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Abstract
In recent years, the use of electronic cigarettes (e-cigarettes) or “vape” in which nicotine is the major 
component has been dramatically increasing, particularly among teenagers and young adults. This 
is due to a general perception that e-cigarettes are harmless to use, in particular for the cessation of 
tobacco smoking. Thus, a better understanding of whether e-cigarettes pose a risk to human health 
is urgently needed. Nicotine exposure can accelerate malignant growth of cancer cells. The important 
link of nicotine to cancer risk comes from genomic-wide screens that reveal the association of gene 
polymorphisms of some of nicotinic acetylcholine receptor (nAChR) subunits with the increased risk of 
lung cancer. A series of studies demonstrate that chronic nicotine exposure upregulates Ras signaling, 
disrupts redox state and mitigates tumor suppressor functions (such as p53), leading to perturbed 
cell growth restriction and further weakening of the genomic stability of lung epithelial cells. Once 
second event (such as loss of p53) occurs, nicotine is able to promote the colony formation of lung 
epithelial cells in soft agar medium. Taken together, these investigations indicate that persistent 
nicotine exposure stimulates mitogenic signaling pathways and perturbs the cellular surveillance, 
which creates a micro-environment that is in favor for lung tumorigenesis. Importantly, these studies 
substantiate our concerns about health risks associated with e-cigarette smoking, especially in young 
adults.
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E-Cigarette and Nicotine

E-cigarettes are electronic delivery devices that heat a solution containing mainly nicotine and 
some flavors to generate vapor, which resembles cigarette smoking without burning tobacco [1-3]. 
Nicotine solution of e-cigarettes also contains glycol or glycerin as a carrier of nicotine and flavors. 
With more advanced e-cigarette devices, voltages can be regulated so that higher concentrations of 
nicotine can be delivered under higher voltages [1-3]. This tobacco smoke replacement or “vaping” 
emerged on markets around 2007 and has since been popular among teenagers and young adults [4-6]. 
The users, also called vapers, inhale the generated aerosol (referred as “vapor”) containing high levels 
of nicotine that reaches or exceeds amounts in conventional tobacco cigarettes. Because e-cigarette 
smoking does not produce tar products, it has been viewed as harmless to human health and a good 
replacement of tobacco smoking, although there is no strong evidence given for such perception yet. 
Therefore, in recent years, the number of e-cigarette smokers, particularly among middle or high 
school and college students, has been rising in an exponential fashion [7-9]. Among young adults, 
many of them had no prior smoking experience.

Nicotine, as a main component in e-cigarettes, is not a conventional carcinogen, but an addictive 
substance that can rapidly diffused into tissues, especially in brain where it affects behavioral responses 
[10]. Although e-cigarettes appear helping people to quit tobacco smoking, there are other, more 
effective smoking cessation medicines [11]. The serious concerns about nicotine stem from our 
ignorance of how its addiction acquired at very young ages affects brain development or behavioral 
patterns; whether its exposure poses health risk in general; and how its inhalation influences on fetal 
growth when a mother is a frequent user. In addition, there has been almost no regulation of e-cigarette 
market or official warning to the end-users. The lack of knowledge poses an urgent need for a better 
understanding of the potential risk of e-cigarettes or nicotine for human health. Although reviews and 
studies focusing on the concerns about e-cigarettes have been published [12-14], in the following we 
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concentrate on our experimental data demonstrating the potential 
roles of nicotine in the disruption of cell growth signaling and 
further perturbation of genetic integrity of lung cells for establishing 
a microenvironment favoring cancer initiation and progression.

Nicotine and Nicotinic Receptor

In the brain, nicotine binds to nicotinic acetylcholine receptor 
(nAChR) and stimulates certain neuronal functions that affect the 
psychoactive and addictive actions of tobacco or e-cigarette smokers 
[10]. The neuronal nAChR is the ligand-gated ion channel and, 
consists of 10 α and 4 β subunits [15]. nAChR subunits can either 
form heterodimers with both α and β subunits or homodimers with 
one type of α subunit. In the central nerve system (CNS), nAChR 
is often composed of homologous subunits that are surrounding an 
ion channel to allow ion flow passing through.

nAChRs are also expressed in non-neuronal cells throughout the 
body. Unlike those in the CNS, the distribution of nAChR subunits 
in non-neuronal cells is less diverse. For example, human bronchial 
epithelial cells express only α3, α5, α7, β2 and β4 subunits [16-
19] and keratinocytes express only α3 and α7 subunits [16-20]. The 
airway and lung are the primary contacting routes of smoking, where 
nicotine was shown to stimulate endothelial-cell proliferation via 
its ligation with nAChR [21,22]. High levels of nAChR have been 
detected in the lung and the receptor functions in a non-neuronal 
cholinergic autocrine-paracrine loop in lung epithelium and 
regulates lung development [23-25]. Mouse experiments revealed 
that the prenatal nicotine exposure decreased air flows in the airways 
of offspring, accompanied with increased airway branching and 
aberrant lung growth [26,27]. This effect of nicotine was correlated 
with the upregulation of the α7 of AChRs [27,28]. In vivo data also 
strongly suggest a nicotine effect on airway or lung development. 
By narrowing the airways diameters, prenatal nicotine exposure 
appears restricting air flow exchanges of the lung of the fetus [26-
28]. Furthermore, it has been demonstrated that nicotine, via 
binding to nAChR, is able to stimulate endothelial cells and smooth-
muscle cells to release basic fibroblast growth factor, prostacyclin and 
endothelin, respectively [29-33]. Furthermore, nicotine exposure 
has been shown to damage endothelial cells and therefore, impair 
angiogenesis [34,35]. In the course of inflammation, ischemia, 

tumor and atherosclerosis, nicotine is able to stimulate pathological 
angiogenesis, which promotes the formation of atherosclerotic 
plaques and tumorigenesis [33].

Mitogenic Growth Stimulated by Nicotine

Because of its structural similarity with the well-known tobacco 
carcinogens 4-methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) 
and N′-nitrosonornicotine (NNN) (Figure 1), nicotine possesses 
some of their properties, such as promotion of cell growth or 
angiogenesis, which suggest a role in tumorigenesis [12]. It was 
shown that the expression level of the α7 of nAChR is augmented in 
most of small cell lung cancer cell lines treated with nicotine, leading 
to the acceleration of the growth of these cancer cells [21]. In Q-F 
18 cells that are quail-origin fibroblasts ectopically over-expressing 
nAChR, fyk and fyn kinases that are the members of src kinase 
family were responsible for the activation of nAChR induced by 
nicotine [36]. In pancreatic cancer cells, nicotine, via activating src/
phosphoinositide 3-kinase (PI3K)/Akt, accelerates pancreatic tumor 
angiogenesis and migration [37]. Moreover, in response to transient 
or chronic nicotine exposure, Ras is activated in lung epithelial 
cells or keratinocytes, which further mobilizes several mitogenic 
signaling pathways (including MAPK or Akt) [21,36,37]. Because 
active Ras is frequently detected in more than 30% of human cancer 
patients [38,39], the ability of nicotine to upregulate Ras and its 
downstream effectors strongly indicates its detrimental potential 
in tumorigenesis.

Persistent Upregulation of ROS and Induction of ER 
Stress by Chronic Nicotine Exposure

Free radicles (such as ROS) play important roles in the 
induction of oxidative or endoplasmic reticulum (ER) stress in 
cells [40,41]. By damaging cellular macromolecules (DNA, RNA, 
lipids and proteins), oxidative or ER stress is linked causatively to 
the perturbation of genetic stability and further potentiation of 
tumorigenesis. Unlike tobacco smoke, nicotine exposure through 
e-cigarette smoke appears not to cause severe DNA damage [3,4]. 
However, some studies suggest that the vehicles in e-cigarette 
liquid acted together with nicotine and could disrupt cellular 
redox balance [2,14]. Oxidative stress, through activating nuclear 

Nicotine NNK 

(4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone)

NNN 
(N’-Nitrosonornicotine)

Fugure 1

Figure 1: Similarity of the chemical structures among nicotine, NNN and NNK.
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transcription factor kappa B (NF-κB), has been shown to be elicited 
in nicotine-treated rat mesencephalic cells [42]. The expression of 
the adaptor protein p66shc (a key regulator of oxidative stress in the 
mitochondria) was increased, which caused renal oxidative stress in 
mice after chronically exposed to nicotine [40]. Further, nicotine 
was shown to be capable of inducing ROS in cancer cells [43].

Oncogenic or mutant Ras and its downstream effectors (such 
as Akt) are important ROS and ER stress inducers [41-43]. To test 
the induction of ROS and its dependency on the receptor or Ras, 
the knockdown of nAChR α7 subunit by the shRNA or inhibition 
of active Ras by farnesyltransferase (FTI, a Ras inhibitor) in BEAS-

2B cells was first tested (Figure 2A, left panels). The shRNA, but 
not scRNA, successfully blocked the α7 expression. The active Ras 
pull-down assay also showed that FTI blocked nicotine-mediated 
Ras activation. Afterward, ROS levels in BEAS-2B cells treated with 
nicotine for different time periods, with or without the knockdown 
of the α7 or the addition of FTI, were analyzed (Figure 2A, right 
panel). The level of ROS was increased in response to 1 h of nicotine 
treatment, which was declined, but remained at a moderately 
elevated level after the prolonged treatment (24h and 2 weeks). 
However, ROS upregulation induced by nicotine was suppressed 
by the knockdown of the α7 or addition of FTI. It indicates that 
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Figure 2: Effect of nicotine on ROS, ER stress and genomic stability. 

A: Left panels: After the transfection of scRNA or shRNA-α7 into BEAS-2B cells, the expression of nAChR α7 was analyzed by immunoblotting. 
The scRNA served as the negative control (upper two panels). Cell lysates were prepared from the cells treated with nicotine (1 h) or its co-
treatment with FTI. Subsequently, Ras activation was analyzed by active Ras pull-down assay (bottom 2 panels). β-actin served as the loading 
control. Right panel: Cells were treated with nicotine for different times in the presence of FTI or absence of the α7. Afterward, the cells were 
stained with DCF and ROS levels were measured by a flow cytometer. The error bars represent standard deviation (n=5, p<0.05). 

B: Cells were treated with nicotine for 1 h in the presence of FTI or absence of the α7. Subsequently, cell lysates were prepared and subjected 
to immunoblotting for the expression of p-PERK. p-PERK expression was also tested in the cells treated with nicotine for 2 weeks. PERK is the 
loading control. 

C: After treated with nicotine, NNN or NNK for 3 months, the percentages of the aberrant chromosomes in BEAS-2B cells were measured. 
The error bars represent standard deviation (n=3, p<0.05).
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the induction of ROS by nicotine in the lung cells is dependent 
upon nAChR (mainly α7) and Ras. The incomplete inhibition of the 
increased ROS by the α7 knockdown suggests the involvement of 
other nAChR subunits, which deserves further investigations.

Persistent increases of ROS often lead to ER stress and further 
disruption of cellular or genomic structures [44]. Under normal 
growth conditions, the binding immunoglobulin protein (BIP, a 
chaperone) associates with and sequesters inactive forms of unfolded 
protein response (UPR) sensors, but dissociates from the active 
sensors during ER stress [44]. Upon nicotine exposure, BIP and 
protein kinase RNA-like ER kinase (PERK) are activated [43]. To 
further test these in our experimental setting, the expression of the 
phosphorylated PERK was analyzed in BEAS-2B cells after transient 
nicotine treatment and its co-treatment with FTI or under the α7 
knockdown condition (Figure 2B). PERK was phosphorylated after 
1 h of nicotine treatment, which was blocked by FTI or shRNA-α7. 
In addition, a moderate level of the p- PERK could still be detected 
after 2 weeks of nicotine exposure. Taken together, these data suggest 
that the ligation of nicotine with its receptor, by activating Ras and 
ROS signaling, appears triggering oxidative stress in normal lung 
epithelial cells.

Compromising Genetic Integrity by the Prolonged 
Nicotine Exposure

Genome-wide screening studies linked the polymorphisms of 
some of nAChR subunits to increasing risk of lung cancer, in which 
3 nAChR subunits genes are located at the chromosome 15q25.1 
and associated with the risks of lung cancer [45,46]. Within this 
cluster, the single nuclear polymorphism (SNP) of the α5 mutation 
appeared affecting cellular activities [46-48]. Although the biological 
role of the SNP is not fully understood, the correlation of the 
polymorphism with the susceptibility of nicotine exposure to lung 
cancer or other diseases emphasizes the importance of this major 
e-cigarette component in tumorigenesis.

Besides genetic studies, the induction of oxidative stress and 
mitigation of the tumor suppressor functions (such as p53) triggered 
by chronic nicotine exposure also weigh in on the potential of 
nicotine to perturb genomic integrity. To further test this, BEAS-2B 
cells treated with nicotine, NNN or NNK for 3 months. Cytogenetic 
analysis was then performed as: after colcemid treatment, 
metaphase chromosomal spreads of the cells were prepared using 
hypotonic solution and assayed for chromosomal abnormality 
(such as chromosome multi-ploidy and aneuploidy) (Figure 2C). 
In comparison with the untreated controls. the percentage of the 
cells with aberrant chromosomes was slightly increased after the 
long-term nicotine treatment, but was much lower than that caused 
by the conventional carcinogen NNN or NNK. Slightly increased 
chromosomal abnormality indicates that nicotine is a weak genotoxic 
reagent, but through a long period exposure, appears being able to 
weaken genomic stability. Combined, the concomitant-conditions 
of perturbed oxidative redox state and occurring oxidative stress 
induced by nicotine-weakened genomic stability of cells, provide a 
microenvironment favoring tumorigenesis.

In summary, e-cigarettes do not contain carcinogens and 
toxins as in the conventional cigarettes, and appear beneficial for 
the cessation of tobacco smoking. However, their main component 
nicotine is a highly addictive substance and proven to have negative 
effects on brain development and function [1-4]. Moreover, 

nicotine, via nAChR, is able to alter normal cell signal transduction, 
the homeostatic machinery and genotoxic responses. Although our 
understanding of nicotine action in non-neuronal cells or tissues is 
still limited, existing data already provide ample indications of serious 
risks that are associated with the use of e-cigarettes, particularly for 
the brain development and physical health of teenagers and young 
adults, since they begin consuming e-cigarette smoke at early ages 
and may be exposed for a long time.
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