidence addressing these issues will emerge in the coming years. 
In addition to e-cigarettes, other nicotine delivery modalities, such as water 
pipes and hookahs, may produce comparable biological effects and warrant 
similar consideration [84].

Several pharmacological agents that modulate different nAChR subunits 
have received FDA approval for smoking cessation. These include cytisine, 
bupropion, and varenicline. They have been shown to exert negative effects 
on the efficacy of anticancer therapies. Although these drugs differ in their 
mechanisms of action, they are generally considered safe and well tolerated 
by most individuals attempting to quit smoking [85,86]. In parallel, non-
pharmacological approaches such as behavioral interventions have also 
demonstrated effectiveness in supporting smoking cessation. Crucially, 
these approaches completely eliminate the use of nicotine and nicotine-
based replacement therapies. Given the documented adverse biological 
effects of nicotine and certain components of nicotine replacement therapies, 
the use of approved pharmacological agents or behavioral approaches is 
often preferable.

6. Conclusions
A substantial body of evidence indicates that smoking adversely affects 

the efficacy of cancer therapies. Various harmful compounds found in 
tobacco smoke, such as nicotine and tobacco-specific carcinogens, trigger 
signaling cascades that support cancer cell survival and alter the tumor 
microenvironment. These substances also impair drug metabolism and 
elimination, leading to reduced concentrations of anticancer agents and 
weaker therapeutic responses. Additionally, the inflammatory nature of 
tobacco smoke and nicotine compromise’s immune function and intensifies 
treatment-related side effects. Collectively, these effects, along with 
systemic physiological disturbances, contribute to poorer survival rates 
among patients who smoke. Persistent smoking after a cancer diagnosis 
has been consistently associated with worse clinical outcomes, whereas 
smoking cessation following diagnosis improves treatment response and 
prognosis. These observations strongly argue for intensified educational 
and clinical efforts aimed at encouraging smoking cessation among cancer 
patients. Although e-cigarettes and other nicotine-containing alternatives 
are sometimes used to facilitate quitting, their long-term use may carry 
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tumor-promoting risks. Therefore, if such products are employed, their 
use should ideally be restricted to the shortest possible duration. Enhanced 
awareness of the benefits of smoking cessation, combined with improved 
access to cessation resources, has the potential to further decrease cancer 
incidence and contribute to ongoing reductions in cancer-related mortality.
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