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ABSTRACT

Cigarette smoking is a harmful habit that is widespread around the world. It is among the well-known lifestyle-
related risk factors for many diseases. Nicotine, as its principal constituent, has various detrimental, and beneficial
functions. Nicotinic acetylcholine receptors (nAChRs), which are present in nearly all body cells, are how nicotine
works. Numerous investigations have demonstrated that nicotine causes abnormal microRNA expression (miR-
NAs). These short sequences of RNAs are known to regulate gene expression post-transcriptionally. A wide range
of miRNAs are modulated by nicotine, and nicotine-induced miRNA changes could subsequently mediate nico-
tine’s effect on gene expression regulation. We will focus on the reciprocal interaction between nAChRs and
miRNAs and describe the essential targets of these dysregulated miRNAs after nicotine exposure and activation
of nAChRs. It appears that crucial subcellular mechanisms implicated in nicotine's effects are miRNA-related
pathways. It is crucial to investigate the molecular mechanism underlying the effects of nicotine as well as the
dysregulation of miRNA following nAChR activation. The finding about epigenetic mechanisms of nicotine-in-
duced effects may shed light on the establishment of new treatment strategies to prevent the harmful effects of
nicotine and perhaps may augment the beneficial effects in diverse smoking-related diseases.

Keywords: Cigarette smoking, nicotine, nicotinic acetylcholine receptors, microRNA, signaling pathway

INTRODUCTION binds to the nicotinic acetylcholine receptors
(nAChRs) and induces many downstream sig-
naling pathways (Madsen et al., 2015;
Cuevas-Olguin et al., 2020; Pucci et al.,
2021). Recent studies have demonstrated that
nicotine modifies the expression of mi-
croRNAs (miRNAS) in many smoking-re-
lated disorders and exerts its effects through

Smoking is one of the most important risk
factors for many human diseases, including
cancers, chronic obstructive pulmonary dis-
ease, cardiovascular disease, and type 2 dia-
betes mellitus (Rigotti et al., 2022). Nicotine,
an essential ingredient of cigarette smoke,
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miRNA-related pathways (Mullany et al.,
2016; Civelek, 2017). miRNAs are endoge-
nous non-coding RNAs that modulate the ex-
pression of numerous genes (Dastmalchi et
al., 2022). These molecules are crucial partic-
ipants in many physiological and pathological
conditions. Various studies showed that
smoking leads to changes in the expression of
miRNAs. Cigarette smoking substantially al-
ters miRNA profiles in healthy ones
(Takahashi et al., 2013). Regarding the prev-
alence of this habit which has become a fron-
tier topic and research hotspot, many re-
searchers have tried to identify the underlying
molecular mechanisms to combat its side ef-
fects. But the significance of these perturba-
tions in humans remains to be understood in
detail. The present review study aimed to
highlight the miRNA-based molecular mech-
anism underlying nicotine-induced adverse
effects. We have highlighted all the evidence
from animal and human studies that shows the
relationship between nicotine administration,
and the function of nAChRs with changes in
the expression of miRNAs. This article exam-
ines the role of MiRNA in nicotine exposure
and smoking. This review essay offers a fresh
viewpoint on the literature because there has-
n't been a current review of miRNAs in nico-
tine signaling. Further studies on this topic
can lead to finding promising therapeutic tar-
gets for nicotine-induced diseases.

NICOTINE AND ITS RECEPTORS

Smoking habit is one of the chief modifi-
able risk factors for many smoking-induced
disturbances (Phillips and Glover, 2022).
Smoking is highly prevalent worldwide, and
about 22 % of people worldwide smoke to-
bacco, according to World Health Organiza-
tion research (WHO, 2017). Nicotine is a sig-
nificant component of tobacco smoke, even
though it contains over 5,000 other chemicals.
Nicotine, as a main alkaloid compound pre-
sent in smoking (about 95 % of the total alka-
loid fraction) alone or as a component of to-
bacco smoke, has a fundamental role in the
initiation and development of many diseases

via binding to nAChRs (Rodgman and
Perfetti, 2008; Hajiasgharzadeh et al., 2020D).
The list of diseases connected to nicotine is
expanding. This substance is a bioactive mol-
ecule that acts upon nAChRs expressed in
many different cells and tissues of the body.
It was demonstrated that nAChR, which is in-
volved in the regulation of intracellular pro-
cesses including cytochrome c release, is ex-
pressed by intracellular organelles such as mi-
tochondria in addition to the plasma mem-
brane (Skok, 2022). On the other hand, in ad-
dition to nicotine, many other endogenous
nAChRs agonists, such as acetylcholine and
choline as well as other exogenous com-
pounds such as tobacco smoke N-Nitrosa-
mines can bind to nAChRs and activate them
(Afrashteh Nour et al., 2021) (Figure 1A). In
vertebrates, 17 different subunits, including
(al-10, B1-4, 3, &, v) have been identified for
nAChRs, which are placed together as homo-
pentamer or heteropentamer and form a large
family of different types of receptors (Dani
and Bertrand, 2007) (Figure 1B). Several
studies confirmed that first-hand or second-
hand exposure to nicotine upregulates nA-
ChRs (Govind et al., 2009; Hajiasgharzadeh
et al., 2020a). Moreover, there are many find-
ings about the diverse effects of nicotine via
these receptors in most tissues. Alpha-7 nico-
tinic acetylcholine receptors (a7nAChR),
among well-known nAChRs, are a family of
ligand-dependent ion channels, which are
made as a homopentamer of five alpha-7 sub-
units (Hajiasgharzadeh et al., 2019). These re-
ceptors are expressed by the CHRNA7 gene
located on chromosome 1514, and its final
product is a protein with a molecular weight
of 55 kilo Daltons (Tracey, 2009). They are
expressed in almost all cells of the body and
play a variety of roles in the cells. Several
studies demonstrated the interaction between
a7nAChR, and miRNAs (Winek et al., 2021).
For instance, miRNA-98 downregulation in-
creased a7nAChR expression (Song et al.,
2021). In another paper, Sun et al. indicated
that nicotine could inhibit signal transducer
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Figure 1: (A) Chemical structures of acetylcholine (ACh), choline, nicotine, and three tobacco smoke-
related N-Nitrosamines, including N-Nitrosodiethylamine (NDEA); N-Nitrosonornicotine (NNN); and 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). All of these compounds can bind and activate nic-
otinic receptors. (B) These nicotinic receptors can be homopentamer or heteropentamer. They are the
assembly of five subunits that are arranged around a central I, on pore.

and activator of transcription 3 (STAT3) ac-
tivity by inducing miRNA-124 via a7nAChR
(Sun et al., 2013). One of the main ingredients
in cigarettes, nicotine serves both harmful and
advantageous purposes. These contentious re-
sults might be attributed to the various in vivo
and in vitro models. Furthermore, a consistent
association between nicotine and its receptors
and miRNA alteration was confirmed. How-
ever, the exact details about the molecular
mechanism of the various effects of nicotine
are unclear. Taken together, the physiological
effects of nicotine are mediated through bind-
ing to and activation of nAChRs (Egleton et
al., 2008; Dasgupta et al., 2009; Schuller,
2009). But the exact intracellular signaling
pathways of these receptors and the participa-
tion of mMiIRNAs in them remain to be identi-
fied.

MIRNA

miRNAs are evolutionarily conserved
non-coding RNA sequences with about 22 nu-
cleotides length, expressed in plants, animals,
and some viruses (Zeinali et al., 2020). These
molecules, either by translational repression
or by mRNA degradation, play an essential
role in RNA control, post-transcriptional reg-
ulation, and gene expression (Fabian and
Sonenberg, 2012). The human genome en-
codes around 2,000 microRNAs, the majority
of which have been discovered so far (Alles
et al., 2019). Consequently, they regulate nu-
merous genes involved in diverse biological
processes, such as cell development, cell
death, metabolism, immune responses, and
several other cellular functions and signaling
pathways (Xiao et al., 2016). Many studies
emphasize how the miRNA-mediated silenc-
ing complex controls gene expression (Cai et
al., 2009; Vishnoi and Rani, 2023). In brief,
mMiRNAs are transcribed by RNA polymerase
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Il (Pol 1) to primary-miRNA (pri-miRNA)
that can be recognized and cleaved by ribonu-
cleases Drosha and Pasha in the nucleus
(Tomankova et al., 2010). These miRNAs are
then processed into precursor miRNA (pre-
miRNA). Then, by Exportin 5, the pre-
miRNA is exported to the cytoplasm and pro-
cessed by the Dicer enzyme, to produce a du-
plex miIRNA (Komatsu et al., 2023). The ma-
ture miRNA is formed and binds to an Ago
protein and incorporates it into the RNA-in-
duced silencing complex (RISC). miRNAs
act based on the base pair relationship with
their complementary sequences within the
MRNA molecules. The pre-miRNA has two
components: miRNA-5p and miRNA-3p, and
depending on the organ, both components can
become functional (Mitra et al., 2015). It reg-
ulates downstream target genes’ expression
by binding with the 3’ untranslated region
(3’UTR) of the target mRNA.. Finally, mature
miRNA causes translational repression and
targets mMRNA degradation (Dastmalchi et al.,
2020) (Figure 2).

miRNA gene

WP

Transcription
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\/nﬂnmmni) pri-miRNA
AAAAAAA
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NICOTINE EXERTS ITS EFFECTS
THROUGH THE MIRNA PATHWAY

Dysregulation of miRNAs in terms of the
activation of nAChRs has been associated
with the pathogenesis of several diseases. In-
creasing evidence showed the changes in the
expression of miRNAs following nicotine
supplementation and its correlation with the
expression level of nAChRs. In a recent
study, Lallai et al. showed that nicotine mod-
ulates miRNA-204 expression profiles to in-
fluence cholinergic signaling and numerous
NAChR subtypes (Lallai et al., 2019). They
showed that nicotine administration in rats in-
creased expression of miRNA-204 and nA-
ChRs in the choroid plexus of the brain in
similar expression profiles and revealed the
direct mechanism by which nicotine modu-
lates the function of this tissue via miRNA-
204/nAChRs axis (Lallai et al., 2019).
Takahashi et al. studied whether the expres-
sion of miIRNAs in healthy people changes
with smoking cigarettes. They found that 44
detected miRNAs were significantly higher in
repeated cigarette smoking subjects in com-
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Figure 2: miRNAs are transcribed by RNA polymerase Il to primary-miRNA (pri-miRNA) that can be

cleaved by Drosha and Pasha in the nucleus. This m
miRNA). Then, by Exportin 5, the pre-miRNA is exp
Dicer, to produce a duplex miRNA. Finally, the matu

iRNA is then processed into precursor RNA (pre-
orted to the cytoplasm and further processed by
re miRNA is formed and binds to an Ago protein

and incorporates into the RNA-induced silencing complex (RISC). This mature miRNA causes transla-

tional repression and target mRNA degradation.
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parison to non-smoker ones. Among these
miRNAs, 24 of them were previously re-
ported to be potential biomarkers of disease,
suggesting the possibility of the application of
these miRNAs as candidate biomarkers and
highlighting that the smoking habit might in-
terfere  with the diagnosis of disease
(Takahashi et al., 2013). The specific expres-
sion profiles of mIRNAs may be altered in
terms of external factors such as exposure to
nicotine and subsequently, may cause altera-
tion in tissue functions.

Balaraman et al. designated that the ob-
served effects of nicotine on miRNA expres-
sion are due to the function of nAChRS in
neural stem cells (Balaraman et al., 2012).
They showed that nicotine increased the ex-
pression of a4 and B2 nAChR transcripts.
Moreover, at concentrations observed in cig-
arette smokers, nicotine disrupts several
miRNA regulatory networks, including
miRNA-9, miRNA-21, miRNA-153,
miRNA-335, and miRNA-140-3p expression.
These effects were blocked by an nAChRs an-
tagonist, which showed that the effects of nic-
otine on mIRNAS’ expression were nAChR
dependent (Balaraman et al., 2012). These
data indicated that nicotine-altered miRNA
expression is essential for neural stem cell
maturation, neural differentiation, synapto-
genesis, inflammation, memory, and cogni-
tion (Balaraman et al., 2012). In addition,
Taki and colleagues demonstrated that
chronic nicotine intake drastically altered the
miRNA expression profiles and their associ-
ated signaling pathways in a model organism
(Taki et al., 2014). According to their find-
ings, nicotine exposure affected the expres-
sion of 40 microRNAs in a dose-dependent
manner. This study provided new insight for
a better understanding of the effects of nico-
tine in early developmental stages. In another
study, Banerjee et al. tried to quantify the
plasma miRNAs in healthy smokers, ex-
smokers, and non-smokers (Banerjee et al.,
2015). The results indicated the differential
expression of mMiIRNA-124 and let-7a between
the smoking, and non-smoker groups. Thus

mMiRNA-124 and let-7a could be promising bi-
omarkers of biological effects after cigarette
smoke exposure (Banerjee et al., 2015). Nic-
otine might be correlated with the expression
changes of different miRNAs. Thus, in the ca-
nines model of atrial fibrillation, nicotine pro-
duced a significant decrease in the levels of
miRNA-133 and miRNA-590 which indi-
cates that the effects of nicotine are dependent
on these two miRNAs (Shan et al., 2009).

Recently, it was discovered that cigarette
smoke significantly downregulates 24 miR-
NAs in the lungs of rats (Du et al., 2018). Du
et al. studied the processes underlying nico-
tine-induced periodontitis and the miRNA ex-
pression profile of human periodontal liga-
ment (PDL) cells exposed to nicotine (Du et
al., 2019).

Further analysis of target genes of these
dysregulated miRNAs indicated that several
critical signaling pathways, such as the dy-
namin 1 signaling pathway, transforming
growth factor beta (TGF-P) signaling path-
way, the fos-1 signaling pathway, and the
phosphatase and tensin homolog (PTEN) sig-
naling pathway, are potentially responsible
for nicotine-induced diseases (Table 1). An-
other study by Wasén and colleagues indi-
cated that smoking changed the miRNA pro-
file, and smokers were recognized by differ-
ential expression of 8 mMiRNAs (Wasén et al.,
2020). In this study on CD8+ cells, the results
showed that miRNAs involved in the FOXO-
signaling pathway, including let-7c-5p, let-
7d-5p and let-7e-5p, mMIRNA-92a-3p,
miRNA-150-5p, and miRNA-181-5p were
upregulated, while miRNA-3196 and
miRNA-4723-5p  were  downregulated
(Wasén et al., 2020). Recently Ahmad Khan
et al. studied the miRNA expression patterns
in response to cigarette smoke and chewing
tobacco and identified several miRNAs that
showed significantly altered expression in
cigarette smoke-exposed cells (Khan et al.,
2018). In the Liu et al. experiment, mice were
subjected to nicotine treatment and the results
showed that nicotine suppressed let-7c-5p
(Liu et al., 2022). According to the findings
of earlier studies, miRNA-4466 may serve as
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Table 1: Summary of mMiRNAs modulated by nicotine and the activity of nicotinic receptors and subse-
quently change the expression of target genes

Putative target

Commentary References
gene
miRNA-21
Prostaglandin E Nicotine is known to regulate miRNA-21 expression through Shin et al.,
receptors NF-kB—dependent pathway 2011
Upregulation of miRNA-21 in the abdominal aortic aneurysms  Maegdefessel
PTEN . Co
is enhanced by nicotine etal., 2012
L . . Zhang et al.,
TGF-B Nicotine upregulates miRNA-21 in esophageal cancer cells 2014
FOXO3a Nicotine-induced miRNA-21-3p promotes chemoresistance in ~ Zhang et al.,
lung cancer 2022
mMiRNA-16
Prostaglandin & Nicotine is known to regulate miRNA-16 expression Shin et al.,
receptors 2011
miRNA-140
dynamin 1 Nicotine modulates the expression of miRNA-140 ggggg and Li,

MiRNA-9, miRNA-21, miRNA-153 and miRNA-335

a4 and B2 nA- Nicotine at concentrations attained by cigarette smokers in- Balaraman et
ChR transcripts duced a dose-related increase in these miRNAs al., 2012
40 types of miRNAs
fos-1 Nicotine significantly altered the expression patterns of 40 Taki et al.,

mMiRNAs 2014
miRNA-132
NF-kB and Potentiating the cholinergic anti-inflammatory response exerts .

. - Liu et al., 2015
STAT-3 anti-inflammatory action in alveolar macrophages
— . . . Shrestha et

Bcl-2 Nicotine leads to induced expression of mMiRNA-132-5p al. 2020
miRNA-221

miRNA-221 was profoundly upregulated after nicotine admin-  Gomez et al.,
ERK 1/2 . .

istration 2016
miRNA-126
MYC and Enhanced expression of miRNA-126 was approved after elec- Solleti et al.,
MRGPRX3 tronic cigarette exposure 2017

mMiRNA-199 and miRNA-214

Sirtuin 1 (SIRT1)

Expression of miRNA-199a and miRNA-214 were upregulated

Pittenger et

in female rats exposed to nicotine al., 2018
miRNA-30
. Nicotine-upregulated miRNA-30a inhibits the proliferation of Wu et al.,
cyclin E2 X ;
human periodontal ligament cells 2020
miRNA-238

acr-19 and alg-1

Highlighted the pivotal role of mMiRNA-238 in nicotine signaling

Rauthan et al.,
2017

let-7

NGE Mice were sub_Jec'Fed to nicotine treatment and the results Liu et al., 2022
showed that nicotine suppressed let-7-5p.

miRNA-99b

FGER3 Nicotine treatment decreased miRNA-99b expression in lung Du et al., 2018
cancer cells

miRNA-192

Retinoblastoma 1 Nicotine treatment decreased miRNA-192 expression in lung Du et al., 2018

cancer cells
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Putative target

Commentary References
gene
miRNA-21
PTEN Exosomal miRNA-21 from nicotine-treated macrophages may Zhu et al.,
accelerate the development of atherosclerosis 2019
miRNA-124
miRNA-124 mediates the effect of nicotine on the Th1/Th2 Qin et al.,
IL-6R S ;
balance in inflammatory bowel diseases 2020
miRNA-218
CDK6 N|cqt|ne downregulates miRNA-218 and promotes cell prolif- Liu et al., 2019
eration of lung cancer
miRNA-98
NGF Nicotine reduced miRNA-98 levels in lung tissue and cell line Wongtrakool
et al., 2020
NE-KB and Nrf2 mlRNA-98 suppressed a7nAChR expression in Alzheimer's Song et al.,
disease 2021

a possible biomarker for predicting an in-
creased risk of metastatic illness among
smokers (Tyagi et al., 2022). Despite all of
this research, further attention must be paid to
the specific effects of nicotine and its recep-
tors on microRNA pathways. Studies on cell-
and tissue-specific miRNA changes will al-
low us to better understand the role of epige-
netic changes in the development of diseases
(Figure 3). In the following subsections, we
will discuss these studies that highlighted the
modulatory roles of miRNAs in the observed
effects of nicotine and nAChRs.

miRNA-16

Numerous findings indicated that smok-
ing changed the function of the cells via a
miRNA-dependent mechanism. Shin et al.,
using a miRNA array platform, investigated
95 human miRNAs to explore the expression
profile in nicotine-treated cultured gastric
cancer cells (Shin et al., 2011). They found
that miRNA-16 was upregulated upon nico-
tine stimulation (Shin et al., 2011). Nicotine,
in a dose-dependent manner, leads to the deg-
radation of the inhibitor of kappa B and in-
duced the nuclear factor-kappa B (NF-kB)
translocation. Further studies indicated that
nicotine induced the binding of NF-kB to the

promoters of miRNA-16. These results sug-
gest that nicotine-promoted miRNA-16 and
some other miRNAs expression are modu-
lated by the transcription factor NF-kB (Shin
etal., 2011).

miRNA-21

Since miRNAs are essential regulators of
cardiovascular disease, in murine models of
vascular abnormality, Maegdefessel et al. in-
dicated that nicotine supplementation in con-
centrations similar to those present in the vas-
cular tissue of medium to heavy smokers up-
regulates miRNA-21 expression and induced
pro-proliferative and antiapoptotic activities.
In this work, miRNA-21 increased cell prolif-
eration and decreased apoptosis in the aortic
wall, hence inhibiting aneurysm growth. In-
creased expression of miRNA-21 dramati-
cally decreased expression of the PTEN pro-
tein, resulting in increased AKT protein acti-
vation. They conclude that nicotine-induced
expression of miRNA-21 and inhibition of
PTEN activity via miRNA-21 may be novel
therapeutic methods to treat vascular abnor-
malities (Maegdefessel et al., 2012).
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Figure 3: This review covers many different miRNAs that their expression changes due to nicotine
exposure. We highlighted the crosstalk between deregulated miRNAs caused by exposure to nicotine
or other exogenous or endogenous ligands of nAChRs and their subsequent outcomes.

Zhang et al. showed that upregulation of
miRNA-21 is associated with cigarette smok-
ing as well as nicotine treatment. They studied
the role of nicotine-induced miRNA-21 ex-
pression in the epithelial-to-mesenchymal
transition of esophageal cancer cells. They
found that nicotine-induced miRNA-21 pro-
motes TGF-B activity (Zhang et al., 2014).
Their study reveals that nicotine functions in
cancer cells via the miRNA-21/TGF-§ path-
way. Similarly, Zhu et al. showed that exoso-
mal miRNA-21 from nicotine-treated macro-
phages might accelerate the development of
atherosclerosis by increasing vascular smooth
muscle cell migration and proliferation
through its target PTEN (Zhu et al., 2019).

Zhang et al. studied the molecular mechanism
underlying nicotine-induced chemoresistance
in lung cancer (Zhang et al., 2022). gRT-PCR
techniques were used to evaluate the expres-
sion of mMiRNA-21 and its target gene in the
presence or absence of nicotine (Zhang et al.,
2022). The luciferase reporter tests demon-
strated that miRNA-21 and FOXO3 interact.
Nicotine induced miRNA-21 expression in
lung cancer cells in a dose-dependent manner.
Subsequently, miRNA-21 downregulated
FOXO3a expression by directly binding to the
3'-untranslated region of FOXO3a and pro-
moted chemoresistance to standard chemo-
therapy drugs (Zhang et al., 2022).
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miRNA-24

Ebrahimpour et al. showed that nicotine
modulates miRNA-24 as an anti-inflamma-
tory miRNA, and its downstream targets pro-
mote inflammatory and fibrotic functions in
lung tissue (Ebrahimpour et al., 2019). This
miRNA was suppressed by nicotine during
lung injury. Moreover, they found that nico-
tine upregulates the expression of inflamma-
tory cytokines targeted by mIiRNA-24
(Ebrahimpour et al., 2019).

miRNA-30

Contrary to research showing that nico-
tine increases cell proliferation, several other
investigations have found that nicotine also
inhibits the proliferation of some types of
cells (Du et al., 2019). Many studies showed
that nicotine inhibits the regeneration of peri-
odontal tissues primarily by blocking the pro-
liferation of human PDL cells (Chang et al.,
2001, 2002). Wu et al. showed that nicotine-
upregulated miRNA-30a expression (Wu et
al., 2020). This upregulated miRNA-30a ex-
pression subsequently blocks the proliferation
of human PDL cells by downregulating the
expression of cyclin E2. The inhibition of
miRNA-30a restored cyclin E2 expression
that had been downregulated by nicotine (Wu
et al., 2020).

miRNA-98

Post-transcriptional regulation of a7nA-
ChR expression by miRNA-98-5p was stud-
ied in a recent innovative study (Song et al.,
2021). Song et al. showed a key regulatory
mechanism of a7nAChR expression in Alz-
heimer's disease and further showed that
MIRNA-98-5p inhibited a7nAChR expres-
sion through directly binding to 3'UTR of
MRNA (Song et al., 2021). Additional in vitro
and in vivo experiments demonstrated that
suppression of MIRNA-98-5p causes en-
hanced a7nAChR expression and ameliorated
neuroinflammation via suppressing the NF-
kB pathway and upregulating Nrf2 target
genes. In vitro lung fibroblasts and in vivo
lung homogenates, nicotine decreased the lev-
els of miRNA-98, according to research by

Wongtrakool and colleagues (2020). This
event subsequently increased several target
genes involved in asthma development. Their
findings showed that nicotine-induced in-
creases in nerve growth factor and other
markers of airway remodeling are negatively
regulated by miRNA-98 (Wongtrakool et al.,
2020).

miRNA-126

The effect of NAChR stimulation with nic-
otine on the regulation of MiRNA expression
and subsequent molecular pathways was in-
vestigated in different studies. Sugiura et al.
showed the effects of cigarette smoking and
nicotine exposure on vascular endothelial
damage and the pathogenesis of atherosclero-
sis in smokers (Sugiura et al., 2015). They
evaluated the expression of miRNA-126 and
discovered that quitting smoking decreased
endothelial damage and boosted plasma lev-
els of circulating miRNA-126. They con-
cluded that miRNA-126 might serve as a bi-
omarker for recovery from smoking-related
vascular injury (Sugiura et al., 2015). In addi-
tion to conventional cigarettes, electronic cig-
arettes have increased usage (Kopa-Stojak
and Pawliczak, 2023). Recently Kopa-Stojak
and Pawliczak conducted a systematic review
analysis to compare the effects of tobacco cig-
arettes, electronic nicotine delivery systems,
and tobacco heating products on miRNA-me-
diated gene expression. They showed that the
altered expression of miRNAs was reduced in
electronic cigarettes and tobacco heating
product users in comparison to cigarette
smokers (Kopa-Stojak and Pawliczak, 2023).
However, the expression of some miRNAS
was significantly altered in both electronic
cigarettes and tobacco heating products com-
pared to air controls (Kopa-Stojak and
Pawliczak, 2023). Additionally, Solleti and
associates looked into how e-cigarettes af-
fected the expression of miRNA in human
lung epithelial cells (Solleti et al., 2017). They
discovered that exposure to electronic ciga-
rettes results in the expression of 578 miR-
NAs being dysregulated. Further studies vali-
dated the enhanced expression of multiple
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miRNAs, including miRNA-126, after elec-
tronic cigarette exposure. Furthermore, addi-
tional mechanistic experiments revealed that
the expression of MYC and MRGPRX3a as
two essential miRNA-126 target genes was
significantly reduced (Solleti et al., 2017).

miRNA-132

Another study identified a new miRNA-
based mechanism through which miRNA-132
modulates autoimmune encephalomyelitis at-
tenuation, suggesting that miRNA-132 could
be a promising anti-inflammatory approach in
multiple sclerosis therapy (Hamza and
Abdullah, 2013). Shrestha et al. conducted
miRNA expression profiling utilizing a mi-
croarray to identify miRNAs regulated by nic-
otine in PC12 cells (Shrestha et al., 2020).
They claimed that nicotine causes the expres-
sion of mMIRNA-132-5p to be induced
(Shrestha et al., 2020). The findings of this
study demonstrated that activation of the nA-
ChR promotes cell survival by increasing
miRNA-132-5p, which in turn increases the
anti-apoptotic protein Bcl-2 (Shrestha et al.,
2020). Similarly, another study showed that
nicotine downregulates anti-inflammatory
miRNAs in lung cells (Ebrahimpour et al.,
2019). Therefore, the relationship between
nicotine as an activator of nAChRs, and in-
creased expression of anti-inflammatory
miRNAs is one of the possible molecular
mechanisms to explain the anti-inflammatory
effects of nicotine.

miRNA-133

In some diseases, the disease causes ab-
normality in the expression of miRNAs inde-
pendent of the patients’ smoking status.
MiRNA-133a-3p levels in lung cancer pa-
tients were independently linked with smok-
ing, according to multivariate analysis
(Ramirez-Salazar et al., 2021). Significant
correlations were found between this miRNA
and many illnesses, such as lung cancer, in-
flammation, and pulmonary hypertension.
The results emphasize how cigarette smoking
impacts the reliable identification of circulat-
ing MiRNAs as diagnostic biomarkers in lung

cancer, and propose a smoking-dependent
pathogenic function of miRNA-133a-3p in
smokers (Ramirez-Salazar et al., 2021).

miRNA-140

This miRNA is known as nicotine-sensi-
tive miRNA (Balaraman et al., 2012; Solleti
et al., 2017). Huang and Li analyzed miRNA
expression to investigate how much nicotine
modifies mMiRNAs and tested the hypothesis
that miRNAs could mitigate nicotine’s impact
on the regulation of gene expression. The
findings showed that nicotine mediates the
expression of miRNA-140, which targets the
UTR region of dynamin-1 mRNA (Huang and
Li, 2009). They concluded that nicotine con-
trols dynamin-1 expression via the miRNA-
related pathway.

miRNA-141

Studying the relationship between nico-
tine exposure and subsequent activation of
nAChRs and changes in the expression of
miRNAs provides future research directions
in epigenetic studies related to nicotine expo-
sure. In an experimental animal model,
Faheem et al. looked at how nicotine affected
the expression of miRNA-141 concerning
metabolic diseases (Faheem et al., 2020). Nic-
otine decreased glucose tolerance and signifi-
cantly increased the expression of miRNA-
141 in a dose-dependent manner. Nicotine
produces a dose-response relationship be-
tween diabetes mellitus and insulin resistance,
and miRNA-141 can be a promising bi-
omarker for metabolic disorders (Faheem et
al., 2020).

mMiRNA-155

Nicotine is associated with the progres-
sion of coronary atherosclerosis. Similarly,
epigenetic alterations are widely recognized
to be an essential factor contributing to ather-
osclerosis. Wang et al., by qRT-PCR analysis,
showed a remarkable increase in miRNA-155
levels in extracellular vesicles of smoker pa-
tients, which was accompanied by worsening
atherosclerosis (Wang et al., 2022). Thus,
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miRNA-155-targeted therapy in nicotine re-
lated-atherosclerosis patients seems highly
feasible, and the noninvasive blood test for
circulating miRNA-155 would enable the cor-
rect detection of the disorders.

miRNA-200

Epigenetic alterations such as changes in
miRNAs expression profile play essential
roles in the pathogenesis of diseases. Expo-
sure to nicotine is associated with epigenetic
modifications in numerous health conditions.
In contrast to never smokers, Lei et al. showed
that nicotine exposure decreases the expres-
sion of miIRNA200c in colorectal cancer tis-
sues (Lei et al., 2019). Moreover, in a con-
firmatory in vitro study, nicotine suppressed
miR-200c expression in a dose- and time-de-
pendent manner in CRC cell lines.

miRNA-218

Nicotine, an essential component of to-
bacco, is a significant risk factor for lung can-
cer, but the mechanism through which nico-
tine promotes lung cancer development re-
mains unclear. Patients who smoked dis-
played reduced miRNA-218 expression. In
lung cancer cells, nicotine reduced the expres-
sion of mMiRNA-218, according to Liu et al.
(2019). The miRNA-218- or nicotine-induced
proliferative effects were rescued by the re-
covery of the expression level of CDK®,
which indicated the role of the miRNA-
218/CDKG6 axis (Liu et al., 2019).

miRNA-221

Many studies were conducted to identify
miRNAs specifically regulated explicitly by
the nAChR agonist nicotine. After repeatedly
administering nicotine to rats, Gomez et al.
used a miRNA array test to assess miRNA ex-
pression in the prefrontal brain of the animals.
The findings showed that after nicotine ad-
ministration, MiRNA-221 was significantly
elevated (Gomez et al., 2016). Nicotine-in-
duced locomotor activity with alterations of
phosphorylated extracellular signal-regulated
kinase 1/2 activity. Understanding the molec-
ular mechanism of nicotine-induced miRNA-

221 expression may provide possibilities for
targeted therapy with nAChR agonists.

MIRNA CLUSTERS

miRNA-199a/214

miRNA-dependent gene expression is
designated as one of the mechanisms associ-
ated with smoking-induced disorders. Pitten-
ger et al. focused on the effects of sex differ-
ences with nicotine intake and studied the
miRNAs that were significantly and differen-
tially altered by nicotine self-administration
(Pittenger et al., 2018). They found that the
expression of miRNA cluster miRNA-199a
and miRNA-214 upregulated in the female
rats exposed to nicotine. The results indicated
that MiRNA-199/miRNA-214 upregulation
via Sirtuin 1 may be associated with nicotine-
induced effects in females and serve as a
novel therapeutic target for sex-specific treat-
ment approaches.

miRNA-99a/192

Du et al. indicated that nicotine treatment
induced tumor-associated properties by
downregulation of miRNA-99b and miRNA-
192 expression in lung cancer cell lines (Du
et al., 2018). Restoration of these miRNA's
expression relieved the tumor-induced effects
of nicotine. Further functional analysis re-
vealed that miRNA-99b targets the down-
stream signaling molecules retinoblastoma
one and fibroblast growth factor receptor
three, respectively (Du et al., 2018). This
study provides new knowledge into the inter-
pretation of underlying molecular mecha-
nisms of nicotine-induced lung cancer.

ANTI-INFLAMMATORY ACTIVITY
OF NICOTINE THROUGH MIRNA
PATHWAY

miRNAs regulate the expression of their
targets to participate in multiple biological
processes, such as inflammatory responses.
MiRNA-124 is an essential regulator of in-
flammatory gene expression (Xiao et al.,
2016; Yang et al., 2021). Various studies
showed changes in the expression level of
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miRNA-124 following nicotine treatment
(Ulloa, 2013). This miRNA, as one of the tu-
mor suppressor miRNAs in most cancers,
seems to have an essential relationship with
the observed effects of nicotine (Sun et al.,
2013; Song et al., 2021). The expression of
mIRNA-124 has decreased in some cancers
(Roshani Asl et al., 2021). This miRNA is im-
portant in managing inflammatory situations
in addition to its function in malignancies
(Qin et al., 2016). Studies have been done on
miRNA-124’s significant function in the pre-
vention of inflammatory disorders (Liang et
al., 2020; Han et al., 2021; El Gazzar et al.,
2022). miRNA-124 mediates the function of
cholinergic  anti-inflammatory  pathways
(CAP) by inhibiting the production of pro-in-
flammatory cytokines (Sun et al., 2013). This
miRNA increased nearly four-fold in the pres-
ence of nicotine (Sun et al., 2013). CAP is an
intrinsic mechanism whereby the cholinergic
signaling through the vagus nerve and the re-
lease of acetylcholine can lead to the inhibi-
tion of the release of inflammatory cytokines
(Dhawan et al., 2012). According to this in-
flammatory reflex concept, it is well-known
that a7nAChR, which is expressed in immune
cells such as macrophages, mediates CAP
function (Tracey, 2007; Dhawan et al., 2012;
Pinheiro et al., 2017). Sun and colleagues
confirmed that miRNA-124, by targeting
STATS3, causes to suppression of inflamma-
tory cytokines (Sun et al., 2013).

Similarly, Qin et al. studied the anti-in-
flammatory role of miRNA-124 and demon-
strated that nicotine treatment enhanced
MiRNA-124 expression in an animal model of
ulcerative colitis (Qin et al., 2017). In this
work, nicotine protects against ulcerative co-
litis by upregulating miRNA-124 and down-
regulating STAT3, suggesting that the
miRNA-124/STAT3 axis may be a target for
treating this condition (Qin et al., 2017). In
this regard, miRNA-124 may have potential
therapeutic benefits in treating inflammatory
diseases. Ulcerative colitis features a Th2-me-
diated response. Another functional study in-
dicated that miRNA-124 protected against ul-

cerative colitis development with a Th1 polar-
ization in a dextran sulfate sodium (DSS)-in-
duced animal model of ulcerative colitis (Qin
etal., 2020). In their study, the results showed
that the interleukin-6 receptor is a down-
stream target of miRNA-124 and could re-
markably weaken the Thl polarization in-
duced by miRNA-124 (Qin et al., 2020). Ad-
ditionally, miRNA-132 has been demon-
strated to have contributed to the regulation of
inflammatory reactions, much to miRNA-
124, which modulates the CAP (Priyadarshini
et al., 2013; Ulloa, 2013). Liu et al. hypothe-
sized that this miRNA might attenuate inflam-
mation by enhancing the acetylcholine-medi-
ated CAP (Liu et al., 2015). They showed that
miRNA-132 was upregulated after LPS sup-
plementation in macrophages, and subse-
quently downregulated AChE protein via
posttranscriptional regulation of the AChE
enzyme. Reversely, the transfection of
miRNA-132 mimic enhanced the ACh-medi-
ated CAP by targeting AChE mRNA. Further
studies reveal that miRNA-132 inhibits the
nuclear translocation of NF-kB. They con-
cluded that miRNA-132, by potentiating the
CAP, exerts anti-inflammatory action in alve-
olar macrophages (Liu et al., 2015).

EARLY LIFE NICOTINE EXPOSURE
AND MIRNA EXPRESSION

Maternal cigarette smoking is one of the
well-known risk factors for disease in postna-
tal life, but the exact underlying mechanisms
remain to be understood (Altintas et al.,
2021). Through the expression of miRNAs in
offspring, numerous research examined the
long-term consequences of maternal nicotine
exposure on molecular and epigenetic path-
ways. For instance, maternal nicotine expo-
sure induced higher miRNA-224 expression
in offspring (Peixoto et al., 2021). In a recent
study to investigate the nicotine exposure-me-
diated effects, nicotine was administered to
pregnant rats, and experiments were per-
formed in offspring pups (Li et al., 2022). The
findings showed that maternal nicotine expo-
sure significantly enhanced the expression of
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miRNA-181. These interesting findings pro-
vide a novel mechanism that aberrant altera-
tion of the miRNA-181 plays a crucial role in
perinatal nicotine exposure-mediated diseases
in offspring (Li et al., 2022). Additionally, re-
search on the long-term effects of nicotine ex-
posure has shown that smokers’ spermatozoa
have miRNA alterations, which may have an
impact on how their future offspring develop
(Bruin et al., 2010; Marczylo et al., 2012).
Furthermore, several miRNAs (miRNA-16,
miRNA-21, and miRNA-146a) are downreg-
ulated in the placenta of smoking mothers
(Maccani et al., 2010). Hence, maternal nico-
tine exposure during lactation induces obe-
sity, thyroid, brown adipose tissue, and liver
dysfunction in adult offspring. Both thyroid
function and lipid metabolism are altered by
the action of miRNAs (Maccani et al., 2010).
Several other studies emphasize the pivotal
role of miRNAs in mediating the nicotine ef-
fects in offspring.

CONCLUSION

miRNAs derived from endogenous tran-
scripts are double-stranded RNA molecules at
the length of about 22 nucleotides that do not
encode proteins. These molecules are stable
in circulating body fluids such as plasma or
serum via the packaging into lipoprotein com-
plexes such as exosomes and provide predic-
tive information about the health status of the
body and the possibility of developing dis-
eases. A more significant number of miRNAs
were altered in smokers’ than in non-smok-
ers’ subjects. Rauthan et al. examined miRNA
regulation of NAChR expression in a highly
pertinent study (Rauthan et al., 2017). They
showed that the upregulation of nAChRs after
exposure to nicotine is mediated by the
mMiRNA-238-dependent pathway, and such
upregulation is critical in the observed effects
of nicotine (Rauthan et al., 2017). Since the
role of nicotinic receptors and their relation-
ship with miRNAs in regulating the initiation
and progression of diseases has remained un-
clear, it is hoped that by clarifying the role of
these receptors and the signaling mechanisms

associated with them, therapeutic strategies
will be developed in the future. Smoking also
extensively affects the expression of miRNAs
in stem cells (SC). Previous studies indicated
that cigarette smoking inhibits SC recruitment
to tissues and delays the wound-healing pro-
cess. Ng et al. studied the function of SC in
the presence of nicotine and observed various
changes in the function of these cells, includ-
ing alteration in miIRNA expression (Ng et al.,
2013). They concluded that miRNAs might
play a pivotal role in the nicotine effects on
SCs. Their research may provide plausible
mechanical reasons for SC-related abnormal-
ities in smoker participants as well as an ex-
planation for why smoking slows down the
healing processes connected with SC (Ng et
al., 2013). There will be a new development
in the prevention and treatment of patients
suffering from smoking-related diseases with
the production of new drugs. Another study
showed the effects of nicotine on the anti-tu-
mor activity of immune cells. It showed that
nicotine exhausted CD8* T cells against tu-
mor cells via increasing miRNA-629-5p to
suppress interleukin-2 receptor subunit beta
(Cheng et al., 2021). Nicotine inhibits the tu-
mor-suppressing ability of CD8" T cells
through the miRNA pathway.

The cigarette smoke-induced alteration in
miRNA expression in some tissues is close to
those in adjacent tissues. For instance, the al-
terations in MiIRNA expression in the small
airway, bronchial, and nasal tissues resem-
bled each other (Sewer et al., 2020). Some
studies were performed to examine miRNAs
expression profile. The analysis showed that
some miRNAs change when exposed to ciga-
rette smoke (e.g., mMiRNA-125b-5p, miRNA-
132-3p, miRNA-99a-5p, and miRNA-146a-
5p) (Sewer et al., 2020). In addition to nico-
tine deregulation of miRNAs is caused by
chronic exposure to other tobacco smoke-re-
lated N-Nitrosamines, such as 4-(methyl-
nitrosamino)-1-(3-pyridyl)-1-butanone and
N-Nitrosodiethylamine (Doukas et al., 2022)
(Figure 1B). These tobacco smoke compo-
nents and nicotine could induce miRNA de-
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regulation and are strongly linked to deregu-
lated specific miRNAs, such as miRNA-21,
miRNA-155, miRNA-34a, and miRNA-451a
(Doukas et al., 2022). The important cellular
regulators NAChRs and miRNAs also control
a wide range of genes involved in differentia-
tion, proliferation or apoptosis, immune re-
sponses, and numerous other signaling path-
ways connected to these processes. It is hoped
that by identifying the molecular mechanisms
of the effects of nicotine in the causation and
spread of diseases, new treatment methods
can be established.
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